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SUMMARY
CD8+ tumor-infiltrating lymphocytes with a tissue-resident memory T (TRM) cell phenotype are associated
with favorable prognosis in patients with triple-negative breast cancer (TNBC). However, the relative contri-
bution of CD8+ TRM cells to anti-tumor immunity and immune checkpoint blockade efficacy in breast cancer
remains unknown. Here, we show that intratumoral CD8+ T cells in murine mammary tumors transcriptionally
resemble those from TNBC patients. Phenotypic and transcriptional studies established two intratumoral
sub-populations: one more enriched in markers of terminal exhaustion (TEX-like) and the other with a bona
fide resident phenotype (TRM-like). Treatment with anti-PD-1 and anti-CTLA-4 therapy resulted in expansion
of these intratumoral populations, with the TRM-like subset displaying significantly enhanced cytotoxic
capacity. TRM-like CD8+ T cells could also provide local immune protection against tumor rechallenge and
a TRM gene signature extracted from tumor-free tissue was significantly associated with improved clinical
outcomes in TNBC patients treated with checkpoint inhibitors.
INTRODUCTION

Tissue-resident memory T (TRM) cells reside in healthy peripheral

tissues where they form the first line of defense against invading

pathogens.1–4 TRM cells were originally described in peripheral

tissues following murine viral infection5,6 and have subsequently

beendescribedwithinmost organs inhumansandmice.7,8Unlike

central memory T (TCM) cells and effector memory T (TEM) cells

that continuously circulate between peripheral tissues and lymph

nodes, TRMcells persist in localized tissueswhere theyplay a crit-

ical role in local immunosurveillance.1,5,9,10 While CD8+ TRM cells
exhibit heterogeneity between organs, they share a common

transcriptional signature that differentiates them from T cells in

the circulation, and they are typically characterized by surface

expression of CD69 and CD103 in tissues and tumors.11–17 In

addition, the presence of CD103+CD8+ TRM cells in tumors has

been strongly correlated with favorable outcomes in several hu-

man solid cancers.14,16–21 Furthermore, CD103+CD8+ TRM cells

have been shown to accumulate in the tumor microenvironment

following anti-PD-1 therapy, which improved melanoma patient

survival,18 promoted anti-tumor immune responses22 and immu-

nosurveillance in preclinical melanoma models.23,24 However,
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Figure 1. CD8+ TRM-like cells in murine TNBC transcriptionally resemble TRM cells across murine tissues and human TNBC

(A) Representative CD69 and CD103 expression on TRM-like CD44hiCD8+ T cells in contralateral, peritumoral and tumor tissues at 4 weeks post AT3-OVA

inoculation.

(B) Representative CD69 and CD103 expression on CD45RA�CCR7� CD8+ T cells in primary human TNBC tumors.

(C) Percentage of T cells with CD69+CD103+ TRM-like phenotype in mouse (n = 8) and human CD8+ TILs (n = 10). Data indicate mean ± SD.

(D) Representative CD69 and CD103 expression on TRM-like CD44hiCD8+ T cells infiltrating tumors at 2, 4, and 6 weeks post AT3-OVA inoculation.

(E and F) Percentage and number of CD69+CD103+ (blue), CD69+CD103� (orange), and CD69�CD103� (gray) CD8+ TILs at 2, 4, and 6 weeks post AT3-OVA

inoculation. (n = 6–8) Mean ± SEM. Unpaired two-tailed Student’s t test.

(G–J) OT-I TILs were analyzed on day 30 following equal number of naive OT-I.CD45.1.2. wild-type (WT) and OT-I.CD45.1.TGF-b receptor(R) II�/�(Tgfbr2�/�) or
OT-I.CD45.1.Tbx21�/�(Tbx21�/�) or OT-I.CD45.1.Eomes�/�(Eomes�/�) T cells or effector CD45.2.Il15�/�(Il15�/�) were transferred to CD45.2 recipient mice prior

(legend continued on next page)
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the role for TRM cells and themarkers to identify these cells in this

context for breast cancer, a tumor type generally considered to

have a ‘‘colder’’ tumor microenvironment, remains poorly

understood.

Triple-negative breast cancer (TNBC) is an aggressive cancer

subtype that accounts for approximately 15%–20% of all breast

cancers and is associated with poor survival outcomes.25,26

Despite not being traditionally thought of as an immunogenic

type of cancer with relatively low tumor mutational burden, the

presence of a high number of tumor-infiltrating lymphocytes

(TILs) in TNBC is associated with significantly better outcomes

with and without PD-1 targeting immunotherapy.27,28 While

breast cancer TIL predominantly contains CD3+ T cells,29,30 we

recently reported the presence of a sub-population of CD8+

T cells with a TRM-like phenotype using single-cell RNA

sequencing (scRNA-seq) of CD3+ T cells isolated from human

primary TNBCs.13 CD8+ TRM-like cells expressed high levels of

immune checkpoint molecules, such as PDCD1 (PD-1),

CTLA4, HAVCR2 (TIM-3), and LAG3, and the transcriptional

signature derived from these cells was associated with a better

prognosis independent of the quantity of total CD8+ T cells

present and treatment given.13,31

Immune checkpoint therapy has been revolutionary for multi-

ple cancer types, particularly the more immunogenic solid

cancers such as melanoma and non-small cell lung cancer.32

Immune checkpoint inhibitors such as anti-PD-1 and anti-

CTLA-4 block suppressive signals for T cell function leading to

an effective anti-tumor response partly mediated by CD8+

T cells.33,34 It is well recognized that the clinical efficacy of

checkpoint inhibitors is associated with the quantity of pre-exist-

ing CD8+ TILs.35 Studies in human melanoma and non-small cell

lung cancer samples have shown a positive correlation of CD8+

TRM cells with favorable outcomes following anti-PD-1

therapy.36–38 However, the role of CD8+ TRM cells in this context,

and the heterogeneity among tumor-resident CD8+ T cell sub-

populations in breast cancer remains unclear.

Recently, atezolizumab (anti-PD-L1) and pembrolizumab

(anti-PD-1) have been approved in the treatment of early- and

late-stage TNBC, with PD-L1 protein expression as the

approved companion biomarker.27,39–42 Given the high expres-

sion of immune checkpoint molecules on CD8+ TRM cells in hu-

man TNBCs, we hypothesized that these cells may be a critical

target for therapeutic modulation within the tumor microenviron-

ment. Supporting this, we have recently reported that the gene

signature derived from CD8+ TRM cells derived from human

TNBCwas significantly associated with response to pembrolizu-
to AT3-OVA inoculation. The total ratio of CD69+ TIL, CD69+CD103�, and CD69

Il15�/� (n = 9–10). Two-tailed Mann-Whitney test.

(K–M) Intratumoral CD69�CD103�, CD69+CD103�, and CD69+CD103+ CD8+ T

analyzed by RNA-seq. GSEA of DEGs between CD69+CD103� vs. CD69�CD103
(K) CD69+CD103� (orange) and CD69+CD103+ (blue) T cell populations with en

infection residency signature’’ derived from Mackay et al.44 False discovery rate

(L) CD69+CD103� (orange) and CD69+CD103+ (blue) T cell phenotypes with enr

<0.01 and log fold change >1 ‘‘Human TNBC TRM signature’’ from Savas et al.1

experiments.

(M) Volcano plot of DEGs between CD69+CD103� and CD69+CD103+ TIL pheno

significantly upregulated genes in CD69+CD103+ T cells (blue) with FDR<0.05 are

ns, not significant.

See also Figures S1 and S2, and Table S1.
mab in patients.43 In this current study, we sought to understand

the role of CD8+ TRM cells in breast cancer, particularly in the

context of immune checkpoint blockade and immunosurveil-

lance. To this end, we used a murine model of syngeneic

TNBC tumors that develop in themammary fat pad and describe

the development of intratumoral CD8+ T cells that arise during

mammary tumor formation.We describe the critical role of a sub-

set with tissue-resident properties in breast cancer in the setting

of immune checkpoint blockade, as well as their role in ongoing

breast cancer immune surveillance after tumor rechallenge.

RESULTS

Intratumoral CD8+ T cells in murine mammary cancers
transcriptionally resemble TRM cells from healthy
tissues and from human TNBC
We have previously shown the prevalence of CD103+CD8+ TRM
cells in early-stage human TNBCs and their strong association

with improved patient prognosis.13 To characterize CD8+ TRM
cell development in breast cancer, we used a murine model of

TNBC, where syngeneic transplantable AT3-OVA tumor cells

were orthotopically injected in the fourth mammary fat pad

(MFP) of C57BL/6J mice. Four weeks after AT3-OVA tumor inoc-

ulation, TILs were isolated from established mammary tumors

and assessed for CD44hiCD8+ T cell sub-populations expressing

the canonical markers of tissue-residency CD69 andCD103. The

CD69+CD103+CD8+ T cells were predominantly present in tumor

tissue compared with peritumoral or naive contralateral MFP

(Figure 1A). Furthermore, based on CD69 and CD103 expres-

sion, these T cell subsets could be detected in CD8+ TILs in

both the AT3-OVA model and human TNBCs (Figures 1B and

1C). We next tracked the temporal development of these T cell

populations following AT3-OVA tumor inoculation (Figure 1D).

We observed that CD44hiCD8+ T cells that expressed CD69

alone or co-expressed CD69 and CD103 were significantly

higher in proportion and quantity relative to CD69�CD103�

T cells over the 6-week period (Figures 1E and 1F). This corre-

sponded with a concomitant decline in the proportion of

CD69�CD103� T cells indicating a loss of these cells or conver-

sion to the CD69+ phenotype over time (Figure 1F). Further

assessment of OVA antigen-specific CD8+ TIL revealed a sub-

stantial proportion of H-2Kb OVA(257-264) tetramer+ staining pre-

sent in all three T cell populations, with a significantly higher pro-

portion of tetramer+ cells observed in the CD69+CD103�

compared with CD69+CD103+ and CD69�CD103� populations

(Figures S1A and S1B).
+CD103+ TIL phenotypes by (G) Tgfbr2�/�, (H) Tbx21�/�, (I) Eomes�/� and (J)

cell sub-populations were FACS sorted at 6 weeks post BC inoculation and
� and CD69+CD103+ vs. CD69�CD103� sub-populations are shown.

richment of 85 CD8+ TRM associated genes that were upregulated in ‘‘murine

(FDR) by gene set test.

ichment of 141 CD8+ TRM upregulated genes that were filtered based on FDR
3 Data presented as log2-fold change (fc) from n = 3 biologically independent

types with significantly upregulated genes in CD69+CD103� T cells (red) and

shown from n = 3 independent experiments. *p < 0.05; **p < 0.01; ****p < 0.0001,

Cancer Cell 41, 585–601, March 13, 2023 587
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Figure 2. TNBC tumors contain phenotypically and transcriptionally distinct CD8+ T cell sub-populations

(A) Representative histograms of TIM-3, PD-1, and TOX between CD69+CD103� (orange) and CD69+CD103+ (blue) CD44hiCD8+ TILs isolated from week 4 AT3-

OVA tumors.

(B) Mean fluorescence intensity (MFI) expression of TIM-3, PD-1, and TOX among CD69+CD103� and CD69+CD103+ CD8+ TIL sub-populations, (n = 5) mean ±

SEM. Two-tailed Mann-Whitney test.

(C) PD-1 and TOX expression among spleen CD69+CD44hiCD8+ T cells and intratumoral CD69+CD103� and CD69+CD103+ CD44hiCD8+ T cell sub-populations.

(D) Percentage of PD-1 and TOX co-expression among spleen CD69+CD44hiCD8+ T cells and intratumoral CD69+CD103� and CD69+CD103+ CD44hiCD8+ T cell

sub-populations. Data indicate mean ± SEM, shown from one of two experiments, n = 5 mice. Two-tailed Mann-Whitney test.

(legend continued on next page)
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CD8+ TRM cell differentiation is dependent on molecular cues

that are distinct from those that drive circulating CD8+ T cell pop-

ulations and the signaling requirements vary in different tis-

sues.4,45,46 The molecular signals that govern the differentiation

of TRM cells in breast cancer are currently unknown. Transforming

growth factor (TGF)-b is required for TRM cell development in

several tissues,3,47–49aswell as fordrivingCD103expression.50,51

In adoptive transfer experiments using OT-I T cells that lacked

expression of the TGF-b receptor(R)II (OT-I.Tgfbr2�/�), we found

that CD69+ TGF-bRII-deficient OT-I T cells were significantly

reduced in mammary tumors compared with wild-type controls,

demonstrating the requirement of TGF-b for the development of

TNBCCD8+TRMcell populations (Figure1G).TheT-box transcrip-

tion factor T-bet is essential for TRM cell survival in tissues

including the skin and lung.46,52 To determine the dependence

of TNBC TRM cells on T-box transcription factors, we co-trans-

ferred wild-type OT-I T cells (OT-I.WT) and T-bet or Eomes defi-

cient OT-I T cells (OT-I.Tbx21�/�or OT-I.Eomes�/�, respectively)
into mice prior to challenge with AT3-OVA tumor cells. We found

that CD8+CD69+ TIL cells were not numerically altered in the

absence of T-bet andEomes (Figures 1H and1I). T-box transcrip-

tion factors act in part via the control of interleukin (IL)-15 respon-

siveness,46,53 and consistent with this, we found that mammary

tumor TRM were also not reliant on this cytokine (Figure 1J)

compared with TRM cells in other tissue sites.46,54–56

To assess the changes in the transcriptional profile of

CD69+CD103� and CD69+CD103+ CD8+ T cells, we tracked the

development of these CD8+ T cell sub-populations from devel-

oping tumors at 2, 4, and 6 weeks and analyzed these cells by

bulk RNA-seq. Two weeks after tumor inoculation, we found that

genes that have been previously associatedwith TRM cells across

normal tissues3 were expressed by both CD69+CD103� and

CD69+CD103+populations, for example, theupregulationof Itgae,

Itga1, Cd244a, Cdh1, Chn2, Qpct, Rgs2, and Nr4a2 and downre-

gulation of S1pr1, S1pr5, and Eomes, as compared with the

CD69�CD103� population (Figures S1C and S1D). Furthermore,

we found that the transcriptomes of CD69+CD103� and

CD69+CD103+ T cells were significantly enriched for a transcrip-

tional signature derived from CD8+ TRM cells from the skin, gut,

and liver ofmice following resolutionof viral infection44 (Figure 1K),

and also a CD8+ TRM cell gene signature extracted from early-

stage human TNBC tumors13 (Figure 1L). Collectively, our data

suggest that qualitatively distinct intratumoral CD8+ T cell pheno-

types develop in the AT3-OVA murine mammary model and that

the transcriptional profile of CD69+CD103� and CD69+CD103+

CD8+Tcells resembleCD8+TRMcells following resolutionof acute
(E) GSEA indicating CD69+CD103� compared with CD69+CD103+ CD44hiCD8+ T

T cell exhaustion signature’’ derived from chronic LCMV infection, Man et al61 n

(F) GSEA indicating CD69+CD103� compared with CD69+CD103+ CD44hiCD8+ T

exhausted CD8+ T cells’’ derived from chronic LCMV infection,62 n = 3, FDR by

(G–K) Single-cell RNA-seq of CD8+ TILs (n = 1,548) isolated from mammary tum

(G) t-SNE plot demonstrating five distinct CD8+ T cell clusters indicated by color

(H) Feature plots with key genes among CD8+ T cell clusters.

(I) Significant enrichment of week 6 AT3-OVA derived CD69+CD103� CD8+ TEX sig

CD8+TOX+ clusters. FDR by gene set test.

(J) Expression of Havcr2 (TIM-3), Pdcd1 (PD-1), and Tox gene transcripts in CD8

(K) Jaccard indices showing the relatedness of TCR repertoires among CD8+ T

overlap of TCR sequences among pairs of clusters from n = 3 murine tumors. **

See also Tables S2 and S3.
infection from healthy murine tissues, as well as those extracted

from human primary TNBCs. In addition, we examined other

murine BC models for the presence of CD69 and CD103

residency markers on CD44+CD8+ T cells. We found that these

cell populations exist at a lower level in the 4T1 model (13%) and

are negligible in the E0771-OVA (5%) nor in EO771 (4%) parental

tumors (Figures S2A and S2B). The 4T1 model is known to be

myeloid dominant, highly metastatic, and does not respond to

anti-PD-1 therapy,57,58 while the E0771 model is thought to be

more representative of luminal rather than basal-like breast can-

cers.59 The intratumoral CD8+ T cell sub-populations in both 4T1

and AT3 parental tumors co-expressed the immune checkpoint

receptor PD-1 (Figure S2C).

Although both CD69+CD103� and CD69+CD103+ cells

bore transcriptional similarities to TRM cells, we observed a

significant difference in gene expression profiles between

these two populations. We found 304 significantly upregulated

genes in CD69+CD103� and 297 significantly upregulated in

CD69+CD103+ cells (Figure 1M, Table S1). Specifically, we

observed that genes associated with T cell exhaustion, such

as Tox, Eomes, Havcr2 (TIM-3), Pdcd1 (PD-1), and Ctla4

were significantly upregulated in the CD69+CD103� sub-pop-

ulation, whereas genes associated with tissue residency, such

as Cdh11, Chn2, Cd244, Xcl1, and Itga1 were significantly

upregulated in the CD69+CD103+ population.

Intratumoral CD69+CD8+ T cells in murine mammary
cancers contain both exhausted (TEX) and resident (TRM)
memory-like phenotypes
CD8+ TRM cells have been shown to play a critical role in anti-tu-

mor immunity and cancer immune surveillance in other cancer

types.24,60 In our murine model, the CD44hiCD8+ T cells from

AT3-OVA mammary tumors comprised two distinct subgroups:

CD69+CD103� cells that expressed genes more associated

with exhaustion, and CD69+CD103+ cells, which exhibited a

gene signature more suggestive of bona fide tissue residency.

In line with the differential gene expression analyses, surface

protein evaluation confirmed elevated expression of TOX,

TIM-3, and PD-1 by CD69+CD103� cells compared with

CD69+CD103+ cells (Figures 2A and 2B), as well as a greater pro-

portion of CD69+CD103� cells co-expressing PD-1 and TOX

(Figures 2C and 2D). Corroborating the notion that the

CD69+CD103� population exhibited features characteristic of

terminal exhaustion, we found that the transcriptome of these

cells was significantly enriched with two independent gene sig-

natures derived from TEX cells
61,62 (Figures 2E and 2F). Together,
IL phenotype with significant enrichment of genes associated with ‘‘Core CD8+

= 3. FDR by gene set test.

IL phenotype with significant enrichment of genes associated with ‘‘Terminally

gene set test.

ors at 2 weeks post AT3-OVA inoculation.

ed ellipses.

nature and CD69+CD103+ CD8+ TRM signature in the CD8+ITGAE+ cluster and

+TOXhigh and CD8+ITGAE+ clusters. Wilcoxon rank-sum test.

cell clusters. Jaccard coefficient with 0 indicating no overlap and 1 complete

p < 0.01; ****p < 0.0001 and each symbol represents an individual mouse.
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Figure 3. Dual-ICB therapy induces qualitative and quantitative changes in CD69+CD103+ CD8+ TRM-like cells, which associates with BC tu-

mor control
(A) Schematic diagram with treatment schedule.

(B) AT3-OVA BC tumor growth curve following indicated ICB treatments, n = 10 mice shown from two independent experiments, mean ± SEM and statistics

determined on day 38. Two-way ANOVA with Turkey’s multiple comparisons test.

(legend continued on next page)
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these data reveal the phenotypic differences between

CD69+CD103� and CD69+CD103+ T cell populations, with the

latter likely being more resident-like and the former displaying

markers of exhausted (TEX) T cells.

To examine these intratumoral T cell sub-populations in an

unbiased manner, we generated scRNA-seq data from 1,548

single CD8+ T cells extracted from establishedmammary tumors

2 weeks post AT3-OVA inoculation. T cell clusters were

visualized using t-distributed stochastic neighbor embedding

(t-SNE) plots (Figure 2G). We observed five distinct clusters,

including a cluster that could be characterized by elevated Itgae

(encodes for CD103) expression (red) as well as one that

had high expression of Tox (blue) (Figures 2G and 2H). Clusters

Itgae vs. Tox were significantly enriched with the genes differen-

tially expressed between CD69+CD103+ compared with

CD69+CD103� cells, respectively (Figure 2I, Table S2), with

lower expression of Havcr2 (TIM-3) and Pdcd1 in the Itgae vs.

Tox clusters, respectively (Figure 2J). Interestingly we also

noticed a Tcf7+ cluster that was molecularly distinct from the

Itgae vs. Tox clusters (Table S3). In addition, we examined for

overlap in T cell receptor (TCR) clones between clusters high in

Itgae and Tox respectively. Consistent with our hypothesis, we

found little TCR clonal overlap between these two clusters (Fig-

ure 2K), suggesting differing antigen specificity. These unbiased

single-cell analyses are consistent with and validate our data

above: that these intratumoral sub-populations defined by

CD103 and CD69 are distinct.

Anti-tumor responses induced by ICB are associated
with increased function, quantity, and quality of CD8+

TRM-like cells
We have previously shown that CD8+ TRM cells in human TNBC

expressed high levels of immune checkpoint molecules such as

PD-1 and CTLA-4.13 Given the expression of checkpoint mole-

cules on this tumor-resident population, TRM cells are a potential

cellular target mediating the therapeutic effects of checkpoint in-

hibitors.63 To investigate the therapeutic effect of PD-1 and

CTLA-4 blockade, we injected AT3-OVA cells in the MFP of

mice and treated them with isotype control antibody, anti-PD-

1, anti-CTLA-4, or dual anti-PD-1 and anti-CTLA-4 combination

therapy (Figure 3A). Comparedwith single-agent blockade, dual-
(C) Percent survival of mice with tumor volume > 500 mm3 post ICB with statisti

(D and E) TILs analyzed by FACS on day 28 post BC inoculation, for the diffe

CD44hiCD8+ T cells.

(D) Total number of indicated T cell sub-populations among CD44hiCD8+ TILs pe

(E) Number of IFN-g+ and TNF-a+ cytokine producing CD8+ T cells among indica

experiments. Two-tailed Mann-Whitney test.

(F–I) After two doses of anti-isotype (2A3), anti-PD-1, anti-CTLA-4, or dual-ICB t

CD44hiCD8+ T cells were FACS sorted and co-cultured with chromium51 labeled

(F) Percent specific lysis of AT3-OVA target cells after 24 h of co-culture with ind

(G and H) Cell supernatants derived from indicated CD8+ T cell sub-populations

(G) Quantity of IFN-g (pg/mL) (n = 3–4). Two-tailed Mann-Whitney test.

(H) Quantity of TNF-a (pg/mL) (n = 3–4). Two-tailed Mann-Whitney test.

(I) Percent specific lysis of AT3-OVA cells by CD69+CD103� (TEX) and CD69+CD

indicated neutralizing antibodies. Mean ± SEM, each symbol represents an individ

(J) Percent mean expression of TCR-Vb+ clones indicated among indicated phen

TCR-Vb clones relative to isotype controls. n = 4 mice shown from one of two inde

*p < 0.05; **p < 0.01; ****p < 0.0001, ns, not significant.

See also Figure S3 and Table S4.
ICB therapy significantly reduced breast cancer tumor growth

(Figure 3B) and improved the survival of mice (Figure 3C). In

addition, when AT3-OVA TILs were examined 2 weeks after

dual-ICB therapy (Figure S3A), we observed a significantly

increased number of endogenous TCRb+ T cells (Figure S3B),

and a significantly higher ratio of cytotoxic CD8:CD4 T cells,

and CD8:Foxp3+CD4+ Treg cells compared with control iso-

type-treated tumors (Figures S3C and S3D).

We next assessed the proportion of CD69+CD103� and

CD103+ CD8+ T cell populations in the MFP tumors following

ICB therapy. Compared with the isotype-treated group, the

blockade of both PD-1 and CTLA-4 resulted in a significant in-

crease in the quantity of both intratumoral CD69+CD103� and

CD103+ CD8+ T cell populations (Figure 3D). We next examined

the functional profile of the CD69+CD103� and CD69+CD103+

T cells. The number of interferon (IFN)-g and tumor necrosis fac-

tor (TNF)-a producing CD69+CD103� and CD69+CD103+ T cells

were significantly increased with the dual vs. single-agent

blockade (Figure 3E), as were the number of OVA-specific

CD8+ T cells (Figures S3E and S3F).

To assess the cytotoxic capacity of CD69+CD103� and

CD69+CD103+ T cells in TNBC tumors, we isolated these T cell

populations from ICB-treated mice and co-cultured T cells with

chromium-labeled tumor cells for 24 h. Notably, we found that

the CD69+CD103+ T cells isolated after dual-ICB therapy medi-

ated significantly greater tumor killing compared with the

CD69+CD103� T cells at 24 h (Figure 3F), with no significant

difference observed at 4 h (Figure S3G). Furthermore, signifi-

cantly higher levels of IFN-g and TNF-a were present in co-cul-

tures that contained tumor cells and CD69+CD103+ compared

with CD69+CD103� T cells (Figures 3G and 3H). To further define

the mechanism by which these CD103+CD8+ T cells mediate

lysis of tumor cells, we isolated both CD103+ and CD103�

T cells from dual-ICB-treated mice and co-cultured these cells

independently with chromium-labeled tumor cells in the pres-

ence of neutralizing antibodies against IFN-g or TNF-a.We found

that the neutralization of TNF-a or IFN-g significantly reduced tu-

mor cell lysis in both culture conditions compared with isotype-

treated controls (Figure 3I). Together, these data support the

superior cytotoxic potential of CD69+CD103+ TRM-like cells

compared with their CD103� TEX-like counterparts.
cs shown on day 38, n = 10. Log rank (Mantel-Cox) test.

rentiation of CD69+CD103� (TEX) and CD69+CD103+ (TRM-like) cells among

r gram of tumor. Two-tailed Mann-Whitney test.

ted phenotypes, mean ± SEM with n = 12 mice shown from two independent

reatment, tumor-infiltrating CD69+CD103� (TEX) and CD69+CD103+ (TRM-like)

AT3-OVA BC cells for 24 h.

icated CD8+ T cell sub-populations (n = 3–4). Two-tailed Mann-Whitney test.

after 24 h were assessed for cytokines by cytometric bead array (CBA).

103+ (TRM-like) cells after dual-ICB therapy and co-cultured in the presence of

ual sample with averaged duplicates (n = 3–4). Two-tailed Mann-Whitney test.

otypes on day 28 post ICB therapy. p values represent significantly increased

pendent experiments with similar results. Unpaired two-tailed Student’s t test.
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Figure 4. CD8+ TRM-like cells confer local immune protection to TNBC tumor rechallenge

(A–C) AT3-OVA tumor-free local and naive contralateral MFP tissue post dual-ICB therapy on day 40 assessed for CD69�CD103� (TCIRC), CD69
+CD103� (TEX),

and CD69+CD103+ (TRM-like) CD44
hiCD8+ TILs.

(A) Percentage of tumor-free mice (n = 76) pooled from three independent experiments.

(B) Representative CD69 and CD103 expression on CD8+ T cells in local MFP (left) and naive contralateral MFP (right).

(C) Total number of indicated T cell sub-populations among CD8+ T cells in local and naive contralateral MFP n = 7 shown from two independent experiments.

Two-tailed Mann-Whitney test.

(D–I) Tumor-free mice post dual-ICB therapy were rechallenged with AT3-OVA BC cells in the local vs. contralateral MFP on day 40 in the presence or absence of

FTY720 (FTY) treatment. (D) Schematic experimental design. (E–G) TILs were analyzed for CD69+CD103� (TEX) and CD69+CD103+ (TRM-like) CD44
hiCD8+ T cells

on day 8 post tumor rechallenge in the presence or absence of FTY. (E) Representative CD69 and CD103 expression on CD8+ T cells in local MFP. (F) Total

number of CD69�CD103� (TCIRC), CD69
+CD103� (TEX) and CD69+CD103+ (TRM-like) cells among CD44hiCD8+ T cells in the local MFP. Two-tailedMann-Whitney

test. (G) Total number of IFN-g+ and TNF-a+ cytokine producing CD69�CD103� (TCIRC), CD69
+CD103� (TEX), and CD69+CD103+ (TRM-like) cells in the local MFP.

(legend continued on next page)

ll
Article

592 Cancer Cell 41, 585–601, March 13, 2023



ll
Article
We next evaluated whether the quantitative increase of TIL

following checkpoint therapy was also associated with clonal

expansion of CD8+ T cells in mammary tumors. The changes in

the TCR repertoire in mammary tumors were evaluated by anal-

ysis of TCR-Vb clonotypes at day 28 post tumor inoculation by

using flow cytometry. As anticipated, a significant expansion of

9 of 14 Vb clonotypes was observed in CD69+CD103+ TRM-like

cells (Figure 3J, right) and 8 of 14 Vb clonotypes in

CD69+CD103� T cells in dual-ICB-treated relative to the iso-

type-treated cohort (Figure 3J, left). We observed that most

significantly expanded TCR-Vb clones (82% ± 6%) post ICB

treatment were shared between the CD69+CD103� and

CD69+CD103+ T cells, unlike at week 2 post tumor inoculation

(and pre-treatment) where the scTCR-aß clonotypes were

different between the subsets of interest (Figure 2K). In addition,

an assessment of TCR-Vb clonotypes on CD69+CD103– and

CD69+CD103+ T cells revealed a significant expansion of OVA-

specific tumor clones (Vb5.1/5.2; Vb8.1/8.2) with numerically

more TCR-Vb clones present post dual-ICB compared with the

isotype control treated group (Figures S3H–S3K, Table S4).

Overall, these data indicate that checkpoint blockade therapy re-

sulted in TCR-Vb clonal expansion and diversification, along with

the increased production of TNF-a, IFN-g, and killing capability

resulting in superior anti-tumor activity of the CD69+CD103+

T cells. Given this, we hereafter refer to CD69+CD103� and

CD69+CD103+ T cell populations as CD8+ TEX-like and CD8+

TRM-like cells, respectively.

Local CD8+ resident T cells in theMFP confer protection
to secondary breast tumor rechallenge
Dual checkpoint inhibitor therapy with PD-1 and CTLA-4 in tu-

mor-bearing mice resulted in 43% ± 5% mice being tumor-free

at day 40 (Figure 4A) and 55% by day 65 (Figures S4A

and S4B) and enhanced the survival of mice (Figure S4C). We

examined for the persistence of both CD8+ T cell sub-popula-

tions in the MFP of mice that had previously cleared their

tumors following dual-ICB therapy. As expected, we found

high numbers of CD44hiCD8+ T cells, comprising both

CD69+CD103� and CD69+CD103+ T cells compared with

CD69�CD103� circulating T cells, specifically within the previ-

ously inoculated MFP (local) compared with the contralateral

MFP, consistent with the notion that these cells remain locally

within tissues with minimal recirculation (Figures 4B and 4C).

We next investigated the role of these T cells in the anti-tumor

memory response by rechallenging the tumor-free mice with

AT3-OVA cells in the local and naive contralateral tumor-free

MFP at the day 40 timepoint post initial tumor inoculation. To

determine the role for both local and circulating T cells in this

memory response, we rechallenged mice in the presence or

absence of FTY720 (Figure 4D). FTY720 blocks T cell trafficking

and egress thereby enabling investigation of the importance of

the localized immune response24 (Figures S4D and S4E).

Following secondary tumor challenge, we found significantly
n = 10 shown from two independent experiments. Two-tailed Mann-Whitney test.

ANOVA with Tukey’s multiple comparisons test. (I) Secondary tumor growth in con

FTY-treated group, n = 13 in the FTY untreated group, shown from two independe

with Tukey’s multiple comparisons test. ***p < 0.001; ****p < 0.0001, ns, not sign

See also Figure S4.
increased number of CD69+CD103+ TRM-like cells in the local

MFP of FTY720-treated mice compared with CD69+CD103�

TEX-like and CD69�CD103� T cells, confirming the resident na-

ture of these CD69+CD103+ cells (Figures 4E, 4F, S4F, and

S4G). In these FTY720-treated mice, we also observed signifi-

cantly more IFN-g and TNF-a production by CD69+CD103+

compared with CD69+CD103� T cells (Figure 4G).

Importantly, in FTY720-treated mice, we observed signifi-

cant secondary tumor protection, supporting the protective

ability of the localized immune TRM response without the

need for the contribution of circulating memory T cells. We

found that 7 of 14 (50% ± 10%) mice remained tumor-free in

the local MFP up to 80 days from primary tumor inoculation

(Figure 4H). In contrast, following inoculation of the contralat-

eral MFP (which was comparatively devoid of CD8+ T cells,

Figure 4B), all mice within the FTY720-treated cohort devel-

oped secondary tumors (Figure 4I). Of note, we observed tu-

mor protection in mice that were not treated with FTY720, in

both local and contralateral MFP sites (Figures 4H and 4I),

highlighting the important contribution of circulating memory

T cells in ongoing breast cancer immunosurveillance at distal

sites, presumably indicative of the generation of tumor-spe-

cific memory T cells that arise from the tumor and move into

the circulation.

Agene signature fromCD69+CD103+CD8+ TRM-like cells
obtained fromday 40 tumor-freemice is associatedwith
benefit from ICB treatment in human cancers
We hypothesized that the gene expression profile of local TRM-

like cells remaining in the tumor-free MFP after dual-ICB therapy

of mice at day 40 (D40) post tumor inoculation (Figure 4B) would

be associated with improved clinical outcomes in patient co-

horts, as these TRM-like cells have remained in the absence of

antigen, analogous to healthy tissue TRM cells post pathogen

clearance. The genes associated with CD8+ TRM-like cells on

D40 are presented in Figure 5A (Table S5). This D40 CD8+

TRM-like gene signature had minimal overlap with previously

published TRM signatures from human TNBC and mouse

TRM cells (Figure S5A) and yet were highly correlated (R = 0.83;

Figure S5B). Comparing CD69+CD103+ TRM vs. CD69+CD103–

CD8+ TEX T cells at D40 revealed that the former was significantly

enriched in genes similar to human melanoma TRM cells vs.

TEX cells, respectively64 (Figures 5B and 5C).

First, we examined the 329 cases of TNBC in the METABRIC

cohort of early-stage breast cancers65 (Figures 5D and 5E).

These patients received a variety of treatments without immuno-

therapy. We found that higher expression of the D40 CD8+ TRM
gene signature was significantly associated with improved prog-

nosis in the TNBC cohort. We next examined the association

between the D40 CD8+ TRM signature and pathological complete

responses (pCR) in the ISPY clinical trial dataset of patients with

early-stage breast cancers who received standard chemo-

therapy with or without a PD-1 inhibitor.66 pCR refers to
(H) Secondary tumor growth in the local MFP post tumor rechallenge. Two-way

tralateral (Contra.) MFP after tumor rechallenge, mean ± SEMwith n = 14 in the

nt experiments. Each symbol represents an individual mouse. Two-way ANOVA

ificant.
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Figure 5. CD8+ TRM cell gene signature predicts patient clinical response to ICB therapy
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log2 fold change >1 and FDR <0.01 are shown ranked by fold change in descending order.

(legend continued on next page)
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complete eradication of tumor cells in the breast and draining

lymph nodes determined via histological review of surgical spec-

imens, and is strongly associated with better distant disease-

free and overall survival outcomes.67 In the ISPY dataset, higher

signature expression was associated with a higher chance of

achieving a pCR in all HER2-negative breast cancers regardless

of treatment (n = 277; Figure 5F). However, in patients with TNBC

(n = 112), this association only held for those treated with pem-

brolizumab (Figure 5G). The GeparNeuvo phase II clinical trial

randomized (n = 174) early-stage TNBC patients to receive stan-

dard chemotherapy with or without durvalumab (PD-L1 inhibi-

tor).43,68 Similar to the ISPY cohort, the D40 CD8+ TRM signature

was associated with a higher rate of pCR (Figure 5H). However,

more importantly, high expression was significantly associated

with excellent survival outcomes with durvalumab compared

with the chemotherapy alone arm, with almost no recurrences

and no deaths in the patients who received durvalumab (p =

0.0051 for distant disease-free survival, p = 0.0052 for overall

survival; Figures 5I and 5J). As this clinical trial dataset has

long-term outcomes available and the patients were randomized

to receive the immune checkpoint agent or not, these data pro-

vide strong support for our D40 gene set being specific to check-

point blockade.

Finally, we examined two datasets of samples from patients

with advanced melanoma treated with anti-PD-1 therapy in

combination with ipilimumab, or with nivolumab after ipilimu-

mab.34,69 In both clinical datasets, the murine CD8+ TRM-like

signature was significantly associated with improved objective

responses (Figures S5C and S5D) and progression-free sur-

vival (Figures S5E and S5F), respectively. Overall, these data

further solidify the critical role of resident CD8+ T cells in the

context of immune checkpoint blockade therapy, particularly

for patients with early-stage TNBC, emphasizing the impor-

tance of the local immune response, the presence of TRM cells

in the breast tissue, as well as associations with better long-

term survival after treatment with chemotherapy plus PD-1

therapy.

DISCUSSION

Treatment with immune checkpoint inhibitors can induce robust

anti-tumor immune responses; however, this therapy only

appears to benefit a subset of patients with solid cancers.70 Pa-
(B and C) GSEA of CD69+CD103� vs. CD69+CD103+ CD44hiCD8+ T cell populatio

inoculation. (B) Significant enrichment of core TRM gene signature64 in D40 CD69

enrichment of genes associated with ‘‘T cell exhaustion signature’’ derived from

Human homologs are used for the following human survival analyses, see Table

(D) Kaplan-Meier survival curves for distant disease-free survival.

(E) Overall survival from n = 329 primary basal-like/TNBCs showing significant pro

value log rank test.

(F–H) Receiver operating characteristic (ROC) plots and area under the curve (AU

(F) Performance of the D40 CD8+ TRM signature to predict pathological complete

plus chemotherapy. (G) Performance of the D40 TRM signature to predict pCR s

compared with control treatment group in I-SPY2-990 dataset. (H) ROC curves i

following neoadjuvant therapy in all patients (n = 162), chemotherapy treated (n = 7

phase II GeparNuevo clinical trial in early-stage triple-negative breast cancer.

(I) Kaplan-Meier survival curves with distant disease-free survival and (J) overall su

D40 TRM signature, p value log rank test demonstrating D40 TRM signature is spe

See also Figure S5 and Table S5.
tients with TNBC have only recently seen the incorporation of

PD-1 immune checkpoint inhibitors with their standard chemo-

therapy despite the long-standing observation that higher TIL

levels correlate with better clinical outcomes.71–73 Several

studies in human solid cancers, including our previous work in

human TNBCs using scRNA-seq, have shown the presence of

resident memory T cells in the tumoral immune infiltrate and their

associations with improved outcomes.12,14,36,74 Therefore, we

hypothesized that immune checkpoint therapies target the local

tumor microenvironment and that the CD8+ TRM cells could be

critical for their efficacy in breast cancer. We here demonstrate

that intratumoral CD8+ T cells, particularly those with a resident

phenotype, contribute to breast cancer anti-tumor responses as

well as their role in ongoing breast cancer protective immunity in

a murine model of TNBC.

In this work, we establish the phenotypic characteristics and

cytokine requirements for generation and maintenance of

distinct intratumoral CD8+ T cell sub-populations in breast can-

cer. With regard to the relationship between the CD69+CD103+

and CD69+CD103� subsets, we have previously shown that

while CD69+CD103� can differentiate into CD103+ cells (and

other memory populations) in the setting of acute viral infection,

the CD103+ population comparatively resists de-differentiation

and appears to have a fixed cell fate.75 We further confirm

molecular differences in these intratumoral populations, demon-

strating that the CD69+CD103– subset displays elevated expres-

sion of TEX-associated genes such as Tox and Eomes,76 and

display a transcriptional profile similar to terminally exhausted

T cells in the context of chronic lymphocytic choriomeningitis

virus (LCMV).61,62 In contrast, the CD69+CD103+ subset demon-

strated enhanced anti-tumor function (in terms of cytotoxicity

and inflammatory cytokine secretion) in mediating tumor lysis.

These T cell sub-populations were further validated by unbiased

clustering of CD8+ single-cell transcriptomic data analyzed pre

ICB treatment. Two clusters, distinguished by expression of

Itgae and Tox, bore significant transcriptional similarities to

bulk RNA-seq of sorted CD69+CD103+ and CD103– subsets,

respectively. In addition, these support the use of CD103 and

CD69 markers to define our subsets of interest. It is also impor-

tant to note that while CD69+CD103– cells in established tumors

display TEX-like features, in the context of checkpoint blockade

or tumor rechallenge, the CD69+CD103– population will likely

become highly heterogeneous. In these contexts, cells classified
ns isolated from local MFP tissue of tumor free mice on day 40 (D40) post tumor
+CD103+ compared with CD69+CD103� CD8+ T cell phenotype. (C) Significant

melanoma CD8+ TIL dataset64 in D40 CD69+CD103- CD8+ TEX population.

S5.

gnostic separation according to D40 TRM gene signature with hazard ratio and p

C) scores were assessed.

response (pCR) in HER2- BC patients treated with (anti-PD-1) pembrolizumab

pecifically in TNBC patients treated with pembrolizumab plus chemotherapy

ndicating performance of D40 TRM gene signature to significantly predict pCR

9), and chemotherapy + durvalumab (n = 83) treated patients from randomized

rvival fromGeparNuevo trial. Patients in each treatment arm stratified based on

cific for treatment with durvalumab.
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as CD69+CD103– will include newly infiltrated effector cells and

precursor memory cells, in addition to those with TEX-like fea-

tures. Thus, it is possible in this context that CD69+CD103–

cells may also give rise to CD69+CD103+ T cells following local

inflammatory signals including TGF-b, within the breast tumor

microenvironment.

PD-1/PD-L1 checkpoint inhibitors in combination with chemo-

therapy have only recently been shown to be efficacious for

patients with TNBC.72,73 In patients with advanced disease,

pre-existing PD-L1-positive immune cells are essential for

response to these agents.39,77Our data are consistentwith a pre-

vious study in melanoma-bearing mice where PD-1 blockade re-

sulted in a 10-fold increase in TRM formation following TCM trans-

fer and that this was associated with superior anti-tumor efficacy

in vivo. 22Correlative studies in humanoral cancer andmelanoma

also report an association between increases in T cells with res-

idency features and better clinical responses to immune check-

point blockade.18,78 Progenitor exhausted T cells (TPEX) have

also been shown to proliferate in tumor-draining lymph nodes

in response to PD-1 blockade.79 We also noted the presence of

a small Tcf7+ (TCF1+) expressing cluster in our single-cell data.

Our work is not inconsistent with this literature; however, here

we show the importance of the local intratumoral T cell popula-

tions, especially the TRM subtype in mediating checkpoint inhib-

itor efficacy. Future work will likely delineate the relationship be-

tween TPEX cells and if they can differentiate into intratumoral TRM
populations post checkpoint inhibitor therapy.

Of high importance are our findings underlining the signifi-

cance of CD8+ TRM-like cells in ongoing breast cancer immune

surveillance, particularly post-immune checkpoint blockade.

Notably the TRM-like cells remaining in theMFP post tumor clear-

ance could expand locally and protect from secondary tumor re-

challenge with a minimal role for circulating T cells. In contrast,

the tumor-naı̈ve MFP distal to site of the primary tumor lacked

TRM cells and required circulating T cells for immune protection

from tumor growth. These data provide support for the hypothe-

sis that tumor-specific memory T cells can be generated and

mobilized from the tumor to protect against distant metastases

formation as suggested by Luoma et al.78 Our work, now in

breast cancer, supports previous published reports inmelanoma

that indicates that pre-existing CD8+ TRM-like cells can be suffi-

cient to independently confer tissue immune protection following

rechallenge.23,24

It is likely that immune checkpoint blockade induces both a

local and systemic immune response that protects against for-

mation of distant metastases in patients. We therefore show

the clinical relevance of our findings by developing a transcrip-

tional profile of the TRM-like cells that persisted in the MFP of tu-

mor-free mice at D40 post tumor inoculation. We chose this time

point to profile as we hypothesized that these cells could be

more analogous to pathogen-induced CD8+ TRM cells that

subsequently survive in the absence of antigen and mediate

local tissue defense. We show the prognostic significance of

this signature in the METABRIC TNBC dataset, with an effect

size of similar magnitude to a gene set we published previ-

ously.13 Despite minimal overlap in genes between this

scRNA-seq signature derived from human CD3+ T cells and

the current gene set derived from a murine model, it is notable

that the current signature can have similar prognostic value.
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Combined PD-1 inhibition plus chemotherapy is now a US

Food and Drug Administration-approved standard of care neo-

adjuvant therapy for early-stage TNBC. This approval followed

the KEYNOTE-522 phase 3 trial demonstrating higher patholog-

ical complete response (pCR) rates and improved event-free

survival over chemotherapy alone.41 To understand the clinical

relevance of tissue-resident immunity to checkpoint inhibition,

we show that our murine TRM-like signature is significantly asso-

ciated with pCR after treatment of early-stage breast cancer with

neoadjuvant chemotherapy with and without a PD-L1 inhibitor.

A recent intriguing finding is that neoadjuvant PD-1 inhibition

combined with chemotherapy dramatically improves survival

over chemotherapy alone even in patients in whom pCR is not

achieved.68,80 We therefore used the GeparNuevo randomized

clinical trial to explore the prognostic significance of our signa-

ture beyond pCR rates and found that PD-L1 inhibition plus

chemotherapy produced near complete freedom from recur-

rence in tumors with high signature expression. This benefit

was not seen with chemotherapy alone without PD-L1 inhibition

and high tumor signature expression. Although this result

requires replication in other clinical trial cohorts with mature

survival outcome data, it provides strong evidence for the clinical

relevance of our findings, supporting the importance of tissue-

resident memory T cells in ICB treatment as it is currently deliv-

ered in the clinic, influencing both local and distant disease

control in breast cancer patients. Our findings indicate that tis-

sue-resident adaptive immunity contributes significantly to the

enhanced tumor eradication seen in patients with TNBC treated

with checkpoint inhibition in combination with chemotherapy.

In summary, we demonstrate the tissue residence and func-

tional properties of the CD69+CD103+CD8+ TRM-like cells in

TNBC and establish the critical contribution of local resident

CD8+ T cells in checkpoint blockade responses and ongoing

breast cancer protective immunity. Our data are further sup-

ported by transcriptional profile from TRM cells derived from

tumor-free MFP and its significant associations with clinical

outcomes in datasets of patients with TNBC treated with chemo-

therapy and checkpoint inhibition. We conclude that approaches

to identify, induce, and amplify CD8+ TRM cells will be advanta-

geous for the development of successful future immunother-

apies in breast and likely other solid cancers.
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99. Aibar, S., González-Blas, C.B., Moerman, T., Huynh-Thu, V.A.,

Imrichova, H., Hulselmans, G., Rambow, F., Marine, J.C., Geurts, P.,

Aerts, J., et al. (2017). SCENIC: single-cell regulatory network inference

and clustering. Nat. Methods 14, 1083–1086. https://doi.org/10.1038/

nmeth.4463.

100. Blake, J.A., Baldarelli, R., Kadin, J.A., Richardson, J.E., Smith, C.L., and

Bult, C.J.; Mouse Genome Database Group (2021). Mouse genome

Database (MGD): knowledgebase for mouse-human comparative

biology. Nucleic Acids Res. 49, D981–D987. https://doi.org/10.1093/

nar/gkaa1083.

101. Korotkevich, G., Sukhov, V., Budin, N., Shpak, B., Artyomov, M., and

Sergushichev, A. (2016). Fast gene set enrichment analysis. Preprint at

bioRxiv. https://doi.org/10.1101/060012.

102. Laboratory, N.-R.A. (2015). Weather Forecast Verification Utilities. 2015-

07-15 01:30:51.

103. Karn, T., Denkert, C., Weber, K.E., Holtrich, U., Hanusch, C., Sinn, B.V.,

Higgs, B.W., Jank, P., Sinn, H.P., Huober, J., et al. (2020). Tumor muta-

tional burden and immune infiltration as independent predictors of

response to neoadjuvant immune checkpoint inhibition in early TNBC

in GeparNuevo. Ann. Oncol. 31, 1216–1222. https://doi.org/10.1016/j.

annonc.2020.05.015.

104. Jiang, H., Lei, R., Ding, S.-W., and Zhu, S. (2014). Skewer: a fast and ac-

curate adapter trimmer for next-generation sequencing paired-end

reads. BMC Bioinf. 15, 182. https://doi.org/10.1186/1471-2105-15-182.

105. Therneau, T. (2021). A Package for Survival Analysis in R. R Package

Version 3.2-13.
Cancer Cell 41, 585–601, March 13, 2023 601

https://doi.org/10.1186/1471-2105-12-77
https://doi.org/10.1186/1471-2105-12-77
https://doi.org/10.1038/nbt.3519
https://doi.org/10.12688/f11000research.17563.12681
https://doi.org/10.12688/f11000research.17563.12681
https://doi.org/10.1186/gb-2014-15-2-r29
https://doi.org/10.1158/2326-6066.Cir-18-0291
https://doi.org/10.1158/2326-6066.Cir-18-0291
https://doi.org/10.1038/s41590-020-0676-7
https://doi.org/10.1093/annonc/mdz158
https://doi.org/10.1093/annonc/mdz158
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1093/nar/gkz433
https://doi.org/10.1093/nar/gks042
https://doi.org/10.1093/nar/gks042
http://refhub.elsevier.com/S1535-6108(23)00004-1/sref97
http://refhub.elsevier.com/S1535-6108(23)00004-1/sref97
https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.1186/s13059-018-1603-1
https://doi.org/10.1186/s13059-018-1603-1
https://doi.org/10.1186/s13059-019-1874-1
https://doi.org/10.1186/s13059-019-1874-1
https://doi.org/10.1038/nmeth.4463
https://doi.org/10.1038/nmeth.4463
https://doi.org/10.1093/nar/gkaa1083
https://doi.org/10.1093/nar/gkaa1083
https://doi.org/10.1101/060012
http://refhub.elsevier.com/S1535-6108(23)00004-1/sref104
http://refhub.elsevier.com/S1535-6108(23)00004-1/sref104
https://doi.org/10.1016/j.annonc.2020.05.015
https://doi.org/10.1016/j.annonc.2020.05.015
https://doi.org/10.1186/1471-2105-15-182
http://refhub.elsevier.com/S1535-6108(23)00004-1/sref107
http://refhub.elsevier.com/S1535-6108(23)00004-1/sref107


ll
Article
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Brilliant Violet 711anti-mouse CD8a

antibody (Clone: 53-6.7)

BioLegend Cat# 10074; RRID: AB_11219594

PE/Cyanine7 anti-mouse CD8a

antibody (Clone: 53-6.7)

BD Biosciences Cat# 25-0081-82; RRID: AB_469584

BUV737 anti-Mouse CD8a antibody

(Clone: 53-6.7)

BD Biosciences Cat# 564297; RRID: AB_2722580

BUV737 anti-mouse CD4 antibody

(Clone: GK1.5)

eBioscience Cat# 25-0041-82; RRID: AB_469576

BV421 anti-mouse CD103 antibody

(Clone: 2.E7)

eBioscience Cat# 121422; RRID:

AB_2562901

PE anti-mouse CD103 antibody

(Clone: 2.E7)

BioLegend Cat#; 12-1031-83; RRID: AB_465800

FITC anti-mouse CD103 antibody

(Clone: 2.E7)

BioLegend Cat# 562974; RRID:

AB_10714791

PerCP/Cyanine5.5 anti-mouse

CD103 antibody (Clone: 2.E7)

BioLegend Cat# 121416; RRID:

AB_2128621

PE/Cyanine7 anti-mouse CD45.1

antibody (Clone: A20)

BioLegend Cat# 110715; RRID:

AB_1134168

APC/Cyanine7 anti-mouse CD45.2

antibody (Clone: 104.2)

eBioscience Cat#109824; RRID:

AB_830788

APC anti-mouse CD45.2

antibody (Clone: 104.2)

Milteny Biotec Cat# 130-102-964; RRID: AB_2660720

Pacific Blue anti-mouse TCR-Va2

antibody (Clone: 17A2)

eBioscience Cat# 562944; RRID:

AB_2737910

PerCP/Cyanine5.5 anti-mouse TCR-b

antibody (Clone: H57.597)

eBioscience Cat# 45-5961-82; RRID:

AB_925763

APC anti-mouse TCR-b antibody

(Clone: H57.597)

eBioscience Cat# 17-5961-83; RRID:

AB_469482

PE/Cyanine7 anti-mouse TCR-b

antibody (Clone: H57.597)

eBioscience Cat# 506324; RRID:

AB_2256076

BB700 anti-mouse TCR-b

antibody (Clone: H57.597)

BD Biosciences Cat# 745846; RRID:

AB_2743291

Alexa Fluor 700 anti-mouse CD3

antibody (Clone: 17A2)

R and D Systems Cat# FAB4841N; RRID:

AB_10994181

PE/Cyanine7 anti-mouse CD62L

antibody (Clone: MEL.14)

eBioscience Cat# 104418; RRID:

AB_313103

BV510 anti-mouse CD62L antibody

(Clone: MEL.14)

BD Biosciences Cat# 563117; RRID:

AB_2738013

BUV395 anti-mouse CD69

antibody (Clone: H1.2F3)

BD Biosciences Cat# 740220; RRID:

AB_2739968

PE anti-mouse CD69

antibody (Clone: H1.2F3)

eBioscience Cat# 12-0691-82; RRID:

AB_465732

Biotin anti-mouse CD69 antibody

(Clone: H1.2F3)

eBioscience Cat# 104504; RRID:

AB_313107

PECF594 anti-mouse CD69

antibody (Clone: H1.2F3)

BD Biosciences Cat# 562455; RRID:

AB_11154217

BV605 anti-mouse CD44 antibody

(Clone: 516.10A1)

BioLegend Cat# 103047; RRID:

AB_2562451

(Continued on next page)

e1 Cancer Cell 41, 585–601.e1–e8, March 13, 2023



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

BV395 anti-mouse CD44 antibody

(Clone: IM7)

BD Biosciences Cat# 740215; RRID:

AB_2739963

BV711 anti-mouse PD-1 antibody

(CD279) (Clone: J43)

BD Biosciences Cat# 744547; RRID:

AB_2742318

FITC anti-mouse PD-1 antibody

(CD279) (Clone: J43)

eBiocience Cat# 11-9985-85; RRID:

AB_465473

eFluor 450 anti-mouse PD-1 antibody

(CD279) (Clone: FJK.16s)

eBiocience Cat# 48-5773-82; RRID:

AB_1518812

APC anti-mouse IFN-g antibody

(Clone: XMG1.2)

eBiocience Cat# 17-7311-82; RRID:

AB_469504

BV605 anti-mouse IFN-g antibody

(Clone: XMG1.2)

eBiocience Cat# 505839; RRID:

AB_2561438

BV785 anti-mouse TNF-a antibody

(Clone: MP6.XT22)

BioLegend Cat# 506341; RRID:

AB_2565951

AF488 anti-mouse Eomes antibody

(Clone: DAN11MAG)

eBiocience Cat# 53-4875-80; RRID:

AB_10853025

PE anti-mouse Tox antibody (Clone: REA473) Milteny Biotec Cat# 130-120-716; RRID:

AB_2801780

APC SIINFEKL antibody (Clone: 25-D1.16) BioLegend Cat# 141606; RRID:

AB_11219595

PE/Cyanine7 Streptavidin eBioscience Cat# 25-4317-82; RRID:

AB_10116480

BV785 Streptavidin BD Biosciences Cat# 5405249; RRID:

AB_2869529

InVivo MAb anti-Mouse PD-1 (CD279)

antibody (Clone: RMP1.14)

BioXCell Cat# BE0146; RRID:

AB_10949053

InVivo MAb anti-Mouse CTLA-4 (CD152)

antibody (Clone: 9H10)

BioXCell Cat# BE0131; RRID:

AB_10950184

InVivo MAb rat anti-Mouse IgG2a

antibody (Clone: 2A3)

BioXCell Cat# BE0089; RRID:

AB_1107769

Anti-Mouse TNF-a antibody

(Clone: MP6.XT22)

BioLegend Cat# 510802; RRID:

AB_315567

Purified anti-Mouse IFN-g antibody (Clone: XMG1.2) BioLegend Cat# 505802; RRID:

AB_315396

Purified Rat IgG1, k Isotype

antibody (Clone: R3-34)

BD Biosciences Cat# 397192; RRID:

AB_397192

Anti-Mouse IFN-g antibody (Clone: R3-34) BD Biosciences Cat# 554412; RRID:

AB_395376

Anti-Mouse TNF-a antibody (Clone: MP6.XT22) BD Biosciences Cat# 554419; RRID:

AB_395380

Mouse Fc Block purified antibody (Clone:2.4G2) BD Biosciences Cat# 553142; RRID:

AB_394656

Chemicals, peptides, and recombinant proteins

Deoxyribonuclease I (DNase I) Roche Scientific Cat# 4716728001; RRID: N/A

Chromium-51 Radionuclide Perkin Elmer Cat# 01-2222-41; RRID: N/A

Ovalbumin peptide (OVA 257-264) GenScript Cat# RP10611; RRID: N/A

Paraformaldehyde16% w/v aqueous solution Thermo Fisher Scientific Cat# 043368.9M; RRID: N/A

FTY-720 Compound Sapphire Biosciences Cat# TRC-F810390; RRID: N/A

2-Hydroxypropyl-beta-cyclodextrin Sapphire Biosciences Cat# 16169; RRID: N/A

Dulbecco0s Modified Eagle0s Medium (DMEM) Thermo Fisher Scientific Cat# 12491015; RRID: N/A

Phorbol 12-Myristate 13-Acetate (PMA) Sigma Aldrich Cat# P8139-1MG; RRID: N/A

Ionomycin Salt Sigma Aldrich Cat# 2006643; RRID: N/A

(Continued on next page)
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GolgiPlug (Brefeldin A) BD Biosciences Cat# 555029; RRID: N/A

GolgiStop (Monensin) BD Biosciences Cat# 554724; RRID: N/A

Foxp3/Transcription factor staining buffer set Invitrogen Cat# 00-5523-00; RRID: N/A

Fetal Calf serum (FCS) Thermo Fisher Scientific Cat# A38401; RRID: N/A

100X penicillin/streptomycin Thermo Fisher Scientific Cat# 10378016; RRID: N/A

GlutaMAX Suppliment Thermo Fisher Scientific Cat# 35050079; RRID: N/A

Red cell lysis buffer eBioscience Cat# 00-4333-57; RRID: N/A

Viability dye-Fix Red Life Technologies Cat# 423110; RRID: N/A

Viability dye-Fix Yellow Life Technologies Cat# 423104; RRID: N/A

Viability dye- Ghost Red Cell Signaling Cat# 18452; RRID: N/A

Critical commercial assays

Anti-mouse TCR-Vb Screening Panel BD Biosciences Cat# 557004; RRID:

AB_647180

Cytometric Bead Array Flex Set BD Biosciences Cat# 558340; RRID:

AB_2869165

QuantSeq 3’ mRNA-Seq Library Prep Kit Lexogen Cat# 193-196

NextSeq500 WGS System Illumina Cat# SY-415-1001

Chromium Next GEM Single Cell 5’ Kit v2 10x Genomics Cat# CG000331

Deposited data

Bulk RNA-seq raw files This paper NIH BioProject: PRJNA889326

Bulk RNA-seq processed files This paper GEO: GSE218161

scRNA-seq raw files This Paper GitHub data: https://github.com/LoiLab

scRNA-seq processed files This Paper GitHub data: https://github.com/LoiLab

Human TNBC CD8+ TRM gene signature Savas et al,13 GEO: GSE110686

Murine infection tissue-residency signature Mackay et al,44 GEO: GSE70813

LCMV Core CD8+ T cell exhaustion signature Man et al,61 GEO: GSE84820

LCMV exhausted CD8+ T cell signatures Miller et al,62 GEO: GSE123235

Human Melanoma CD8+ T cell exhaustion signature Jaiswal et al,64 GEO: GSE72056

Clinical data post anti-CTLA-4 and anti-PD-1 therapy Liu et al,69 DbGaP:

phs000452.v3.p1

Clinical data post anti-CTLA-4 and anti-PD-1 therapy Gide et al,34 NIH BioProject:

PRJEB23709

Experimental models: Cell lines

Murine TNBC: AT3-OVA and AT3 parental cells Laboratory of Phil Darcy N/A

Murine TNBC: AT3 parental cells Laboratory of Phil Darcy N/A

Murine TNBC: EO771-OVA cells Laboratory of Phil Darcy N/A

Murine TNBC: EO771 parental cells Laboratory of Phil Darcy N/A

Murine TNBC: 4T1.2 cells Laboratory of Phil Darcy N/A

Experimental models: Organisms/strains

Mouse: C57BL/6J CD45.2 wild type The Walter and Eliza Hall Institute

of Medical Research

N/A

Mouse: BALB/C wild type The Walter and Eliza Hall Institute

of Medical Research

N/A

Mouse: OTI CD45.1 wild type The Walter and Eliza Hall Institute

of Medical Research

N/A

Mouse: IL15-/- knockout (KO) The Walter and Eliza Hall Institute

of Medical Research

N/A

Mouse: OT-I.CD45.1.TGF-b receptor(R)II-/- The Walter and Eliza Hall Institute

of Medical Research

N/A

(Continued on next page)
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Mouse: OT-I.CD45.1.Tbx21-/- The Walter and Eliza Hall Institute

of Medical Research

N/A

Mouse: OT-I.CD45.1.Eomes-/- the Walter and Eliza Hall Institute

of Medical Research

N/A

Oligonucleotides

anti-mouse Hashtag 1

barcode sequence: ACCCACCAGTAAGAC

Biolegend Cat# C0301

anti-mouse Hashtag 2

barcode sequence: GGTCGAGAGCATTCA

Biolegend Cat# C0302

anti-mouse Hashtag 4

barcode sequence: AAAGCATTCTTCACG

Biolegend Cat# C0304

Software and algorithms

R code associated with scRNA-seq This paper GitHub data: https://github.com/LoiLab

GraphPad Prism, version 8 GraphPad Software. Inc. https://www.graphpad.com/

FlowJo Software v10.8.1 BD Biosciences Cat# 23-21733-01

FCAP Array Software v3.0 BD Biosciences Cat# 23-15075-03

limma Software Ritchie et al81 https://bioinf.wehi.edu.au/limma/

CBioPortal (open source) Software Gao et al,82 https://www.cbioportal.org/

R package genefu Software (version 2.28.0) Gendoo et al,83 https://www.r-project.org/

R package pROC Software Robin et al,84 https://www.r-project.org/

kallisto Software (version 0.46.0) Bray et al,85 https://bioweb.pasteur.fr/packages/

pack@kallisto@0.46.0

Tximport Software Soneson et al,86 https://github.com/mikelove/tximport

limma voom Software Law et al,87 https://github.com/ben-laufer/RNA-

seq/blob/main/04-limma-voom.R

Other

Liquid-Counting Beads BD Biosciences Cat# 335925; RRID: N/A

Ultra-Compensation Beads Thermo Fisher Scientific Cat# 01-2222-41; RRID: N/A
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RESOURCE AVAILABILITY

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

Sherene Loi (sherene.loi@petermac.org).

Materials availability
This study did not generate new unique reagents.

Data and code availability
This paper analyzes existing, publicly available data from the original research article and accession numbers for the external data-

sets are indicated in the key resources table as well as in the Gene set enrichment methods (GSEA), refer to STAR Methods.

Bulk RNA-seq data both unprocessed and processed reads related to Figure 1 have been deposited at Database: NIH BioProject:

PRJNA889326 (http://www.ncbi.nlm.nih.gov/bioproject/889326) and GEO: GSE218161 (https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE218161) respectively, and are publicly available as of the date of publication. The R source code, processed

and raw data for scRNA-seq analyses related to Figure 2 as well as the survival analyses presented in Figure 5 are available in GitHub

data: https://github.com/LoiLab and indicated in the key resources table. The authors declare, all new deposited data, R source co-

des will bemade accessible to readers upon publication and all other data that support the findings of this study are available with the

manuscript supplemental information, and any additional information- is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse cell lines
The murine TNBC cell lines AT3-OVA, AT3 parental, 4T1.2, EO771-OVA and EO771 parental cells were provided by Prof. Phil Darcy

(Peter MacCallum Cancer Centre, Melbourne, VIC, Australia). AT3-OVA and EO771-OVA TNBC cells were generated by transducing

the parental AT3 and EO771 cells with a retroviral vector, pMIG/MSCV-IRES-eGFP plasmid encoding membrane-bound chicken

ovalbumin (OVA) protein, tagged with GFP in the laboratory of Prof. Phil Darcy and cultured as previously described.88,89 All cell lines

were cultured with complete DMEM media supplemented with 10% FCS, 1% Penicillin, 1% GlutaMAX Supplement. Cells were

grown at 37�C with 5% CO2 in a humidified sterile incubator. For all in vivo experiments, 5x105 of AT3-OVA cells or 2.5x105 of

4T1.2, AT3 parental, EO771-OVA and EO771 parental cells at early passages were resuspended in 50 mL phosphate buffer saline

(PBS) solution at neutral pH for mammary fat pad (MFP) injections. All cell lines were tested regularly and verified to be mycoplasma

negative at the Victorian Infectious Diseases References Lab (Melbourne, VIC, Australia).

Mouse models
All animal experiments conducted in this study were approved by the relevant Peter MacCallum Cancer Centre Animal Experimen-

tation Ethics Committee or by The University of Melbourne Animal Ethics Committee and conducted in accordance with the National

Health and Medical Research Council Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. We used

seven-to eight-weeks old female C57BL/6J mice AT3-OVA, EO771 cells and female BALB/C mice for 4T1.2 TNBC experiments.

TNBC cells were injected orthotopically in the 4th mammary fat pad of respective mice background and tumor volume (length

x width2 x 0.5) was calculated by vernier caliper following development of palpable tumors and measurements were taken every

3-4 days. The tumor measurements were reported as mm3, mean ± SEM of individual tumor volume. At the experimental end points

(Figure 3), mice were euthanized when the tumors reached an ethical limit of 1500mm3 or if the animals showed signs of any adverse

health indications that met the Peter MacCallum cancer center institutional criteria for sacrifice. For in vivomechanistic experiments

reported in Figure 1, C57BL/6J wild type (WT), IL15-/- knockout (KO) mice and the OTI WT, OT-I.CD45.1.TGF-b receptor(R)II-/- or

OT-I.CD45.1.Tbx21-/-or OT-I.CD45.1.Eomes-/- transgenic mice strains were used and obtained from the Walter and Eliza Hall Insti-

tute of Medical Research and the Department of Microbiology and Immunology of The University of Melbourne (VIC, Australia). The

criteria of mice from the analyses, when applied, have been indicated in the figure legends. The investigators did not perform any

experiments in blind, and the animals were not previously involved in other experimental procedures.

Human studies
The study participants in GeparNuevo (NCT02685059) described in Figure 5, a multicentre, prospective, randomised, double-blind,

placebo-controlled phase II trial examining the efficacy of nab-paclitaxel, followed by dose-dense epirubicin/cyclophosphamide with

durvalumab versus placebo in patients with non-metastatic primary TNBC. This study was approved by the ethics committee and

authority and the study criteria including the protocol for approval and informed consent have been previously published.68,90 The

RNA-seq data was available for 162 patients out of a sample size of 174 enrolled in the trial and were used in clinical cohort analyses.

METHOD DETAILS

Adoptive transfer of transgenic CD8+ T cells
Naive OT-I cells were isolated from lymph nodes of OTI WT, OT-I.CD45.1.TGF-b receptor(R)II-/- or OT-I.CD45.1.Tbx21-/-or

OT-I.CD45.1.Eomes-/- transgenic donor mice and intravenously transferred to recipient C57BL/6J mice. For experiments reported

in Figure 1, a total of 2.5 x 105 cells per population were transferred in co-transfer experiments. In vitro–generated effector OT-I cells

were activated by ovalbumin peptide (OVA257-264) (1mg/ml; GenScript, New Jersey, USA) and cultured for 4 days. On days 2 and 3,

cultures were split 1:2 and IL-2 (10 U/ml) was added. For experiments with IL15-/- knockout (KO) mice, 53 105 day 4 in vitro–gener-

ated effector OT-I cells were transferred intravenously to recipient mice as indicated. At the end of the experiments, tumors in the

mammary fat pad (MFP) excluding tumor draining lymph nodes and spleen of mice were collected for ex vivo FACS analysis of tu-

mor-infiltrating lymphocytes (TILs) and resident CD8+ T cell sub-populations. The sample size and statistical tests of computation are

indicated in respective figure legend.

Treatment of tumor bearing mice
For experiments reported in Figures 3 and 4, C57BL/6J mice were orthotopically injected with 5x105 AT3-OVA TNBC cells in the 4th

MFP. When tumors were palpable with an average tumor volume of 25-50 mm3, 10-11 days after TNBC cell inoculation, mice were

randomized and treated with vehicle (anti-2A3, 200 ug/dose), anti-PD-1 (200ug/dose) or/and anti-CTLA-4 (150ug /dose) in combina-

tion were administered intraperitoneally at three days interval and the tumor growth efficacy and survival of mice weremonitored until

the experimental endpoint. A total of two doses of indicated ICB antibodies were administered prior to tumor excision on d28 for

FACS analysis of TILs, TCR-Vb epitope analyses, and FACS sorting of resident memory CD8+ T cell sub-populations for chromium

assays. Experiments examining the tissue-protective effects of tissue- resident memory CD8+ T cells (Figure 4), tumor-freemice post

four doses of ICB treatment were rechallenged with AT3-OVA cells on d40 post primary BC inoculation. Two days prior to tumor re-

challenge, mice were administered with FTY-720 (Sapphire Biosciences) in 2% 2-hydroxypropyl-beta-cyclodextrin solution
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reconstituted in PBS at a final concentration of 1mg/kg. FTY treatment was initiated two days before BC rechallenge and adminis-

tered intraperitoneally based on mouse weight and dosed once daily for five days with one-day interval until the experimental

endpoint. All experiments were independently repeated at least twice and the total number of mice that completely regressed (un-

detectable) tumors compared to palpable tumors at endpoint was recorded and tumor weights were determined, and tissues ex-

planted for analysis at the end of the experiments.

FACS analysis of TILs
For FACS experiment in Figures 2 and 3,Mammary tumors were excised on day 28 post BC tumor inoculation without tumor-draining

lymph node and were enzymatically digested with 1mg/ml collagenase type IV (Sigma-Aldrich) and 0.02mg/ml DNase (Sigma-

Aldrich). After digestion at 37ºC for 30 minutes, cells were serially passed through 70-mm and 40-mm filters and followed by FcR

blockade (2.4G2) at 1:200 dilution for 10 minutes at 4�C. Spleens of mice were red cell lysed with the use of AKC lysis buffer and

filtered through a 70-mm filter prior to FACS staining with surface FACS antibodies and for the use of single-color controls. Tumor

samples were stained for TILs and TRM analysis as indicated with respective lineage antibodies (see key resources table). Post stain-

ing with antibody cocktail for 45 minutes at 4�C, samples were washed twice with FACS wash buffer (2% FCS in PBS) and fixed with

2% paraformaldehyde. Counting beads (BD Biosciences, USA) (20ul) were added to the homogenized cells in suspension which

were then analyzed by flow cytometry (BD Symphony FACS analyzer) for tumor-infiltrating T cells distinguished by TCRb+, CD45+

cells and analyzed for CD44hiCD8+CD69+CD103- and CD44hiCD8+CD69+ CD103+ TRM-like cells, CD4+ Foxp3+ T regulatory cells

and H-2Kb-OVA(257-264) SIINFEKL MHC Tetramers were used to study the OVA-reactive CD8+ T cells. For the in vivo mechanistic

experiment (Figure 1), TCR-Va2 and congenic markers CD45.1/CD45.2 were used to distinguish WT and transgenic donor CD8+

T cells in tumor-bearing recipient mice. For the analyses of TCR-Vb repertoire (Figure 3), mammary tumors were isolated following

treatments with respective ICB blockade therapy on Day 28 post tumor inoculation (Day 18 post ICB treatments). Tumor samples

were processed for single cell suspension as described above and were washed twice prior to in vitro staining with the TCR-Vb

FITC-conjugated antibody (BD Biosciences) Fixable Yellow, fixable blue or fixable red (BioLegend, USA) were used as viability

dyes for identification of live cells and antibody-stained cell suspension were washed twice and subsequently analyzed by flow

cytometry.

Intracellular cytokine staining
TIL samples were stimulated in vitro with Phorbol 12-Myristate 13-Acetate (PMA) (50 ng/ml) and Ionomycin (1 mg/ml; Sigma-Aldrich)

in the presence of GolgiPlug (BD Biosciences; 1:1000) and GolgiStop (BD Biosciences; 1:1500) for 3-4 hours for experiments re-

ported in Figures 3 and 4. Cells were washed twice and resuspended in FACS wash buffer for staining with cell surface monoclonal

antibodies (mAbs), refer to key resources table, and fix permeabilized with Foxp3/Transcription factor staining buffer set (eBio-

science, USA) as per the manufacturer’s protocol prior to staining with intracellular FOXP3, IFN g and TNF-a monoclonal antibody

(mAb) cocktail for flow cytometry analysis.

Chromium release assay
For in vitro cytotoxicity assays (Figure 3) with sodium chromate (51Cr), 2x106 AT3-OVA tumor cells (target) per condition were recon-

stituted in 200 mL of TIL media (DMEM with 10% FCS, 5% Glutamax, and 5% penicillin/streptomycin) and incubated in the presence

of 100 mCi of 51Cr for 1 hour at room temperature. After labeling, cells were washed twice with TIL reconstitution media and plated in

sterile 96-well v bottom plates with 100 mL sample per well. The chromium labeled AT3-OVA (target) tumor cells were co-cultured

with FACS purified CD69+CD103- and CD69+CD103+ CD8+ TRM-like sub-populations or day4 activated effector OT-I cells as indi-

cated at 5:1 effector/target ratio and cultured for 4 hours and 24 hours separately and in the presence of (10 ng/ml) anti-Isotype,

anti-IFN-g, or anti-TNF-a neutralizing antibodies. Following incubation, the plates were centrifuged, and the cell culture supernatants

were collected and the released 51Cr radioactivity was assessed using a 1470 Wizard Automatic Gamma Counter (Wallac, Turku,

Finland). Percentage specific lysis of target cells was measured with the proportionate release of 51Cr and was calculated based

on [(51Crassay � 51Crspontaneous)/(
51Crtotal � 51Crspontaneous) 3 100]; 51Crtotal was measured by direct chromium discharge following

complete lysis of BC tumor cells with 1% Triton X-100, and 51Crspontaneous was measured by the release of radioactivity by the tumor

cells incubated in the native TIL media in the absence of effector CD8+ T cells.

Cytometric bead array
Cytometric bead array (CBA) experiments in Figure 3, assay was performed on the cell supernatants from the duplicated co-culture

wells that were obtained from isotype and dual-ICB treatedmouse cohorts as described earlier, and the in vitro assay was performed

with the use of BD capture beads for IFN-g and TNF-a according to the BDCBAmanufacturer’s protocol, refer to key resources table.

The samples were incubated for 1 hour at room temperature prior to incubation with detection beads that were conjugated with PE

molecule and the samples acquired on BD FACS Verse Systems. Samples and assay standards were analyzed using FCAP array v3

software.

Gene expression analysis
For experiments described in Figures 1 and 2, tumor infiltrating CD8+ T cell sub-populations and splenic-derived naive, effectormem-

ory and central memory CD8+ T cell sub-populations (0.5-1x105 cells) were FACS purified. Total RNA was extracted from indicated
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T cell populations from n=10-15 pooled BC tumors using the RNeasy mini kit (Qiagen) as per the manufacturer’s instructions. RNA

Tape Station (Agilent, USA) analysis was performed as per the manufacturer’s instructions to assess the quantity and quality of RNA

present in the sample. 10ng total RNA was used for library preparation according to the manufacturer’s instructions (QuantSeq 3’

mRNA-Seq FWD, Lexogen). The library was then amplified with 3’ PCR primers containing sample indices and the Illumina clustering

guides. Indexed libraries were pooled and sequenced on a NextSeq500 (Illumina). Five to ten million single-end 75bp reads were

generated as an output. Adaptor trimming was performed, and reads were aligned to the mm10 reference genome using HISAT2.91

Aligned reads were quantified using HTSeq.92 Counts were normalized and unwanted variance was removed using RUV-III in R.93

Differential expression analysis was performed using edgeR.94 Volcano plots were produced with ggplot2.95 Heatmaps were gener-

ated with z-scores following standardization of log2 normalized counts using the Comple Heatmap library in R.96

ScRNA-seq of FACS sorted T cells
AT3-OVA mammary fat pad tumors were harvested from three tumor bearing mice, 2 weeks post BC tumor inoculation (Figure 2).

Cells were stained with anti-CD45 APC-CY7 (clone 140; Biolegend) and fixable yellow viability dye. All live, CD45+ TILs were sorted

using the BD Fushion 5 sorter. Samples were counted and pooled by treatment group and�10,000 viable cells were used for further

processing. Cell hashing was performed on individual samples using oligo-tagged antibodies (TotalSeq-C0301 anti-mouse Hashtag

1 [barcode sequence: ACCCACCAGTAAGAC], C0302 anti-mouse Hashtag 2 [GGTCGAGAGCATTCA], C0304 anti-mouse Hashtag 4

[AAAGCATTCTTCACG]; Biolegend), according to themanufacturer’s instructions. Hashed cells were pooled and processed with the

Chromium Controller microfluidic device (10X Genomics), using the Chromium Next GEM Single Cell 5’ Kit v2 and Chromium Single

Cell Mouse TCR Amplification kit. Pooled libraries were sequenced on a NextSeq (Illumina) targeting 50,000 reads per cell.

Sequencing data was demultiplexed, mapped to the murine reference genome/transcriptome (Ensembl release 93 GRCm38) and

gene counts were quantified per cell using the Cell Ranger pipeline (version 3.1.0). Multiplet droplets were removed using

HTODemux,97 and genes expressed in <10 cells were filtered out. The filtered UMI count matrix was normalized by sctransform.98

CD8+ T cells were selected based on high expression of CD3D, CD3E, CD3G, CD8A and CD8B1. After filtering a total of 1548 single

cells remained in the analysis. In order to obtain biologically meaningful clusters, the FindNeighbors function was applied with the

k.para parameter set at 30, and the FindClusters function was applied with resolution of 0.6. Additionally, we calculated a

CD69+CD103- AUCell signature score99 for each cell using the raw UMI counts of the 46 genes significantly upregulated in

CD69+CD103- cells, and a CD69+CD103+ AUCell signature score using the raw UMI counts of the 41 genes significantly upregulated

in CD69+CD103+ cells. The upregulated and downregulated signatures were derived from differential expression markers between

CD69+CD103- and CD69+CD103+ sub-populations from RNA-seq, which is shown in Figure 1M. The genes used to calculate the

signature scores are given in Table S1. A Wilcoxon rank sum test was used to compare the signature score and log normalized

expression between CD8+TOXhigh cells and CD8+ITGAE+ cells. The single cell TCR sequences were annotated using the Cell Ranger

vdj pipeline (version 3.1.0). The Jaccard index was determined by the number of CDR3 amino acid sequences in each CD8+ T sub-

population. Each individual mouse was analyzed initially which determined that the clonotype overlap between the Itgae and Tox

clusters was not significantly influenced by mouse variability and hence the data was pooled for presentation.

Gene set enrichment analysis
Gene expression datasets in Figures 1 and 2, pertaining to core TRM and exhaustion CD8+ T cell gene signatures were curated from

the literature. A unique ‘‘CD8+ TRM gene signature’’ derived from scRNA-seq of tumor infiltrating lymphocytes in human early-stage

TNBC tumors (GEO: GSE110686) was derived from Savas et al.13 A ‘‘murine infection residency signature’’ representing a core TRM
transcriptional signature derived from healthy skin, gut, and liver of mice following resolution of viral infection (GEO: GSE70813) was

derived from Mackay et al.44 A murine ‘‘Core CD8+ T cell exhaustion (TEX) gene signature’’ originating from bulk RNA-seq on CD8+

T cells flow sorted from mice with chronic lymphocytic choriomeningitis virus (LCMV) infection (GEO: GSE84820) was derived from

Man et al.61 Progenitor exhausted and terminally exhausted CD8+ T cell signatures derived CD8+Slamf6+Tim-3- and

CD8+Slamf6-Tim-3+ T cells respectively, which underwent bulk RNA-seq after isolation from the spleens ofmice subjected to chronic

LCMV infection (GEO: GSE123235) was derived from Miller et al.62 A refined TRM signature was derived based on murine infection

models and a CD8+ T cell exhaustion signature from melanoma TIL dataset (GEO: GSE72056) from Jaiswal et al,64 was utilized in

Figure 5. Gene sets from the published gene signature are filtered by FDR < 1% when published as differential expression results.

For Figure 5, Human gene homologs were mapped to the mouse genes using the Mouse Genome Informatics Database100 where

required (human gene list in Table S5). These gene sets were used to interrogate the transcriptome of murine BC CD69+CD103-

and CD69+CD103+ CD8+ TRM-like cells. GSEA analysis for multiple contrasts was performed using the fgsea library in R.101 P values

were adjusted for multiple hypothesis testing where appropriate. For single contrasts, gene set testing was performed using the ‘fry’

function and corresponding plots were made using the ‘barcode’ function from limma.81 Here the x axis values are the standardized

logFC values/rank from the gene in the set subject to testing and the y axis shows the enrichment score.

Survival cohort analyses
In Figure 5, we generated a gene signature that could be applied to human tumor gene expression data, differentially expressed

genes between CD44hiCD8+CD69+CD103- and CD44hiCD8+CD69+ CD103+ TRM-like cells from tumor-free mammary fat pad after

dual-ICB therapy at day 40 post TNBC inoculation were used. Following the method from our previous work,13 we used the differ-

entially expressed genes upregulated in CD69+CD103+ compared to CD69+CD103- D40 CD8+ T cell samples (false discovery rate
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(FDR) <1% and log2 fold change >1) to derive a D40 CD8+ TRM signature (Table S5). Human gene homologs were mapped to the

mouse genes as described earlier. Tumor biopsies and profiles are generated from the diagnostic-treatment sample. All trial details,

patient demographics and clinical data have been previously described in the referenced clinical publications. The prognostic asso-

ciations of the D40 TRM-like signature were determined in TNBC cases from the METABRIC dataset.65 The normalized gene expres-

sion data and survival data for METABRIC were accessed using CBioPortal82 and analyzed in R. TNBC samples were classified by

the PAM50molecular subtype classifier. Kaplan–Meier survival curves were generated by partitioning cases in a 50:50 split based on

ranked signature expression, which was determined using the ‘sig.score’ function in the R package genefu (version 2.28.0).83 Hazard

ratios were derived using Cox proportional hazards survival models with endpoints of overall survival and distant-disease-free

survival. We then accessed the I-SPY2-990 Dataset (GSE194040) and assessed the performance of the D40 CD8+ TRM signature

to predict pathological complete response (pCR) in pembrolizumab ICB treated patients using Area Under the Curve (AUC) Receiver

Operating Characteristics curve (ROC) over basal samples. AUC ROC analyses were produced using the library pROC in R84 and

p values calculated with the library verification.102 All analyses were produced in R version 4.2.1.

The GeparNuevo (NCT02685059) trial was a randomized phase II trial in early stage triple negative breast cancer.68 Patients were

randomized to the anti-PD-L1 agent durvalumab or placebo in addition to nab-paclitaxel followed by epirubicin and cyclophospha-

mide. The primary endpoint was the pathological complete response rate at surgery following neoadjuvant treatment. Secondary

endpoints included distant disease-free survival and overall survival. Survival data at the time of analysis had a median follow up

of 43.7 months. RNA-seq of baseline tumor samples was performed with the HTG EdgeSeq Oncology Biomarker panel covering

2549 genes as previously described.103 RNA-seq data was available for 162 patients out of a total of 174 enrolled in the trial. Of

the full D40 TRM signature, 20 genes were available on the biomarker panel (FOXP3, GZMA, LPL, SLC11A1, CMKLR1, CCL23,

CCL15, DAB2, GZMB, CSF1R, ITGAM, STAB1, TGFB1, FES, C3AR1, CD74, SYK, APOL3, SRC, ITGB7). Due to this reduced

gene set, gene signature scores were calculated as a weighted mean with the log2 fold change as the weighting factor. ROC curves

were computed for signature scores as predictors of pCR and evaluated by the AUC metric. P values were calculated with a one-

sided Wald test setting AUC = 0.5 as the null hypothesis. Survival endpoints were compared between treatment groups using the

log rank test and the analyses were performed by the German Breast Cancer Group.

The TRM signature was also applied to two cohorts of patients with advancedmelanoma that were treated with immune checkpoint

blockade where gene expression data were available. The Liu et al69 study was chosen as the largest published cohort where

patients had anti-PD-1 therapy after prior anti-CTLA-4 (n = 47 with complete clinical and gene expression data). Anti-CTLA-4 naive

patients were not included in our analysis. The Gide et al cohort was chosen as the largest published cohort where patients received

combination anti-CTLA-4 and anti-PD-1 therapy34 (n = 31 with complete clinical and gene expression data). Patients who received

anti-PD-1 monotherapy were not included in our analysis. Gene expression data at baseline was used in both studies. Clinical and

gene expression data for Liu et al69 (Accession number: phs000452.v3.p1) are available in the publication. Expression data is pro-

vided as transcripts per million and was used unmodified. Clinical data for Gide et al are available with the publication, and baseline

RNA-seq data was analyzed as follows in brief. Raw sequencing data for baseline samples in this study were downloaded from the

Sequencing Read Archive (Bio Project accession: PRJEB23709). Adapters were trimmedwith Skewer104 and gene expression quan-

tified with kallisto85 (version 0.46.0) using the GRCh38 Ensembl transcriptome reference (release 99). Tximport86 and limma81 were

used to process and normalize data. limma voom87 transformed gene counts were z-scored prior to further analysis.

For both datasets in Figure 5, signature scores were calculated for each tumor as the arithmetic mean of the normalized expression

of signature genes. ROC analyses were generated with the radiological response of the patient (partial/complete response versus

stable/progressive disease) as the ‘response’ and the signature score as the ‘predictor’, using the pROC package84 and p values

calculated with the verification library.102 Curves were plotted with ggplot2.95 For survival analyses, each study cohort was split

by the median signature score into high/low expression groups for comparison. Survival curves were produced with the Kaplan-

Meier estimator and compared with the logrank test using the survminer package.105

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical methods were chosen appropriately as per the experimental setup, p values, sample size estimate, standard error and

data distribution were indicated in corresponding figure legends. Data was analyzed using GraphPad Prism, version 8 (GraphPad

Software Inc., USA) unpaired Student’s t test or one-way ANOVA methods were used for in vitro experiments shown in Figure 3

and two-tailed Mann-Whitney test, two-way ANOVA with Tukey’s multiple comparison test and with significant difference testing

for in vivo studies are indicated in respective figure legends including p values. For in vivo tumor efficacy experiments in Figures 3

and 4, Log ranked (Mantel–Cox) tests were performed to identify survival differences in mice amongst indicated treatment groups.
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