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Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Human research participants
Policy information about studies involving human research participants and Sex and Gender in Research. 

Reporting on sex and gender

Population characteristics

Recruitment

Ethics oversight

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size

Data exclusions

Replication

Randomization

Blinding

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

The single-cell RNA sequencing data generated in this study have been deposited in the Sequence Read Archive database with the accession code of PRJNA853539.
Source data are provided with this paper.

This study was not sex/gender-specific. Although breast cancer is generally diagnosed among females, males can develop it.

This study was not sex/gender-specific.

This study was not sex/gender-specific.

This study was not sex/gender-specific.

Sample size was approximately based on previous studies (PMID: 33903744, 33526838) in the field, pilot experiments, and reviewer's
suggestion. A reasonable sample size was estimated to perform valid statistical analysis and to ensure the reproducibility of the results. Exact
sample size (n number) information was provided in the figure legends.

Cells of poor quality in scRNA seq samples were excluded if cells with < 200 or > 6,000 detected genes. Cells with high-level mitochondrial
gene expression were also filtered out through estimating a median-absolute deviation (MAD) variance with median centered. The potential
doublets were identified and removed.

n " 3 was used for all experiments to ensure that the experimental results were reliable. Biological and technical replicates were considered.
Multiple assays including scRNA seq analysis, glycolytic assay, and flow cytometry analysis were performed to cross-validate key findings. Two
independent breast tumor models were applied to validate key data.

For in vivo tests, same-age mice after tumor inoculation were randomly allocated to experimental groups before the surgical removal of the
tumor. All samples collected from each individual mouse per group were analyzed together for each experiment using the same processing
and analysis method.

Investigators were blinded to group collection during data acquisition and analysis for in vivo experiments. Blinding for in vitro experiments
was not required as same parameter and analysis method was adopted to all the experimental conditions during data acquisition and analysis.
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Materials & experimental systems

n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Methods

n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used

Validation

1) Anti-PD-1, P372, clone RMP1-14, Leinco, no dilution (used for the flex-patch design);

2) Anti-PD-1, 11-9985-82, clone J43, eBioscience, dilution ratio 1:50;

3) Anti-PD-1, 17-9981-82, clone RMP1-30, eBioscience, dilution ratio 1:20;

4) Anti-PD-1, 12-9985-82, clone J43, eBioscience, dilution ratio 1:40;

5) Anti-PD-1, ab214421, clone EPR20665, abcam, dilution ratio 1:200;

6) Anti-CD16/32, 156604, clone S17011E, BioLegend, dilution ratio 1:200;

7) Anti-CD8, F398-84A-G, clone KT15, Proimmune, dilution ratio 1:60;

8) Anti-CD8, 45-0081-82, clone 53-6.7, eBioscience, dilution ratio 1:80;

9) Anti-CD8, 12-0081-83, clone 53-6.7, eBioscience, dilution ratio 1:80;

10) Anti-CD8, 85336, clone D8A8Y, Cell signaling technology, dilution ratio 1:400;

11) Anti-CD3, 45-0031-82, clone 145-2C11, eBioscience, dilution ratio 1:20;

12) Anti-CD3, 11-0031-85, clone 145-2C11, eBioscience, dilution ratio 1:100;

13) Anti-CD3, 100340, clone 145-2C11, Biolegend, dilution ratio 1:492;

14) Anti-CD3, 78588, clone E4T1B, Cell signaling technology, dilution ratio 1:400;

15) Anti-Ki67, 652404, clone 16A8, BioLegend, dilution ratio 1:50;

16) Anti-Ki67, ab16667, clone SP6, abcam, dilution ratio 1:300;

17) Anti-Granzyme B, 372204, clone QA16A02, BioLegend, dilution ratio 1:20;

18) Anti-CD44, 12-0441-82, clone IM7, eBioscience, dilution ratio 1:150;

19) Anti-CD62L, 17-0621-82, clone MEL-14, eBioscience, dilution ratio 1:300;

20) Anti-CD62L, 25-0621-82, clone MEL-14, eBioscience, dilution ratio 1:80;

21) Anti-CD4, 17-0041-83, clone GK1.5, eBioscience, dilution ratio 1:150;

22) Anti-CD4, 15-0041-83, clone GK1.5, eBioscience, dilution ratio 1:300;

23) Anti-Foxp3, 12-5773-82, clone FJK-16s, eBioscience, dilution ratio 1:20;

24) Anti-CD45, 17-0451-82, clone 30-F11, eBioscience, dilution ratio 1:150;

25) Anti-CD45, 45-0451-82, clone 30-F11, eBioscience, dilution ratio 1:150;

26) Anti-NFAT1, MA1-025, clone 25A10.D6.D2, Invitrogen, dilution ratio 1:1000;

27) Anti-PCNA, ARG62605, clone PC10, Arigo biolaboratories, dilution ratio 1:1000;

28) Anti-Cleaved caspase-3 (CC3), 9661, clone Asp175, Cell signaling technology, dilution ratio 1:500;

29) Anti-GFP, sc-9996, clone B-2, Santa cruz biotechnology, dilution ratio 1:200;

30) Anti-!-actin, 3700, clone 8H10D10, Cell signaling technology, dilution ratio 1:2000;

31) Anti-CD28, 553295, clone 37.51, BD Pharmingen, dilution ratio 1:200;

32) Anti-CD25, 20-0251-U100, clone PC61.5, Tonbo Bioscience, dilution ratio 1:600;

33) Anti-CD69, 12-0691-82, clone H1.2F3, eBioscience, dilution ratio 1:350;

34) Anti-CD107a, 121614, clone 1D4B, BioLegend, dilution ratio 1:20;

35) Anti-Phospho-FAK (Tyr397), 700255, clone 31H5L17, Invitrogen, dilution ratio 1:200;

36) Anti-Phospho-ERK1/2 (Thr202/Tyr204), 369504, clone 6B8B69, BioLegend, dilution ratio 1:20.

1) Anti-PD-1, P372, clone RMP1-14, Leinco,

validated for in vivo application and tested to detect in mouse by the manufacturer (https://www.leinco.com/p/anti-mouse-pd-1-
cd279-purified-functional-grade-platinum/);

2) Anti-PD-1, 11-9985-82, clone J43, eBioscience,

validated for flow cytometry and tested to detect in mouse by the manufacturer (https://www.thermofisher.com/antibody/product/
CD279-PD-1-Antibody-clone-J43-Monoclonal/11-9985-82);

3) Anti-PD-1, 17-9981-82, clone RMP1-30, eBioscience,

validated for flow cytometry and tested to detect in mouse by the manufacturer (https://www.thermofisher.com/antibody/product/
CD279-PD-1-Antibody-clone-RMP1-30-Monoclonal/17-9981-82);

4) Anti-PD-1, 12-9985-82, clone J43, eBioscience,

validated for flow cytometry and tested to detect in mouse by the manufacturer (https://www.thermofisher.com/antibody/product/
CD279-PD-1-Antibody-clone-J43-Monoclonal/12-9985-82);
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5) Anti-PD-1, ab214421, clone EPR20665, abcam,

validated for immunohistochemistry (IHC) analysis and tested to detect in mouse by the manufacturer (https://www.abcam.com/
products/primary-antibodies/pd1-antibody-epr20665-ab214421.html);

6) Anti-CD16/32, 156604, clone S17011E, BioLegend,

validated for flow cytometry and tested to detect in mouse by the manufacturer (https://www.biolegend.com/en-ie/products/
trustain-fcx-plus-anti-mouse-cd16-32-antibody-17085);

7) Anti-CD8, F398-84A-G, clone KT15, Proimmune,

validated for flow cytometry and tested to detect in mouse by the manufacturer (https://www.proimmune.com/introduction-to-
pentamers/);

8) Anti-CD8, 45-0081-82, clone 53-6.7, eBioscience,

validated for flow cytometry and tested to detect in mouse by the manufacturer (https://www.thermofisher.com/antibody/product/
CD8a-Antibody-clone-53-6-7-Monoclonal/45-0081-82);

9) Anti-CD8, 12-0081-83, clone 53-6.7, eBioscience,

validated for flow cytometry and tested to detect in mouse by the manufacturer (https://www.thermofisher.com/antibody/product/
CD8a-Antibody-clone-53-6-7-Monoclonal/12-0081-83);

10) Anti-CD8, 85336, clone D8A8Y, Cell signaling technology,

validated for immunohistochemistry (IHC) analysis and tested to detect in mouse by the manufacturer (https://www.cellsignal.com/
products/primary-antibodies/cd8a-d8a8y-rabbit-mab/85336);

11) Anti-CD3, 45-0031-82, clone 145-2C11, eBioscience,

validated for flow cytometry and tested to detect in mouse by the manufacturer (https://www.thermofisher.com/antibody/product/
CD3e-Antibody-clone-145-2C11-Monoclonal/45-0031-82);

12) Anti-CD3, 11-0031-85, clone 145-2C11, eBioscience,

validated for flow cytometry and tested to detect in mouse by the manufacturer (https://www.thermofisher.com/antibody/product/
CD3e-Antibody-clone-145-2C11-Monoclonal/11-0031-82);

13) Anti-CD3, 100340, clone 145-2C11, Biolegend,

validated for T cell activation assays and tested to detect in mouse (PMID: 17404269);

14) Anti-CD3, 78588, clone E4T1B, Cell signaling technology,

validated for immunohistochemistry (IHC) analysis and tested to detect in mouse by the manufacturer (https://www.cellsignal.com/
products/primary-antibodies/cd3e-e4t1b-xp-rabbit-mab/78588);

15) Anti-Ki67, 652404, clone 16A8, BioLegend,

validated for flow cytometry and tested to detect in mouse by the manufacturer (https://www.biolegend.com/nl-be/products/pe-
anti-mouse-ki-67-antibody-8134);

16) Anti-Ki67, ab16667, clone SP6, abcam,

validated for immunohistochemistry (IHC) analysis and tested to detect in mouse by the manufacturer (https://www.abcam.com/
products/primary-antibodies/ki67-antibody-sp6-ab16667.html);

17) Anti-Granzyme B, 372204, clone QA16A02, BioLegend,

validated for flow cytometry and tested to detect in mouse by the manufacturer (https://www.biolegend.com/en-us/products/apc-
anti-human-mouse-granzyme-b-recombinant-antibody-14429?GroupID=GROUP28);

18) Anti-CD44, 12-0441-82, clone IM7, eBioscience,

validated for flow cytometry and tested to detect in mouse by the manufacturer (https://www.thermofisher.com/antibody/product/
CD44-Antibody-clone-IM7-Monoclonal/12-0441-82);

19) Anti-CD62L, 17-0621-82, clone MEL-14, eBioscience,

validated for flow cytometry and tested to detect in mouse by the manufacturer (https://www.thermofisher.com/antibody/product/
CD62L-L-Selectin-Antibody-clone-MEL-14-Monoclonal/17-0621-82);

20) Anti-CD62L, 25-0621-82, clone MEL-14, eBioscience,

validated for flow cytometry and tested to detect in mouse by the manufacturer (https://www.thermofisher.com/antibody/product/
CD62L-L-Selectin-Antibody-clone-MEL-14-Monoclonal/25-0621-82);

21) Anti-CD4, 17-0041-83, clone GK1.5, eBioscience,

validated for flow cytometry and tested to detect in mouse by the manufacturer (https://www.thermofisher.com/antibody/product/
CD4-Antibody-clone-GK1-5-Monoclonal/17-0041-83);

22) Anti-CD4, 15-0041-83, clone GK1.5, eBioscience,

validated for flow cytometry and tested to detect in mouse by the manufacturer (https://www.thermofisher.com/antibody/product/
CD4-Antibody-clone-GK1-5-Monoclonal/15-0041-83);
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Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Mycoplasma contamination

23) Anti-Foxp3, 12-5773-82, clone FJK-16s, eBioscience,

validated for flow cytometry and tested to detect in mouse by the manufacturer (https://www.thermofisher.com/antibody/product/
FOXP3-Antibody-clone-FJK-16s-Monoclonal/12-5773-82);

24) Anti-CD45, 17-0451-82, clone 30-F11, eBioscience,

validated for flow cytometry and tested to detect in mouse by the manufacturer (https://www.thermofisher.com/antibody/product/
CD45-Antibody-clone-30-F11-Monoclonal/17-0451-82);

25) Anti-CD45, 45-0451-82, clone 30-F11, eBioscience,

validated for flow cytometry and tested to detect in mouse by the manufacturer (https://www.thermofisher.com/antibody/product/
CD45-Antibody-clone-30-F11-Monoclonal/45-0451-82);

26) Anti-NFAT1, MA1-025, clone 25A10.D6.D2, Invitrogen,

validated for western blot (WB) and tested to detect in mouse by the manufacturer (https://www.thermofisher.com/antibody/
product/NFATC2-Antibody-clone-25A10-D6-D2-Monoclonal/MA1-025);

27) Anti-PCNA, ARG62605, clone PC10, Arigo biolaboratories,

validated for western blot (WB) and tested to detect in mouse by the manufacturer (https://www.arigobio.com/anti-PCNA-antibody-
PC10-ARG62605.html);

28) Anti-Cleaved caspase-3 (CC3), 9661, clone Asp175, Cell signaling technology,

validated for immunohistochemistry (IHC) analysis and tested to detect in mouse by the manufacturer (https://www.cellsignal.com/
products/primary-antibodies/cleaved-caspase-3-asp175-antibody/9661);

29) Anti-GFP, sc-9996, clone B-2, Santa cruz biotechnology,

validated for immunohistochemistry (IHC) analysis and tested to detect in mouse by the manufacturer (https://www.scbt.com/p/gfp-
antibody-b-2);

30) Anti-!-actin, 3700, clone 8H10D10, Cell signaling technology,

validated for western blot (WB) and tested to detect in mouse by the manufacturer (https://www.cellsignal.com/products/primary-
antibodies/b-actin-8h10d10-mouse-mab/3700);

31) Anti-CD28, 553295, clone 37.51, BD Pharmingen,

validated for T-cell costimulation and tested to detect in mouse by the manufacturer (https://www.bdbiosciences.com/en-us/
products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/purified-hamster-anti-mouse-
cd28.553295);

32) Anti-CD25, 20-0251-U100, clone PC61.5, Tonbo Bioscience,

validated for flow cytometry and tested to detect in mouse by the manufacturer (https://cytekbio.com/products/apc-anti-mouse-
cd25-pc61-5?variant=40581238128676);

33) Anti-CD69, 12-0691-82, clone H1.2F3, eBioscience,

validated for flow cytometry and tested to detect in mouse by the manufacturer (https://www.thermofisher.com/antibody/product/
CD69-Antibody-clone-H1-2F3-Monoclonal/12-0691-82);

34) Anti-CD107a, 121614, clone 1D4B, BioLegend,

validated for flow cytometry and tested to detect in mouse by the manufacturer (https://www.biolegend.com/de-at/products/apc-
anti-mouse-cd107a-lamp-1-antibody-6081);

35) Anti-Phospho-FAK (Tyr397), 700255, clone 31H5L17, Invitrogen,

validated for flow cytometry and tested to detect in mouse by the manufacturer (https://www.thermofisher.com/antibody/product/
Phospho-FAK-Tyr397-Antibody-clone-31H5L17-Recombinant-Monoclonal/700255);

36) Anti-Phospho-ERK1/2 (Thr202/Tyr204), 369504, clone 6B8B69, BioLegend,

validated for flow cytometry and tested to detect in mouse by the manufacturer (https://www.biolegend.com/nl-nl/products/alexa-
fluor-647-anti-erk1-2-phospho-thr202-tyr204-antibody-12924).

RAW264.7, 4T1, EMT6, and B16F10 cell lines were purchased from ATCC. 4T1-GFP-luc and EMT6-GFP-luc cell lines were then
generated by Dr. Kai Miao at University of Macau. CD8+ T cells were isolated from the spleen of BALB/c female mouse.

The parental RAW264.7, 4T1, EMT6, and B16F10 cell lines were authenticated by the supplier (ATCC). CD8+ T cells were
isolated by commercial EasySep™ Mouse CD8+ T cell isolation kit (catalog No. 19853; Stemcell).

All cell lines in this study get tested without mycoplasma contamination.




