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Abstract
Women with germline BRCA1 variants face a high lifetime risk of breast cancer, necessitating novel
immunoprevention strategies. While the BRCA1-mutant tumor immune microenvironment (TME) is
known to be immunologically active, the specific, targetable alterations that distinguish malignant
tumors from the BRCA1-mutant normal tissue of the same carrier remain undefined.

We performed integrated transcriptomic and immunologic profiling on a unique cohort of trio BRCA1-
mutant breast tumors, their matched adjacent and distant normal tissues, and separate normal breast
tissues from tumor-free women harboring pathogenic germline BRCA1 variants. This within-carrier
design enables precise dissection of tumor-specific transcriptional and immune microenvironmental
changes while controlling for both germline BRCA1background and host immune context.

Our analysis revealed a "hot but suppressed" TME, with high CD8+ T-cell infiltration counteracted by PD-
L1/CTLA4 upregulation. We uncovered that BRCA2is upregulated in tumors, where its high expression
paradoxically correlates with a "cold," T-cell-excluded immune phenotype. Concurrently, we identified an
80-gene "public" antigen signature, prioritizing five lead candidates (LEMD1, EPYC, H3C13, H3C14, and
H4C15), that are, critically, most highly expressed in these "cold," high-BRCA2tumors. The upregulation of
Lemd1 was subsequently confirmed in the Brca1-deficient mouse model.

These findings identify BRCA2 upregulation as a marker of an immune-suppressed state in BRCA1-
mutant tumors and highlight candidate targets for BRCA-mutant patient-specific preventative vaccine
development.

INTRODUCTION
Over 12 million individuals in the United States have a genetic predisposition to cancer, a number likely
underestimated, as a recent large-scale study suggests the prevalence of pathogenic variants in key
cancer susceptibility genes may be higher than previously expected, affecting up to 5% of the
population1. Heritable variants in BRCA1 (0.22% prevalence) and BRCA2 (0.42% prevalence) represent

the most common cause of hereditary breast cancer2. Women carrying germline BRCA1/2 variants face
a lifetime risk of up to 85% for developing breast cancer, often developing in their early 30s, compared to
a 13% risk in the general population3. For the past two decades, this understanding has guided clinical
decision-making, primarily involving aggressive management strategies like annual radiological
surveillance and risk-reducing surgeries such as prophylactic mastectomy4. While effective, these
interventions are highly invasive, highlighting a critical need for non-surgical preventive strategies.

The success of PD-1/PD-L1 inhibitor immunotherapies has firmly established the principle that the
immune system can be harnessed to eradicate tumors5–7. This success raises an intriguing question for
cancer interception: what is the baseline immune landscape in BRCA1-mutant tissues before and during
malignant transformation? Recent studies have begun to characterize this landscape, revealing that
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BRCA1-deficient tumors are often immunologically "hot," characterized by T-cell infiltration, genomic
instability, and activation of the cGAS-STING pathway. However, this pro-inflammatory state is frequently
coupled with potent immune resistance mechanisms, such as PD-L1 upregulation and the recruitment of
suppressive immune cells. This suggests a complex TME that must be navigated8–12. A key barrier to
developing effective prophylactic cancer vaccines remains the identification of truly tumor-specific
antigens that can be safely and selectively targeted to generate a productive immune response in an
often-hostile tumor microenvironment.

The search for tumor-specific antigens has primarily focused on putative targets, often overlooking the
broader tumor immune microenvironment (TME) in which these antigens are presented. A tumor's
intrinsic biology can create an immune-suppressed or "cold" state, rendering even highly immunogenic
antigens ineffective13–15. The extent to which key driver genes, such as BRCA1 and its homologous
recombination partner BRCA2, shape this immune landscape is poorly understood. Compounding this
challenge is the traditional, narrow definition of a "tumor-specific" antigen, which has prioritized "private,"
mutated neoantigens arising from DNA sequence alterations. This focus overlooks a broader spectrum
of "public" antigens that are equally tumor-specific and potentially suitable for an off-the-shelf vaccine.
Work from our group and others has demonstrated that potent anti-tumor immunity can be directed
against non-mutated self-proteins that are aberrantly expressed in cancer but absent from normal adult
tissues. Notable examples include the re-expression of placental NY-ESO-1 in sarcomas and
melanomas16, and the tumor-specific expression of α-lactalbumin, normally restricted to lactation17,18.
To capture this complexity, an optimal immunoprevention discovery strategy must build a
comprehensive atlas encompassing both public and private antigens and situate these targets within
their immunological context. We addressed this by integrating transcriptomic and immunologic analyses
of matched BRCA1-mutant breast tumor/normal trios to map the immune landscape, identify tumor-
specific antigens, and establish a framework for future immunoprevention strategies.

METHODS

Patient Selection and Study Design
This study was approved by the Cleveland Clinic Institutional Review Board. Patients were identified from
current physician schedules in the Breast Center and Plastic Surgery Center (Cleveland Clinic, Cleveland,
Ohio, USA). Adult female patients with qualifying variants and those who had undergone surgical
elections were recruited. Inclusion criteria were as follows: (1) Adult women > 18 years of age; (2) with a
germline pathogenic BRCA1 variant documented in the medical record; (3) planning to undergo a
standard of care treatment mastectomy, a treatment mastectomy with contralateral risk-reducing
mastectomy, or a bilateral risk-reducing mastectomy; and (4) able to sign informed consent. Exclusion
criteria were: (1) Men; Women < 18 years of age; (2) absence of BRCA1 variant or variant documented in
medical record; (3) not planning a standard of care treatment mastectomy, treatment mastectomy with
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contralateral risk-reducing mastectomy, or a bilateral risk-reducing mastectomy; and (4) refusal or
unable to sign informed consent.

The following tissue samples were collected by our team at the Multidisciplinary Breast Center at the
Cleveland Clinic: Matched trio breast tissue samples from individuals with germline BRCA1 variants,
including (1) breast tumors - Tumor; (2) matched normal breast tissues adjacent to the tumors –
adjacent normal (Adj_Normal); (3) matched normal breast tissues distant from the tumor via risk-
reducing contralateral breast surgeries in patients with BRCA1 tumors – distant normal (Dis_Normal);
and (4) additional normal breast tissues (from unrelated women) via prophylactic risk-reducing double
mastectomies in BRCA1 variant carriers with no history of breast cancer –prophylactic normal breast
tissue (PNT).

Tissue Processing
Post-surgery tissue samples were obtained from the Department of Pathology, Cleveland Clinic
(Cleveland, Ohio, USA). A qualified breast pathologist performed an initial gross dissection to separate
tissue into tumor, tumor-adjacent normal, and distant normal cohorts. Each specimen was then
processed in parallel: (1) for molecular analysis, a tissue portion (approx. 1 cm³) was snap-frozen in a
cryotube and stored at -80°C for subsequent RNA isolation; and (2) for histological quality assessment
(QC), an adjacent piece of tissue was fixed in 10% neutral buffered formalin and embedded in paraffin to
create a corresponding FFPE block.

Prior to RNA isolation from the frozen tissue, a definitive microscopic quality control was performed.
Sections from the matched FFPE block were stained with Hematoxylin and Eosin (H&E). A board-
certified breast pathologist reviewed these H&E slides to confirm the histological classification and
assess sample purity, annotating any contaminating cell types (e.g., fat in tumor samples; tumor cells in
normal samples). Based on this H&E review, only snap-frozen tissues corresponding to histologically
pure blocks were used directly for RNA isolation. In cases where the H&E slide revealed significant tissue
heterogeneity, the corresponding frozen tissue was embedded in OCT compound, sectioned, and specific
regions of interest were isolated via microdissection to ensure sample purity before proceeding with
RNA extraction.

RNA Extraction and Library Preparation For RNA-Sequencing
Flash-frozen tissue sections were homogenized in 1 ml Trizol (Life Technologies, Carlsbad, CA) using 5
mm stainless steel beads for 2 min at 25 Hz with a TissueLyser II (Qiagen, Valencia, CA). We utilized the
Ambion PureLink RNA Mini Kit (Life Technologies, Carlsbad, CA) for RNA extraction, DNase treatment,
and cleanup. Briefly, we applied 15 µg of total RNA, mixed with lysis buffer and ethanol (1:3), to the
column and rinsed it with Wash Buffer II (70% ethanol). DNA was digested on-column for 15 min with
PureLink DNase (Life Technologies, Carlsbad, CA), and the RNA was rinsed twice with Wash Buffer II
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(70% ethanol). We assessed RNA quality using a Bioanalyzer, and 5 µg DNA-free RNA was shipped to the
Case Western Reserve University Genomics Core (Cleveland, Ohio, USA) for library preparation and
sequencing. RNA-sequencing libraries were prepared using the Illumina TruSeq Stranded Total RNA with
Ribo Zero Kit (Illumina, San Diego, CA). The libraries were multiplexed three to a lane, grouped in
biological triplicates. We performed 100 base pair, paired-end sequencing using the Illumina HiSeq 2500
Rapid Run v2 flow cell platform.

RNA-sequencing Data Analysis

Sequencing reads were aligned to the human reference genome hg38 using STAR19 (version 2.54b).
Sequences that remained unaligned to hg38 were included in a separate pool for BLAST comparison of
sequences between normal and tumor samples to maximize the identification of potential neoantigens.
Aligned sequence reads were processed for differential expression using an in-house pipeline that
utilizes HTSeq and NOISeq. HTSeq was used to count the raw reads associated with a given gene, and
NOISeq was used for normalization and differential expression analysis. Expressed non-coding
sequences identified via alignment to hg38 were compared between tumor and normal tissues for
potential neoantigens20.

Differential Expression Analysis
Following predetermined contrasts, we calculated differential expression by comparing wild-type
Transcripts Per Million (TPM) values of BRCA1 mutant breast tumors (tissue type 1) to matched normal
adjacent (tissue type 2) and to normal distant (tissue type 3), as well as to normal breast tissue obtained
from prophylactic risk reduction surgery in BRCA1 variant carriers (tissue type 4). The differential gene
expression was modeled with the “dream” method from variantPartition package in R. Genes were
considered differentially expressed at q < 0.05 following Benjamini-Hochberg multiple testing correction
of the original p-values.

Gene-signature Score and Immune Cell Abundance
Estimation
The signature-based scoring was calculated using the rank-based single-sample gene set scoring
method (simpleScore) provided by the R package IOBR21,22. Singscore method implements a simple
single-sample geneset (gene-signature) scoring method, which scores individual samples independently
without relying on other samples in gene expression datasets.

Bulk immune cell abundance estimation was profiled using MCP-counter23. More detailed immune cell
with activation states was profiled using CIBERSORT24, which is a signature matrix file consisting of 547
genes that accurately distinguish 22 mature human hematopoietic cell populations isolated from
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peripheral blood or in vitro culture conditions, including seven T-cell types, naïve and memory B cells,
plasma cells, NK cells, and myeloid subsets.

Fusion Neoantigen Analysis

We performed gene fusion analysis on our RNA-seq data using the Arriba 1225 pipeline, a tool developed
for clinical research settings based on the ultrafast STAR aligner, as described above.

Putative Neoantigens Analysis from TCGA
Somatic whole-exome sequencing variant data from The Cancer Genome Atlas (TCGA) breast cancer
study were downloaded from dbGaP. The matched HLA typing data were generated by the TCGA pan-
cancer immune landscape effort from 885 individuals (965 samples) to incorporate individualized
neoantigens specific to the individual HLA alleles26. The germline BRCA1 variant status was downloaded
from dbGaP (Proj 21943). Only pathogenic or likely pathogenic variants as reported in ClinVar were
considered as BRCA1 germline variant-positive.

All discovered protein-coding somatic variants are translated into 17-mer peptides with the mutant
amino acid positioned in the center. The 9-mer amino acid substrings within the mutant peptides with a
projected MHC Class I binding affinity to each of the six most common patient-specific HLA alleles were
identified using a sliding window approach. The binding affinity for mutant and matched wild-type
peptides was reported to discover neoantigens using the NetMHCpan4.127 software.

Statistical Analysis
For reporting, continuous variables are expressed as mean ± standard deviation (SD) and were compared
using the Student's t-test or Paired Wilcoxon signed-rank tests. Categorical variables are presented as
count (%) and were compared using the chi-squared or Fisher's exact test. The Spearman correlation
coefficient was used to analyze the correlation between different variables. Overall differences were
evaluated by Kruskal–Wallis test. Paired Student's t-test or Wilcoxon signed-rank tests were used for
post-hoc pairwise comparisons. All statistical tests were two-sided, and a p-value of less than 0.05 was
considered significant across all analyses performed, or a False Discovery Rate (FDR) of less than 0.05
after multiple testing correction. Statistical analyses were performed using R (version 4.0.3) and RStudio
(version 2024.12.1).

RESULTS

The Transcriptomic Landscape of BRCA1-Mutant Breast
Cancer
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To comprehensively characterize the transcriptomic landscape associated with germline BRCA1
variants, we performed RNA-sequencing on four distinct breast tissue cohorts. Our primary goal was to
identify molecular differences that could inform targeted prevention strategies for BRCA1 variant
carriers. Specifically, we analyzed (1) tumor tissues, (2) matched adjacent normal breast tissues
(Adj_Norm), and (3) matched distant normal breast tissues (Dis_Norm). As an additional control group,
we analyzed (4) normal breast tissues from unrelated individuals with a germline BRCA1 variant but no
history of breast cancer (prophylactic normal breast tissue; PNT).

Principal component analysis (PCA) revealed clear segregation of global transcriptomic profiles among
the four cohorts (Fig. 1A). Tumor samples clustered distinctly from all three normal tissue groups,
underscoring a robust molecular divergence driven by malignant transformation. Notably, the matched
normal from individuals with tumor (Adj_Norm and Dis_Norm) also clustered separately from non-tumor
PNT, suggesting unique transcriptional profiles exist even within normal mammary tissue environments
with or without developed tumor. Pairwise PCA comparisons confirmed this separation across all
contrasts (tumor vs. Adj_Norm (Fig. 1B), tumor vs Dis_Norm (Fig. 1C), and tumor vs PNT (Fig. 1D).
Consistent with these findings, pairwise differential gene expression analyses identified several
significantly differentially expressed genes between the tumor and each normal tissue group (Fig. 1E-G).

We next asked how BRCA1 is expressed in breast tissue from individuals carrying germline BRCA1
variants, and whether its homolog, BRCA2, shows compensatory changes. While BRCA1 transcript levels
were similar across all cohorts (Fig. 2A), BRCA2 expression was significantly upregulated in tumors
compared to all normal tissue groups (Fig. 2B). Together, these data reveal that while BRCA1 mRNA
levels remain unchanged in variant carriers, BRCA2 expression rises specifically in tumors, suggesting a
dynamic interplay between the two homologous recombination genes during malignant transformation.
Given that such profound transcriptional alterations, including the specific upregulation of BRCA2, and
the underlying genomic instability they imply, are known to be primary drivers of immune cell infiltration
and tumor immune microenvironment remodeling28–30, we next sought to characterize the resulting
TME.

The Tumor Immune Microenvironment is Pro-Inflammatory
but Immunosuppressed
We used deconvolution algorithms to infer immune cell populations from our bulk RNA-seq data to
understand the tumor immune microenvironment (TIME). Our analysis revealed strong evidence of an
active, pro-inflammatory TIME. Tumors were significantly more infiltrated by key anti-cancer immune
cells compared to normal tissues, including total T-cells (p = 0.015) and, more specifically, cytotoxic CD8 
+ T-cells (p = 0.010) (Fig. 3A,B). This inflamed state was further supported by a definitive shift in
macrophage polarization. The TIME showed a higher abundance of pro-inflammatory M1 macrophages
(p < 0.001) and a concurrent lower abundance of immune-suppressive M2 macrophage signatures (p = 
0.048) relative to normal tissues (Fig. 3C-E). However, this pro-inflammatory environment was coupled
with potent signals of adaptive immune resistance. We observed significantly higher expression of the
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critical immune checkpoint genes CTLA4 (p = 0.0095) and CD274 (PD-L1) (p = 0.014) in tumors
compared to all normal cohorts (Fig. 3F,G).

Collectively, these data indicate that while BRCA1-mutant tumors are immunologically "hot"—recognized
and infiltrated by the immune system—they simultaneously upregulate powerful inhibitory pathways to
suppress an effective anti-tumor response. This inflamed but immunosuppressed TIME highlights the
need for therapeutic strategies that can tip the balance in favor of productive immunity, providing a
strong rationale for the identification of novel vaccine targets.

BRCA2 Upregulation Correlates with an Immunologically
Cold Tumor Microenvironment
While our analysis revealed that tumors as a group are more inflamed than normal tissues, we
hypothesized that substantial immune heterogeneity exists within the tumor cohort itself. To investigate
the potential drivers of this variability, we focused on the relationship between key homologous
recombination genes, BRCA1 and BRCA2, and the TME.

First, we examined the state of the normal tissues. In all three non-malignant cohorts, BRCA2 expression
showed a consistent positive correlation with the abundance of pro-inflammatory immune cells,
indicating a state of healthy immune coordination31,32 (Fig. 4A-C). Specifically, BRCA2 expression
showed a consistent positive correlation with the abundance of pro-inflammatory immune cells,
including T-cells and cytotoxic lymphocytes. This indicates that in a normal physiological state, higher
BRCA2 expression is associated with a more active immune environment, likely reflecting normal
immune surveillance33–36. In contrast, when we analyzed tumor tissues, we observed a striking,
paradoxical reversal of this relationship (Fig. 4D). The positive correlations seen in normal tissues were
completely inverted. In the tumor microenvironment, high BRCA2 expression was instead significantly
negatively correlated with the presence of anti-cancer immune cells. For example, BRCA2 expression
showed negative correlations with the abundance of T-cells (r = -0.24), CD8 + T-cells (r = -0.21), and
cytotoxic lymphocytes (r = -0.22).

This critical finding clarifies the heterogeneity of the TME. While tumors, on average, are inflamed, those
with high BRCA2 expression create an immunologically "cold," or T-cell-excluded, microenvironment. The
detailed correlation patterns for both BRCA1 and BRCA2 against a wider panel of immune markers are
provided in Supplementary Fig. 1, further confirming this phenomenon. This discovery of a BRCA2-
associated immune suppression mechanism provides a crucial insight into how these tumors evade
immune destruction.

Identification of a Repertoire of Immunotherapeutic Targets
Having established that BRCA1-mutant tumors are immunologically active yet remain functionally
restrained, we next identified tumor-specific antigens that could serve as suitable targets for therapeutic
vaccine development. Our approach combined comparative transcriptomic profiling with neoantigen
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discovery, integrating both shared antigens overexpressed across tumors for an "off-the-shelf" vaccine,
and private neoantigen sources.

A Core Signature of Shared, Overexpressed Antigens
To identify shared targets, our analysis of tumors versus both adjacent and distant normal tissues
identified over 1500 genes with a twofold or greater overexpression (P-adjusted < 0.05). To prioritize
robust, tumor-associated targets, this list was filtered to include only coding genes with minimal
expression in normal tissues (< 15%) but prevalent expression in tumors (> 40%).

This stringent filtering process yielded a final signature of 80 tumor-associated genes (Supplementary
Table 1). These genes were consistently overexpressed in tumor samples compared to the minimal
expression observed in all normal tissue cohorts (Fig. 5A). Comparing tumors to adjacent and distant
normal tissues identified 44 and 64 differentially expressed genes (DEGs), respectively, with 28 genes
common to both comparisons (Fig. 5B). Analysis of the prevalence of these 80 genes across the tumor
cohort revealed that 42 genes (52.5%) were overexpressed in more than 50% of tumors, and two genes
(S100P and a novel transcript C5orf46) were overexpressed in over 80% of tumors (Fig. 5C). This
suggested that breast carcinomas arising in BRCA1 variant-positive women exhibit common signaling
alterations driven by their underlying genetic predisposition, which is further reflected in a tumor-specific
differential transcriptome and protein expression profile. Notably, none of these DEGs were expressed
differently when comparing adjacent normal, distant normal, and normal breast tissues from BRCA1
variant carriers without a history of breast cancer. Finally, to confirm tumor-specificity, the expression of
these 80 candidates was evaluated across a panel of normal human tissues in the GTEx database,
allowing for the prioritization of genes with the lowest expression in non-mammary tissues (Fig. 5D).

The Landscape of Fusion-derived Neoantigens
In addition to shared antigens, we characterized the landscape of private neoantigens arising from two
classes of tumor-specific somatic variants. First, we analyzed gene fusions, a key source of novel open
reading frames37–39. Across the 62 samples, we detected 973 (30%) fusions predicted with medium or
high confidence to generate novel protein sequences (Supplementary Fig. 2, Supplementary Table 2 -
HighConfidenceFusion), yielding a median of 14 predicted fusion peptides per sample (range: 1–50).

Analysis of this high-confidence fusion set revealed a significant difference in their abundance across
the four tissue cohorts (Kruskal-Wallis p = 0.0372) (Supplementary Fig. 2). Specifically, tumor tissues
exhibited a higher median number of these high-confidence, neoantigen-producing fusions compared to
adjacent normal tissues (p = 0.03662), and showed a strong trend toward higher numbers when
compared to distant normal tissues (p = 0.06152). No significant differences were observed between the
various normal tissue cohorts (Supplementary Fig. 2).

Further in silico analysis predicted that 618 of the fusion events could produce neo-peptides. These neo-
peptide-generating fusions were detected in 14 tumor samples and 40 normal samples (Supplementary
Table 2 - NeoPeptide). Interestingly, the repertoire of predicted fusion peptides was largely distinct
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between tumors and normal tissues, with minimal overlap observed, with predicted fusion peptides
being significantly different in tumor tissues compared to normal tissues, both within matched trios and
between all cancers versus any normal tissues (despite tumors having a higher load of fusion events).
This indicates that the fusion events are highly heterogeneous and mostly private, which represent a rich
source of tumor-specific peptides that may serve as personalized vaccine targets.

From this comprehensive repertoire of shared and private antigens, we prioritized a shortlist of five lead
candidates from the shared overexpression signature for deeper investigation: EPYC, LEMD1, H3C13
(HIST2H3D), H3C14 (HIST2H3C), and H4C15 (HIST2H4B). These specific genes were selected based on
a combination of factors, including the highest magnitude and prevalence of overexpression in our
tumor cohort (Supplementary Fig. 3), minimal to no expression across vital normal tissues in the GTEx
database (Fig. 5D), and high sequence conservation in murine models, a prerequisite for future
preclinical validation studies.

Validation of Human Gene Targets in a Brca1-Deficient
Mouse Model
Following the prioritization of our five lead candidates as potential targets based on human tumor data,
we next assessed which of our top human vaccine candidates are preserved in a preclinical setting
suitable for preclinical vaccine studies. To this end, we utilized a genetically engineered mouse model
that faithfully recapitulates human BRCA1-mutant breast cancer40. We analyzed bulk RNA-seq data from
spontaneous tumors arising in a K14-Cre; p53 f/f; Brca1f/f model in which both Brca1 and p53 are deleted
(n = 21). As a stringent control, we used tumors that were also p53-deficient but retained a functional
Brca1 gene (K14-Cre p53f/f model, n = 8), allowing us to isolate the specific effects of Brca1 loss.

We focused our analysis on the mouse homologs of our top five human candidates, which all showed
sequence conservation (Supplementary Fig. 4A). The expression patterns of these homologs varied
significantly (Supplementary Fig. 4B). Expression was not detected for the mouse homologs of the
histone cluster genes H3C13, H3C14, or H4C15, while the mouse homologs for Epiphycan (Epyc) and
LEMD1 (Lemd1) were detected in the murine tumors, suggesting potential species-specific regulation or
developmental restriction.

Critically, Lemd1 was the only candidate to show a positive expression trend associated with Brca1-
deficiency, exhibiting a log2 fold change of 1.64 (padj = 0.2), while Epyc showed a log2 fold change of
0.18 (padj = 0.89) (Supplementary Fig. 4B). While this trend did not reach statistical significance after
correction for multiple testing, the magnitude of the effect clearly isolates Lemd1 as the most promising
and relevant candidate for further preclinical development. These results provide important direct
evidence supporting the advancement of an LEMD1-targeted vaccine.

The Landscape of Private, Variant-Derived Neoantigens in
TCGA Breast Cancer Samples with Germline BRCA1
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Variants
To complement our cohort-based findings, we investigated neoantigens originating from single-
nucleotide variations (SNVs) using data from the TCGA breast cancer cohort. Neoantigens that originate
from non-synonymous somatic variants, such as SNVs and insertions or deletions (Indels), are the most
extensively studied class of cancer-specific antigens. We focused on 18 individuals with a germline
BRCA1 variant from the TCGA breast cancer cohort and analyzed their somatic variant data. Compared
to non-BRCA1 mutated breast tumors, tumors carrying BRCA1 germline variant trended toward a higher
burden of somatic, protein-coding variants compared to other breast cancer subtypes (mean = 134 vs.
54, p = 0.08). Correspondingly, this resulted in a higher number of predicted neoantigens, with a trend
toward more peptides predicted to bind the patient's specific HLA types (mean = 350 vs. 136, p = 0.09)
(Supplementary Fig. 5). To identify high-confidence neoantigen candidates, we applied stringent filtering
to an initial set of 135,261 peptide-MHC-I bindings. We excluded predictions where the mutant peptide
had a weak binding score (rank > 10%) or where the corresponding wild-type peptide was also a strong
binder (ranking < 2%). This process yielded a final set of 8710 high-confidence, variant-specific bindings.
Notably, this analysis identified a neoantigen originating from a variant in the H3C13 (H3 clustered
histone 13) gene in one of the TCGA BRCA1 variant carriers. This is a particularly relevant finding, as
H3C13 was also identified as one of the overexpressed genes in our primary analysis of BRCA1-mutant
tumors, providing a direct link between the two independent datasets.

Vaccine Candidates Are Preferentially Expressed in Tumors
with the BRCA2-Associated Immune-Cold Phenotype
The discovery that high BRCA2 expression delineates an immunologically "cold" T-cell-excluded subset
of tumors presented a critical test for our therapeutic strategy. For a vaccine to be effective, particularly
one designed to "prime" a non-responsive TME, its target antigen must be highly expressed on the tumor
cells that have most successfully evaded the immune system41. We therefore hypothesized that our lead
candidate antigens would be co-expressed with BRCA2, our established proxy for the "cold" tumor
microenvironment.

We performed a correlation analysis between the expression of our five lead candidates (EPYC, LEMD1,
H3C13, H3C14, and H4C15) and BRCA2 transcript levels specifically within our tumor cohort.
Remarkably, the results showed a clear and consistent pattern: all five candidates demonstrated a strong
and statistically significant positive correlation with BRCA2 expression (Fig. 6). This finding confirms the
ideal therapeutic scenario: the tumors with the highest levels of BRCA2 and therefore the most immune-
suppressed TME are the very same tumors that most highly express our target antigens. This
coordinated expression pattern establishes a direct link between the immune-suppressed tumor state
and the molecular presence of our vaccine targets. It suggests that these antigens are the "hallmark" of
the exact tumor cells that require immune-mediated clearance.

DISCUSSION
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This study was designed to address a challenge in hereditary breast cancer research: identifying tumor-
specific targets that can enable safe and effective immunoprevention for women carrying germline
BRCA1 variants. Building on our group’s experience translating tumor-specific mRNA vaccine technology
into first-in-human clinical trials for solid tumors42,43, we applied a precision transcriptomic approach to
discover antigens uniquely expressed in BRAC1-mutant tumors. A defining strength of our experimental
approach lies in the use of matched trios of breast tissues—tumor, adjacent normal, and distant normal—
from the same BRCA1 variant carriers, complemented by cancer-free prophylactic samples from
additional carriers. This design minimizes inter-individual variability and allows precise delineation of
transcriptional changes that are specific to malignant transformation, rather than effects of BRCA1
haploinsufficiency or genetic background. By controlling both patient genotype and tissue context, our
study provides an exceptionally robust framework to identify tumor-restricted molecular signatures that
represent genuine targets for immunoprevention.

Leveraging this unique sample architecture, we integrated transcriptomic profiling, immune
deconvolution, and neoantigen prediction to construct a comprehensive antigen landscape in BRCA1-
associated breast cancer. Our analysis first revealed that these tumors exist in a paradoxically "hot but
suppressed" immune microenvironment, characterized by significant T-cell infiltration that is
counteracted by the upregulation of immune checkpoints. Within this immune context, we identified a
core signature of 80 shared, overexpressed genes with tumor-specific expression, providing a rich pool
of candidates for an "off-the-shelf" vaccine. Critically, we discovered that these candidate antigens are
most highly expressed in tumors with high levels of BRCA2, a feature we identified as a marker for an
immunologically "cold" or T-cell-excluded state, making them ideal targets for a vaccine designed to
awaken a dormant immune response. A top candidate from this signature, LEMD1, was subsequently
validated as overexpressed in a relevant Brca1-deficient murine model, so that this target may be tested
in preclinical vaccine studies. In parallel, our characterization of neoantigens confirmed that while gene
fusions yield patient-private targets, SNV-derived neoantigens are more abundant in these tumors, and
our discovery of H3C13 as a "dual-hit" candidate highlights a novel link between the two antigen classes.
Collectively, these findings provide distinct, data-driven paths toward the development of both public and
personalized immunoprevention strategies.

A particularly interesting finding of this study is the paradoxical association of BRCA2 expression with
the TME. It is well established that BRCA1-mutant tumors possess a distinct and complex immune
landscape. Consistent with our observations and prior reports28,29,44–47, these tumors display marked
genomic instability, a high mutation burden, and dense infiltration by immune cells—particularly CD8⁺ T-
cells—yet simultaneously exhibit elevated PD-L1 expression and expansion of myeloid-derived
suppressor cells. This “hot but suppressed” phenotype is a defining feature of BRCA1 deficiency.

In contrast, the specific contribution of BRCA2 expression to this immune context has remained unclear.
Although both BRCA1 and BRCA2 are classically defined by their roles in DNA repair48, our data uncover
an interesting correlation between BRCA2 expression and the TME. Loss of BRCA2 function has been
linked to genomic instability, increased neoantigen load, and an inflamed (“hot”) TME responsive to
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checkpoint blockade49. Consistent with this, we found that in normal tissues, BRCA2 expression
correlated positively with T-cell populations, reflecting effective immune surveillance. However, within
tumors, this relationship was inverted; high BRCA2 expression was instead associated with a T-cell-
excluded (“cold”) phenotype. This shift suggests that, while BRCA1 deficiency may create a baseline
inflamed state, the tumor-specific upregulation of wild-type BRCA2 is a feature of established tumors
that have successfully evaded immune clearance.

Our data demonstrate that BRCA1-mutant tumors are not immunologically barren; rather, they exist in a
paradoxically "hot but suppressed" state. We found the TME to be significantly infiltrated by anti-cancer
immune cells, including cytotoxic CD8 + T-cells and pro-inflammatory M1 macrophages. These findings
are well-supported by existing evidence, which has consistently shown that BRCA1-deficient tumors are
enriched with tumor-infiltrating lymphocytes (TILs), including CD8 + and CD4 + T-cells, as well as tumor-
associated macrophages (TAMs)29,44,50 However, our results also show that this productive immune
infiltration is actively held in check by potent co-expressed inhibitory signals, including the significant
upregulation of the CTLA4 and CD274 (PD-L1) checkpoint genes. This confirms that a pre-existing but
stalled anti-tumor immune response is a hallmark of these tumors, a finding that aligns with reports of
increased PD-L1/PD-1 expression28,51and the expansion of other suppressive populations like MDSCs in
BRCA1-mutant models47.

A major strength of our study is that we focused on RNA-based vaccine targets, rather than just looking
for a single type of antigen. By integrating our cohort's transcriptomic data with fusion analysis and
TCGA variant data, we constructed a comprehensive antigen atlas for BRCA1-mutant cancer. This "multi-
angle" approach revealed a complementary landscape of potential targets. Our analysis of gene fusions,
for instance, confirmed they are a source of highly immunogenic "private" neoantigens, but their patient-
specific nature necessitates a costly and time-intensive personalized vaccine approach. Similarly, our
TCGA analysis confirmed a trend of higher neoantigen burden from SNVs, further supporting the
rationale for individualized therapies. Our most clinically actionable discovery is the 80-gene signature of
"public," or shared, overexpressed antigens. This provides a clear path toward a more feasible "off-the-
shelf" vaccine, which is far better suited for the preventive or adjuvant setting in a large high-risk
population. This dual discovery underscores a critical point: a one-size-fits-all approach is insufficient for
this complex disease, and our work provides a data-driven rationale for pursuing both public and
personalized vaccine strategies in parallel.

The significance of LEMD1 as a lead target is strongly supported in the literature. LEMD1 (LEM Domain
Containing 1) is a predicted integral membrane protein whose expression is normally restricted to the
testis, classifying it as a cancer-testis antigen (CTA)52,53, a premier category of vaccine targets valued
for their high tumor specificity and minimal expression in normal adult tissues. Our identification of
LEMD1 in BRCA1-mutant tumors, which are predominantly triple-negative, is consistent with recent
reports independently recognizing LEMD1 as a novel oncogene and therapeutic target in triple-negative
breast cancer (TNBC)54. Notably, its overexpression extends beyond breast cancer and has been
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observed in several other aggressive malignancies, including gastric, non–small cell lung (NSCLC),
colorectal, and thyroid cancers, where it similarly correlates with poor prognosis.55–57 LEMD1 functions
as an active oncogenic driver rather than a passive bystander. Elevated expression correlates with poor
prognosis, increased proliferation, invasion, metastasis, and cancer stemness across multiple
malignancies54,56–59. Mechanistically, LEMD1 promotes tumor aggressiveness by activating PI3K/AKT

and ERK signaling pathways55,56,60. These findings underscore its biological relevance and therapeutic
potential, as LEMD1 knockdown suppresses tumor growth and enhances chemosensitivity54–56. Our
data support LEMD1 as a compelling candidate for prophylactic vaccine development to prevent tumor
initiation or progression in BRCA1-mutant settings for at-risk individuals.

Additional lead candidates—EPYC, H3C13, H3C14, and H4C15—represent intriguing avenues for future
research. EPYC (epiphycan) is a compelling target that has recently been identified as an oncogenic
driver and prognostic biomarker in pancreatic and ovarian cancers, where it promotes metastasis via the
PI3K-AKT pathway61,62. Although its specific role as an immunotherapeutic target is currently
uncharacterized, its link to a core survival pathway in other aggressive cancers warrants further
investigation. The histone cluster genes—H3C13, H3C14, and H4C15—represent a particularly novel
finding. These genes, which encode H3.2 and H4 histone variants, are overexpressed across multiple
malignancies, including breast and gastric cancers63. Their variants have been described as
"oncohistones" that drive tumorigenesis through aberrant chromatin regulation64–66. Our identification of
H3C13 as a "dual-hit" antigen—both highly overexpressed in our cohort and a source of neoantigens in
the TCGA dataset— highlights its strong biological relevance. However, given the essential and
ubiquitous roles of core histones in chromatin organization and gene regulation,67,68 these proteins are
unlikely to be viable candidates for therapeutic development. Systemic targeting would carry a high risk
of toxicity and off-target effects in normal proliferating cells.

Finally, the implications of our findings may extend significantly beyond the germline BRCA1 variant
carrier population. A large subset of sporadic triple-negative breast cancers (TNBCs), which lack a
germline variant, nevertheless exhibit a "BRCAness" phenotype characterized by defects in homologous
recombination and a similar molecular signature to BRCA1-mutant tumors69–73. Our lead candidate,
LEMD1, has recently been identified by others as a key oncogene and therapeutic target specifically in
sporadic TNBC, where it drives proliferation and is associated with poor prognosis54–56,60. This
convergence suggests that our 80-gene signature, and LEMD1 in particular, may represent a shared
antigenic landscape common to the entire "BRCAness" subtype. This considerably broadens the
potential clinical impact of our work, positioning these antigens as viable "off-the-shelf" vaccine targets
for a much larger population of patients with sporadic TNBC who currently lack effective targeted
therapies.

While the transcriptomic foundation of this study provides a powerful and comprehensive atlas of
potential targets, several considerations are essential for their future clinical translation. Our discovery
pipeline, by design, identified candidates at the RNA level. The necessary next steps will involve
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confirming the robust expression of these 80 candidates at the protein level and, more critically,
validating their processing and presentation on MHC Class I molecules on the tumor cell surface, which
is the ultimate prerequisite for T-cell recognition. Similarly, our characterization of the TME, based on
computational deconvolution, has provided a critical blueprint of the immune landscape. This in silico
framework should be further validated using spatial technologies, such as multiplex
immunofluorescence, to confirm the physical co-localization and spatial relationships between immune
subsets (like CD8 + T-cells) and cells expressing high levels of BRCA2 or our vaccine targets. This finding
does not diminish the potential of these antigens in humans but rather reinforces the critical importance
of our human-tissue-first discovery approach. These considerations provide a clear and actionable
roadmap for advancing our lead candidates from in silico discovery to a clinically viable
immunoprevention strategy.

In conclusion, this study provides a comprehensive immunogenomic atlas of BRCA1-mutant breast
cancer, extending beyond antigen discovery to define the immune context in which these tumors
emerge. We identified a paradoxical “hot but suppressed” tumor immune microenvironment,
characterized by robust T-cell infiltration constrained by checkpoint upregulation. Our analyses further
revealed that upregulation of wild-type BRCA2, rather than its loss, correlates with a T-cell-excluded
(“cold”) phenotype, suggesting an active immune evasion mechanism. Critically, we uncovered a core set
of 80 shared, overexpressed antigens, including the high-priority target LEMD1, which are preferentially
expressed in the most immunologically cold tumors. Validation of LEMD1 in a Brca1-deficient murine
model establishes a clear translational foundation for vaccine development. Together, these findings
provide a data-driven rationale and preclinical framework for a prophylactic vaccine approach, designed
for primary disease prevention in high-risk carriers or to prevent disease recurrence in the adjuvant
setting.
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Figures

Figure 1

Global Transcriptomic Profiles and Differential Gene Expression in BRCA1-Mutant Breast Tissues. (A)
Principal Component Analysis (PCA) plot depicting the global transcriptomic relationships among four
study cohorts: tumor, adjacent normal (Adj_Norm), distant normal (Dis_Norm), and prophylactic normal
(PNT) breast tissue samples. Each point represents a sample, with ellipses indicating 95% confidence
intervals. Pairwise PCA plots illustrating the distinct separation of sample groups: (B) Tumor versus
Adj_Norm; (C) Tumor versus Dis_Norm; and (D) Tumor versus prophylactic normal tissue (PNT). Volcano
plots displaying differential gene expression for pairwise comparisons: (E) Tumor versus Adj_Norm; (F)
Tumor versus Dis_Norm; and (G) Tumor versus PNT.
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Figure 2

Expression of BRCA1 and BRCA2 in BRCA1-Mutant Breast Tissues. Violin plots showing the distribution
of transcript levels for (A) BRCA1 and (B) BRCA2across tumor, adjacent normal (Adj_Norm), distant
normal (Dis_Norm), and prophylactic normal breast tissue (PNT). Statistical significance across all four
groups was assessed using the Kruskal-Wallis test, with p-values shown for each gene.
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Figure 3

The Tumor Immune Microenvironment is Pro-Inflammatory but Suppressed. Violin plots showing (A) T-
cell, (B) CD8 T-cell, (C) M0 macrophage, (D) M1 macrophage, and (E) M2 macrophage counts and (F)
CTLA4 and (G) CD274 (PD-L1) transcript levels in BRCA1-mutant tumor, adjacent normal (Adj_Norm),
distant normal (Dis_Norm), and prophylactic normal breast tissue (PNT). Statistical significance across
all four groups was assessed using the Kruskal-Wallis test, with p-values shown for each panel.
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Figure 4

BRCA2 Upregulation Correlates with an Immunologically Cold Tumor Microenvironment. Correlation
matrices showing the correlation of BRCA1 and BRCA2 transcript levels with immune cells estimated
using the MCPcounter abundance scoring method for (A) Prophylactic normal breast tissue (PNT), (B)
distant normal tissue (Dis_Norm), (C) adjacent normal tissue (Adj_Norm), and the tumor.
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Figure 5

Identification and Characterization of an 80-Gene Tumor-Specific Signature in BRCA1-Mutant Breast
Cancer. (A)Heatmap displaying the relative expression (row Z-score) of the 80 signature genes across
the four sample cohorts: Tumor, Adj_Norm, Dis_Norm, and Prophylactic Normal Breast Tissue (PNT). (B)
Venn diagram illustrating the overlap of differentially expressed genes (DEGs) identified from the
comparison of tumor vs. adjacent normal tissues (Adj_Norm) and tumor vs. distant normal tissues



Page 26/27

(Dis_Norm). (C) Bar chart quantifying the prevalence of the 80 signature genes. The bars show the
number of genes overexpressed in greater than 40%, 50%, 60%, 70%, or 80% of the tumors analyzed. (D)
Heatmap showing the expression levels in Transcripts Per Million (TPM) of the 80 signature genes
across a panel of normal human tissues from the GTEx database. The red box highlights candidate
genes with minimal expression in most non-mammary tissues, indicating high tumor specificity. The
genes listed in the heatmap include alternative gene name for following: H3C13 (HIST2H3D), H3C14
(HIST2H3C), and H4C15 (HIST2H4B).

Figure 6

Vaccine Candidates Are Highly Expressed in Immunologically Cold Tumors. Scatter plots showing the
correlation between BRCA2 transcript level and the expression of individual lead candidate antigens (A)
LEMD1, (B) EPYC, (C) H3C13, (D) H3C14, and (E) H4C15in BRCA1-mutant breast tumor samples. Rho
values represent Spearman's rank correlation coefficient.

Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

SupplementaryTable1.xlsx

https://assets-eu.researchsquare.com/files/rs-8502955/v1/9c829156f114c0cc7a6c3124.xlsx


Page 27/27

SupplementaryTable2.xlsx

SupplementaryFiguresandFigurelegendsFinal260102.docx

https://assets-eu.researchsquare.com/files/rs-8502955/v1/e88036c39817258f4b943dd6.xlsx
https://assets-eu.researchsquare.com/files/rs-8502955/v1/ea7f148566debdbd575092b7.docx

