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SUMMARY
Junctional adhesion molecule-like protein (JAML) serves as a co-stimulatory molecule in gd T cells. While it
has recently been described as a cancer immunotherapy target in mice, its potential to cause toxicity, spe-
cific mode of action with regard to its cellular targets, and whether it can be targeted in humans remain un-
known. Here, we show that JAML is induced by T cell receptor engagement, reveal that this induction is linked
to cis-regulatory interactions between the CD3D and JAML gene loci. When compared with other immuno-
therapy targets plagued by low target specificity and end-organ toxicity, we find JAML to bemostly restricted
to and highly expressed by tissue-resident memory CD8+ T cells in multiple cancer types. By delineating the
key cellular targets and functional consequences of agonistic anti-JAML therapy in a murine melanoma
model, we show its specific mode of action and the reason for its synergistic effects with anti-PD-1.
INTRODUCTION

Immunotherapies targeting co-stimulatory or co-inhibitory recep-

tors on T cells have become an important treatment option for a

variety of cancer types, and several molecules like TIM3,5

TIGIT,6 GITR,7 VISTA,8 LAG3,9 or ICOS10 are currently being

explored to evaluate their anti-tumor capacity. Crucially, however,

most of these targets suffer from ‘‘on-target/off-cell’’ effects, as

both effector and regulatory T cell subsets in tumor tissues can

express high levels of these molecules. Accordingly, we have

recently shown that intratumoral PD-1 expressing follicular regu-

latory T (TFR) cells are critical determinants of anti-PD-1 treatment

efficacy, and that anti-PD-1 therapy can activate such suppres-

sive cells, thus dampening treatment efficacy.11 In line with this,

it has been demonstrated that the balance of PD-1 expressing

CD8+ T cells and T regulatory (TREG) cells in the tumor microenvi-

ronment (TME) is a critical biomarker predicting anti-PD-1

treatment efficacy.12 Furthermore, we13,4 and others14–16 have

demonstrated the critical importance of CD8+ TRM cells for anti-

tumor immunity in multiple cancer types, and, while they have

also been shown asbeing specific for tumor antigens,16 so far, im-

munotherapies that preferentially target TRM cells have not been

described. These findings imply that expression levels of immu-
This is an open access article under the CC BY-N
notherapy targets on different T cell subsets need to be carefully

evaluated to determine which patients might benefit from a given

treatment. Furthermore, while established immunotherapy drugs

like anti-PD-1 or anti-CTLA-4 have shown remarkable success in

some instances, only a fraction (�20%) of patients respond to

treatment.17 It is well appreciated that anti-CTLA-4/anti-PD-1

combination therapy results in significantly higher overall

response rates compared with monotherapy with either agent,

but that combination therapy also induces more frequent and se-

vere immune-related adverse events (irAEs) due to ‘‘on-target/off-

tumor’’ effects on T cells present in normal tissues, thus limiting its

use.18 Because off-cell effects and widespread immune-related

toxicity severely limit both treatment efficacy and combination

therapy options, there is urgent need to develop novel immuno-

therapy targets that exhibit a more restricted expression profile.

JAML was initially identified as the major co-stimulatory mole-

cule in epithelial gd T cells, and activation by coxsackie and

adenovirus receptor (CXADR), its ligand expressed by epithelial

cells, has been shown to be important for tissue homeostasis

and wound repair.19,20 While JAML has an overall low sequence

identity with the co-stimulatory molecule CD28 (�11%), its intra-

cellular signaling motifs bear substantial similarities and, upon

ligation, recruit phosphatidylinositol-3-OH-kinase (PI3K), leading
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Figure 1. JAML is enriched in tumor-infiltrating CD8+ TRM cells of multiple cancer types

(A–D) Integrated analysis of nine published single-cell RNA-seq datasets from six different cancer types visualized by UMAP depicting CD4 and CD8 T cells (A).

Seurat-normalized expression of CD4 (B, left), CD8B (B, right), ITGAE (C, left), FOXP3 (C, right), and JAML (D) in the different clusters.

(E) Identification of TRM clusters using a previously published intratumoral TRM gene signature.

(F and G) Average transcript expression (color) and percentage (size) for selected co-stimulatory (F) and co-inhibitory (G) molecules in non-TREG, TREG, TRM, and

non-TRM cells for integrated analysis (A–D).
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to cell activation, proliferation, and cytokine production.19,20

Moreover, in mouse models, JAML has been implicated as an

appealing cancer immunotherapy target.21

However, its role and function in tumor-infiltrating human ab

T cells, especially TRM cells, remain unexplored. Here, we report

that JAML functions as a co-stimulatory molecule in human ab

CD8+Tcells, and that its expression is increasedbyTCRsignaling.

Using3Dchromatin interactionmaps in humanTcells,wedemon-

strate extensive interactions between the JAML promoter and the

neighboring CD3D promoter region driving JAML expression in

activatedTcells,but not other cell compartments.Analysis of tran-

scriptomes and protein expression data in tumor-infiltrating

lymphocytes (TILs) from multiple cancer types in humans show

that JAML is highly expressed by CD8+ TRM cells and that JAML

expression on CD8+ TRM cells is associated with better survival

outcomes in a large cohort of head and neck squamous cell carci-

noma patients. Finally, in a murine melanoma model, we con-

firmed restricted expression of JAML on CD8+ T cells in primary

tumor tissue, but not other non-malignant organs. Crucially, we

foundJAML tobeexpressedondistinct ‘‘stem-like’’Tcf7hiPdcd1lo

and cytotoxic Pdcd1hiTcf7loCD8+ TIL subsets, that, together with

our unbiasedRNA sequencing (RNA-seq) data, uncover why anti-

JAML acts synergistically with anti-PD-1 therapy to augment TIL

infiltration and anti-tumor immunity.

RESULTS

JAML is enriched in tumor-infiltrating CD8+ TRM cells of
multiple cancer types
As few studies have thoroughly assessed the level and breadth

of immunotherapy target expression in T cell subsets in the
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TME, we integrated and analyzed nine published single-cell

RNA-seq datasets of tumor-infiltrating CD4+ and CD8+ T cells

(n = 22,410 cells) spanning seven different cancer types. Data

visualization using uniform manifold approximation and projec-

tion (UMAP) revealed 10 distinct T cell subsets (Figures 1A–1C)

that differed substantially in their expression of several co-stim-

ulatory and co-inhibitory receptors (Figure S1A). We verified that

themain clusters were not dominated by cells from individual da-

tasets; only clusters with few cells (9 and 10) seemed to divert

from that trend (Figure S1B). Given the opposing roles of

CD4+FOXP3+ (TREG) cells and CD8+ TRM cells in anti-tumor im-

munity and immunotherapy efficacy,11,13,15,22–26 we assessed

the transcript expression levels of several immunotherapy tar-

gets in these major CD4+ (non-TREG and TREG) and CD8+ (TRM
and non-TRM) T cell subsets and verified cell identify of TRM cells

by using a previously published tumor TRM gene signature4

(Figures 1B–1G). Importantly, TREG cells, when compared with

the other T cell subsets, expressed higher levels of transcripts

encoding for several co-stimulatory and co-inhibitory immuno-

therapy drug targets currently in clinical use or clinical trials

(e.g., 4-1BB, ICOS, OX-40, GITR, TIGIT) (Figures 1F and 1G),

while some co-inhibitory receptors were expressed on all as-

sessed T cell subsets (Figure 1G). On the other hand, we found

JAML transcripts to be expressed at relatively higher levels by

CD8+ TRM cells when compared with TREG cells (Figure 1F).

Because co-stimulatory molecules enhance TCR-dependent

cell activation, proliferation, and effector functions, we next

tested whether JAML-expressing T cells exhibit transcriptional

features of superior functionality when compared with their

JAML-non-expressing counterparts. Notably, we found that

JAML-expressing TRM cells expressed higher levels of



Figure 2. JAML expression on TRM cells is associated with patient survival

(A) Whole-slide multiplexed immunohistochemistry analysis of selected markers from a treatment-naı̈ve patient with NSCLC.

(B) Whole-slide multiplexed immunohistochemistry analysis depicting the percentage of JAML-expressing CD8+ TRM (CD8+CD103+) and CD8+ non-TRM
(CD8+CD103–) cells in the cohort of HNSCC patients.

(C and D) Survival curves of an HNSCC cohort (n = 194) stratified into TRM
hi and TRM

lo (C), JAMLhi and JAMLlo TRM cells (D). All data are mean ± SEM. Significance

for comparisons was computed using two-tailed Wilcoxonmatched-pairs signed rank test (B) or Mantel-Cox test (C and D), p = 0.1234; *p = 0.0332; **p = 0.0021;

***p = 0.0002; and ****p < 0.0001.
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transcripts encoding for cytotoxicity molecules (Granzyme B,

Perforin) and effector cytokines (IFN-g, CXCL13) when

compared with TRM cells not expressing JAML (Figure S1C),

suggesting that JAML expression marks TRM cells with

enhanced functional properties, or that JAML itself enhances

functionality. Given that the expression pattern of co-stimulatory

and co-inhibitory receptors was observed in many cancer types,

we next verified immunotherapy target protein expression levels

on tumor-infiltrating TREG and CD8+ T cells in patients with early-

stage and treatment-naı̈ve non-small cell lung cancer (NSCLC)

(Figure S1D). These analyses corroborated our findings from

single-cell RNA-seq data and confirmed that several immuno-

therapy target molecules are expressed at higher levels by

tumor-infiltrating TREG cells.

Together, these data suggest that immune-suppressive TREG
cells can get activated by agonistic antibodies targeting co-stim-

ulatory molecules or by antibodies blocking co-inhibitory mole-

cules, thus dampening their treatment efficacy. Conversely,

JAML is primarily expressed by CD8+ TRM cells, implying that

agonistic anti-JAML antibodies would preferentially activate

CD8+ TRM cells with superior functionality and thus augment

anti-tumor immunity.
JAML expression on TRM cells is associated with
improved survival outcomes
Based on these data and given thatwe found that JAML is primar-

ily expressed on highly functional TRM cells in tumor tissues,4 we

reasoned that expression of JAML in TRM cells may positively in-

fluence their anti-tumor activity and thus survival outcomes, and

examined such association in a large cohort of patients with

head and neck squamous cell carcinoma (HNSCC) (n = 194). As

expected, we found that a greater proportion of CD8+ TRM cells

expressed JAML when compared with CD8+ non-TRM cells (Fig-

ures 2A and 2B). Consistent with previous reports in NSCLC13
or early-stage triple-negative breast cancer,14 we demonstrate

that intratumoral density of CD8+ TRM cells is significantly associ-

ated with improved patient survival (Figure 2C). Moreover,

HNSCC patients with higher proportions of JAML-expressing

CD8+ TRM cells in the tumor had significantly better long-term

overall survival outcomes when compared with those with lower

proportions of JAML-expressing TRM cells (JAMLlow TRM tumors)

(Figure 2D). These results suggest that expression of JAML is

likely to confer TRM cells with enhanced anti-tumor activity.
JAML functions as a co-stimulatory signal in human ab

T cells
As previous studies implied that JAML might not function as a

co-stimulatory molecule in ab T cells,19,20 we tested whether

ligand binding to JAML triggers activation of human CD4+ and

CD8+ T cells. At a sub-optimal concentration (0.5 mg/mL) of

anti-CD3, which by itself did not induce cell activation (Fig-

ure S2A), JAML ligation by its endogenous ligand CXADR led

to rapid and dose-dependent upregulation of the early activation

markers CD69, CD25, PD-1, and 4-1BB (Figure S2B) and cell

proliferation (Figure S2C). Even at low concentrations, we found

that JAML, like the co-stimulatory molecule CD28, potently acti-

vated CD4+ and CD8+ T cells (Figure S2B). To confirm that

CXADR activates T cells through ligation of JAML, we knocked

down JAML expression in primary human CD8+ T cells by using

Crispr-Cas9 and assessed co-stimulatory effects of CXADR.

Transfection of CD8+ T cells with a JAML guide RNA altered

the nucleotide sequence in the targeted JAML gene region

(Exon 2), presumably driven by CRISPR-Cas9-mediated inser-

tion or deletion events (Figure S3A), significantly diminished

JAML expression (Figure S3B), and reduced T cell activation

and cytokine secretion by CXADR co-stimulation (Figures S3C

and S3D). Contrary to the previous report,20 these data demon-

strate that JAML facilitates potent co-simulation in ab T cells.
Cell Reports 42, 112040, February 28, 2023 3



Figure 3. JAML expression is induced by cis-regulatory interactions between the CD3D and JAML promoters

(A) JAML expression (TPM) in resting and anti-CD3 and anti-CD28-stimulated CD4+ and CD8+ T cells from donors (n = 104) from a published bulk RNA-seq

dataset.1

(B) ATAC-seq, chromatin immunoprecipitation (ChIP)-seq tracks, and HiChIP interactions for the extended JAML andCD3 gene loci in indicated cell populations;

the black arrow indicates the activation-induced intronic region.

(C) CD3D expression (TPM) in resting and anti-CD3 and anti-CD28-stimulated CD4+ and CD8+ T cells from donors (n = 104) from a published bulk RNA-seq

dataset.1

Article
ll

OPEN ACCESS
JAML expression is regulated by interactions between
the CD3D and JAML promoters
Using our previously published dataset,1 we found that TCR

stimulation more significantly increased JAML expression in hu-

man CD8+ T cells compared with CD4+ T cells (log2 fold change

1.24 versus 0.37 in CD8+ and CD4+ T cells, respectively; Fig-

ure 3A). To investigate how TCR signaling induces JAML

expression in ab T cells, we first examined transposase acces-

sible regions (ATAC-seq peaks) in the JAML locus in resting and

stimulated human CD8+ and CD4+ T cells (Figures 3B and S4A).

Activation induced a strong ATAC-seq peak in the JAML intronic

region (Figure 3B) that also contained binding sites for NFAT, a

key transcription factor involved in activation of genes following

TCR activation. Notably, human tumor-infiltrating TRM cells dis-

played greater accessibility at the JAML promoter and the per-

taining activation-induced intronic ATAC-seq peak region when

compared with non-TRM cells. We also found several NFAT

binding sites in the promoter regions of upstream genes like

CD3D and CD3G that encode for key components of the TCR,

and that like JAML, showed increased expression following acti-

vation (Figure 3B). Importantly, by examining the 3D chromatin

interaction map of the extended JAML locus in primary human

T cells,2 we found that the JAML promoter and the activation-

induced intronic cis-regulatory region strongly interacted with
4 Cell Reports 42, 112040, February 28, 2023
the neighboring CD3D promoter region (Figure 3B), suggesting

that they are likely to be involved in regulating JAML expression.

Accordingly, we foundminimal interactions between these gene

loci in other immune cell types (i.e., B cells or monocytes) that

lack active CD3D promoter regions, indicative of a T cell-spe-

cific cis-regulatory control of JAML expression (Figures 3B

and S4A). As we have previously demonstrated that promoter-

promoter interactions play a major role in regulating gene

expression,2 our data imply that the respective promoter re-

gions of CD3D on the one hand, and JAML on the other hand,

may act as reciprocal enhancers inducing each other’s expres-

sion. TCR signaling is likely to increase NFAT binding and thus

the transcriptional activity of the CD3D promoter, thus driving

its own expression (Figure 3C) and with it, the expression of

JAML through long-range cis-regulatory interactions. Together,

these data demonstrate how and why JAML expression is

induced in human T cells by TCR engagement and implies a

T cell-specific inducible expression profile of this co-stimulatory

molecule. Crucially and in line with our previous study,4 these

findings suggest that JAML expression might also be enriched

in highly functional antigen-specific CD8+ TRM cells (i.e., reactive

to tumor associated-antigens or neoantigens) driven by TCR-

specific antigen-recognition and subsequent upregulation of

JAML expression.



Figure 4. JAML is highly expressed by CD8+ TILs in a murine melanoma model

(A) Representative histogram plots of in vitro stimulated CD8+ T cells showing the expression levels of JAML in CD8+ T cells treated as indicated.

(B and C) Flow-cytometric analysis of murine CD8+ T cells stimulated with 0.1 mg/mL anti-CD3 + indicated concentrations of anti-JAML (B), or 0.5 mg/mL anti-

CD3 + indicated concentrations of anti-JAML (C), depicted is the expression of early activation markers CD69, CD25, PD-1, and 4-1BB, results for n = 2 technical

replicates are shown.

(D–G) Mice were subcutaneously inoculated with B16F10-OVA cells in the right flank. Flow-cytometric analysis and representative histogram plots of the MFI of

JAML in T cell populations in indicated organs at day 18 after tumor inoculation (n = 6mice/group), (tumor, p < 0.0001 for CD4+ non-TREG vs. CD8+, p < 0.0001 for

CD4+ TREG vs. CD8+; spleen, p < 0.0001 for CD4+ non-TREG vs. CD8+, p < 0.0001 for CD4+ TREG vs. CD8+; colon, p = 0.0002 for CD4+ non-TREG vs. CD8+,

p < 0.0001 for CD4+ TREG vs. CD8+). Data are mean ± SEM and are representative of at least two independent experiments. Significance for comparisons (D–G)

was computed using one-way ANOVA comparing the mean of each group with the mean of the other groups followed by Tukey’s test; p = 0.1234; *p = 0.0332;

**p = 0.0021; ***p = 0.0002; and ****p < 0.0001.
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Murine CD8+ TILs selectively express high levels of
JAML
We next assessed whether our findings in human T cells are also

applicable tomurine T cells. Similar to humanabT cells,we found

that TCR signaling rapidly upregulated JAML expression on mu-

rine ab CD8+ T cells (Figure 4A). Upon co-stimulation with an

agonistic anti-JAML antibody20 and anti-CD3, we observed a

substantial upregulation of surface activation markers, confirm-

ing that JAML can function as a co-stimulatory molecule even

in murine ab T cells, a finding replicated in a recent study21

(Figures 4B, S5A, and S5B). Importantly, stronger TCR stimula-
tion resulted in higher expression of JAML and thus required an

�10-fold lower concentration of agonistic anti-JAML antibody

to activate CD8+ T cells even more strongly (Figure 4C), implying

that high avidity T cells (i.e., tumor antigen-reactive CD8+ T cells)

expressing high levels of JAML, are likely to be highly sensitive to

agonistic anti-JAML antibody treatment, even at relatively low

concentrations. These results supported the rationale for testing

the co-stimulatory function of JAML in vivo, especially in the

context of tumor models, to determine if JAML could be used

as a cancer immunotherapy target that potentially surpasses

treatment efficacy of current immunotherapy drugs due to its
Cell Reports 42, 112040, February 28, 2023 5
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low expression on immunosuppressive TREG cells.We tested this

hypothesis in amurinemelanomamodel that is refractory to anti-

PD-1 therapy. Given that short-term subcutaneous syngeneic

tumor models do not induce robust anti-tumor CD8+ TRM re-

sponses,26 we first assessed JAML expression levels on CD4+

(TREG and non-TREG) and CD8+ TILs of B16F10-OVA tumor-

bearing mice. Consistent with our observations in human TILs,

JAML was expressed at significantly higher levels in tumor-infil-

trating CD8+ T cells when compared with tumor-infiltrating TREG
cells and CD4+ non-TREG cells (Figure 4D), implying that treat-

ment with agonistic JAML antibodies should preferentially acti-

vate CD8+ T cells over immunosuppressive TREG cells and thus

enhance anti-tumor immune responses. Importantly, we found

relatively low expression of JAML in CD4+ and CD8+ T cells pre-

sent in spleen, colon, and liver of tumor-bearing mice (Figures

4E–4G), suggesting that therapies activating JAML are likely to

act primarily on CD8+ T cells within the tumor microenvironment

(TME) and might therefore exert a favorable safety profile by not

engaging T cells at common sites of immune-related toxicity.

We further corroborated that notion by assessing the expression

of JAML on bona fide small intestine intra-epithelial (siIEL)

and lamina propria (LPL) TRM cells, demonstrating that these

cells do not express JAML under steady-state conditions

(Figure S5C).

‘‘Stem-like’’ CD8+ TILs express JAML

To determine the properties of tumor-infiltrating CD8+ T cell sub-

sets that express JAML and to explore the other immune cell

types that express JAML in an unbiased manner, we performed

single-cell RNA-seq of JAML-expressing CD45+ cells present in

primary late-stage tumor tissue of three individual B16F10-OVA

tumor-bearing mice (Figure S5D). Unbiased clustering depicted

by UMAP analysis revealed six clusters, and importantly, sub-

stantiated that JAML expression in the T cell compartment is

restricted to CD8+ TILs (cluster 0,2; Figure 5A). The JAML-ex-

pressing CD8+ TILs (Figure 5B) clustered into two distinct

subsets that displayed striking differences in the expression of

transcripts encoding for TCF1 (Tcf7) and PD-1 (Pdcd1) (Figures

5C and 5D). We corroborated these data on the protein level,

demonstrating that only a small proportion of TCF1-expressing

CD8+ T cells co-expressed PD-1 (Figure 5E), implying that anti-

PD-1 treatment does not activate stem-like CD8+ T cells in the

TME. Conversely, we found similar ratios of JAML-expressing

CD8+ T expressing PD-1 or TCF1 (Figure 5E), suggesting that

anti-JAML treatment might induce a sustained anti-tumor im-

mune response as it would activate both stem-like and effector

CD8+ T cells. Furthermore, JAML-expressing and PD-1 express-

ing CD8+ T cells also expressed high levels of CX3CR1, but not

KLRG1 (Figure S5E), implying that such cells are a mixture of

TCM, TEM, and stem-like T cells. The Pdcd1-low cluster (cluster

0) expressed high levels of molecules linked to ‘‘stem-like’’ prop-

erties (i.e., Tcf7, Lef1, Cd5), which have been shown to be

important for sustaining anti-viral and anti-tumor immune

responses27–29 (Figures 5F and 5G). In contrast, the Pdcd1-en-

riched CD8+ T cell cluster (cluster 2), when compared with clus-

ter 0 CD8+ T cells, displayed significantly higher expression of

several transcripts linked to T cell activation (Tnfrsf9, Pik3cd),

cytotoxicity (Gzmb, Prf1, Ifng), and cell proliferation (Mki67,

Top2a), which suggested recent TCR activation by antigen
6 Cell Reports 42, 112040, February 28, 2023
encounter, presumably directed to tumor antigens. The Pdcd1-

enriched cluster also expressed high levels of other transcripts

linked to exhaustion (Lag3, Havcr2, Tox) (Figures 5B–5G), and

in agreement with previous studies,30,31 these results indicate

that expression of these exhaustion-like markers in murine TILs

is unlikely to impede their functionality. Instead, it appears that

expression of these molecules is a necessary adaptation to sur-

vive in the TME32 and to potentially limit immunopathology,33

and likely marks effector T cells potentially responding to tumor

antigens. Thus, these CD8+ T cells by virtue of co-expressing

both PD-1 and JAML are likely to be activated by both agonistic

anti-JAML antibodies and anti-PD1 therapies, and, importantly,

when these therapies are combined, synergistic activation and

enhanced anti-tumor responses are likely. Whereas, JAML-ex-

pressing PD-1– cells, which comprise stem-like T cells, are likely

to be preferentially activated by agonistic anti-JAML antibodies

when compared with anti-PD1 therapies. Sub-clustering of the

Jaml-expressing CD8+ T cell clusters combined with trajectory

analyses revealed three distinct populations (two effector-like

clusters and one stem-like cluster) and a developmental path

originating from the stem-like Tcf7-expressing population,

implying that these cells sustain the intratumoral effector pool

(Figures 5H and 5I).

Although, other lymphocyte subsets like TREG were not repre-

sented in JAML-expressing immune cells, we found several

dendritic cell subsets expressed JAML (clusters 1, 4, 5) and

corroborated previous reports of JAML-expressing neutrophils

or granulocyte-derived myeloid-derived suppressor cells

MDSCs (cluster 3),34,35 (Figures 5A, 5B, and 5F) in the TME.

This result suggests that therapies targeting JAML may have

‘‘on-target/off-cell’’ effects on JAML-expressing myeloid and

dendritic cell compartments, but whether JAML agonistic anti-

bodies modulate the functional activity of such cells remains to

be explored. Conversely, anti-JAML antibodies are unlikely to

elicit ‘‘on-target/off-tumor’’ effects, as T cells in other non-malig-

nant organs lack substantial expression of JAML, and are thus

unlikely to cause end-organ toxicity.

The anti-tumor effects of anti-JAML depend on CD8+

TILs
In line with previous studies,36 we found no changes in tumor

volume upon anti-PD-1 monotherapy in the B16F10-OVA

tumor model (Figure 6A). Conversely, treatment with agonistic

anti-JAML antibodies significantly reduced tumor volume in

B16F10-OVA tumor-bearing wild-type (Figure 6A), but not

CD8�/� mice (Figure 6B), implying that the observed effects

are likely dependent on CD8+ T cells. Accordingly, while adop-

tive transfer of OVA antigen-specific JAML-sufficient OT-I

CD8+ T cells (OT-I JAMLwt) decreased tumor growth, CRISPR-

Cas9-mediated depletion of JAML on transferred OT-I CD8+

T cells (OT-I JAML�/�) reduced tumor control (Figures 6C and

S6A). Given that the frequencies of JAML-sufficient and JAML-

deficient OT-I T cells in tumor tissues were comparable

(Figure 6D), it is unlikely that the observed differences in tumor

control can be contributed to distinct migration tendencies or

altered in vivo persistence. These data imply that CXADR

(endogenous JAML ligand) might be expressed by cells in the

TME, as JAML-expressing, but not JAML-deficient OT-I



Figure 5. JAML is expressed by distinct CD8+ TILs

(A–D) Analysis of 10x single-cell RNA-seq data visualized by UMAP. Seurat clustering of tumor-infiltrating CD45+JAML+ cells in the B16F10-OVAmodel at day 18

after tumor inoculation (A), (B–D) Seurat-normalized expression of Jaml (B), Tcf7 (C), and Pdcd1 (D).

(E) Flow-cytometric analysis of CD8+ TILs (as in A) expressing the indicated markers.

(F) Heatmap depicting genes enriched in the identified clusters. Shown are significantly differentially expressed transcripts (Log2 FC > 0.25 and adjusted p value

<0.05).

(G) Violin plots showing Seurat-normalized expression levels of the indicated markers in cells from cluster 0 and cluster 2.

(H) Sub-clustering of Cd8-expressing TIL subsets from (A).

(I) Single-cell pseudotime trajectory analysis of the subclustered CD8+ TILs (H) constructed using the Monocle3 algorithm.
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T cells, controlled tumor growth. Interestingly, we found that

B16F10 melanoma cells expressed CXADR, albeit at profoundly

lower levels when compared with MC38 adenocarcinoma cells

(Figure S6B), implying that tumor cells might provide co-stimula-

tion to JAML-expressing TILs. To test this hypothesis, we used
CRISPR-Cas9 to generate CXADR-deficient MC38-OVA cells

(Figure S6C) and performed an in vitro proliferation assay co-

culturing either CXADR-sufficient or CXADR-deficient MC38-

OVA tumor cells with CD8+ OT-I T cells. Notably, we found

significantly less proliferation of CD8+ OT-I T cells when they
Cell Reports 42, 112040, February 28, 2023 7



Figure 6. Agonistic JAML antibody treatment impedes tumor growth

(A and B) Tumor volume of C57BL/6J (A, n = 10mice for isotype control group and n = 9 for anti-PD-1 and anti-JAML groups, p = 0.0141 for isotype control vs anti-

JAML, and p = 0.0227 for anti-PD-1 vs anti-JAML) or CD8�/� (B, n = 7 mice/group for isotype control and anti-JAML and n = 6 mice/group for anti-PD-1) mice

subcutaneously inoculated with B16F10-OVA cells and treated with isotype control antibodies, anti-PD-1 antibodies or anti-JAML antibodies at indicated time

points.

(C and D) Tumor volume (C, p < 0.0001 for B16F10 vs. OT-Iwt, p = 0.0014 for B16F10 vs. OT-I JAML�/�, p = 0.033 for OT-Iwt vs. OT-I JAML�/�) (n = 13mice/group

for the control group, n = 8 mice/group for OT-Iwt, and n = 10mice/group for OT-I JAML�/�), and frequencies of tumor-infiltrating OT-I T cells (D, n = 6mice/group

for OT-Iwt and n = 8mice/group for OT-I JAML�/�) of mice subcutaneously inoculatedwith B16F10-OVA cells and treatedwith 13 106 adoptively transferredwild-

type OT-I T cells or JAML�/� OT-I T cells at day 6 after tumor inoculation.

(E) Tumor volume of mice subcutaneously inoculated with CXADR+/+ or CXADR�/� MC38-OVA cells and treated with either isotype control antibodies or anti-

JAML antibodies at indicated time points (n = 8mice/group for CXADR+/+ + isotype control and n = 7mice/group for CXADR+/+ + anti-JAML, p = 0.61; n = 8 mice/

group for CXADR�/� + isotype control and n = 7mice/group for CXADR�/� + anti-JAML, p = 0.041). All data aremean ±SEM and are representative of at least two

independent experiments. Significance for comparisonswas computed using two-tailedMann-Whitney test; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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were co-cultured with CXADR�/� MC38-OVA tumor cells (Fig-

ure S6D), implying that tumor cells can provide co-stimulatory

signals to CD8+ TILs via CXADR. As we observed that agonistic

anti-JAML antibody treatment decreased tumor growth in

B16F10-OVA melanoma cells but not MC38-OVA tumor cells

(Figures 6A and 6E), we reasoned that the disparate CXADR

expression levels might be a critical determinant of anti-JAML

treatment efficacy. To assess this hypothesis, we inoculated

mice with either CXADR+/+ or CXADR�/� MC38-OVA cells and

found that anti-JAML therapy was more effective in CXADR�/�

MC38-OVA treated mice (Figure 6E), implying that tumor cells

themselves trigger TIL activation via JAML. Using The Cancer

Genome Atlas data, we verified the relatively lower expression
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of CXADR on melanoma samples when compared with other

tumors of epithelial origins like esophageal, colonic, and lung

cancer (Figure S6E), pointing to a possible immune evasion

mechanism in melanoma and highlighting the potential benefit

of agonistic anti-JAML antibody treatment specifically in human

cancers expressing low levels of CXADR. Accordingly, CXADR

expression on tumor cells might be used as an effective

biomarker to predict efficacy of anti-JAML treatment efficacy.

Synergistic anti-tumor effects in combination therapy
with anti-PD-1 and anti-JAML
To elucidate molecular pathways selectively influenced by JAML

signaling and to delineate the responsiveness of distinct TIL



Figure 7. Anti-JAML synergizes with anti-PD-1 therapy

Mice were subcutaneously inoculated with B16F10-OVA cells or MC38-OVA in the right flank and treated with either isotype control antibodies, anti-PD-1

antibodies or anti-JAML antibodies at indicated time points.

(A) Representative histogram plots depicting the gating strategy for CD4+ TREG cells, CD4+ non-TREG cells and CD8+ T cells.

(B) Volcano plot of isotype control vs anti-JAML (left) and isotype control vs anti-PD-1 (right) depicting differentially expressed transcripts (Log2 FC > 1 and

adjusted p-value <0.05).

(C–G) Tumor volume (C, n = 7 mice/group for isotype control, n = 8 mice/group for anti-JAML and CT; p = 0.0225 for isotype control vs anti-JAML; p = 0.0006 for

isotype control vs. CT), frequencies (D–G); p = 0.0192 (D), p = 0.0063 (E), p = 0.0211 (F), p = 0.0044 (G), and representative contour plots of indicated cell

populations of B16F10-OVA tumor-bearing mice treated as indicated as in (C). Data (C–G) are mean ± SEM and are representative of at least two independent

experiments. Significance for comparisons was computed using one-way ANOVA comparing themean of each group with the mean of the control group (isotype

control) followed by Dunnett’s test; p = 0.1234; *p = 0.0332; **p = 0.0021; ***p = 0.0002; and ****p < 0.0001.
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subsets to agonistic anti-JAML antibody and anti-PD1 treatment

in vivo, we performed RNA-seq analyses of sorted tumor-infil-

trating CD4+ TREG and CD8+ T cells (Figure 7A). Pairwise com-

parison of the bulk transcriptomes of tumor-infiltrating CD8+

T cells in treatment conditions versus isotype control showed

that a greater number of genes were differentially expressed

(DEG) in mice receiving agonistic anti-JAML therapy compared

with anti-PD-1 therapy (151 versus 22 DEGs), and the converse

was observed in tumor-infiltrating TREG (45 versus 342 DEGs),

(Figures 7B and S7A). In line with our previous study,11 we found

that anti-PD-1 therapy can activate suppressive TREG cells, as

evidenced by upregulation of several transcripts linked to func-
tionality (Prf1, Lag3) and proliferation (Mki67, Top2a), while

anti-JAML does not (Figure S7A).

These findings confirmed that unlike anti-PD-1 therapies,

agonistic anti-JAML antibodies preferentially target CD8+ TILs

over immune-suppressive TREG cells due to its restricted expres-

sion profile (Figure 7C). Importantly, anti-JAML treatment signif-

icantly increased the expression levels of genes (i.e., Tcf7, Il7r)

shown to play a role in supporting ‘‘stem-like’’ properties of

T cells,27–29 implying that anti-JAML therapy might either

maintain or reinforce the ‘‘stem-like’’ phenotype in tumor-infil-

trating CD8+ T cells (Figure 7B). This result supports our hyp-

othesis, generated from single-cell transcriptomic analysis of
Cell Reports 42, 112040, February 28, 2023 9
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JAML-expressing CD8+ TILs (Figures 5A–5G), that ‘‘stem-like’’

TILs are likely to be more responsive to agonistic anti-JAML an-

tibodies when compared with anti-PD1 therapy.

Moreover, two of the most upregulated transcripts in CD8+

T cells by anti-PD-1 therapy were Prf1, encoding for Perforin,

and interestingly, Jaml (Figure 7B), indicative of an intercon-

nected pathway between PD-1 signaling, which restricts TCR

signaling and CD28 co-stimulation,37,38 and JAML expression,

which we found to be induced by TCR signaling. Thus, we hy-

pothesize that releasing TCR restriction with anti-PD-1 anti-

bodies upregulates the expression JAML on CD8+ T cells, which

can then be targeted by agonistic anti-JAML antibodies, causing

a further and selective activation of (tumor antigen-specific)

CD8+ TILs. Based on these findings and given that anti-JAML

agonistic antibody seems to reinforce a ‘‘stem-like’’ phenotype

and as multiple studies have identified TSCM cells as pivotal me-

diators of anti-PD-1 treatment efficacy,27–29 we hypothesized

that combination therapy (anti-JAML + anti-PD-1) is likely to

result in improved tumor control. As before, we used the

B16F10-OVAmodel that is refractory to anti-PD-1 monotherapy.

Importantly, we found that anti-JAML/anti-PD-1 combination

therapy resulted in greater reduction in tumor growth, demon-

strating their synergistic effects (Figure 7C). This enhanced

anti-tumor response was associated with a significant increase

in TILs (Figure 7D), and was predominantly mediated by elevated

levels of CD8+ TILs, while the frequencies of CD4+ non-TREG or

CD4+ TREG cells remained stable (Figures 7E and 7F). Notably,

the proportion of granzyme B expressing CD8+ TILs was also

significantly higher in combination therapy compared with anti-

JAML monotherapy or isotype controls (Figure 7G). Together,

these findings provide mechanistic insights as to why agonistic

anti-JAML therapy synergizes with anti-PD-1 treatment to

improve tumor control.

DISCUSSION

Immunotherapies using agonistic antibodies were initially

considered to mainly activate the CD8+ T cell compartment,

without appreciating potential effects on regulatory T cell sub-

sets. However, subsequent studies have demonstrated that

various immunotherapy drugs suffer from ‘‘on-target/off-cell ef-

fects’’ and ‘‘on-target/off-tumor effects,’’ effectively dampening

their treatment efficacy and clinical use. This initially underappre-

ciated mechanism infers that T cell subsets other than CD8+

T cells (i.e., suppressive TREG or TFR cells) can express high levels

of a given immunotherapy drug target in tumor tissues (on-

target/off-cell effects). By binding and activating such suppres-

sive cells, immunotherapies can create an immunosuppressive

milieu and thus impede clinical potential and utility. Contrary to

that, an overactivation of the immune system in normal tissues

(on-target/off-tumor effects), frequently observed by non-specif-

ically targeting TREG cells with anti-CTLA-4 and further exacer-

bated by combination with anti-PD-1 therapy, can cause severe

irAEs. Hence, there remains an unmet need for the development

of immunotherapy targets that exhibit a more restricted expres-

sion profile.

Here we show that the co-stimulatory molecule JAML is highly

expressed in tumor-infiltrating CD8+ TRM cells in multiple human
10 Cell Reports 42, 112040, February 28, 2023
cancer types, and that its expression is associated with

enhanced functional potential of TRM cells and also improved

long-term survival outcomes in a cohort of HNSCC patients. Us-

ing in vitro stimulation and CRISPR-Cas9 assays, we found that

JAML signaling through its endogenous ligand CXADR potently

and selectively activates CD8+ T cells, and to a lesser degree,

CD4+ T cells. These assays also revealed that JAML is potently

induced by TCR signaling, implying that antigen-recognition

drives JAML expression. We demonstrated extensive 3D chro-

matin interactions between the promoters of CD3D and JAML

in human T cells, but not other immune cell types likemonocytes,

implying that these cis-regulatory interactions might drive JAML

expression. Crucially, these data suggest that agonistic anti-

JAML antibodies might preferentially target and co-stimulate tu-

mor antigen-specific CD8+ T cells, which upregulated JAML

expression due to recent TCR engagement, in tumor tissues.

Accordingly, anti-JAML therapy showed beneficial effects in a

murine melanoma model, an effect that was dependent on

CD8+ T cells. Moreover, we found JAML expression to be pre-

dominantly restricted to CD8+ T cells in tumor tissue, with low

expression in T cells from other organs or other T cell compart-

ments, further substantiating the notion that it might specifically

activate (antigen-specific) CD8+ T cells in the TME, thus reducing

the risk of irAEs in non-malignant organs. Crucially, in murine tu-

mors, we found two distinct subsets of JAML-expressing CD8+

T cells: (1) a ‘‘stem-like’’ population of CD8+ T cells expressing

high levels of Tcf7, demonstrated to be pivotal for efficacious im-

mune responses against viruses and tumors, and (2) a Pdcd-1

enriched effector CTL cluster, likely driving anti-tumor effects.

Furthermore, by uncovering an interconnected pathway be-

tween JAML and PD-1, our data provide mechanistic insights

for the observed synergistic effects of anti-JAML and anti-PD-

1 therapy, which significantly increased TIL infiltration and thus

efficiently controlled tumor growth. While a recent study

described JAML as a potential cancer immunotherapy target in

mice,21 our study provides critical insights into how anti-JAML

agonistic antibody mediates its function and identify JAML as

an immunotherapy target in tumor-infiltrating TRM cells with a

low risk of ‘‘off-cell’’ and ‘‘off-tumor’’ effects, features that are

likely to enhance anti-tumor efficacy without causing significant

irAEs in humans.

Limitations of the study
We demonstrate that JAML is an attractive immunotherapy

target that might primarily activate tumor antigen-specific

CD8+ T cells. A major limitation of the study is the lack of

JAML protein expression data on human TIL populations, as

well as on T cell subsets in non-malignant organs. This is crucial

for the assessment of potential irAEs and thus requires assess-

ments in future studies.
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Lead contact
Further information and requests should be directed to Pandurangan Vijayanand (vijay@lji.org).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Expression data have been submitted to the Gene Expression Omnibus database (GSE185162, password: wtwdemycbdenpmz).

This Super Series includes data from mouse samples. Source data are provided with this paper. H3K27ac ChIP-seq and HiChIP

data for 6 common immune cell and ATAC-seq data for 15 DICE cell types have been previously reported1,2,3 and are available

from the database of Genotypes and Phenotypes (dbGaP; accession number: phs001703.v4.p1). ATAC-seq data for TRM cells

and non-TRM cells were previously reported4 and are available on GEO (accession number: GSE111898). NFATC1 and NFATC2

ChIP-seq data was obtained from GEO (accession number: GSM2810039 and GSM2810040 respectively). All original code has

been deposited on GitHub (https://github.com/vijaybioinfo/JAML_reproducibility) and is publicly available as of the date of publica-

tion. An explanation and version changes are included. Any additional information required to reanalyze the data reported in this pa-

per is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C57BL/6J (stock no. 000664), OT-I (stock no. 003831). CD45.1 (stock no. 002014), CD8�/� (stock no. 002665) and TCF7GFP flox

(stock no. 030909) mice were obtained from The Jackson Laboratory. In all experiments, female mice (6–12 weeks old) were

used. In the vivarium, housing temperature was kept within the range of 20–24�C; humidity was monitored but not controlled and

ranged from 30 to 70%. Themice were kept in 12h light–dark cycles (06:00–18:00 light). The La Jolla institute for Immunology Animal

Ethics Committee approved all animal work.

METHOD DETAILS

Tumor cell lines
MC38-OVA cells, a gift from the S. Fuchs laboratory (UPenn) were approved for use by M. Smyth (Peter MacCallum cancer center).

The B16F10-OVA cells were a gift from the J. Linden laboratory (LJI). All cell lines tested negative for mycoplasma infection and were

subsequently treated with Plasmocin (InvivoGen) to prevent contamination.

Tumor models
Tumor models were used as described before.11 The mice were s.c. inoculated with 2 3 106 MC38-OVA cells (CXADR+/+ or

CXADR�/�) or 1–1.5 3 105 B16F10-OVA cells into the right flank. The mice were injected intraperitoneally at indicated time

points with either 200mg isotype control antibodies, anti-PD-1 (29F1. A1, Bioxcell) or anti-JAML (4E10, Biolegend). Tumor

size was monitored every 2–3 days to ensure that the tumors did not exceed 25mm in diameter. At experimental endpoint,

tumors were harvested and tumor-infiltrating lymphocytes were analyzed. Tumor volume was calculated as described

previously.11

CRISPR assays
Human or murine CD8+ T cells were activated with 2 mg/mL of anti-CD3/anti-CD28 for 48h prior to electroporation and transfection

with a pre-mixed sgRNA targeting JAML, CXADR or an irrelevant gene region using the Neon Transfection System (settings: 1,600V,

10ms, 3 pulses). Knockdown efficiency was evaluated via flow cytometry (murine) or real-time PCR (human) for transcripts. crRNA

targeting murine Jaml: GGCCCTGTGGATAACCTACA, crRNA targeting murineCxadr: ACGAGTAACGATGTCAAGTC, crRNA target-

ing human JAML: TGTCCCCCATCAAGTGTACG.
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In vitro assays
CD8+ T cells were labeled with CellTrace Violet (ThermoFisher). Subsequently, 20,000 cells were added to 96-well cell-culture plates

containing 40,000 CXADR+/+ or CXADR�/� cells respectively in 200mL complete RPMI medium. CD8+ T cell proliferation was deter-

mined three days later. For detection of early activation markers, cells were stimulated with the indicated concentrations of anti-CD3,

anti-JAML, anti-CD28 or recombinant CXADR Fc (chimeric fusion protein).

Flow cytometry
Lymphocytes were isolated from the liver or spleen bymechanically dispersing the cells through a 70mmcell strainer (Miltenyi) gener-

ating single-cell suspensions. RBC lysis (BioLegend) was performed to lyse and remove red blood cells. Tumors were harvested and

TILs were isolated by dispersing the tumors in 2 mL sterile PBS and subsequently incubating the samples at 37�C with liberase DL

(Roche) and DNase I (Sigma) for 15 min. Colonic tissue cell were isolated as described previously.39 To create single-cell suspen-

sions, the samples (tumor, liver, colon or spleen) were passed through a 70-mm cell strainer. The cells were kept in staining buffer

(PBSwith 2mMEDTA and 2%FBS), FcgR blocked (clone 2.4G2, BD Biosciences), followed by staining with the indicated antibodies

at 4�C for 30 min; secondary stains were conducted where indicated for selected markers. The samples were then either sorted or

fixed and stained intracellularly with a FOXP3 transcription factor kit (eBioscience) according to the manufacturer’s instructions. To

determine cell viability, fixable viability dye (ThermoFisher) was used in all staining reactions. For the bulk RNA-seq analyses, we

sorted tumor-infiltrating TREG or CD8+ cells based on the expression of the indicated markers (Figure 7A). All samples were sorted

on a BD FACS Fusion system or acquired on a BD FACS Fortessa system (both BD Biosciences) and then analyzed using FlowJo

10.4.1. CXADR antibody was obtained through BEI Resources, NIAID, NIH: Monoclonal Anti-Mouse Coxsackie and Adenovirus Re-

ceptor, Clone U54.R.mCAR.4 (immunoglobulin G, Rat), NR-9216.

Histology and immunohistochemistry
The primary antibodies used for immunohistochemistry included anti-CD8 (pre-diluted; C8/144B, Agilent Dako), anti-JAML (1:100;

Atlas, HPA047929), anti-CD103 (1:500; Abcam, ab129202), CK (1:5; Dako, AE1/AE3) The samples for the immunohistochemical an-

alyses were prepared, stained and analyzed as previously described.11 Cells were identified by nucleus detection and cytoplasmic

regions were simulated up to 5 mm per cell; protein expression was measured using the mean staining intensity within the simulated

cell regions.

Bulk RNA-seq
Total RNAwas purified frommurine tumor-infiltrating TREG (LIN–CD45+CD3+CD4+FOXP3+) and CD8+ T (LIN–CD45+CD3+CD8+) cells

using the miRNeasy kit (Qiagen) and quantified as previously described.13,40 RNA-seq libraries were prepared with a Smart-seq2

protocol and were sequenced on an Illumina platform.41 Quality-control was applied as previously described13 and data were

analyzed as described previously.11

Meta-analysis of published single-cell RNA-seq studies
The meta-analysis was conducted as described previously.11 In brief, nine published single-cell RNA-seq datasets29,42–49 of CD4-

expressing and CD8-expressing (n = 22,410) tumor-infiltrating T cells were integrated with UMAP using the R package Seurat

v3.0. For each dataset, cells that expressed fewer than 200 genes were considered outliers and discarded. We integrated data

from all cohorts using the alignment by the ‘anchors’ option in Seurat 3.0 as described previously.11 Briefly, the alignment is a compu-

tational strategy to ‘anchor’ diverse datasets together, facilitating the integration and comparison of single-cell measurements from

different technologies and modalities. The ‘anchors’ correspond to similar biological states between datasets. These pairwise cor-

respondences between datasets allows the transformation of datasets into a shared space regardless of the existence of large tech-

nical and/or biological divergences. This improved function in Seurat 3.0 allows integration of multiple RNA-seq datasets generated

by different platforms.50 We used the FindIntegrationAnchors function to find correspondences across the different study datasets

with default parameters (dimensionality = 1:30). Furthermore, we used the IntegrateData function to generate a Seurat Object with an

integrated and batch-corrected expression matrix. In total, 22,410 cells and 2,000 most variable genes were used for clustering. We

used the standard workflow fromSeurat, scaling the integrated data, finding relevant components with principal-component analysis

and visualizing the results with UMAP. The number of relevant components was determined from an elbow plot. UMAP dimension-

ality reduction and clustering were applied with the following parameters: 2,000 genes; 30 principal components; resolution, 0.4. The

cells that were used for the integration were selected from clusters labeled in the original studies as tumor CD4+ T cells and from

pretreatment samples when necessary.

Single-cell transcriptome analysis
Murine CD45+JAML+ cells from three B16F10-OVA tumor-bearing mice were isolated and prepared as described above. Cells from

each mouse were barcoded with murine Totalseq-B antibodies. Cells were sorted and cDNA libraries were constructed using the

standard 10x Genomics sequencing protocol. The antibody capture data were analyzed using custom scripts (github.com/vijay-

bioinfo/ab_capture), as previously described.11 n = 8,474 cells were sequenced and doublets,51 cells with fewer than 1,500 and

more than 6,000 expressed genes, less than 1,000 and more than 50,000 counts, and more than 5% mitochondrial counts were
16 Cell Reports 42, 112040, February 28, 2023
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filtered out. 5,976 cells were used for downstream analyses. For clustering with Seurat (3.0), we used 15 principal components from a

set of highly variable genes (n = 609) taking 20% of the variance after filtering out genes with a mean expression of less than 0.01.

Differential gene expression was calculated using MAST (p < 0.05, log2FC > 0.25) as described previously.11

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of mice per group and statistical tests used can be found in the figure legends. Details on sample elimination, quality

control, and displayed data are stated in the figure legends and methods. Sample sizes were based on previous experiments and

published studies to ensure reliable statistical testing accounting for variability between groups. Mice that did not develop tumors

by 10 days after inoculation, before therapeutic intervention, were not included in the analyses. Low quality samples were excluded

from the analyses and stated in the STAR Methods section. Data in heatmaps are displayed as log2-normalized z-scores. Experi-

ments were reproduced in at least two independent experiments. Age and sex-matched mice were used in the experiments and

animals were randomly assigned to the experimental groups. Statistical analyses were performed using GraphPad Prism 9. The

graphical abstract has been created with Biorender.com.
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