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Abstract
Background  Male breast cancer (MBC) is a rare malignancy with distinct biological and clinical features compared 
to its female counterpart. Emerging evidence suggests that a subset of MBCs may exhibit an immunogenic tumor 
microenvironment; however, the lack of sex-specific data on immune biomarkers has limited the inclusion of male 
patients in immunotherapy trials.

Methods  We performed transcriptomic profiling of 123 MBCs, including 41 with germline pathogenic variants (PVs) 
in BRCA2 (n = 26), BRCA1 (n = 12), and PALB2 (n = 3). Immune characterization included PD-1 and PD-L1 expression, 
immune scores, and immune cell infiltration using deconvolution tools. The Tumor Immune Dysfunction and 
Exclusion (TIDE) algorithm was applied to predict potential response to immune checkpoint inhibitors.

Results  A distinct subset of MBCs showed high PD-L1 expression and high immune scores. Immune deconvolution 
revealed that CD4 + memory resting T cells (24.5%), M2 macrophages (14.4%), and M0 macrophages (13.8%) were 
the most abundant infiltrating immune populations within the tumor microenvironment. Notably, 37.4% of tumors 
were predicted to respond to immunotherapy, primarily within the Luminal B subtype. These tumors demonstrated 
significantly higher PD-1/PD-L1 expression, higher immune scores, and enriched immune cell infiltration, compared 
to non-responders. Unsupervised clustering identified two transcriptionally distinct molecular subgroups. Cluster 1 
was enriched for immune-related pathways and comprised the majority of predicted responders. Immune infiltration 
patterns varied significantly according to germline mutation status, intrinsic subtype, histological grade, androgen 
receptor expression, and Ki-67 proliferation index.
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Introduction
Male breast cancer (MBC) represents less than 1% of 
all cancers in men and less than 1% of all breast can-
cers (BCs), with its incidence increasing over the last 30 
years [1, 2]. At genetic level, hereditary germline BRCA2, 
BRCA1 and PALB2 pathogenic variants (PVs) play the 
main role in MBC susceptibility, accounting for about 
13%, 2% and 1% of unselected MBCs, respectively [2–4]. 

The rarity of MBC has precluded the development of 
ad hoc clinical trials and currently, clinical management 
and therapeutic options of MBC patients are informed 
almost entirely by female BC (FBC) research [5]. Notably, 
mortality after cancer diagnosis is higher among male 
patients with BC compared with their female counter-
parts, even after accounting for known prognostic fac-
tors, suggesting that such disparity may be due to factors 
yet to be identified [6]. Indeed, increasing evidence indi-
cates that MBC may be different, with unique molecular 
features, suggesting sex-specific differences in terms of 
biological and clinical behavior [7–9]. 

Although most MBCs are estrogen receptor positive 
(ER+), thus treated with endocrine therapy, MBCs have 
been shown to display molecular features that may help 
in identifying subgroups of patients that may benefit 
from other targeted therapeutic approaches [10, 11]. For 
example, there is a tremendous interest in using immuno-
therapy to treat BC, although the vast majority of breast 
tumors are considered immunologically quiescent [12]. 
The identification of BC patients who are more likely to 
respond to immunotherapy with immune checkpoint 
inhibitors (ICI), is currently based on immune-related 
biomarkers, including the abundance of tumor-infiltrat-
ing lymphocytes (TILs), tumor microenvironment com-
position and expression of PD-1 and PD-L1 [13]. 

In FBC, triple negative breast cancer (TNBC) is more 
primed to respond to immunotherapy given the presence 
of more TILs and higher PD-L1 expression relative to the 
other BC subtypes, and therefore, immuno-oncology rep-
resents a key area of promise for TNBC research [14]. On 
the other hand, the role of immune-related biomarkers is 
less clear in BC of luminal subtype, which represents the 
majority of MBCs [15, 16]. 

Considering the known sex-driven differences in 
immune responses as potential factors contributing to 
diverse outcome as well as response to therapy in male 
and female cancer patients, a further understanding of 
the MBC-specific immune landscape is essential for the 

clinical applicability of personalized immune therapeutic 
strategies.

To date, limited information is available regarding 
immune-related biomarkers in MBC, thus largely cut-
ting out male patients from the possibility of receiving 
ICI treatment. Single-cell transcriptome analysis dem-
onstrated that MBC had a significantly lower degree of 
immune infiltration than FBC, especially T and B cells 
[17]. However, it was recently shown that about 4% of 
MBCs displayed a TIL density > 50% and about 7%, all 
of luminal subtype, a PD-L1 cell score > 1% [18]. Impor-
tantly, in our previous study, immune response emerged 
as the most relevant process able to discriminate MBC 
subgroups at the transcriptional level. From unsuper-
vised clustering approach, two distinct MBC subgroups 
emerged, named Cluster 1 and Cluster 2, with Cluster 1 
enriched for BRCA2-associated cases, and displaying up-
regulation of genes involved in immunity pathways and 
a possible worse overall survival compared with Cluster 
2 [19]. Overall, all these data pointed to the possibility 
that a subset of MBCs, not overlapping with responsive 
subsets identified in FBCs, such as TNBC, may harbor 
an immunogenic microenvironment and may potentially 
benefit from ICI therapy.

To further address this issue, this study aims to perform 
a comprehensive, transcriptomic-based profiling of the 
immune landscape of MBC, by characterizing immune-
related biomarkers according to germline mutational 
status, molecular and pathology features, to identify 
MBC subtypes with possible clinical significance. This 
approach may provide insights into the determinants of 
immune responses in MBCs and, eventually, inform the 
identification of MBC patients that may benefit from per-
sonalized treatment.

Methods
Study population
A series of 123 MBC cases, collected within the Italian 
multicenter study on MBC, which comprises samples 
and data from more than 1000 MBCs, were selected for 
the present study. Transcriptome data by RNA-sequenc-
ing were already available for 63 MBCs, as previously 
described in detail [19]. Here, we expanded the series by 
analyzing additional 60 MBCs based on the availability of 
formalin-fixed, paraffin-embedded (FFPE) tumor sam-
ples that could provide an adequate quantity and qual-
ity of RNA to carry out molecular analyses. Overall, the 

Conclusions  This study identifies a transcriptionally defined, immunogenic subset of MBCs with potential sensitivity 
to immune checkpoint inhibitors. These findings highlight the need for sex-specific immune profiling and provide a 
rationale for incorporating immunotherapy into precision treatment strategies for men with breast cancer.
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series of 123 MBCs was collected from 6 research centers 
(Supplementary Table 1). All MBC cases analyzed were 
of self-reported European (Caucasian) ethnicity.

All MBC cases were tested for germline BRCA1 and 
BRCA2 PVs, performed in the frame of genetic coun-
seling programs at the center of origin [4]. The majority 
of cases negative for BRCA1/2 PVs were retested using 
Next-Generation Sequencing for germline PVs in 50 
cancer-related genes, allowing the identification of PVs in 
other BC susceptibility genes [4]. Overall, 41 MBCs with 
germline PVs in MBC risk genes (26 BRCA2, 12 BRCA1 
and 3 PALB2) and 82 MBCs without germline PVs were 
included in this study.

Pathology information for each MBC was obtained, 
including histology, grade, lymph node status, estrogen, 
progesterone and androgen receptors (ER/PR/AR), HER2 
expression, Ki67 status.

Data on vital status, in terms of overall survival (OS) 
were available for 109 out of 123 recruited cases. All 
MBC patients analyzed in this study underwent surgery 
without neoadjuvant therapy administration. For each 
MBC case, informed consent was obtained. The study 
was approved by the Local Ethical Committee (Sapienza 
University of Rome, Prot. 669/17).

IHC analysis
A subset of 70 MBCs was analyzed by IHC analysis, to 
evaluate the correlation between molecular and pathol-
ogy data. First, hematoxylin and eosin-stained FFPE 
tumor slides were evaluated for the presence and per-
centage of stromal TILs, according to the standardized 
method proposed by the International TILs Working 
Group in 2014 [20]. TILs were quantified as a percentage 
of the stromal area of the tumor and expressed as a con-
tinuous parameter. Cases were stratified into high- and 
low-TILs according to the cut-off of 50% [21]. To assess 
and quantify T lymphocytes specifically, IHC was car-
ried out using CD3 antibody (1: 100 Roche Diagnostics, 
Basilea, Switzerland). The number of CD3 positive lym-
phocytes was quantified and expressed as a percentage of 
the total number of TILs.

Scoring of PD-L1 expression by IHC testing was 
assessed in FFPE tumor slides using either the 22C3 
clone (Agilent DAKO, Santa Clara, CA, US) or the SP263 
clone with Ventana BenchMark Ultra platform (Ventana 
Medical Systems, Inc., AZ, U.S). Preparation and staining 
were done according to the manufacturer´s instructions. 
PD-L1 staining was evaluated according to the combined 
positive score (CPS), defined as the number of PD-L1–
staining cells (tumor cells, lymphocytes, and macro-
phages) divided by the total number of viable tumor cells, 
multiplied by 100 [22]. 

RNA isolation and sequencing
RNA from breast tumors was extracted from microdis-
sected FFPE sections using the MiReasy FFPE kit (Qia-
gen, Hilden, Germany) and subsequently processed as 
previously described [19]. Briefly, libraries were prepared 
using the TruSeq RNA Access Library Prep kit (Illumina, 
San Diego, CA, USA) and sequenced in paired-end mode 
(2 × 75 bp) on an Illumina NextSeq platform.

A bioinformatic pipeline including FastQC for qual-
ity control, cutadapt to remove the adapter sequence (if 
present) and the very short reads (read length < 25  bp), 
STAR for alignment on reference homo sapiens hg19 
(Ensembl version GRch37), and FeatureCounts for count-
ing reads was used to analyze the data. Raw read counts 
and transcripts per million (TPM) counts were obtained 
for all samples analyzed.

Transcriptomic-based analysis
Gene expression of the immune checkpoint mark-
ers PD-1 (PDCD1 gene) and PD-L1 (CD274 gene) were 
estimated as TPM. A score for the presence of immune 
infiltrate (Immune Score) was inferred by transcrip-
tomic data using ESTIMATE (Estimation of STromal and 
Immune cells in MAlignant Tumor tissues using Expres-
sion data) tool [23]. 

Immune cell infiltration abundances and fractions were 
estimated based on transcriptomic data using CIBER-
SORTx and MCP-counter [24, 25]. CIBERSORTx is a 
deconvolution-based approach which provides both the 
immune cell fractions relative to total immune cell con-
tent for each tumor, and an absolute proportion of 22 
distinct infiltrating immune cell types within a tumor 
sample, allowing for both intra-sample comparisons 
between immune cell types and inter-sample compari-
sons of the same cell type [24]. MCP-counter tool is a 
marker-gene-based approach which allows the quantifi-
cation of the absolute abundance of eight immune, two 
stromal cell populations and a cytotoxicity score, compa-
rable among different samples [25]. 

TIDE (Tumor Immune Dysfunction and Exclusion) 
module was used to predict patient response to immune 
checkpoint blockade [26]. 

To validate our results, ESTIMATE, CIBERSORTx and 
TIDE analyses were also performed on two MBC series 
from available external datasets, including 46 MBCs from 
Severson et al. [27] (available on NCBI-GEO, accession n. 
GSE104730), and for 12 MBCs from The Cancer Genome 
Atlas (TCGA) dataset (available at ​h​t​t​p​s​:​/​/​w​w​w​.​c​a​n​c​e​r​.​g​o​
v​/​t​c​g​a​​​​​​)​.​ [28]

An unsupervised hierarchical clustering analysis was 
performed using pvclust [29] on the sample correlation 
matrix, constructed using the 2.000 most variable tran-
scripts among the 123 MBC samples, to validate pre-
viously reported MBC subgroups with distinct gene 

https://www.cancer.gov/tcga
https://www.cancer.gov/tcga
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expression patterns [19]. Differential expression analysis 
was performed using R package DESeq2 as previously 
described [19]. PAM50 subtype classification was per-
formed using genefu package in R studio [30]. 

Statistical analysis
Association between transcriptome-based profiles and 
IHC data, pathology features, molecular subtypes and 
germline mutational status were evaluated by using linear 
regression, Wilcoxon rank-sum test, Kruskall-wallis test 
and Chi-square test, as appropriate. A receiver operat-
ing characteristic (ROC) curve analysis, with evaluation 
of the area under the curve (AUC), was performed as an 
additional correlation metric.

Survival time was calculated from the date of interview 
to the date of death from any cause or the last follow-up 
for alive patients, as previously described [19, 31]. OS 
was estimated using the Kaplan–Meier method, and dif-
ferences between groups of patients were assessed by the 
log-rank test and Cox regression models. For continu-
ous variables, the cut-off for dividing cases in two groups 
(high and low) in the survival analysis was based on 
median values in the whole MBC series. In all analyses, 
p-values ≤ 0.05 were considered statistically significant. 
All statistical analyses were performed with the R Studio 
software and Stata software version 18.

Results
Characterization of the immune landscape of MBCs
TIL density was estimated based on pathology evalua-
tion. The range of TIL density was 1–70%, with a median 
value of 10%. The majority of MBCs (68.9%) had < 50% 
TILs. T cells (CD3+) represented ≥ 80% of TILs in 96.4% 
of analyzed MBCs.

PD-L1 status was first estimated by IHC. Using a CPS 
≥10 as the cut-off for PD-L1 positivity, in line with crite-
ria established for FBC, positive PD-L1 IHC staining was 

observed in 2 out of 70 MBC cases analyzed (Fig. 1A-B). 
When adopting a CPS ≥ 1 threshold for PD-L1 positivity, 
as previously proposed for MBC [32], a total of 6 out of 
70 cases (8.6%) were classified as PD-L1 positive by IHC.

In addition, gene expression of both PD-1 and PD-L1 
was estimated as TPM from transcriptomic data. In our 
MBC series, PD-1 expression ranged from 0 to 14.9 TPM 
(median = 0 TPM), whereas PD-L1 expression ranged 
from 0 to 30.5 TPM (median = 1.7 TPM) (Supplementary 
Fig.  1A-B). Immune score was inferred from transcrip-
tomic data using ESTIMATE tool. In our MBC series, 
immune score values ranged from − 1,218.5 to 2299.9 
(median = 48.2) (Supplementary Fig. 1C).

Similar immune score value ranges and medians were 
observed in MBCs from the two external datasets used as 
validation series (Supplementary Fig. 2) [27–28].

Correlations between PD-L1 IHC, PD-1 and PD-L1 
gene expression and immune score emerged. MBCs 
showing a positive PD-L1 staining in IHC displayed a 
significantly higher PD-L1 gene expression compared 
with MBCs cases with negative PD-L1 IHC (p = 0.0008) 
(Fig. 2A). The association between PD-L1 IHC and gene 
expression was further confirmed by the ROC analysis 
(AUC = 0.88, 95% CI 0.78–0.99) and linear regression 
model (p = 0.01) (Supplementary Fig. 3A-B).

MBCs showing a positive PD-L1 staining in IHC dis-
played significantly higher ESTIMATE immune score 
values compared with MBCs cases with negative PD-L1 
IHC (p = 0.0013) (Fig. 2B). Notably, ESTIMATE immune 
score values were also positively correlated with PD-1 
(p < 0.00001) and PD-L1 (p < 0.00001) gene expres-
sion, and with the percentage of TILs (p = 0.0005) 
(Fig. 3A-B-C).

To estimate immune cell infiltration profiles based on 
transcriptomic data, CIBERSORTx and MCP-counter 
tools were used. Absolute immune cell quantification 
was consistent among cell types, including monocytes, 

Fig. 1  Exemplificative pictures of immunohistochemical expression of PD-L1 in MBC. (A) MBC characterized by the absence of PD-L1 expression; (B) MBC 
positive for the SP263 antibody
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macrophages, neutrophils, NK cells, T cells and B cells, 
estimated by both quantification tools (Supplementary 
Fig. 4).

We first evaluated the reliability of transcriptomic-
based quantification methods by comparing computa-
tional data with IHC. A positive correlation was observed 
between CIBERSORTx and IHC in evaluating overall 
TILs (Adjusted R2 = 0.38; p < 0.0001), as well as CD3 + T 
cells (Adjusted R2 = 0.42; p < 0.0001) (Supplementary 
Fig. 5A). Similar results were obtained with MCP-coun-
ter tool (Supplementary Fig. 5B).

CIBERSORTx relative abundance data showed that 
CD4 + memory resting T cells (24.5%), M2 macrophages 
(14.4%) and M0 macrophages (13.8%) represented the 
top three highest infiltrating fractions (Fig. 4). Mast cells, 
both resting and activated, together represented about 
9% of the entire immune infiltrate. Each of monocytes 
and naïve B cells represented about 4% of the immune 
infiltrate. Other cell types were more scarcely repre-
sented within the immune infiltrate (Fig. 4).

Immune deconvolution analysis performed on the 
two MBC validation series from external datasets [27, 
28] confirmed, although with different percentages, that 
macrophages M0/M2 and CD4 + memory resting T cells 
are the top three highest infiltrating fractions, accounting 
for more than 50% of MBC immune infiltrate (Supple-
mentary Fig. 6).

Prediction of response to immunotherapy based on gene 
signatures
To predict patient response to ICI-based immunother-
apy, we applied the TIDE module. Overall, 77 out of 123 
(62.6%) MBC cases were predicted as potential non-
responders, while 46 out of 123 (37.4%) MBCs were pre-
dicted as potential responders (Fig. 5A). TIDE module 
applied to the two MBC validation series from external 

datasets showed that 26 out of 46 (56.5%), MBCs from 
Severson et al. [27], and 3 out of 12 (25%) MBCs from 
TCGA [28] were predicted as potential responders (Sup-
plementary Fig. 7).

Notably, responders showed significantly higher PD-1 
(p < 0.0001) and PD-L1 (p < 0.0001) gene expression, 
higher ESTIMATE immune score values (p < 0.0001) and 
a higher percentage of TILs (p = 0.04) compared with 
non-responders (Fig. 5B). Consistently, MBCs predicted 
as responders displayed higher abundance of all types of 
infiltrating immune cells compared with non-responders 
(Fig. 5C). Notably, within immune infiltrate, the fraction 
of M1 macrophages and CD4 + memory resting T cells 
was higher in responders compared with non-responders 
(Supplementary Fig. 8A).

Associations of immune-related features with MBC 
molecular subgroups
To validate and further characterize the previously iden-
tified molecular subgroups of MBC based on transcrip-
tomic data, an unsupervised clustering analysis was 
performed on the whole series of 123 MBC samples. 
This approach led to the identification of two distinct 
subgroups, designed as Cluster 1 (n = 78) and Clus-
ter 2 (n = 45), consistent with findings from a previous, 
smaller dataset [19] (Supplementary Fig. 9A). Differen-
tial gene expression analysis between the two clusters 
revealed that immune-related processes were the most 
relevant features distinguishing Cluster 1 and Cluster 2 
at transcriptional level. In particular, 2338 differentially 
expressed genes between the two Clusters emerged, 1498 
over-expressed in Cluster 1 (top hits include IGKV3-20, 
FUT6, and IRX6 genes) and 840 over-expressed in Clus-
ter 2 (top hits include NPY, PLEC, and SNORD116-24 
genes) (Supplementary Fig. 9B). Enrichment analysis 
highlighted a significant up-regulation for genes mainly 
involved in immunity, including both innate and adap-
tive immune response, in Cluster 1 (Supplementary Table 
2). Notably, Cluster 1 showed a higher PD-1 (p = 0.007) 
and PD-L1 (p = 0.0001) gene expression, and a higher 
immune score (p = 0.008), compared with Cluster 2 (Fig. 
6).

Consistently, Cluster 1 exhibited a significantly higher 
absolute abundance of various infiltrating immune cell 
types, including T cells, NK cells, B cells, monocytes, 
macrophages, and dendritic cells, compared with Cluster 
2 (Supplementary Fig. 10). Notably, among the immune 
infiltrates, Cluster 1 showed a greater proportion of M1 
macrophages, and a lower proportion of activated mast 
cells was lower compared with Cluster 2 (Supplementary 
Fig. 8B).

Furthermore, MBCs predicted to be potential respond-
ers to immunotherapy, as assessed by the TIDE module, 
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were significantly enriched in Cluster 1 (82.6%) com-
pared with Cluster 2 (17.4%) (p = 0.001).

Associations of immune-related features with 
clinicopathological characteristics
To explore potential predictive and prognostic char-
acteristics of immunogenicity in MBCs, we analyzed 
immune-related features in relation to germline PV sta-
tus, pathological characteristics, and clinical outcomes.

Our series included 41 MBC cases with germline PVs, 
including 26 BRCA2, 12 BRCA1 and 3 PALB2, and 82 
cases without identified PVs. The main clinicopathologi-
cal characteristics are detailed in Supplementary Table 3. 
The median age at diagnosis was 66 years (range 32–91). 
Most tumors were invasive ductal carcinomas (95.9%) of 
intermediate-high histologic grade (91.3%) with a high 
prevalence of hormone receptor positivity: ER (95.7%), 
PR (91.2%) and AR (92.8%). The majority were HER2 
negative (87.6%) and exhibited high Ki67 expression 
(58.7%). Intrinsic molecular subtypes were assigned using 
transcriptome profiling based on the PAM50 gene signa-
ture. Luminal B was the most frequent subtype (47.1%), 
followed by Luminal A (30.1%), HER2-enriched (12.2%), 
Basal-like (6.5%) and Normal-like (4.1%). Overall survival 
analysis was performed on 109 MBCs with available fol-
low-up data (mean follow-up: 8 years; range 0–20), dur-
ing which 39 death events (35.8%) were recorded.

No significant differences were observed in TILs per-
centages, PD-1 and PD-L1 expression, ESTIMATE 
Immune scores, TIDE-predicted immunotherapy 
responder status or transcriptomic cluster classification 
between MBCs with and without germline PVs. Similar 
findings emerged when BRCA1, BRCA2 and PALB2 were 
analyzed individually.

However, differences were noted in the composition of 
the immune infiltrate. MBCs with germline PVs showed 
a significantly higher abundance of CD4 + memory acti-
vated T cells (p = 0.001) and resting mast cells (p = 0.007), 
and a lower abundance of eosinophils (p = 0.04) and 
activated mast cells (p < 0.00001), compared with MBCs 
without germline PVs (Fig.  7). In addition, endothelial 
cell abundance was significantly lower in MBCs with 
germline PVs (p = 0.01) (Fig.  7). When stratified by spe-
cific gene, variations in immune cell composition were 
observed among wild-type, BRCA1-, BRCA2- and 
PALB2-associated MBCs (Supplementary Fig. 8C). Nota-
bly, the M2 macrophages fraction was significantly lower 
in BRCA1-associated MBCs compared with the other 
subgroups (p = 0.02).

With regard to pathology features, no statistically sig-
nificant differences were found in TILs percentages, 
PD-1 and PD-L1 expression, ESTIMATE Immune scores 
and TIDE-predicted responder status. However, MBCs 
with positive PD-L1 IHC staining were more likely to be 
ER-negative compared to PD-L1 negative cases (p = 0.04). 
In terms of transcriptional clustering, Basal-like, HER2-
enriched, and Luminal B subtypes were more frequently 
observed in Cluster 1, whereas Luminal A and Normal-
like subtypes in Cluster 2 (p = 0.02). Notably, all five 
ER-negative MBCs in the series were classified within 
Cluster 1 (p = 0.09). Moreover, MBCs in Cluster 1 more 
frequently exhibited high Ki-67 expression (p = 0.02).

In MBCs with high histologic grade, the abundance of 
M1 macrophages was significantly higher compared to 
low histology grade MBCs (p = 0.02). Similarly, high Ki-67 
MBCs were characterized by higher abundance of M1 
macrophages (p = 0.01), endothelial cells (p = 0.01), can-
cer associated fibroblast (CAFs) (p = 0.02) and a higher 
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cytotoxicity score (p = 0.03), compared with Ki-67 low 
MBCs. In AR+ MBCs, there was a significantly higher 
abundance of eosinophils (p = 0.01), endothelial cells 
(p = 0.02), CAFs (p = 0.04) compared with AR- MBCs. A 
higher abundance of eosinophils was also observed in 
HER2- MBCs compared with HER2 + MBCs (p = 0.01) 
(Supplementary Fig. 11).

Differences in immune cell composition were also 
observed across intrinsic molecular subtypes as defined 
by PAM50, with M0 and M1 macrophages, and activated 
and resting mast cells showing the most pronounced 
variation among molecular subtypes (Supplementary 
Fig. 8D, Supplementary Fig. 12).

No significant differences in OS were observed accord-
ing to TILs percentages, PD-1 and PD-L1 expression, 
ESTIMATE Immune scores, TIDE predictions, or Clus-
ter subtype classification. However, a higher abundance 
of NK cells, particularly activated NK cells, and mono-
cytes was associated with a better survival (Fig. 8).

In a multivariate Cox regression model including NK 
cells, activated NK cells and monocytes, as well as age 
at diagnosis, germline PV status and histologic grade as 
possible confounding factors, the abundance of NK cells 
and activated NK cells emerged as independent prognos-
tic factors (Supplementary Table 4).

Cut-off for survival analysis were based on the median 
value of each cell abundance in the whole MBC series. 
Given that the abundance of NK cells is very low (median 
for NK cells: 3, range 0-174.5; median for activated NK 
cells: 0.038, range 0-0.18), a sensitivity analysis was per-
formed with a different cut-off considering absence/
presence of these cells (i.e., abundance values 0 vs. >0). 
Associations with survival according to this cut-off were 
confirmed (NK cells p = 0.009; activated NK cells = 0.047).
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Discussion
Accumulating evidence comparing male and female BCs 
has revealed sex-related differences in immune-related 
characteristics. Notably, PD-1 expression on TILs is sig-
nificantly less frequent in males, and MBCs display lower 
immunogenicity, with reduced T and B cell infiltration 
compared to FBCs [17, 32, 33]. Similar findings were also 

reported in murine models, where male mice showed 
lower levels of intratumoral leukocyte infiltration [34]. 

Given these emerging sex-related immunological dif-
ferences, we hypothesized that distinct molecular fea-
tures, beyond those recognized in FBC, may define 
immunogenic subgroups in MBC. To our knowledge, 
this is the first study focusing on immune-related 
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transcriptomic profiling in a well-characterized series of 
MBCs to enable sex-specific patient stratification for per-
sonalized immunotherapy.

Our findings support the hypothesis that while most 
MBCs are immunologically quiescent, a subset may har-
bor immunogenic features. Analysis of established immu-
notherapy biomarkers showed that a subset of MBCs was 
characterized by high TIL density and PD-L1 expression 
(via IHC), aligning with prior MBC studies [18, 32, 35]. 
Notably, transcriptomic-based immune scores strongly 
correlated with PD-1/PD-L1 gene expression and IHC 
assessments, indicating their reliability as indicators of an 
immunogenic microenvironment.

PD-L1 positivity thresholds by IHC have been validated 
in FBC but not in MBC; nevertheless, the same cut-offs 
are currently applied in clinical practice to both sexes, 
with CPS ≥ 10 being the most commonly used thresh-
old for immune checkpoint inhibitor eligibility in BC, 
including for agents such as pembrolizumab [22]. Based 
on a previous study of PD-L1 expression in MBC [32], 
we additionally explored CPS ≥ 1 as a potentially more 
appropriate positivity threshold for male disease. Nota-
bly, in our cohort, PD-L1 IHC assessed using the CPS ≥ 
1 cut-off showed a strong correlation with PD-L1 gene 
expression and transcriptome-based immune scores, 
providing biological support for the further investigation 
and prospective validation of sex-specific PD-L1 positiv-
ity thresholds in the breast cancer clinical setting.

Among immune populations, CD4 + memory resting 
T cells, M2 macrophages, and M0 macrophages were the 
most abundant, consistent with single-cell RNA-seq data 
from MBC [17]. Immune cell deconvolution correlated 
with IHC data for TILs and CD3 + T cells. Overall, these 
observations further strengthen the reliability of the in 
silico deconvolution tools used in this study.

Using the TIDE score, originally validated in melanoma 
and NSCLC, and subsequently applied to BC [36–38], we 
predicted response to ICI. Approximately 37% of MBCs 
were classified as potential responders, characterized 
by elevated immune biomarkers and higher immune 
cell infiltration compared with non-responders. These 
findings suggest that MBC may exhibit features associ-
ated with immune checkpoint inhibitor responsiveness. 
However, in the absence of real-world immunotherapy 
response data for our cohort and given that the external 
validity of TIDE in MBC has not yet been established, 
the clinical relevance of these observations remains pre-
liminary. Accordingly, our results should be regarded as 
hypothesis-generating and primarily support the need 
for future studies aimed at the prospective validation of 
immunotherapy response predictors, including TIDE, in 
MBC.

Although publicly available transcriptomic datasets 
for MBC are limited, we were able to externally replicate 

our findings on immune scores, immune deconvolution, 
and TIDE-based classification with a high degree of con-
sistency in two independent MBC cohorts, comprising a 
total of 58 additional cases [27, 28]. Nevertheless, some 
discrepancies in immune cell infiltrate abundances and in 
the prevalence of TIDE-predicted responder status were 
observed across datasets, likely reflecting differences 
in the composition of the three MBC series analyzed. 
Notably, our cohort is enriched for BRCA PV carri-
ers, whereas in the TCGA dataset only two of 12 MBCs 
harbored BRCA variants. In contrast, although Sever-
son et al. [27] did not report BRCA status, their cohort 
was strongly enriched for the M1 molecular subtype as 
defined by Johansson et al. [10], which we and others 
have previously shown to resemble our Cluster 1 subtype 
and to be enriched for potentially immunogenic MBCs 
[19]. This may account for the higher proportion of pre-
dicted ICI responders observed in that series.

To define male-specific immunogenic subgroups, we 
performed unsupervised clustering, which revealed two 
distinct transcriptomic clusters, consistent with our pre-
vious findings [19]. Immune response emerged as the 
most relevant process discriminating the two clusters at 
the transcriptional level. Cluster 1 was enriched for pre-
dicted ICI responders and showed significantly higher 
PD-1/PD-L1 expression, immune scores, and immune 
cell infiltration. This cluster mainly included basal-like, 
HER2-enriched, and Luminal B MBCs, encompassing 
all ER-negative tumors, and thus may represent the sub-
group most likely to benefit from immunotherapy. Given 
that MBC is predominantly ER-positive [39], transcrip-
tomic profiling could expand treatment eligibility beyond 
traditional standard pathology-driven criteria.

Accumulating evidence on ICI response in FBCs has 
confirmed TNBC as the most responsive subtype. By 
contrast, the role of ICI in luminal BCs, which repre-
sent the majority of MBCs, remains unclear and has 
been considered of limited benefit [14–16]. Interest-
ingly, early results from large phase III trials demonstrate 
that adding ICIs to standard neoadjuvant chemotherapy 
improves response rates in early-stage, high-risk luminal 
BC. The benefit was greater in tumors with PD-L1 posi-
tivity or high levels of immune cell infiltrates, reaching 
response rates comparable to TNBC, thereby suggesting 
that a subset of luminal FBCs may also be highly respon-
sive to immune-based treatments [40]. Accordingly, the 
use of ICIs in combination with chemotherapy, as already 
approved for TNBC, could be extended to additional BC 
subtypes displaying immunogenic features. In line with 
this, our data on MBC support the possibility that lumi-
nal MBCs may harbor an immunogenic microenviron-
ment and may thus potentially benefit from ICI therapy. 
If further validated in future clinical trials, these findings 
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may inform improved therapeutic strategies for luminal 
BC in both sexes.

 BRCA1/2-associated cancers may develop immune-
evasive microenvironments [41]. In FBC, BRCA1/2-
deficient tumors have been linked to increased immune 
infiltration and higher expression of PD-1 and PD-L1 
[42]. In our study, no significant differences were found 
in TILs density, PD-1 and PD-L1 expression, immune 
scores or TIDE predictions between MBCs with or with-
out PVs; however, the composition of the immune infil-
trate differed. Specifically, CD4 + memory activated T 
cells and resting mast cells were enriched in PV carriers, 
while eosinophils, endothelial cells, and activated mast 
cells were more abundant in non-carriers, suggesting that 
germline mutation status could impact on MBC micro-
environment, highlighting immune cell types that may be 
driven by different underlying molecular pathways.

CD4 + T cells, especially memory subtypes, are pivotal 
in anti-tumor immunity [43, 44]. Their higher abundance 
in PV carriers suggests that DNA repair defects may drive 
neoantigen formation and subsequent immune activa-
tion. Conversely, the role of mast cells remains controver-
sial, as they can exhibit both pro- and anti-tumor effects 
[45, 46]. An in silico analysis in FBC indicated a signifi-
cantly higher infiltration of mast cells in luminal tumors, 
particularly Luminal A, compared with more aggressive 
HER2-positive and TNBC subtypes [47]. In MBC, mast 
cell abundance and activation state varied with germline 
PV status and molecular subtype, being more activated 
in Luminal A tumors and more resting in basal-like and 
Luminal B.

Eosinophils and endothelial cells were more prevalent 
in BRCA wild-type MBCs. Eosinophils may contribute to 
angiogenesis partially through the release of VEGF stored 
in their granules [48], while endothelial cells play a key 
role in tumor vascular regulation [49–51]. Interestingly, 
BRCA genes have been implicated in the regulation of 
endothelial cell survival and inflammation, suggesting 
a potential mechanistic link between BRCA status and 
vascular features [52, 53]. These findings underscore the 
need for further investigation into endothelial subpopu-
lations and their relationship to BRCA mutational status 
in MBC.

A complex interplay among mast cells, eosinophils, 
and CD4 + T cells was observed in MBC. Specifically, the 
presence of eosinophils was associated with a reduced 
abundance of resting mast cells and CD4 + memory T 
cells, consistent with findings reported in FBC [54–56]. 
Eosinophils were less abundant in HER2 + MBCs consis-
tent with the observation that MBC with BRCA PVs are 
enriched in HER2 + subtype [57]. A similar association 
between eosinophilic infiltration and HER2 status was 
recently reported in FBC [58]. 

Distinct from FBC, where BRCA1 is often associated 
with triple-negative tumors [59], BRCA1-associated 
MBCs lack this phenotype. BRCA2-associated MBCs, 
however, appear more aggressive than their female coun-
terparts [8]. We found that these tumors harbored higher 
levels of M2 macrophages, consistent with their pro-
tumorigenic role and the aggressive behavior of BRCA2-
driven MBC [60]. Meanwhile, M1 macrophages, typically 
displaying anti-tumor effects [61], were enriched in 
high-grade, Ki-67-high, Luminal B tumors, suggesting 
an immunogenic profile reminiscent of TNBC in females 
[62]. These findings may indicate that sex-specific roles of 
BRCA1 and BRCA2 may influence immune phenotypes 
in BRCA-associated breast tumors, further underscoring 
the biological divergence between male and female BCs.

Within our cohort, Ki-67, a proliferation marker used 
to distinguish Luminal A from Luminal B subtypes, 
alongside AR status, emerged as a key determinant of 
the immune microenvironment. Specifically, AR-posi-
tive, highly proliferative MBCs exhibited higher levels 
of endothelial cells and CAFs compared to AR-negative, 
Ki-67-low tumors. Both cell types can express Ki-67, con-
tributing to a proliferative signaling environment that 
may influence angiogenesis and tumor invasion [63, 64]. 
Furthermore, mesenchymal/stromal AR plays a well-
established role in prostate cancer development, a dis-
ease sharing notable molecular parallels with MBC [65]. 
In particular, AR and androgen-dependent signaling are 
active in CAFs and exert significant immunosuppressive 
effects on prostate cancer cells [66]. In this context, AR 
activity is enhanced by IL-6/STAT3 signaling, contrib-
uting to immunosuppressive tumor progression [67]. In 
general, androgen signaling shapes male-specific immune 
landscapes, often dampening antitumor inflammatory 
responses and influencing cancer therapy outcomes [68–
69]. This evidence, together with our results, may add to 
the hypothesis that sex-related differences observed in 
BC may be driven by androgen signaling.

In terms of prognostic immune biomarkers, our multi-
variate Cox analysis revealed that high abundance of NK 
cells was an independent favorable prognostic factor. NK 
cells, essential for tumor immunosurveillance, have been 
linked to improved outcomes in various cancers, includ-
ing BC, particularly TNBC [70–72]. Our study is the first 
to report this positive prognostic role in MBC, highlight-
ing their potential clinical relevance.

Limitations of this study include its retrospective 
design and the absence of treatment data, which restricts 
the ability to draw definitive conclusions regarding 
therapeutic response. Additionally, immune cell infil-
tration was inferred through in silico deconvolution of 
bulk transcriptomic data, rather than through single-cell 
analysis. However, our findings showed strong concor-
dance between transcriptomic data and IHC, as well as 
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consistency with previous single-cell RNA-seq results 
[17], supporting the reliability of transcriptome-based 
approaches for immune profiling in MBC. Given the rar-
ity of MBC and the limited availability of large cohorts 
of fresh-frozen tissue samples, transcriptomic profil-
ing of FFPE samples represents a feasible and informa-
tive alternative for dissecting biologically and clinically 
relevant immune features. Nonetheless, future studies 
should aim to evaluate cell-specific transcriptomic pro-
files and the spatial localization of immune cells within 
the MBC tumor microenvironment, in order to validate 
and expand upon these observational findings.

In conclusion, our data provide the first comprehen-
sive evidence that a subset of MBCs may benefit from 
ICI-based immunotherapy, featuring immunogenic 
properties distinct from those in FBC. Immune profiling 
identified CD4 + memory T cells, M1/M2 macrophages, 
mast cells, and NK cells as potential predictive or prog-
nostic biomarkers in MBC. These findings contribute to 
a deeper understanding of sex-specific immune features 
in BC, laying the groundwork for precision medicine 
approaches specifically tailored to male patients, rather 
than extrapolated from the female counterpart.
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