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Supplementary Table 1 | Prognostic value of TMB and antigen presentation in patients with breast cancer 

Variable Subtype Nº Treatment Technology Effect Notes Ref 

APP components TNBC 34 

 

Adjuvant CT IHC Prolonged RFS 

Prolonged OS 

Validated with public 

datasets 

1 

APP components TNBC 249 

580 

n/a Transcriptomics* Prolonged RFS  Not correlating with OS 1 

HLA Class I HR+HER2− 320 NACT IHC Increased pCR rate  

Shortened DFS 

Correlating with TIL 

levels 

2 

HLA Class I HR+HER2− 

TNBC  

196 NACT IHC Increased pCR rate 

Prolonged DFS 

Interacting with TIL 

abundance 

3 

HLA Class I HER2+ 42 

71 

Neoadjuvant HER2 

blockers 

IHC Prolonged DFS Independent of pCR rates 4 

HLA Class I  TNBC 879 n/a Transcriptomics* Prolonged RFS Prolonged OS Correlating with T cell 

markers 

5 

HLA-A 

HLA-B 

TAP1  

TNBC 162 NACT + durvalumab Transcriptomics* Increased pCR rate  

 

Limited to patients on 

ICIs 

6 

TMB HR+HER2−  379 SOC TGS Shortened RFS Shortened OS Based on cutoff at q90 7 

TMB TNBC 25 PD-1 or PD-L1 blockers WES Prolonged PFS Prolonged OS Based on cutoff of ≥10 

mut/Mb 

8 

TMB  TNBC 253 CT 

Pembrolizumab 

n/a Prolonged PFS Prolonged OS Limited to patients on 

pembrolizumab 

9 

TMB 

TNA 

TNBC 186 SOC WES Shortened DFS Linked to tumor clonality 10 

TNA Not specified 441 SOC WES Prolonged OS  Correlating with driver 

mutations 

11 

APP, antigen processing and presentation; CT, chemotherapy; DFS, disease-free survival; HR, hormone receptor; IHC, immunohistochemistry; n/a, not available or not 

assessable; NACT, neoadjuvant chemotherapy; ORR, overall response rate; OS, overall survival; pCR, pathological complete response; PFS, progression-free survival; RFS, 

relapse-free survival; RNAseq, RNA sequencing; SOC, standard-of-care; TIL, tumor-infiltrating lymphocyte; TMB, tumor mutational burden; TGS, targeted genomic 

sequencing; TNA, tumor neoantigen; TNBC, triple-negative breast cancer; WES, whole-exome sequencing. 



Supplementary Table 2 | Prognostic value of the intratumoral immune microenvironment in patients with breast 

cancer 

Variable Subtype Nº Treatment Technology Effect Notes Ref. 

APC- and T cell-

enriched niches 

TNBC 34 Pembrolizumab → RT + 

pembrolizumab 

scRNAseq and 

spatial proteomics 

pCR Emerging after neoadjuvant pembrolizumab 12 

B cell and CD8+ 

CTL clusters 

TNBC 36 Surgery IHC Prolonged RFS Potentially representing immature TLSs 13 

B cell signatures HER2+ 

TNBC 

144 

140 

SOC Transcriptomics* Prolonged MFS Correlating with T cell signatures 14 

B cells 

 

HER2+ 

TNBC 

136 

113 

Adjuvant CT IHC Prolonged iDFS 

Prolonged OS 

Often linked to TLS formation 15 

B cells 

 

TNBC 114 Surgery  IHC Prolonged RFS 

Prolonged OS 

Focused on stromal TILs 16 

BCL2 competence HR+ n/a n/a Various Improved outcome Potentially linked to suppressed type I IFN signaling 17 

CCL19 levels TNBC 19 NACT + pembrolizumab RNASeq 

 

Increased pCR rate Lack of association with pCR in patients treated with 

NACT only 

18 

CCL19 levels TNBC 30 Neoadjuvant 

camrelizumab 

IHC Increased ORR 

Response magnitude 

Prolonged PFS 

Correlating with stromal TIL abundance 18 

CCL19 levels TNBC 33 NACT + camrelizumab IHC Increased pCR rate Lack of association with pCR in patients treated with 

NACT only 

18 

CD163+ TAMs Multiple 238 n/a IHC Shortened OS Linked to TGF-β and VEGFA signaling 19 

CD24 levels Multiple 204 SOC IHC Shortened DFS 

Shortened OS 

Association with DFS independent of other variables 20 

CD24 levels Multiple 104 SOC IHC Shortened OS No association with DFS 21 

CD24 levels Multiple 155 Surgery IHC Shortened DFS 

Shortened OS 

Monitored as percentage of CD24+CD44- cancer cells 22 

CD24 levels Multiple 1,080 n/a Transcriptomics* Shortened OS Linked to defects in phagocytosis by macrophages 23 

CD3+ TILs TNBC 36 Surgery IHC Prolonged RFS Especially when associated with heterotypic LAs  13 

CD33+ MDSCs Multiple 54 NACT IHC PD or SD Confirmed on multivariate Cox regression (also for 

IDO1+CD33+ MDSCs) 

24 



CD47 levels HER2+ 40 Neoadjuvant trastuzumab IHC Shortened OS Limited to metastatic disease 25 

CD47 levels TNBC 57 Surgery IHC Shortened DFS Correlating with multiple EMT markers 26 

CD47 levels Multiple 738 

945 

n/a Transcriptomics* Shortened dMFS 

Shortened RFS 

Especially in the context of HER2 upregulation 27 

CD68+ TAMs HR+HER2- 

 

282 n/a IHC Shortened RFS Limited to CD47+ samples 28 

CD8+ CTL and NK 

cell signatures 

HR+HER2- 16 CDK4/6 inhibitors scRNAseq Prolonged PFS Validated with public datasets 29 

CD8+ CTLs HER2+ 30 NACT MIFM pCR Correlating with HER2 levels at baseline 30 

CD8+ CTLs HER2+ 

TNBC 

14 

18 

Surgery IHC Prolonged OS Metastatic brain lesions 31 

CX3CR1+ TAMs HR+HER2- 12 Pembrolizumab → RT + 

pembrolizumab 

scRNAseq Decreased pCR rate Exhibiting robust immunosuppressive features  32 

CX3CR1+ TAMs HR+HER2- 86 CDK4/6 inhibitors IHC Tumor grade Correlating with γδ T cells 32 

CXCL13 levels Multiple 794 Surgery only Transcriptomics* Increased pCR rate 

Prolonged DFS 

No correlation with DFS in the TNBC set 33 

FOLR2+ TAM 

signatures 

HR+ 1,107 SOC Transcriptomics* Prolonged OS Inversely correlating with immunosuppressive TAM 

abundance 

34 

FOLR2+ TAMs Multiple 122 

126 

 

n/a MIFM Prolonged OS Validated with multivariate Cox regression analysis 34 

Granulocyte 

structures 

HR+ 427 n/a Spatial 

transcriptomics 

Shortened OS Upon adjustment for HER2 status 35 

GZMB+ TAMs HER2+ 30 NACT MIFM pCR Specifically when in proximity of malignant cells 30 

IgG signature HER2+ 205 

151 

NACT Transcriptomics* Prolonged EFS Outperformed TIL assessments 36 

IgG signature Multiple 1904 

1082 

None Transcriptomics* Prolonged OS In disease-free patients, correlating with TLS 

formation 

37 

Immunostimulatory 

TAMs 

HER2+ 40 Neoadjuvant trastuzumab IHC Prolonged OS Limited to metastatic disease 25 

Immunosuppressive 

TAM signatures 

HR+ 96 NACT Transcriptomics* Residual disease Correlating with depletion of CD8+ CTLs and TILs 38 



Intratumoral DCs TNBC 60 Neoadjuvant 

pembrolizumab 

IHC pCR No association with stromal DCs  39 

LGALS2 levels Multiple 1084 

1904 

3075 

107 

n/a Transcriptomics* Prolonged OS Emerging from pre-developed TLS-associated DC 

signature  

40 

Mature TLSs TNBC 63 NACT IHC  

 

Prolonged DFS Correlating with TIL levels 41 

Mature TLSs Multiple n/a SOC Transcriptomics* Prolonged OS Poorly represented in the HR+ subset 41 

MDSC signatures TNBC 357 n/a Transcriptomics* Shortened OS Correlating with scarce TILs and active glycolysis 42 

Naïve TAM 

signatures 

HR+HER2- 

 

1,580 NACT Transcriptomics* Shortened DFS No association in HER2+ and TNBC 43 

NK cells HER2+ 42 

71 

Neoadjuvant HER2 

blockers 

IHC Increased pCR rate 

Prolonged DFS 

Correlating with CTL and DC signatures 4 

pDCs Multiple 152 

103 

SOC IHC Shortened DFS 

Shortened OS 

Potentially linked to type I IFN signaling 44 

PD-L1 levels Multiple 68 NACT IHC Increased pCR rate No association with survival 45 

PD-L1 levels Multiple 105 NACT IHC pCR Correlating with TIL abundance 46 

PD-L1 levels TNBC 29 PD-1 or PD-L1 blockers 

± CT or TT 

Transcriptomics* Prolonged PFS 

Prolonged OS 

Correlating with markers of immunity 8 

PD-L1 levels TNBC 67 Neoadjuvant CT or RT 

→ Nivolumab 

IHC Increased ORR Based on ≥1% cutoff for cancer cells or ≥5% cutoff 

for ICs 

47 

PD-L1 levels TNBC 116 Atezolizumab IHC Increased ORR 

Prolonged OS 

Based on ≥1% cutoff for ICs 48 

PD-L1 levels TNBC 451 First-line CT + 

atezolizumab 

IHC Prolonged OS Based on ≥1% cutoff for ICs 49,50 

PD-L1 levels TNBC 566 First-line CT + 

pembrolizumab 

IHC Prolonged PFS 

Prolonged OS 

Based on CPS ≥10% cutoff  51,52 

PD-L1 levels TNBC 902 First-line CT + 

atezolizumab 

IHC Prolonged PFS 

Prolonged OS 

Based on ≥1% cutoff  53 

Plasma cells TNBC 114 Surgery  IHC Prolonged RFS Focused on stromal TILs 54 



Signature of 

inflamed tumors 

TNBC 53 Neoadjuvant CT or RT 

→ nivolumab 

Transcriptomics* DC Signature developed from spatial data in another 

cohort 

55 

Signature of 

inflamed tumors 

TNBC 579 Surgery Transcriptomics* Prolonged DFS Especially in the context of IFN signaling signatures 56 

TGFBR1 and 

TGFBR2 levels 

HER2+ 166 n/a Transcriptomics* Prolonged dMFS Paradoxically associated with poor prognostic factors 57 

TGFBR1 and 

TGFBR2 levels 

Multiple 574 Surgery Transcriptomics* Shortened PFS Combined with IHC markers of TGF-β activity  58 

TGFBR3 levels Multiple 286 SOC Transcriptomics* Prolonged RFS Linked to TGFBR3 shedding and suppressed TGF-β 

activity 

59 

TGF-β activity Multiple 61 Surgery IHC Recurrence 

Shortened DFS 

Based on TGF-β1 expression and IHC markers of 

activity 

60 

TGF-β signatures Multiple 1,319 n/a Transcriptomics* Prolonged RFS Strongest association in the HR+HER2- subtype 61 

TH1 and TFH CD4+ 

T cell signatures 

Multiple 794 Surgery only Transcriptomics* Increased pCR rate 

Prolonged DFS 

No correlation with DFS in the TNBC set 33 

TH1 CD4+ T cell 

signatures 

Multiple 1,004 SOC Transcriptomics* Prolonged dDFS 

Prolonged OS 

Correlating with TMB 62 

TILs HR+HER2- 187 Surgery H/E Increased Oncotype DX 

score 

Increased propensity for relapse 63 

TILs HR+HER2- 1,366 NACT H/E Increased pCR rate Based on 10% and 60% TIL cutoffs 64 

TILs HER2+ 205 

151 

NACT H/E Increased pCR rate Correlating with immune signatures 36 

TILs HER2+ 305 

455 

NACT H/E Prolonged EFS In the context of a composite score including BCR 

diversity 

65 

TILs HER2+ 232 NACT H/E Prolonged dDFS 

 

Only in patients receiving trastuzumab 66 

TILs HER2+ 447 Adjuvant trastuzumab H/E Prolonged DFS 

 

Restricted to HR- patients 67 

TILs HER2+ 1,379 NACT H/E Increased pCR rate Based on 10% and 60% TIL cutoffs 64 

TILs TNBC 157 Surgery H/E Prolonged DFS 

Prolonged OS 

Focused on peripheral TILs 63 

TILs TNBC 778 NACT H/E Prolonged dDFS 

 

Focused on stromal TILs 66 



TILs TNBC 906 NACT H/E Increased pCR rate Based on 10% and 60% TIL cutoffs 64 

TILs TNBC 2,148 NACT H/E Prolonged iDFS 

Prolonged dDFS 

Prolonged OS 

Focused on stromal TILs 68 

TILs Multiple 68 NACT H/E Increased pCR rate No association with survival 45 

TILs Multiple 218 

840 

NACT H/E Increased pCR rate Especially intratumoral TILs 69 

TLS- and T cell-

enriched niches 

TNBC 34 Pembrolizumab → RT + 

pembrolizumab 

scRNAseq and 

spatial proteomics  

pCR In baseline samples, correlating with HLA Class I 

expression 

12 

Treg and TEX 

structures 

HR+ 427 n/a Spatial 

transcriptomics 

Shortened OS Upon adjustment for HER2 status 35 

Treg cell/CD8+ CTL 

ratio 

HR+HER2- 28 Surgery IHC Shortened OS Metastatic brain lesions 31 

Treg cells Multiple 54 NACT IHC PD or SD Not confirmed on multivariate Cox regression 24 

Treg cells Multiple 62 Surgery IHC Increased RR Focused on DCIS 70 

Treg cells Multiple 237 SOC IHC Shortened RFS 

Shortened OS 

Based on 15/core cutoff 70 

Type I IFN 

signatures 

Multiple 110 

161 

292 

RT or adjuvant CT Transcriptomics* Shortened MFS No association in patients not receiving adjuvant CT 

or RT, or receiving ET 

71 

Type I IFN 

signatures 

Multiple 1,422 n/a Transcriptomics* Shortened OS Associated with signatures of apoptosis signaling 72 

Vδ1+ γδ T cells TNBC 11 Surgery DNAseq Prolonged PFS 

Prolonged OS 

Not observed with γδ T cells at large 73 

γδ T cell signatures 

IL-17 signatures 

HR- 381 SOC Transcriptomics* Prolonged DSS Contrary to the HR+ subset 32 

γδ T cell signatures 

IL-17 signatures 

HR+ 1,042 SOC Transcriptomics* Shortened DSS 

Shortened OS 

Correlating with tumor grade 32 

γδ T cells 

 

HR+HER2- 86 CDK4/6 inhibitors IHC Tumor grade Mostly localized within tumor nest 32 

γδ T cell signatures 

 

HR+ 

TNBC 

4,906 

1,555 

NACT Transcriptomics* Increased pCR rate 

Prolonged DFS 

Alongside many other associations with outcome 43 



γδ T cell signatures 

 

HER2+ 1,580 NACT Transcriptomics* Increased pCR rate 

Prolonged DFS 

Prolonged OS 

Alongside many other associations with outcome 43 

γδ T cell signatures 

 

TNBC 169 SOC Transcriptomics* Prolonged OS No association with CD8+ CTL signatures 74 

γδ T cells TNBC 162 Surgery IHC Prolonged RFS 

Prolonged OS 

Limited to PI3KCA wild-type tumors 75 

APC, antigen-presenting cell; CPS, combined positive score; CT, chemotherapy; CTL, cytotoxic T lymphocyte; DC, dendritic cell; DCIS, ductal carcinoma in situ; dDFS, 

distant disease-free survival; DFS, disease-free survival; dMFS, distant metastasis-free survival; DNAseq, DNA sequencing; DC, disease control; DSS, disease-specific 

survival; EFS, event-free survival; EMT, epithelial-to-mesenchymal transition; H/E, hematoxylin/eosin; IC, immune cell; iDFS, invasive disease-free survival; LA, lymphoid 

aggregate; MDSC, myeloid-derived suppressor cell; MFS, metastasis-free survival; MIFM, multispectral immunofluorescence microscopy; n/a, not available or not assessable; 

NK, natural killer; ORR, overall response rate; OS, overall survival; pCR, pathological complete response; PD, progressive disease; pDC, plasmacytoid DC; PFS, progression-

free survival; RFS, relapse-free survival; scRNAseq, single-cell RNA sequencing; SD, stable disease; SOC, standard-of-care; TAM, tumor-associated macrophage; TEX, 

exhausted T; TFH, follicular helper T; TIL, tumor-infiltrating lymphocyte; TLS, tertiary lymphoid structure; TMB, tumor mutational burden; TNBC, triple-negative breast 

cancer; Treg, regulatory T; TT, targeted therapy. *as per microarray or bulk RNA sequencing. 

  



Supplementary Table 3 | Promising strategies with immunotherapeutic activity currently under evaluation in 

patients with breast cancer* 

Target Drug(s) Subtype(s) Phase Status Co-treatment(s) Notes Ref. 

AKT Afuresertib HR+HER2- III Recruiting Fulvestrant Following recurrence or progression on or after endocrine 

therapy (up to 2 lines) and CDK4/6 inhibitors (1st line) or 

chemotherapy (1st line) 

NCT04851613 

AKT Capivasertib HR+HER2- IIIb Active, not 

recruiting 

Fulvestrant Following recurrence or progression on or after endocrine 

therapy and CDK4/6 inhibitors 

NCT06764186 

AKT Capivasertib HR+HER2- III Recruiting Fulvestrant Following recurrence or progression on or after endocrine 

therapy and CDK4/6 inhibitors 

NCT06982521 

AKT Capivasertib HR+HER2- III Recruiting CDK4/6 inhibitors 

Fulvestrant 

Following recurrence or progression on ET-containing regimens NCT04862663 

AKT Capivasertib HR+HER2- III Recruiting Fulvestrant Following recurrence or progression on ET-containing regimens NCT06635447 

CDK4 Atirmociclib HR+HER2- III Recruiting Letrozole As first line intervention, compared with FDA-approved CDK4/6 

inhibitors + letrozole 

NCT06760637 

PD-1 

VEGFA 

Ivonescimab TNBC III Not yet 

recruiting 

Nab-paclitaxel As first line intervention, compared with placebo plus nab-

paclitaxel 

NCT06767527 

PD-L1 

VEGFA 

PM8002 TNBC III Recruiting Nab-paclitaxel As first line intervention, compared with placebo plus nab-

paclitaxel 

NCT06419621 

FDA, Food and Drug Administration; TNBC, triple-negative breast cancer. *As per www.clinicaltrials.gov, last updated on Mar 23, 2026; limited to Phase III or higher with 

status “Active, not recruiting”, “Not yet recruiting” and “Recruiting” and testing immunotherapeutic agents that are currently not approved by the FDA for use in patients with 

cancer. 

http://www.clinicaltrials.gov/


References 

1 Pedersen, M. H. et al. Downregulation of antigen presentation-associated pathway 

proteins is linked to poor outcome in triple-negative breast cancer patient tumors. 

Oncoimmunology 6, e1305531 (2017). 

2 Sinn, B. V. et al. Human leucocyte antigen class I in hormone receptor-positive, HER2-

negative breast cancer: association with response and survival after neoadjuvant 

chemotherapy. Breast Cancer Res 21, 142 (2019). 

3 de Groot, A. F. et al. Strong CD8+ lymphocyte infiltration in combination with 

expression of HLA class I is associated with better tumor control in breast cancer patients 

treated with neoadjuvant chemotherapy. Breast Cancer Res Treat 175, 605-615 (2019). 

4 Muntasell, A. et al. NK Cell Infiltrates and HLA Class I Expression in Primary HER2(+) 

Breast Cancer Predict and Uncouple Pathological Response and Disease-free Survival. 

Clin Cancer Res 25, 1535-1545 (2019). 

5 Noblejas-Lopez, M. D. M. et al. Expression of MHC class I, HLA-A and HLA-B 

identifies immune-activated breast tumors with favorable outcome. Oncoimmunology 8, 

e1629780 (2019). 

6 Sinn, B. V. et al. Immune-related Gene Expression Predicts Response to Neoadjuvant 

Chemotherapy but not Additional Benefit from PD-L1 Inhibition in Women with Early 

Triple-negative Breast Cancer. Clin Cancer Res 27, 2584-2591 (2021). 

7 Aftimos, P. et al. Genomic and Transcriptomic Analyses of Breast Cancer Primaries and 

Matched Metastases in AURORA, the Breast International Group (BIG) Molecular 

Screening Initiative. Cancer Discov 11, 2796-2811 (2021). 

8 Barroso-Sousa, R. et al. Multidimensional Molecular Profiling of Metastatic Triple-

Negative Breast Cancer and Immune Checkpoint Inhibitor Benefit. JCO Precis Oncol 6, 

e2100413 (2022). 

9 Winer, E. P. et al. Association of tumor mutational burden (TMB) and clinical outcomes 

with pembrolizumab (pembro) versus chemotherapy (chemo) in patients with metastatic 

triple-negative breast cancer (mTNBC) from KEYNOTE-119. Journal of Clinical 

Oncology 38, 1013-1013 (2020). 

10 Karn, T. et al. Association Between Genomic Metrics and Immune Infiltration in Triple-

Negative Breast Cancer. JAMA Oncol 3, 1707-1711 (2017). 

11 Zhu, Y. et al. Characterization of Neoantigen Load Subgroups in Gynecologic and Breast 

Cancers. Front Bioeng Biotechnol 8, 702 (2020). 

12 Shiao, S. L. et al. Single-cell and spatial profiling identify three response trajectories to 

pembrolizumab and radiation therapy in triple negative breast cancer. Cancer Cell 42, 

70-84.e78 (2024). 

13 Wortman, J. C. et al. Spatial distribution of B cells and lymphocyte clusters as a predictor 

of triple-negative breast cancer outcome. NPJ Breast Cancer 7, 84 (2021). 



14 Iglesia, M. D. et al. Prognostic B-cell signatures using mRNA-seq in patients with 

subtype-specific breast and ovarian cancer. Clin Cancer Res 20, 3818-3829 (2014). 

15 Garaud, S. et al. Tumor infiltrating B-cells signal functional humoral immune responses 

in breast cancer. JCI Insight 5, e129641 (2019). 

16 Kuroda, H. et al. Prognostic value of tumor-infiltrating B lymphocytes and plasma cells 

in triple-negative breast cancer. Breast Cancer 28, 904-914 (2021). 

17 Merino, D., Lok, S. W., Visvader, J. E. & Lindeman, G. J. Targeting BCL-2 to enhance 

vulnerability to therapy in estrogen receptor-positive breast cancer. Oncogene 35, 1877-

1887 (2016). 

18 Wu, S. Y. et al. CCL19(+) dendritic cells potentiate clinical benefit of anti-PD-(L)1 

immunotherapy in triple-negative breast cancer. Med 4, 373-393.e378 (2023). 

19 Ramos, R. N. et al. CD163(+) tumor-associated macrophage accumulation in breast 

cancer patients reflects both local differentiation signals and systemic skewing of 

monocytes. Clin Transl Immunology 9, e1108 (2020). 

20 Kristiansen, G. et al. CD24 expression is a new prognostic marker in breast cancer. Clin 

Cancer Res 9, 4906-4913 (2003). 

21 Surowiak, P. et al. Multivariate analysis of oestrogen receptor alpha, pS2, 

metallothionein and CD24 expression in invasive breast cancers. Br J Cancer 95, 339-

346 (2006). 

22 Mylona, E. et al. The clinicopathologic and prognostic significance of CD44+/CD24(-

/low) and CD44-/CD24+ tumor cells in invasive breast carcinomas. Hum Pathol 39, 

1096-1102 (2008). 

23 Barkal, A. A. et al. CD24 signalling through macrophage Siglec-10 is a target for cancer 

immunotherapy. Nature 572, 392-396 (2019). 

24 Li, F., Zhao, Y., Wei, L., Li, S. & Liu, J. Tumor-infiltrating Treg, MDSC, and IDO 

expression associated with outcomes of neoadjuvant chemotherapy of breast cancer. 

Cancer Biol Ther 19, 695-705 (2018). 

25 Honkanen, T. J. et al. Prognostic and predictive role of tumour-associated macrophages 

in HER2 positive breast cancer. Sci Rep 9, 10961 (2019). 

26 Yuan, J. et al. High expression of CD47 in triple negative breast cancer is associated with 

epithelial-mesenchymal transition and poor prognosis. Oncol Lett 18, 3249-3255 (2019). 

27 Candas-Green, D. et al. Dual blockade of CD47 and HER2 eliminates radioresistant 

breast cancer cells. Nat Commun 11, 4591 (2020). 

28 Chen, Y., Klingen, T. A., Aas, H., Wik, E. & Akslen, L. A. CD47 and CD68 expression 

in breast cancer is associated with tumor-infiltrating lymphocytes, blood vessel invasion, 

detection mode, and prognosis. J Pathol Clin Res 9, 151-164 (2023). 

29 Luo, L. et al. Single-cell RNA sequencing identifies molecular biomarkers predicting late 

progression to CDK4/6 inhibition in patients with HR+/HER2- metastatic breast cancer. 

Mol Cancer 24, 48 (2025). 



30 Janiszewska, M. et al. The impact of tumor epithelial and microenvironmental 

heterogeneity on treatment responses in HER2+ breast cancer. JCI Insight 6, e147617 

(2021). 

31 Griguolo, G. et al. A comprehensive profiling of the immune microenvironment of breast 

cancer brain metastases. Neuro Oncol 24, 2146-2158 (2022). 

32 Petroni, G. et al. IL-17A-secreting gammadelta T cells promote resistance to 

CDK4/CDK6 inhibitors in HR(+)HER2(-) breast cancer via CX3CR1(+) macrophages. 

Nat Cancer 6, 1656-1675 (2025). 

33 Gu-Trantien, C. et al. CD4⁺ follicular helper T cell infiltration predicts breast cancer 

survival. J Clin Invest 123, 2873-2892 (2013). 

34 Nalio Ramos, R. et al. Tissue-resident FOLR2(+) macrophages associate with CD8(+) 

T cell infiltration in human breast cancer. Cell 185, 1189-1207.e1125 (2022). 

35 Danenberg, E. et al. Breast tumor microenvironment structures are associated with 

genomic features and clinical outcome. Nat Genet 54, 660-669 (2022). 

36 Fernandez-Martinez, A. et al. Prognostic and Predictive Value of Immune-Related Gene 

Expression Signatures vs Tumor-Infiltrating Lymphocytes in Early-Stage 

ERBB2/HER2-Positive Breast Cancer: A Correlative Analysis of the CALGB 40601 and 

PAMELA Trials. JAMA Oncol 9, 490-499 (2023). 

37 Angelats, L. et al. Linking tumor immune infiltration to enhanced longevity in 

recurrence-free breast cancer. ESMO Open 10, 104109 (2025). 

38 Waks, A. G. et al. The Immune Microenvironment in Hormone Receptor-Positive Breast 

Cancer Before and After Preoperative Chemotherapy. Clin Cancer Res 25, 4644-4655 

(2019). 

39 Dent, R. et al. Molecular determinants of response to neoadjuvant pembrolizumab plus 

chemotherapy in patients with high-risk, early-stage, triple-negative breast cancer: 

exploratory analysis of the open-label, multicohort phase 1b KEYNOTE-173 study. 

Breast Cancer Res 27, 35 (2025). 

40 Li, S. et al. Deciphering the role of LGALS2: insights into tertiary lymphoid structure-

associated dendritic cell activation and immunotherapeutic potential in breast cancer 

patients. Mol Cancer 23, 216 (2024). 

41 Wang, Q. et al. Heterogeneity of tertiary lymphoid structures predicts the response to 

neoadjuvant therapy and immune microenvironment characteristics in triple-negative 

breast cancer. Br J Cancer 132, 295-310 (2025). 

42 Li, W. et al. Aerobic Glycolysis Controls Myeloid-Derived Suppressor Cells and Tumor 

Immunity via a Specific CEBPB Isoform in Triple-Negative Breast Cancer. Cell Metab 

28, 87-103.e106 (2018). 

43 Bense, R. D. et al. Relevance of Tumor-Infiltrating Immune Cell Composition and 

Functionality for Disease Outcome in Breast Cancer. J Natl Cancer Inst 109, djw192 

(2017). 



44 Treilleux, I. et al. Dendritic cell infiltration and prognosis of early stage breast cancer. 

Clin Cancer Res 10, 7466-7474 (2004). 

45 Pelekanou, V. et al. Tumor-Infiltrating Lymphocytes and PD-L1 Expression in Pre- and 

Posttreatment Breast Cancers in the SWOG S0800 Phase II Neoadjuvant Chemotherapy 

Trial. Mol Cancer Ther 17, 1324-1331 (2018). 

46 Wimberly, H. et al. PD-L1 Expression Correlates with Tumor-Infiltrating Lymphocytes 

and Response to Neoadjuvant Chemotherapy in Breast Cancer. Cancer Immunol Res 3, 

326-332 (2015). 

47 Voorwerk, L. et al. Immune induction strategies in metastatic triple-negative breast 

cancer to enhance the sensitivity to PD-1 blockade: the TONIC trial. Nat Med 25, 920-

928 (2019). 

48 Emens, L. A. et al. Long-term Clinical Outcomes and Biomarker Analyses of 

Atezolizumab Therapy for Patients With Metastatic Triple-Negative Breast Cancer: A 

Phase 1 Study. JAMA Oncol 5, 74-82 (2019). 

49 Schmid, P. et al. Atezolizumab and Nab-Paclitaxel in Advanced Triple-Negative Breast 

Cancer. N Engl J Med 379, 2108-2121 (2018). 

50 Schmid, P. et al. Atezolizumab plus nab-paclitaxel as first-line treatment for unresectable, 

locally advanced or metastatic triple-negative breast cancer (IMpassion130): updated 

efficacy results from a randomised, double-blind, placebo-controlled, phase 3 trial. 

Lancet Oncol 21, 44-59 (2020). 

51 Cortes, J. et al. Pembrolizumab plus chemotherapy versus placebo plus chemotherapy for 

previously untreated locally recurrent inoperable or metastatic triple-negative breast 

cancer (KEYNOTE-355): a randomised, placebo-controlled, double-blind, phase 3 

clinical trial. Lancet 396, 1817-1828 (2020). 

52 Cortes, J. et al. Pembrolizumab plus Chemotherapy in Advanced Triple-Negative Breast 

Cancer. N Engl J Med 387, 217-226 (2022). 

53 Emens, L. A. et al. Atezolizumab and nab-Paclitaxel in Advanced Triple-Negative Breast 

Cancer: Biomarker Evaluation of the IMpassion130 Study. J Natl Cancer Inst 113, 1005-

1016 (2021). 

54 Kuroda, H. et al. Tumor-infiltrating B cells and T cells correlate with postoperative 

prognosis in triple-negative carcinoma of the breast. BMC Cancer 21, 286 (2021). 

55 Hammerl, D. et al. Spatial immunophenotypes predict response to anti-PD1 treatment 

and capture distinct paths of T cell evasion in triple negative breast cancer. Nat Commun 

12, 5668 (2021). 

56 Gruosso, T. et al. Spatially distinct tumor immune microenvironments stratify triple-

negative breast cancers. J Clin Invest 129, 1785-1800 (2019). 

57 Hachim, I. Y., Hachim, M. Y., López-Ozuna, V. M., Ali, S. & Lebrun, J. J. A dual 

prognostic role for the TGFβ receptors in human breast cancer. Hum Pathol 57, 140-151 

(2016). 



58 de Kruijf, E. M. et al. The prognostic role of TGF-β signaling pathway in breast cancer 

patients. Ann Oncol 24, 384-390 (2013). 

59 Dong, M. et al. The type III TGF-beta receptor suppresses breast cancer progression. J 

Clin Invest 117, 206-217 (2007). 

60 Koumoundourou, D. et al. Prognostic significance of TGFbeta-1 and pSmad2/3 in breast 

cancer patients with T1-2,N0 tumours. Anticancer Res 27, 2613-2620 (2007). 

61 Bierie, B. et al. Abrogation of TGF-beta signaling enhances chemokine production and 

correlates with prognosis in human breast cancer. J Clin Invest 119, 1571-1582 (2009). 

62 Hendrickx, W. et al. Identification of genetic determinants of breast cancer immune 

phenotypes by integrative genome-scale analysis. Oncoimmunology 6, e1253654 (2017). 

63 Krishnamurti, U., Wetherilt, C. S., Yang, J., Peng, L. & Li, X. Tumor-infiltrating 

lymphocytes are significantly associated with better overall survival and disease-free 

survival in triple-negative but not estrogen receptor-positive breast cancers. Hum Pathol 

64, 7-12 (2017). 

64 Denkert, C. et al. Tumour-infiltrating lymphocytes and prognosis in different subtypes of 

breast cancer: a pooled analysis of 3771 patients treated with neoadjuvant therapy. Lancet 

Oncol 19, 40-50 (2018). 

65 Rediti, M. et al. Immunological and clinicopathological features predict HER2-positive 

breast cancer prognosis in the neoadjuvant NeoALTTO and CALGB 40601 randomized 

trials. Nat Commun 14, 7053 (2023). 

66 Loi, S. et al. Tumor infiltrating lymphocytes are prognostic in triple negative breast 

cancer and predictive for trastuzumab benefit in early breast cancer: results from the 

FinHER trial. Ann Oncol 25, 1544-1550 (2014). 

67 Lee, H. J. et al. Prognostic Significance of Tumor-Infiltrating Lymphocytes and the 

Tertiary Lymphoid Structures in HER2-Positive Breast Cancer Treated With Adjuvant 

Trastuzumab. Am J Clin Pathol 144, 278-288 (2015). 

68 Loi, S. et al. Tumor-Infiltrating Lymphocytes and Prognosis: A Pooled Individual Patient 

Analysis of Early-Stage Triple-Negative Breast Cancers. J Clin Oncol 37, 559-569 

(2019). 

69 Denkert, C. et al. Tumor-associated lymphocytes as an independent predictor of response 

to neoadjuvant chemotherapy in breast cancer. J Clin Oncol 28, 105-113 (2010). 

70 Bates, G. J. et al. Quantification of regulatory T cells enables the identification of high-

risk breast cancer patients and those at risk of late relapse. J Clin Oncol 24, 5373-5380 

(2006). 

71 Weichselbaum, R. R. et al. An interferon-related gene signature for DNA damage 

resistance is a predictive marker for chemotherapy and radiation for breast cancer. Proc 

Natl Acad Sci U S A 105, 18490-18495 (2008). 

72 Rodriguez-Ruiz, M. E. et al. Apoptotic caspases inhibit abscopal responses to radiation 

and identify a new prognostic biomarker for breast cancer patients. Oncoimmunology 8, 

e1655964 (2019). 



73 Wu, Y. et al. An innate-like Vdelta1(+) gammadelta T cell compartment in the human 

breast is associated with remission in triple-negative breast cancer. Sci Transl Med 11, 

eaax9364 (2019). 

74 Craven, K. E., Gökmen-Polar, Y. & Badve, S. S. CIBERSORT analysis of TCGA and 

METABRIC identifies subgroups with better outcomes in triple negative breast cancer. 

Sci Rep 11, 4691 (2021). 

75 Boissiere-Michot, F. et al. Clinicopathological Correlates of gammadelta T Cell 

Infiltration in Triple-Negative Breast Cancer. Cancers (Basel) 13, 765 (2021). 

 




