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Background: The infiltration of tumor-infiltrating B cells and plasma cells in early-stage breast cancer has been
associated with a reduced risk of distant metastasis. However, the influence of B-cell tumor infiltration on overall
patient survival remains unclear.

Materials and methods: This study explored the relationship between an antitumor immune response, measured by a
14-gene B-cell/immunoglobulin (IGG) signature, and mortality risk in 9638 breast cancer patients across three datasets.
Associations with tumor subtype, stage, and age were examined. IGG was characterized using spatial GeoMx profiling
and single-cell RNA sequencing, and its relationship with tertiary lymphoid structures (TLSs) was evaluated. The
predictive value of each of the 14 IGG genes for B-cell receptor (BCR) and T-cell receptor (TCR) clonality and
longevity was also assessed, along with its association with longevity in other cancer types.

Results: High IGG signature expression was significantly associated with a 41%-47% reduction in death risk in breast
cancer survivors (P < 0.001), regardless of age, tumor stage, or subtype. Similar associations were observed in
other cancers, including melanoma. In breast cancer, the IGG signature was significantly linked to overall survival
without relapse in patients aged 41-70 years at diagnosis. Additionally, IGG expression correlated with the presence
of TLSs and higher B- and T-cell polyclonality. A specific subset of seven IGG genes strongly correlated with BCR and
TCR clonality, with predictive power for identifying clonality and improved longevity, especially when combining two
of these genes.

Conclusions: This study uncovers a significant link between immune gene expression in tumors and extended longevity
in breast cancer survivors, even in the absence of recurrence. The IGG signature, particularly its key gene subset,
emerges as a powerful marker of sustained antitumor immunity and overall patient fitness. These findings pave the
way for personalized treatment strategies that enhance both survival and long-term health outcomes.
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INTRODUCTION

The 14-gene B-cell/immunoglobulin (IGG) signature has
emerged as a robust prognostic marker in early-stage breast
cancer. It comprises genes involved in lymphocyte pro-
genitor maturation, activation, differentiation, immuno-
globulin production, chemotaxis, and lymphocyte activity
regulation; it was first identified through unsupervised
clustering of 550 node-negative breast tumors,® and has
been externally validated across diverse clinical cohorts
involving over 1000 patients.z'3 This signature is incorpo-
rated into the 27-gene HER2DX genomic assay, designed for
early-stage human epidermal growth factor receptor 2
(HER2)-positive disease.>*° The HER2DX assay integrates
clinicopathological and genomic data to generate two
distinct scores, which predict disease-free survival and the
likelihood of achieving a pathological complete response
(pCR) following neoadjuvant trastuzumab-based therapy,”
and has been shown to have statistically significant associ-
ation with both event-free survival and overall survival
(0S).” Notably, within the HER2DX framework, a high I1GG
signature expression correlates with increased pCR rates
and improved survival outcomes.”” High IGG signature
expression is also predictive of pCR, event-free survival, and
OS in patients with early-stage triple-negative breast cancer
(TNBC).>*°

Adaptive immunity, known for its high specificity and
ability to provide long-term antigen-specific memory, might
help explain the strong correlation between the IGG
signature, breast cancer recurrence, and 0S.%° However,
the predictive power of immune tumor infiltration for
longevity, especially in the absence of disease recurrence,
remains uncertain. Bridging this knowledge gap could sub-
stantially deepen our understanding of the immune sys-
tem’s persistent impact on patient outcomes, potentially
leading to improved prognostic tools and therapeutic
strategies.

MATERIALS AND METHODS

Patient datasets

The Molecular Taxonomy of Breast Cancer International
Consortium (METABRIC)'* (n = 1904) and The Cancer
Genome Atlas (TCGA)'? (n = 1082) breast cancer datasets
and pan-cancer TCGA datasets [i.e. cervix (n =294), head and
neck (n = 515), lung (n = 510), melanoma (n = 443), and
sarcoma (n = 253)] were sourced from the cBioPortal for
Cancer Genomics (http://cbioportal.org),** while data from
the most recent version of The Sweden Cancerome Analysis
Network (SCAN-B)™*** (n = 6652) dataset were obtained
from Mendeley Data (https://data.mendeley.com/datasets/
yzxtxndnmd). Except for the competing risk analyses, pa-
tients who experienced breast cancer recurrence were sys-
tematically excluded from both datasets. The final analysis
comprised 1133 patients from METABRIC, 4470 patients from
SCAN-B, and 936 patients with breast cancer from TCGA,
ensuring a cohort that did not encounter recurrence during
the follow-up period. The median follow-up in these patients
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was 96.9 months in SCAN-B, 185.0 months in METABRIC, and
130.0 months in TCGA. Gene expression was obtained from
all datasets. Additionally, TP53, PIK3CA, and RB1 somatic
mutation data (i.e. missense, inframe, splicing, truncating)
were downloaded for TCGA and METABRIC. Normal breast
tissue gene expression data from 168 women were down-
loaded from GTEx (https://gtexportal.org/home/). RNA
sequencing (RNA-seq) and B-cell receptor (BCR) and T-cell
receptor (TCR) repertoire metrics from the CALGB-40601
neoadjuvant HER2-positive study were obtained from a
previously published study.™

In silico gene expression analysis

Z-scores (METABRIC, TCGA) or log2-transformed (SCAN-B)
normalized gene expression values were employed for single
genes and for deriving the 14-gene IGG signature, depending
on the available gene expression data for each dataset (refer
to Supplementary Table S8, available at https://doi.org/10.
1016/j.esmoop.2024.104109). The Prediction Analysis of
Microarray 50 (PAM50) risk of recurrence (ROR) was also
determined for METABRIC and TCGA.

Core IGG genes

Genes consistently associated with longevity across META-
BRIC, SCAN-B, and TCGA datasets were identified as core
IGG genes (CIGGs). We further investigated whether the
combined assessment of pairs of CIGGs enhanced longevity
prediction compared with individual genes. Various math-
ematical operations, including addition, subtraction, multi-
plication, and ratio, were employed to combine the
expressions of two CIGGs.

Clinical samples

To study the immune component of breast cancers with
different levels of IGG signature, 132 formalin-fixed
paraffin-embedded (FFPE) samples from patients with
early-stage breast cancer treated at Hospital Clinic of Bar-
celona (n = 122) and Institut Catala d’Oncologia (n = 10)
were selected, including 35 hormone receptor-positive
(HR+)/HER2-negative (HER2—), 84 HER2-positive, and 13
TNBC samples. The proportion of tumor-infiltrating lym-
phocytes (%TILs) was determined on hematoxylin—eosin
(H&E) slides according to International TILs Working
Group Guidelines.’® The presence of tertiary lymphoid
structures (TLSs) was defined as spatially organized, non-
encapsulated areas of immune cell aggregates on H&E
slides. Additionally, six biopsies from patients with un-
treated HER2-positive breast cancer were obtained to
conduct single-cell RNA-seq.

Gene expression analysis of clinical samples

RNA was extracted from FFPE tumor diagnostic samples
using the High Pure FFPET RNA Isolation Kit (Roche, Indi-
anapolis, IN). One to five 10-um FFPE slides depending on
tumor cellularity were used for each tumor sample, and
macrodissection was carried out, when needed, to avoid
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normal tissue contamination. A minimum of 100 ng of total
RNA was analyzed on the nCounter platform (NanoString
Technologies, Seattle, WA) using a 192-gene custom panel,
including 14 genes of the IGG signature, which was deter-
mined using R software v4.0.3 (R Foundation for Statistical
Computing, Vienna, Austria).

GeoMx DSP data acquisition and analysis

FFPE tumor biopsies from 135 patients were stained with
fluorescently labeled CD45 and PanCK antibodies, DAPI
(4',6-diamidino-2-phenylindole), and a multiplexed panel of
protein antibodies that contained a photocleavable indexing
oligonucleotide, enabling subsequent readouts. Regions of
interest were selected on the GeoMx DSP platform (Nano-
String Technologies'’), segmented according to CD45 and
PanCK staining and illuminated using UV light. Released
indexing oligonucleotides from each area of interest (AOI)
were collected and deposited into designated wells on a
microtiter plate, allowing for well indexing of each AOI
during nCounter (NanoString Technologies) readout. For
each tissue sample, counts for each marker were obtained
from an average of 4.44 (range 1-12) CD45-positive
(CD45+) AOIs. Raw protein counts for each marker in each
AOIl were generated using nCounter. The raw counts were
normalized with the AOI surface area. All normalized counts
were log2 transformed.

TCR and BCR sequencing

DNA from FFPE tumor samples with different IGG signature
levels was purified with the QlAamp DNA FFPE Tissue Kit
(QIAGEN, Hilden, Germany) according to manufacturer’s
instructions and BCR and TCR were sequenced from 23 and
33 DNA samples, respectively, using the immunoSEQ Assay
(Adaptive Biotechnologies, Seattle, WA). The somatically
rearranged Homo sapiens TCR locus complementarity-
determining region 3 (CDR3) and BCR immunoglobulin
heavy chain (IgH) locus CDR3 were amplified from DNA
samples using a two-step, amplification bias-controlled
multiplex PCR approach. CDR3 and reference gene li-
braries were sequenced on an lllumina (San Diego, CA) in-
strument according to the manufacturer’s instructions. Raw
sequence reads were demultiplexed according to Adaptive’s
proprietary barcode sequences. Demultiplexed reads were
further processed to remove adapter and primer se-
quences, and identify and remove primer dimer, germline,
and other contaminant sequences. The filtered data were
clustered using both the relative frequency ratio between
similar clones and a modified nearest-neighbor algorithm,
to merge closely related sequences to correct for technical
errors introduced through PCR and sequencing. The result-
ing sequences allowed annotation of the V, D, and J genes
and the N1 and N2 regions constituting each unique CDR3
and the translation of the encoded CDR3 amino acid
sequence. Gene definitions were based on annotation in
accordance with the IMGT database (www.imgt.org). The
set of observed biological TCR and BCR IgH CDR3 sequences
was normalized to correct for residual multiplex PCR
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amplification bias and quantified against a set of synthetic
CDR3 sequence analogues. Data were analyzed using the
immunoSEQ Analyzer toolset.

Single-cell RNA sequencing

Fresh core biopsies obtained from six patients with HER2-
positive breast cancer were collected by ultrasound-
guided breast biopsy and the tissue (~3-5mm?3) was
supplied in 5ml of RPMI medium. Tumor fragments were
dissociated using enzymatic digestion (Human Tumor
Dissociation Kit, Miltenyi, Bergisch Gladbach, Germany).
Then, CD45+ cells were isolated using Human CD45 TIL
MicroBeads (Miltenyi) and stored in phosphate-buffered
saline containing 0.005% bovine serum albumin. CD45+
cells were processed with the 10x Genomics Chromium
Controller (10X Genomics Inc.) and single-cell gene
expression and TCR/BCR libraries were produced with the
Chromium Single Cell 5’ Library assay (10X Genomics Inc.,
Newark, CA), sequenced on an lllumina NovaSeq6000 (100
cycle kit). Sequencing reads were aligned with CellRanger
Single Cell Software (version 6.1.1, 10X Genomics Inc.) and
mapped against the human GRCh38 reference genome
(GENCODE v32/Ensembl 98). Quality control, cell annota-
tion, and cluster identification were carried out based on
rationale.'®

Statistical analysis

Cumulative incidence functions were used to estimate
death without recurrence in a competing risk setting using
recurrence as a competing event. Fine and Gray competing
risk regression was used to obtain a sub-distribution haz-
ard ratio with 95% confidence interval (Cl). In the sensi-
tivity analysis of the subset of patients without recurrence,
Kaplan—Meier curves were used to estimate survival
outcomes and the log-rank test was used for statistical
comparisons. Univariate and multivariable Cox regression
and logistic regression models were employed, with the
goodness of fit of each model assessed through the chi-
square statistic obtained from a likelihood ratio test. The
differences in variable distribution were explored by chi-
square test. Correlations between two variables were
evaluated using the Pearson method. Unpaired t-tests and
analyses of variance were employed to ascertain the
comparative analysis of numerical variables among
different groups. A two-sided o of 0.05 was set as the
significance level for all statistical analyses. No data
imputation was carried out. All statistical analysis were
carried out using the R software.

RESULTS

IGG, age, and longevity

We investigated the association between the IGG signature
and OS in patients with early-stage breast cancer who have
not experienced a relapse, a condition we defined as
‘longevity’ (Figure 1A). Leveraging comprehensive gene
expression and clinical data from three distinct cohorts of
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Figure 1. Assessment of the 14-gene IGG signature for predicting longevity in breast cancer survivors without a documented recurrence. (A) Schematic repre-
sentation of the study approach. (B) Cumulative risk plots with censored recurrences illustrating the association of IGG expression with OS in all patients from
METABRIC (n = 1940), SCAN-B (n = 6652), and TCGA datasets (n = 1082). (C) Correlation analysis depicting the relationship between the IGG signature and age in all
patients without documented breast cancer recurrence during follow-up in METABRIC (n = 1133), SCAN-B (n = 4470), and TCGA datasets (n = 936).
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9638 patients with early-stage breast cancer and long-term
follow-up (i.e. METABRIC,"* SCAN-B,** and TCGA,"?
Supplementary Table S1, available at https://doi.org/10.
1016/j.esmoop.2024.104109), we observed a significant
association between |GG expression and OS without
recurrence both treating recurrences as a competing event
(Figure 1B) and excluding recurrences (Supplementary
Figure S1, available at https://doi.org/10.1016/j.esmoop.
2024.104109), independently from breast cancer subtype,
tumor stage, or nodal status (Supplementary Table S2,
available at https://doi.org/10.1016/j.esmoop.2024.1041
09). This association persisted in patients with a very low
risk of relapse (Supplementary Figure S1, available at
https://doi.org/10.1016/j.esmoop.2024.104109), and pa-
tients with >5 years of follow-up without a documented
recurrence. Moreover, we analyzed the relationship be-
tween the PAM50 ROR and the IGG signature in the TCGA
and METABRIC datasets. Differences in PAM50 ROR distri-
bution were observed across IGG groups, showing that IGG-
high tumors are enriched in both ROR-high and ROR-low
categories, with a lower proportion of ROR-medium,
particularly within HR+/HER2— breast cancer (Supp
lementary Figure S2A, available at https://doi.org/10.
1016/j.esmoop.2024.104109). From a longevity perspec-
tive, the PAM50 ROR was not significantly associated with
OS in recurrence-free breast cancer survivors (Supplem
entary Figure S2B, available at https://doi.org/10.1016/].
esmoop.2024.104109), whereas the |GG signature
remained independently associated with survival in this
population, even after adjusting for ROR (Supplementary
Table S3, available at https://doi.org/10.1016/j.esmoop.
2024.104109).

A weak negative correlation between the IGG signature
and age was observed (Figure 1C and D). However, the 1GG
signature was significantly associated with OS without a
relapse in patients aged 41-70 years at diagnosis, which
represented 66.7%-72.9% of all patients (Figure 1E). Across
breast cancer subtypes, the expression of the IGG signature
was higher in HER2-positive and TNBC than in HR+/HER2—
(Figure 1F); however, 26.2% of HR+/HER2— tumors were
IGG-high. Finally, IGG decreased with age across breast
cancer subtypes, especially in patients >70 years of age
with HR+/HER2— disease (Figure 1G). Additionally, to
address this, we analyzed the association of TP53, PIK3CA,
and RB1 mutations with IGG groups across breast cancer
subtypes in the TCGA and METABRIC datasets
(Supplementary Figures S3 and S4, available at https://doi.
org/10.1016/j.esmoop.2024.104109). Interestingly, TP53
mutations were more frequently observed in 1GG-high tu-
mors. Despite this association, the IGG signature remained
independently and significantly associated with OS in
recurrence-free patients in a multivariable analysis

(Supplementary Table S4, available at https://doi.org/10.
1016/j.esmoop.2024.104109). In contrast, no significant
differences were found in the frequency of PIK3CA or RB1
mutations across IGG groups (Supplementary Figures S3
and S4, available at https://doi.org/10.1016/j.esmoop.
2024.104109). Of note, the IGG signature assessed in
normal breast tissue was not associated with age
(Supplementary Figure S5, available at https://doi.org/10.
1016/j.esmoop.2024.104109).

IGG, spatial profiling, and TLSs

The IGG signature is measured from bulk RNA obtained
from a tumor sample.” To gain deeper insights of the tumor
microenvironment (TME) and its relationship with the IGG
signature, we carried out GeoMx spatial profiling of stroma
from 132 patients with breast cancer, which had been
previously categorized as 1GG-high, IGG-medium, and IGG-
low, according to pre-established cut-offs of the HER2DX
genomic test (Figure 2A and Supplementary Figure S6,
available at https://doi.org/10.1016/j.esmoop.2024.1041
09). We selected 458 CD45+4+ TME AOIs, and we measured
42 immune-related proteins (Supplementary Data S1,
available at https://doi.org/10.1016/j.esmoop.2024.104
109). Compared with IGG-medium and IGG-low tumors,
IGG-high tumors showed increased expression of plasma
cells (CD27), activated T cells, or antigen-presenting cells
(programmed death-ligand 1 and CD40) and decreased
expression of M2-like macrophages (CD163) and stromal
fibronectin (Supplementary Figure S6, available at https://
doi.org/10.1016/j.esmoop.2024.104109). Additionally, we
measured the 42 immune-related proteins in 134 TLS-
selected AOIs, and compared their expression to the TME
AOls. TLSs were defined as spatially organized, non-
encapsulated areas of immune cell aggregates. We
observed an association between the IGG signature
expression and the presence of TLSs in the tumor stroma
(Figure 2B). Specifically, 55.2% of tumors with TLSs were
IGG-high compared with 25% of tumors without TLSs (P <
0.001) (Figure 2B). To better understand the biology asso-
ciated with TLSs, we focused our attention on the expres-
sion of immune proteins in the 134 TLS regions using spatial
profiling. Twenty-one proteins (51.2%, 21/41) were found
differentially expressed between TLS and non-TLS TME re-
gions (false discovery rate <5%); among them, CD20 (B
cell), CD27 (plasma cell), CD11c (dendritic cells), and CD3
(T-cell related) were found more expressed in TLS compared
with non-TLS regions, while smooth muscle actin, fibro-
nectin, and CD163 (M2-like macrophages) were found
downregulated in TLS compared with non-TLS regions
(Supplementary Figure S7A, available at https://doi.
org/10.1016/j.esmoop.2024.104109). Using the list of the

(D) Distribution of the IGG signature (low, med, high) across age groups in all patients without documented breast cancer recurrence. Chi-square P value <0.001. (E)
Forest plot presenting the association of the IGG signature with OS in all patients without documented breast cancer recurrence across different age groups, and in the
pooled analysis of the three datasets (in bold). (F) IGG signature expression across breast cancer clinical subtypes in all patients without documented breast cancer
recurrence. (G) Distribution of the IGG signature (low, med, high) and age groups, stratified by breast cancer subtype in all patients without documented breast cancer

recurrence.

Cl, confidence interval; HER2, human epidermal growth factor receptor 2; HR, hazard ratio; HR+, hormone receptor-positive; IGG, 14-gene B-cell/immunoglobulin;

med, medium; OS, overall survival.
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Figure 2. Characterization of the 14-gene IGG signature in breast cancer. (A) Exemplification of protein-based spatial profiling in an IGG-high tumor versus an IGG-low
tumor using the GeoMx digital spatial profiling platform. Green denotes tumor cells, red represents immune cells, and blue signifies cell nuclei (DNA). Selected ROIs
are highlighted in yellow. The heatmap represents the expression on immune proteins in CD45+ ROIs in each sample. (B) Hematoxylin—eosin staining image depicting
a TLS breast tumor (left); IGG signature expression in tumors without TLSs (n = 69) versus tumors with TLSs (n = 66) (middle); and distribution of IGG signature high,
medium, and low expression groups in TLS-negative and TLS-positive tumors (right). (C) UMAP plots showing cell types identified using single-cell RNA sequencing
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significant proteins, we established a TLS-related protein
signature (Supplementary Data S1, available at https://doi.
org/10.1016/j.esmoop.2024.104109). We applied this
signature to tumor samples that did not visually display
TLSs. Notably, we observed a significantly increased
expression of this signature in IGG-high tumors compared
with those with 1GG-medium/low levels (Supplementary
Figure S7B, available at https://doi.org/10.1016/j.esmoop.
2024.104109). This result underscores the IGG signature’s
capacity to reflect TLS-like biological processes in the tumor
stroma, even in the absence of microscopically observable
TLSs. Additionally, 1GG is significantly associated with TILs
(Supplementary Figure S8, available at https://doi.org/10.
1016/j.esmoop.2024.104109).

IGG and CD45+ single-cell RNA sequencing

To explore the intricacies of the IGG signature at the cell
level, single-cell RNA-seq of fresh CD45+ cells was carried
out from six independent breast cancer biopsies with
different IGG signature expression levels (Supplementary
Figure S9, available at https://doi.org/10.1016/j.esmoop.
2024.104109). In the tumor with the highest IGG signa-
ture score (BC177), 24.0% of CD45+ cells were identified as
activated B cells and plasma cells, while these represented
only 1.4% of all CD45+ cells in the sample with the lowest
IGG signature score (BC192) (Figure 2C). The RNA-seq re-
sults observed in these two cases were confirmed by
immunohistochemistry staining of CD20 (B cell), CD38
(plasma cell), and CD3 (T cell) (Figure 2D).

Interplay of 1GG and B/T-cell clonality

Next, we analyzed BCR and TCR clonality in 23 and 33 breast
tumors with known |GG expression values, respectively,
using the immunoSEQ DNA-based assay. Overall, a higher
polyclonality of B cells and T cells (i.e. lower Simpson
clonality index and higher Shannon entropy) was observed
in 1GG-high tumors compared with 1GG-medium/low tu-
mors (Figure 3A and Supplementary Figure S10A, available
at https://doi.org/10.1016/j.esmoop.2024.104109). Similar
results were obtained from an external in silico validation
breast cancer dataset (n = 264, CALGB-40601%) based on
bulk RNA-seq data (Figure 3B).

Core IGG genes, longevity, and B/T-cell clonality

We then assessed the association of each IGG gene with
longevity in the METABRIC, SCAN-B, and TCGA datasets.
Seven genes [i.e. TNFRSF17 (BCMA), IL2RG, POU2AF1, CD27,
IGJ (JCHAIN), CD79A, and PIM?2], defining the CIGGs, exhibi-
ted a statistically significant association with longevity across
the three datasets (Figure 3C and Supplementary Table S5,
available at https://doi.org/10.1016/j.esmoop.2024.1041
09). A moderate correlation coefficient (Cor = 0.63) among

the CIGGs suggested that they may track slightly different
immune components (Figure 3D). To evaluate if the combi-
nation of two CIGGs increases the ability to predict longevity
over a single CIGG, we added the log base 2 expression
values of two CIGGs. The combination of the two CIGGs
into a single score provided a better association with
longevity, when compared with single CIGG expression
(P < 0.001) (Figure 3E and Supplementary Table S6, available
at https://doi.org/10.1016/j.esmoop.2024.104109). Overall,
21 CIGG combinations increased the ability to predict
longevity (Supplementary Figure S11A and Supplementary
Table S7, available at https://doi.org/10.1016/j.esmoop.
2024.104109), and the immunoglobulin J chain gene (i.e.
1GJ, also known as JCHAIN) and the interleukin 2 receptor
subunit gamma gene (i.e. IL2RG) emerged as one of the top
gene combinations (Supplementary Figure S11B, available at
https://doi.org/10.1016/j.esmoop.2024.104109).

Next, we explored the association of each individual
CIGG, or any combinations of two CIGGs, with BCR/TCR
entropy. The combination of two CIGGs had similar pre-
diction of BCR and TCR Shannon entropy as the IGG
signature (Figure 3F and Supplementary Data S2, available
at https://doi.org/10.1016/j.esmoop.2024.104109). Overall,
these results underscore the value of the IGG signature and
the combination of CIGGs from bulk RNA to capture an
effective adaptive B-cell and T-cell immune response.

IGG and longevity in other cancer types

In the pan-cancer TCGA dataset, we previously reported an
association of the IGG signature with OS in cervical cancer
(n = 294), head and neck cancer (n = 515), lung adeno-
carcinoma (n = 510), melanoma (n = 443), and sarcoma
(n = 253)." Here we focused on the association of the IGG
signature with longevity. Like breast cancer, the association
of the IGG signature with OS was found to be independent
of cancer relapse in a combined patient-level meta-analysis
(hazard ratio 0.68, 95% Cl 0.61-0.75, P < 0.001) and was
consistent across the studied cancer types, except for cer-
vical cancer (Supplementary Figure S12, available at https://
doi.org/10.1016/j.esmoop.2024.104109).

DISCUSSION

To our knowledge, this study is the first to report an un-
expected association between immune gene expression in
tumors and longevity in cancer survivors in the absence of
recurrence. Notably, high IGG expression, previously linked
to reduced distant metastasis and extended survival,*>*®
emerges as a reliable marker for extended longevity, signi-
fying its role in sustaining antitumor immunity in breast
cancer survivors, and potentially other cancer types. B cells
actively contribute to antitumor immunity by producing
antibodies and fostering the formation of TLSs, as evi-
denced by our observed higher B-cell-related gene and

analysis in one IGG-high (BC177) and one IGG-low (BC192) breast cancer sample (left); bar plot distribution of all cell types in each sample (right). (D) IHC staining of
CD20 (B-cell marker), CD38 (plasma cell marker), and CD3 (T-cell marker) in one IGG-high (BC177) and one IGG-low (BC192) breast cancer sample.
AUC, area under the curve; IGG, 14-gene B-cell/immunoglobulin; IHC, immunohistochemistry; ROC, receiver operating characteristic; ROIs, regions of interest; TLS,

tertiary lymphoid structure; UMAP, uniform manifold approximation and projection.
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Figure 3. Association between IGG and BCR/TCR clonality and identification of CIGGs related to longevity in patients with breast cancer without documented
recurrence. (A) BCR Shannon entropy across IGG-high (n = 10), IGG-medium (n = 7), and IGG-low (n = 6) tumors (left) and TCR Shannon entropy across IGG-high (n =
18), IGG-medium (n = 7), and IGG-low (n = 8) tumors assessed by immunoSEQ assay. (B) Pearson correlation between BCR and TCR clonality measures and IGG levels
in the HER2-positive breast cancer CALGB-40601 cohort. (C) Venn diagram of the significant individual genes associated with longevity in univariate Cox regression
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protein expression in 1IGG-high tumors with TLSs. These
structures create an environment conducive to B-cell and
plasma cell infiltration, promoting a robust and effective
adaptive immune response against tumor cells. TLSs play a
crucial role in enhancing antitumor immunity and are
strongly associated with better clinical outcomes in patients
with different solid tumors receiving immune checkpoint
inhibitors,”®** suggesting their potential as a biomarker. The
identification of TLSs in breast cancer has relied on histol-
ogy, which only captures a limited two-dimensional section.
The 1GG signature might offer a more robust method for
detecting TLSs, providing a comprehensive view of their
presence and dynamics.

The observed polyclonality in B cells and T cells within
IGG-high tumors emphasizes the richness and diversity of
the immune response, potentially contributing to sustained
antitumor immunity and reflecting the robust strength of
the patient’s immune system. Moreover, this heightened
immune vigor suggests increased resilience not only against
breast cancer but also against other life-threatening con-
ditions, including other cancer types and infections. A
recent study revealed that the composition of B cells in
centenarians is shifted from naive to memory cells
compared with younger individuals,”® suggesting a change
toward a more robust memory B-cell compartment, which
is likely due to their lifetime exposure to a variety of anti-
gens and possibly contributing to their longevity by
providing faster and more efficient immune responses.

The identification of CIGGs implicated in various
lymphocyte functions further advances our understanding
of the molecular determinants of extended survival
independently of chronological age. The interaction
among the seven identified genes—TNFRSF17 (BCMA),
IL2RG, POU2AF1, (€D27, IGJ (JCHAIN), CD79A, and
PIM2—constitutes a complex network significantly influ-
encing the longevity of patients with breast cancer.
TNFRSF17 (BCMA), crucial for B-cell maturation and sur-
vival, indicates its involvement in sustaining antitumor im-
munity.”* [L2RG  contributes to immune response
modulation, potentially enhancing the persistence of acti-
vated B cells.””> POU2AF1, a transcription factor, likely reg-
ulates the expression of genes crucial for B-cell function,
further supporting the adaptive immune response.”® D27,
a member of the tumor necrosis factor receptor super-
family, may contribute to prolonged B-cell activation and
antitumor immune memory.27 IGJ (JCHAIN) and CD79A,
essential components of immunoglobulin production, un-
derscore the significance of effective antibody responses in
promoting extended survival.’®*?° Lastly, PIM2, a proto-
oncogene, may play a role in regulating cell survival and
immune cell function.?® The collective action of these genes

highlights the complex molecular mechanisms that
contribute to sustained antitumor immunity. Notably, inte-
grating two CIGGs significantly improved predictions of
longevity and identified robust T-cell-mediated antitumor
responses. Further investigation into their individual and
synergistic roles is essential to fully understand their impact
on patient outcomes and to guide the development of
targeted therapeutic strategies.

Our study has limitations. The observed death events,
despite lacking documented recurrence, may potentially be
related to undetected recurrences, introducing a degree of
uncertainty. Although we focused on patients with a low
risk of relapse, the challenge of distinguishing between
cancer-related and -unrelated mortality persists. In addition,
the cause of death was not available in the datasets
analyzed and follow-up time differed across datasets.
Nonetheless, the similar observation found in three inde-
pendent breast cancer datasets, and in other cancer types,
decreases the likelihood of a false-positive finding. Finally,
our study lacks a detailed mechanistic explanation for the
observed associations.

In conclusion, our findings not only contribute to the
evolving landscape of prognostic markers in breast cancer
but also provide nuanced insights into the relationship
between immune gene expression in tumors and longevity,
paving the way for more personalized and effective thera-
peutic strategies that account for both recurrence and long-
term outcomes.
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