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Abstract

In breast cancer, humoral immune responses may contribute to clinical outcomes, especially

in more immunogenic subtypes. Here we investigated B lymphocyte subsets, immunoglobulin
expression, and clonal features in breast tumors, focusing on aggressive triple-negative breast
cancers (TNBC). In samples from TNBC patients and healthy volunteers, circulating and
tumor-infiltrating B lymphocyte (TIL-B) were evaluated. CD20*CD27*IgD" isotype-switched

B lymphocytes were increased in tumors, compared with matched blood. TIL-B frequently
formed stromal clusters with T lymphocytes and engaged in bidirectional functional crosstalk,
consistent with gene signatures associated with lymphoid assembly, co-stimulation, cytokine-
cytokine receptor interactions, cytotoxic T cell activation, and T cell-dependent B cell activation.
TIL-B upregulated B cell receptor (BCR) pathway molecules FOS and JUN, germinal center
chemokine regulator RGS1, activation marker CD69, and TNFa signal transduction via NFxB,
suggesting BCR-immune complex formation. Expression of genes associated with B lymphocyte
recruitment and lymphoid assembly, including CXCL13, CXCR4, DC-LAMP, was elevated in
TNBC compared with other subtypes and normal breast. TIL-B-rich tumors showed expansion of
1gG but not I1gA isotypes, and 1gG isotype-switching positively associated with survival outcomes
in TNBC. Clonal expansion was biased towards IgG, showing expansive clonal families with
specific variable region gene combinations and narrow repertoires. Stronger positive selection
pressure was present in the complementary determining regions (CDRs) of 1gG compared to their
clonally related IgA in tumor samples. Overall, class-switched B lymphocyte lineage traits were
conspicuous in TNBC, associated with improved clinical outcomes, and conferred 1gG-biased,
clonally expanded, and likely antigen-driven humoral responses.

Keywords

B lymphocyte; Memory B lymphocyte; IgG isotype-switching; Breast cancer; Triple-negative
breast cancer; Tumor-infiltrating lymphocytes; Immunoglobulin repertoire; Clonal expansion;
Tumor microenvironment

Introduction

Initiation of effective adaptive immunity may contribute to tumor growth restriction through
specific antigen-directed responses. The T lymphocyte component of anti-tumor immunity
has received significant attention (1). In contrast, B lymphocytes, especially the memory
and isotype-switched B lymphocyte compartments, and their expressed antibody profiles
remain only partially elucidated. Emerging findings suggest that aspects of humoral
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immune responses may correlate with improved clinical outcomes via B lymphocyte tumor-
infiltration and expression of antibodies in lesions or in the circulation (2, 3). These could
differ across tumor types, potentially offering opportunities for stratification and for guiding
therapy options.

Breast cancer is one of the most frequently-diagnosed malignancies, divided into biological,
and differential therapy-associated subtypes based on estrogen receptor (ER), progesterone
receptor (PR), and human epidermal growth factor receptor 2 (HER2) expression, with
specific prognostic and predictive biomarker implications. Triple-negative breast cancers
(TNBC) do not express any of these markers and demonstrate the least-favorable prognosis
due to both an aggressive phenotype and limited targeted therapies (4). Although breast
cancer has not traditionally been regarded as a typical immunogenic malignancy, emerging
studies report the presence and potential clinical significance of tumor-infiltrating immune
cells for clinical outcomes (5). Paradoxically, despite an overall poor prognosis of

patients with TNBC, immune infiltration is more pronounced compared with other breast
cancer types. Consistent with an immunogenic tumor microenvironment (TME), some
TNBC patients may benefit from anti-programmed death-ligand 1 (PD-L1) and anti-PD-1
immunotherapy with atezolizumab in combination with chemotherapy (6). TNBCs are
characterized by immunologically-variable and compartmentalized tumors with structural
features in the tumor-immune interphase and large variability across individuals, mandating
the need for patient stratification for therapy selection (7). The most thoroughly-studied
effector cells within the breast cancer setting are CD8" cytotoxic T lymphocytes and natural
killer (NK) cells (8). However, tumor-infiltrating B lymphocytes (TIL-Bs) aggregating
within tertiary lymphoid structures (TLS) (9) may have an antigen-educated phenotype
(10) and autoantibodies are thought to trigger tumor cell clearance (11). TIL-Bs might also
serve as antigen-presenting cells to promote anti-tumor Th responses (12). Therefore, it is
increasingly-recognized that humoral immune responses may be important contributors to
breast cancer outcome, especially in more immunogenic TNBCs.

The interaction between the immune system and malignant cells therefore constitutes a
major focus of current translational and clinical investigation (13). Recent studies have
provided evidence of TIL-Bs and tumor-reactive immunoglobulin in several solid tumors,
including in breast cancer, and TIL-Bs have been reported to respond to B cell receptor
stimulation and produce immunoglobulins ex vivo (14-16).

Here, in peripheral blood and cancer lesions of patients with breast cancer,

specifically in individuals with TNBC, we performed cytofluorimetric, transcriptomic,
immunofluorescence, single-cell RNA-seq and long-read immunoglobulin repertoire studies
to evaluate isotype-switched and memory B lymphocyte subsets, immunoglobulin (Ig)
isotype distribution, and clonal expansion profiles.

Materials and Methods

Clinical sample collection and cohort descriptions

A collection of internal and external cohorts of healthy volunteer (HV) and patient samples,
including the unique accession numbers, are summarized in Suppl. Table 1 and Suppl.
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Materials and Methods. All internal King’s College London (KCL) samples were collected
with informed written consent, in accordance with the Helsinki Declaration (study design
was approved by the Guy’s Research Ethics Committee (REC No. 07/H0804/131), Guy’s
and St. Thomas” NHS Foundation Trust). Peripheral blood mononuclear cells (PBMCs)
were isolated using Ficoll-Paque PLUS density gradient centrifugation, and single cells from
breast tissues were isolated as described in Suppl. Materials and Methods.

Gene expression (GEx) profiling of lymphocyte and lymphoid assembly markers

Gene expression levels were analyzed from internal Guy’s Hospital and TCGA Breast
cohorts (KCL and TCGA GEXx cohorts), and compared between PAM50 (Basal-like,

HER2, luminal A, luminal B and normal-like) and TNBC-subtypes (basal-like 1/2,
immunomodulatory, mesenchymal, mesenchymal stem-like, luminal androgen receptor)
according to classification described in Bras6-Maristany et al. (17). A B lymphocyte
metagene signature was analysed from published NanoString data of primary and metastatic
breast cancers (GSE102818) (18). Kaplan—Meier (KM) plotter tool was utilized to generate
survival plots (19). CIBERSORT was applied to evaluate naive B cells, plasma cells

and memory B cells identified among 22 immune subsets in the KCL GEx cohort

(20). Univariate Cox proportional hazards regression models were used to investigate the
prognostic importance of these immune subsets in high and low TIL infiltrated tumors
(semi-quantitative TIL quantification was performed by a trained histopathologist using
tissue microarrays (Suppl. Materials and Methods)). B lymphocyte function-associated gene
sets were identified from gene ontology (GO) database (Suppl. Materials and Methods). A
lymphoid assembly-associated gene signature was compiled from a set of known markers
(22).

Single-cell RNA-sequencing (scRNA-seq) analysis

Analyses were performed on a published sScRNA-seq dataset (GSE114725) (22) (Single
cell cohort) using R package Seurat (23). Dimensionality reduction was performed using
Uniform Manifold Approximation and Projection (UMAP) and cells were clustered using
the Louvain algorithm (23). Ig isotypes were detected based upon heavy chain gene
expression. Differentially expressed genes identified by Seuratwere used to perform gene
set enrichment analysis (GSEA) using the fgsea package. Gene sets were obtained from
Broad Institute Molecular Signature Database using R package msigdbr (24). CellPhoneDB
v2.0 was used to analyze B cell-T cell interactions (25).

Immunohistochemical/Immunofluorescence (IHC/IF) evaluations of TIL-B distribution and
surface Ig expression

Three sections per tissue sample were stained with fluorescently-labelled antibodies
conferring three panels: TIL classification (DAPI/CD20/CD3/PanCK), naive B lymphocyte
identification (DAP1/CD20/1gD), lg isotype expression (DAPI/CD27/1gG/IgA/IgM).
Antibodies used are detailed in Suppl. Table. 2. TIL-B structural features were evaluated
(Suppl. Materials and Methods) following TIL working group guidelines (26), guided by
trained pathologists. Olympus VVS120-S5 or Nikon TE 2000-U microscopes were used for
imaging.
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Long-read Ig repertoire analysis

Immunoglobulin repertoire analysis was performed from cDNA synthesized from breast
tissues with the 5° RACE template switch method (Suppl. Materials and Methods).
Full-length Ig cDNA were PCR-amplified with primers containing unique molecular
barcodes. Purified DNA samples were sequenced using PacBio Single Molecule, Real-Time
(SMRT) Sequencing platform (27). Redundant sequences with identical molecular barcodes
were removed. Ig genes and complementary determining region (CDR)3 sequences were
determined using IMGT/HighV-QUEST (28). Relatedness among sequences were estimated
using BRepertoire webserver (29) “Clonotype clustering” function, after partitioning all
CDR3 DNA sequences by the sample and the V gene family used (30). Selection pressure
analysis was performed using R package shazam (31).

Statistical analyses

Results

GraphPad Prism and R were used for statistical analyses of paired and unpaired data sets.
Data are presented as mean + standard error mean (SEM). P-values reported as: £<0.05 (*),
F£<0.01 (**), A<0.001 (***), £A<0.0001 (****) and all tests were two-sided.

Further details can be found in Suppl. Materials and Methods.

Collapse in circulating memory B lymphocytes contrasts with amplification of intratumoral
class-switched memory B lymphocyte compartment

We compared B lymphocyte subsets between breast cancer patient blood and tumors
(KCL flow cohort; see Suppl. Table 1 for information of all cohorts used). We quantified
percentages of B lymphocytes (CD19*CD20™) and memory (CD19*CD20*CD27*) B
lymphocytes (B™) in patients (N=55) and healthy subjects (N=48) by flow cytometry
(Fig. 1A-B). Consistent with a report in melanoma (32), we identified a fall in peripheral
B™M in patients compared to healthy volunteers. This was independent of disease stage

or chemotherapy treatment status. We observed significantly-lower proportions of B
lymphocytes (of CD45* cells) in the circulation of patients with recent chemotherapy
compared to those without treatment (Fig. 1B), alongside reduced serum immunoglobulin
titres in chemotherapy-treated individuals (Suppl. Fig. 1A-B, KCL Luminex cohort).
Baseline serum immunoglobulin isotype titers in patients were not predictive of breast
cancer-specific death (Suppl. Fig. 2, Apolipoprotein Mortality Risk (AMORIS) cohort (33)).

In contrast, using tumor single-cell suspensions (N=17), we identified a higher B
lymphocyte infiltration compared to non-adjacent, non-tumor (NANT) (N=12) and

normal breast (N=9) tissues (Fig. 1C). In matched blood and tumor samples (N=7),

tumors contained higher CD20*CD27* B cell proportion (Fig. 1D). Both peripheral and
intratumoral CD20*CD27* B cell populations showed a bias towards the loss of IgD
expression (N=32) (Fig. 1E). Additional quantitative single B lymphocyte gene expression
analyses (Single cell cohort) also confirmed larger proportions of CD20*CD27* and
CD20*CD27*1gD" B lymphocytes in tumors compared to blood (Suppl. Fig. 3A-B).
Furthermore, isotype-switched TIL-B populations comprise memory, germinal center (GC)
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B cells and plasma cells in non-TNBC and TNBC (IHC/IF, KCL IHC cohort and Single cell
cohort) (Suppl. Fig. 3A-E).

These findings reveal a reduced peripheral B™ population in patients compared to healthy
volunteers, independently of disease stage or treatment, in parallel with an enriched tumor-
infiltrating class-switched B cell compartment in the TME compared to matched patient
blood.

Elevated TIL-B signatures and assembly within stromal clusters in TNBC

We asked whether TNBC demonstrate increased immune cell infiltration, particularly
concentrating on the B cell population, compared with normal breast or other breast
cancer types. Quantitative IHC/IF evaluations (Bart’s IHC cohort) and GEx analyses

(KCL and TCGA GEXx cohorts) revealed an expansion of CD20* TIL-B within TNBC
lesions compared with normal tissues (Fig. 2A), and compared to non-TNBC carcinomas,
expression of B lymphocyte (CD20and BCR complex CD79A) and T lymphocyte (CD3D
and CD3G) markers were elevated in TNBC. Within different TNBC subtypes, these
markers were elevated especially in the Lehmann’s immunomodulatory (IM) molecular
TNBC subtype, known to be enriched in core immune signal transduction pathways and
cytokine signaling (N=122) (34) (Fig. 2A, Suppl. Fig. 4A-B). TIL-B density and CD20gene
expression positively correlated with tumor-infiltrating T lymphocyte (TIL-T) density and
CD3 gene expression respectively (Fig. 2B). The expression of a B lymphocyte metagene
signature (NanoString cohort) was significantly-higher in primary cancers compared to
patient-matched metastatic sites (N=31 vs 17), suggesting a diminished immune TME with
advanced disease (Fig. 2C).

Both quantitative IHC/IF (N=15) and KM-PLOTTER SURVIVAL ANALYSIS (N=241) DEMONSTRATED
TIL-B in primary tumors were significantly-associated with more favorable overall survival,
most prominently in basal-like/TNBC (Fig. 2D, Suppl. Fig. 4C). Additional Kaplan-Meier
analyses using CIBERSORT (from KCL GEXx cohort, see Suppl. Materials and Methods)
(20) investigated the associations between distant metastasis-free survival (DMFS) and
naive, plasma and memory B cell phenotypes in TNBC (N=89). In tumors with high

TIL infiltrates (classified by using tissue microarrays), memory B cells were associated
with a more-favorable DMFS, while a negative prognostic value was shown for naive B
cells in this cohort (Fig. 2E). IHC/IF staining analyses (Bart’s IHC cohort) confirmed the
heterogeneity of TIL-T and TIL-B (Fig. 2F), with evidence of expansive cluster formation
(demarcated in white (>30 TIL-B and >30 TIL-T aggregated), typically of a B lymphocyte
assembly adjacent to a T lymphocyte zone) (Fig. 2G). This highlight close B-T lymphocyte
interactions within the TME.

Since we found B-T lymphocyte clusters in a large proportion (9 of 15) of TNBCs

(Bart’s IHC cohort), we next evaluated TIL-B spatial and structural characteristics. We
characterized TIL-B as either stromal or intratumoral, according to penetration within
PanCK™* tumor islets. Cells were further categorized as forming either clusters or
dispersions, according to the extent of aggregation along with CD3* TIL-T (Fig. 3A).
Tumors were split according to into TIL-BN9" and TIL-B!°W groups, as defined by

median TIL-B density. B lymphocytes typically formed within stromal clusters irrespective
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of overall TIL-B density (Fig. 3B). Five individuals featuring highly-clustered TIL-B
characteristics showed a >5 year survival post-surgery (Fig. 3C). Consistent with the B-T
lymphocyte cluster formation observed, we found elevated expression of B lymphocyte
recruitment and lymphoid assembly marker genes (CXCL13, CXCR4and DC-LAMP) in
TNBC compared to both non-TNBC and normal breast, and within the TNBC cohort the
highest expression of these genes was detected in IM tumors (Fig. 3D, Suppl. Fig. 4D, KCL
and TCGA GEx cohorts). Higher expression of these signatures were also associated with
significantly-improved odds of overall survival (10-year follow-up) in basal-like/TNBC (Fig.
3E, KM plotter cohort).

Therefore, substantial TIL-B densities in TNBC, typically form clusters along with T
lymphocytes. TIL-B marker (CD20and CD79A) and GEXx features conferring B lymphocyte
recruitment and lymphoid assembly were elevated compared to non-TNBC and normal
breast tissues, and associated with more favorable survival in basal-like/TNBC subtype.

Tumor-infiltrating B lymphocytes are activated via the B Cell Receptor

We sought direct evidence of active roles for B lymphocytes in the TME, using a previously-
published dataset (Single cell cohort). We applied dimensionality reduction (UMAP) to
single-cell B lymphocyte populations and revealed distinct CD20* and CD27* TIL-B
populations compared to those in the circulation (blood (N=1,476 B cells) and tumors
(N=1,021 B cells) of eight patients) (Fig. 4A). Downstream differential expression gene
(DEG) analysis identified several upregulated genes in TIL-B: FOSand JUN, molecules
downstream of BCR complex pathway (35); RGS1, germinal center B lymphocyte regulator
of chemokine receptor signaling (36); and the lymphocyte activation marker CD69, triggered
through crosslinking of surface 1g (37) (Fig. 4B). Hallmark enrichment analysis (38)
revealed significantly-enhanced expression among TIL-B for genes controlling TNFa
signaling via NFxB, hypoxia and UV response pathways, in comparison with circulating-

B lymphocytes (Fig. 4C). Several genes, known to positively regulate B lymphocyte
activation, proliferation and differentiation functions were upregulated in TNBC compared
to normal breast (Suppl. Fig. 5, KCL and TCGA GEXx cohorts). Survival analysis of these
gene signatures revealed positive associations with overall survival (10-year follow up),
most pronounced in basal-like/TNBC (Fig. 4D, KM plotter cohort). We next evaluated

B cell-T cell interactions in the tumor microenvironment (Single cell cohort) using
CellPhoneDB (25). We identified cell communication pathways associated with lymphoid
assembly (CXCL12, CCL19, CCL21 and CXCL13), cytokine signaling (IL-4, IL-6, IL-13,
IL-15, IL-17 and IFNy), co-stimulation (CD28 and ICOS) and immune activation (CD40
and CD226). These findings support a bi-directional functional crosstalk between tumor-
infiltrating B and T lymphocytes (Fig. 4E).

These findings indicate the presence of distinct B lymphocyte populations between patient
blood and cancers and evidence of TIL-B antigen-lIg complex, BCR pathway stimulation
and evidence of B cell-T cell crosstalk. Key functional attributes for the initiation of B
lymphocyte responses are associated with improved patient outcomes, especially in TNBC.
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IgG* B lymphocyte densities are elevated in tumors, and IgG isotype-switching predicts
positive survival outcomes in TNBC

We studied B lymphocyte densities according to Ig isotype expression in primary breast
cancers by quantitative IHC/IF evaluations of IgD, IgM, IgA and 1gG isotype-expressing

B lymphocytes (Bart’s IHC cohort) (normal breast tissue (N=10), TNBC (N=14)). Naive
(IgD*) B lymphocyte densities were found at low densities in normal breast, TIL-B!°" and
TIL-BN9" tumors (Suppl. Fig. 6A). Higher 1gG* and IgM* B lymphocyte densities were
found in TIL-BN9" and, to a lesser extent, in TIL-B!W cancers compared with normal

breast (Fig. 5A-B). In contrast, IgA* B lymphocyte densities were consistent among tissue
compartments, highlighting an overall bias towards increased 1gG*:1lgA* B lymphocyte ratio
within cancers compared to normal breast, and within TIL-B"9" compared to TIL-B'oW
cancers (Fig. 5C-D).

IHC/IF showed the dominating IgA* B lymphocyte profile present in normal breast is
contained within normal lobules and their periphery (Suppl. Fig. 6B). While TIL-BloW
cancers lacked large B lymphocyte follicles and contained small IgM/IgA/IgG plasma

cell zones, TIL-BN9" cancers typically contained denser lgM/IgA/IgG plasma cell zones
surrounding expansive IgM* follicular B lymphocyte clusters with defined germinal centers
(Fig. 5E). The resulting B lymphocyte assembly in these TIL-BN9" tumors shares some
structural similarities with those in tonsil tissues. 1gG and IgA expression were accompanied
with CD27 upregulation, validating the differentiated, isotype-switched status of these cells
(Suppl. Fig. 7A-C). We further confirmed that intratumoral 1gG™ cells comprised both
CD20" as well as CD138* (plasma) cell populations, the latter being low or negative for
CD20 expression (Suppl. Fig. 7D, Suppl. Fig. 3C).

Since TNBCs feature high levels of 1gG-expressing B lymphocytes, we studied B
immunoglobulin isotypes (Ig heavy chain) using a published scRNA-seq dataset (Single cell
cohort; N=1,021 TIL-B across eight patients). UMAP applied to single-cell B lymphocyte
populations revealed distinct TIL-B populations in TNBC compared with non-TNBC
samples. This analysis also revealed enhanced isotype-switching to 1gG1, 1gG3, 1gG4 and
IgA2 subclasses in TNBC (Fig. 6A-B). UMAP confirmed differential isotype-expressing B
lymphocyte compartments in TNBC compared with non-TNBC for IgM and 1gG1 based

on clustering (Fig. 6C). Heatmaps of single CD20*CD27* B lymphocyte IgCH expression
showed a propensity towards non-switched IgM transcripts in blood in contrast to high levels
of isotype-switched 1gG and IgA B lymphocytes in tumor samples (Suppl. Fig. 8), and
higher levels of isotype-switching in TNBC compared to non-TNBC tumor samples (Fig.
6D). These support an active tumor-resident humoral response, different to the equivalent
response in the circulation, and likely driven by inflammatory and possibly antigenic signals
which may support Ig class-switch recombination in the breast cancer microenvironment,
especially in TNBC.

Survival analysis of isotype-switching gene signatures revealed a positive association with
10-year overall survival for 1gG, but not for IgA, isotype-switching, most pronounced

in basal-like/TNBC (Fig. 6E, KM plotter cohort). Moreover, as expected, several

genes involved in the mechanism of and/or positively regulating isotype-switching were
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upregulated in TNBC compared to normal breast (Suppl. Fig. 9, KCL and TCGA GEXx
cohorts).

These findings indicate a shift in favor of 1gG* B lymphocytes in TIL-B"9" TNBC and
point to 1gG isotype-switching as a contributor to the overall positive role of B lymphocyte
responses to breast cancers.

IgG-biased, clonally-expanded, immunoglobulin repertoires in breast cancer

Using long-read sequencing we next generated a dataset of Ig heavy chain repertoires
(N=7,670) from two TNBCs, two ER* cancers and one normal breast tissue (KCL
sequencing cohort) and performed sequence clustering analyses to define clonotypes and
compare the distributions of Ig isotypes following B lymphocyte clonal expansion. We
observed consistently-larger clonal family sizes within the 10 largest clones of cancers
compared to normal breast (Fig. 7A, top panel). B lymphocyte sequences from ER*
cancers featured a heterogeneous 1gG subclass expansion with few IgA clones. In contrast,
TNBCs showed clones with co-existing 1gG1 and IgA1 subclasses, suggested intra-clone
isotype-switching (Fig. 7A, bottom panel). Kolmogorov-Smirnov analyses revealed that
IgG and IgA clonal family frequency distributions were significantly-different between
carcinomas and normal breast (Fig. 7B). Accordingly, IgG and IgA were clonally-expanded
within cancers (Suppl. Fig. 10A-B), and on average 1gG* B lymphocytes belonged to
larger clonal families than IgA* cells (Fig. 7C). These data point to an inherent bias
towards the preferential clonal expansion of 1gG isotypes within breast cancers. When

we compared variable region gene usage, we found specific V(D)J genes whose combined
usage was overrepresented in clonally-expanded IgG and IgA sequences in cancers. Specific
combinatorial gene usages appeared to expand in TNBC but not ER* lesions, and vice
versa, suggestive of clonally-restricted, likely antigen-focused, immunoglobulin repertoires
(Fig. 7D, Suppl. Fig. 10C). Furthermore, immunoglobulin light chain repertoire transcripts
from single CD20*CD27* B lymphocytes from two matched blood and tumor samples
(Single cell cohort, Suppl. Figure 10D) showed similarities in kappa and lambda chain

V genes (IGKV, IGLV) and J genes (IGKJ, IGLJ), pointing to potential common clonal
origins. Furthermore, we observed a stronger positive selection pressure in the CDRs of
IgG compared to their clonally related IgA in tumor samples, while such a relationship
was absent in the FWR, and in BCRs from normal breast. (Fig. 7E). This hints at different
aspects of B lymphocyte responses where IgA expression may act as an early response and
IgG* B cells may confer higher affinity antigen-driven responses.

Large clonal families, isotype-switching within clonally-expanded TIL-B, and a bias for
1gG subclasses accumulating mutations on specific variable region gene combinations,
together suggest a mature humoral immune response driven towards specific antigenic
stimuli in breast cancer. Further understanding of these features may reveal therapeutic
targets, prognostic biomarkers and patient subpopulations upon whom to focus adaptive
immune response enhancing therapies.
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Discussion

Clinical outcomes in cancer patients may be influenced by the initiation of effective anti-
tumoral adaptive T lymphocyte responses, but these are likely to be significantly more
effective when launched in combination with humoral immunity, including induction of
isotype-switched B lymphocytes and secretion of antibodies. We undertook flow cytometric,
IHC/IF, bulk GEx, scRNA-seq and long-read immunoglobulin sequencing analyses to
investigate activated, memory and isotype-switched B lymphocytes in breast cancers,
including the more-aggressive and more-immunogenic TNBC subtypes. Consistent with
previous reports (39, 40), the TIL-B compartment in tumor stroma is typically organized
into clusters of lymphocytes including isotype-switched memory, GC B cells, and plasma
cells. Enhanced isotype-switched B lymphocytes, with an 1gG-isotype bias may be part

of the humoral clonal expansion mechanism, especially pronounced in TIL-BMN9" TNBC.
The accompanied narrow mature immunoglobulin variable region repertoires and enhanced
BCR signaling in TIL-B strongly signify antigen-driven responses. This dynamic humoral
immune profile is especially associated with immunogenic TNBC and indicative of more
favorable patient outcomes.

We found a depleted memory CD19*CD20*CD27* B lymphocyte repertoire in patients’
peripheral blood regardless of stage or treatment history for their carcinoma. Moreover,
this effect appears to be exacerbated in breast cancer patients who have undergone
chemotherapy, possibly owing to the depletion of B lymphocytes during treatment, which
may irreversibly diminish long-lived memory populations. Accordingly, patients receiving
chemotherapy have lower total serum immunoglobulin titers, indicative of a depleted
circulating antibody-secreting B lymphocyte population. In contrast, our flow cytometric
analyses revealed an upregulated CD20*CD27*IgD" B cell compartment among TIL-B. In
agreement, single-cell transcriptomic analyses point to a bias towards non-switched IgM
transcripts in blood memory CD20*CD27* B lymphocytes and higher levels of isotype-
switched IgG and IgA CD20*CD27* B lymphocytes in tumor samples. Consistent with an
immunogenic signature in TNBCs, we found higher levels of isotype-switching shown in
single CD20*CD27* B lymphocyte transcripts in TNBC samples compared to non-TNBC
tumors. These may be driven by a combination of antigen exposure and inflammation in the
breast cancer microenvironment which promotes Ig class-switch recombination.

The TIL-B population is largely assembled in clusters (>30 TIL-B and >30 TIL-T
aggregated) and positively associates with overall survival. Whilst evident across breast
cancer types, transcriptomic analysis suggests that TIL-B infiltration is more pronounced
in TNBC compared to non-TNBC. TNBC, especially the IM molecular subtype, featured
elevated expression of B lymphocyte recruitment and lymphoid cell assembly (CXCL13,
CXCR4, DC-LAMP) genes, compared to normal breast. Enhanced local expression of
CXCL13 in arthritic synovial fluids can draw circulating B lymphocytes to inflammation
sites (41) and B lymphocytes may traffic from the blood towards lymphoid tissues via
CXCR4 stimulation (42). The evident expression of these signals within the TME may
recruit B lymphocytes, including B™, from the periphery to cancer lesions. Consistent
with this, we report reduced circulating and enhanced intratumoral CD20*CD27* B

cell compartments in patients. Such chemoattractant signals may also promote local B
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lymphocyte assembly into B-T clusters, in line with our observations of close proximity
and strong correlation between tumor-infiltrating B and T lymphocytes. Whilst the B-T
clusters we describe are not entirely equivalent to TLSs identified in routine histology
(43), within these clusters, B-T lymphocytic crosstalk can lead to B lymphocyte activation,
immunoglobulin isotype-switching and local clonal expansion (39, 44).

Alongside immunohistochemical evidence of spatial B-T association, an active and
functional B lymphocyte compartment is also indicated by BCR signaling and isotype-
switching. Analyses of sScCRNA-seq data demonstrated that TIL-B are phenotypically distinct
to those in blood, featuring upregulated BCR complex pathway molecules FOSand JUN,
germinal center chemokine regulator RGS1, lymphocyte activation marker CD69and TNFa
signaling via NFxB. These implicate active BCR engagement by immune complexes. In
concordance, Ig repertoire analyses revealed 1gG-skewed clonal family expansion with
clonally-restricted immunoglobulin variable regions. We detected significantly-larger 1gG
and to a lesser extent IgA, clones with narrow variable region repertoires in cancers
compared to normal breast, indicative of antigen-focused clonal expansion. Together,

these suggest a dynamic expanded 1gG-biased humoral response focused towards a small
repertoire of antigenic stimuli in the TME the greater understanding of which has the
potential to inform therapeutic and biomarker strategies in patients.

Several studies reported that TIL-B carry positive prognostic value (5, 26), while others
found no significant effect (45), or even poorer survival with CD138* plasma cell infiltrates
(46). However, the extent to which B lymphocyte activity may correlate with prognosis

has not been addressed. In our TNBC cohort, we report positive prognostic associations of
memory, but not of naive or plasma, B lymphocyte infiltration in high-TIL tumors. This may
point to positive contributions of memory B lymphocytes as part of the humoral response
in immunogenic breast cancers and especially in TNBC. In concordance, our findings
indicate that genes which positively regulate B lymphocyte functions, particularly those
involved in activation, proliferation, differentiation and isotype-switching, and especially
genes associated with isotype-switching to IgG, may carry positive prognostic value.
Furthermore, evidence of a bi-directional functional crosstalk between B and T cells, reveals
expression of gene pairs associated with lymphoid assembly, co-stimulation, cytokine-
cytokine receptor interactions, cytotoxic T cell activation and T cell-dependent B cell
activation. These interactions between B and T cells may have functional relevance in
driving B cell stimulation and maturation. Positive associations with prognosis may stem
from the observed crosstalk between B and T lymphocytes within TLS (47), where antigen
presentation and antibody affinity maturation may occur. B lymphocyte-mediated T-helper
lymphocyte activation may contribute to immunotherapy response in TNBC with high
mutation burden (48) and local antigen presentation could amplify tumor antigen-specific
immune responses (12). Our findings also provide support for the involvement of TIL-B

in tumor immune surveillance through secretion of cytokines such as TNFa, which may
promote differentiation of Th1l cells and polarize immune effector cells towards classically-
activated phenotypes (49). Tumor-associated B lymphocytes may therefore receive, trigger
and respond to significant T lymphocyte-mediated innate and antigenic signals including
BCR-immune complex formation and co-stimulation. These may induce Ig class-switch
recombination and affinity maturation, especially in TNBC.
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We identified an IgG-dominated clonally-expanded B lymphocyte response in those
breast cancers which were highly-infiltrated by immune cells, and positive associations
between IgG class regulator signatures and patient outcome, especially in TNBC. The
immunoglobulin isotypes produced in the TME may be critical for containing tumor
growth. Antibodies can directly block cancer cell signaling, and if expressed of the IgG
class, and specifically 1gG1, they engender immune-mediated clearance of cancer cells via
complement activation and engagement of Fc receptor-expressing monocytes, macrophages
and NK cells (50). In cancer lesions we observed a higher mutation load in the CDRs of
IgG compared to their clonally-related I1gA, absent in the FWR, and in BCRs from normal
breast. This stronger positive selection pressure on IgG* B lymphocytes may represent
different aspects of humoral immunity, likely arising from a common B cell precursor,
with IgA* and IgG™ B lymphocytes driven to generate highly-specific but divergent BCRs.
Our work suggests significant implications regarding the effectiveness of anti-tumor B
lymphocyte responses within highly-infiltrated cancers, where a higher IgG™:IgA* ratio
among the expansive B lymphocyte infiltrate could engender potent anti-tumor responses
through the increased relative proportion of 1gG isotypes, featuring increased capacity to
trigger antibody-dependent cytotoxicity by NK cells and macrophages. Future therapeutic
interventions may facilitate or take advantage of 1gG* memory and plasma cell infiltrates
and thus influence the balance in favor of immune-activatory immunoglobulin isotypes in
tumors.

Collectively, our findings indicate a highly-activated B lymphocyte compartment in breast
cancers. Intratumoral B lymphocytes are spatially-associated with T lymphocytes within
large stromal clusters, isotype-switch, expand into large clonal families featuring a bias
towards 1gG subclasses, and carry specific variable region gene combinations with narrow
repertoires, all suggesting targeted humoral responses to specific antigenic stimuli. Clonally-
restricted 1gG expressing B cells may include /n situ generated germinal center and activated
memory B cells and terminally differentiated plasma cells. Together, these may contribute

to humoral immune responses in breast cancer, likely more prominent in TNBC. These
expansive and clonally-skewed immunoglobulin repertoires, and in particular those switched
to 1gG isotypes, may be associated with more-favorable patient survival. Although found
across breast cancer types, these dynamic B lymphocyte traits are highly-prominent in
TNBC. Despite the poor prognosis and aggressive nature of TNBC in many, this analysis
implicates considerable biological and associated prognostic heterogeneity that extends

to the TME. Expansive and active B lymphocyte cancer infiltrates, in a proportion of
individuals, provide a degree of anti-tumor activity that may, in combination with other
immune responses, confer a survival benefit and may be exploited with immunotherapies to
aid in tumor clearance. Elucidating the microenvironmental conditions required to initiate,
sustain and enhance these beneficial anti-tumor responses may be key to developing novel
treatments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Cancer Res. Author manuscript; available in PMC 2022 February 15.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Harris et al. Page 13

Acknowledgments

The authors acknowledge support by Breast Cancer Now (147; KCL-BCN-Q3); the Cancer Research UK King’s
Health Partners Centre at King’s College London (C604/A25135); Cancer Research UK (C30122/A11527;
C30122/A15774); the Medical Research Council (MR/L023091/1); CR UK//NIHR in England/DoH for Scotland,
Wales and Northern Ireland Experimental Cancer Medicine Centre (C10355/A15587). The research was supported
by the National Institute for Health Research Biomedical Research Centre based at Guy’s and St Thomas” NHS
Foundation Trust and King’s College London (IS-BRC-1215-20006). The authors are solely responsible for study
design, data collection, analysis, decision to publish, and preparation of the manuscript. The views expressed are
those of the author(s) and not necessarily those of the NHS, the NIHR or the Department of Health. The authors
acknowledge the Breast Cancer Now Tissue Bank in collecting and making available samples used in the generation
of this publication. We acknowledge the Biomedical Research Centre Immune Monitoring Core Facility at Guy’s
and St Thomas’ NHS Foundation Trust and the Nikon Imaging Centre at Kings College London for assistance.

Data availability

The R code used to analyze scRNA-seq data from GSE114725 (22) can be accessed
from https://codeocean.com/capsule/8562693. The R code to analyze BCR Repertoire data
collected from breast tissues can accessed at https://codeocean.com/capsule/8594411.

Abbreviations

BCR B cell Receptor

BM Memory B lymphocyte

CDR complementary determining region
CTL cytotoxic T lymphocyte

DMFS distant metastasis-free survival

ER Estrogen receptor

FWR framework region

GC Germinal center

GEx Gene expression

GSEA gene set enrichment analysis
HER?2 Human epidermal growth factor receptor 2
IF Immunofluorescence

Ig Immunoglobulin

IHC Immunohistochemical

IM Immunomodulatory

NANT Non-adjacent, non-tumor

NK Natural killer

PD-L1 Programmed death-ligand 1

Cancer Res. Author manuscript; available in PMC 2022 February 15.


https://codeocean.com/capsule/8562693
https://codeocean.com/capsule/8594411

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Harris et al. Page 14

PR Progesterone receptor
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Significance

Tumor-infiltrating B lymphocytes assemble in clusters, undergoing B cell receptor-driven
activation, proliferation, and isotype-switching. Clonally expanded, 1gG isotype-biased
humoral immunity associates with favorable prognosis primarily in triple-negative breast
cancers.
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Figure 1. Flow cytometric analyses reveal reduced circulating CD20*CD27* memory

and amplification of tumor-infiltrating CD20*CD27*1gD" class-switched subsets among B
lymphocytes.

(A) Gating strategy for identification of B lymphocytes and memory (B™) lymphocyte
derived from PBMC (example patient PBMC shown). (B) Quantification of total circulating-
B cells [top] and B™ cells [bottom] as % of CD45* cells in HV (N=48) and patient

(N=55) peripheral blood (KCL flow cohort; Supp. Table 1 for patient information),

stratified according to stage and treatment status. (C) Quantification of B lymphocytes
(CD20%) from single cell suspensions of normal breast (N=9), NANT (N=12) and cancer
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tissue (N=17) samples. (D) Quantification of matched patient circulating- and tumor-
infiltrating CD20*CD27* B cells (matched samples of 7 patients). (E) Quantification of
CD20*CD27*1gD" B cells in HV (N=17), patient peripheral blood (N=7) and cancers (N=8)
of total CD20*CD27* B cells. Statistical significance was determined using the Student’s
ttest.

Cancer Res. Author manuscript; available in PMC 2022 February 15.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Harris et al.

Page 20
,. —— TIL-B quantification ————
IHC (CD20%) ~—— GEx (CD20)
A ~ — = U
( ) 250,000 . 10.5 9 [
& 100 s o
80,000 o 95 - «
g € 90 g7 $ 108 3
60,000 = 2 95 :
2z 5 85 § ¢ T 90 wa
2 40,000 w 80 D 5 S 85 - + et ‘Wt
g 8 75 8 ® 80 \ ;
© 20,000 = 70 2 4 o 75
a I S 79 - e
> 10,000 5 65 33 s 12 I .
8,000 o 60 © 3 60 E . T *
5 6,000 S 55 g 2 o 55 : - -
4,000 IS * £ 50 - s %
> 2,000 © ig o1 A, 8 4s
@ O Normal Breast  TNBC } T T ¢ T 7 T T T T T
ormal Breas! Normal Breast TNBC Non-TNBC TNBC M LAR BL2 BL1 IM
B) ooy C) >TIL-Bin primary D TNBC Subtype
TIL-B:TIL-T - . .
o= o] IHC . —_ TIL-B Survival Analysis
4 E — 300 . o
2E ] 3 IHC (CD20%) T Low=belowmedan  GEx (CD20)
] ] _ High = above median
83 3 250 1.0- 2
o - 2 - 3
y T 200 0.8 g
0 20,000 40,000 60,000 80,000 100,000 g : o ? . E‘ z == ]
CD3* TIL-T (cells/mm?) £ 450 = 06 3 BASAL LUMINAL A
@ . 2 T MR =0.18(008.036) R = 043 025:071)
- 124 @ ot » :
D 1] £ 1001 _;_ '8 0.4 # E H
< 5] g L o 3
> s04 b T* 0.2 : s )
o ° Q >33‘ d HR =0.12 (0.17-0.87) s| HER2 LUMINAL B
S g > 0.0 . . i . . . S |HR = 0.73 (0.37-1.44) | HR = 0.51 (0.32-0.62)
- ©0 10 20 30 40 50 0 20 30 40 50 60
8 :_ Primary Metastasis 0 0 2 N 40 80i @0 ! 00 R 1 ‘
T h o Time (months) Time (months)
CD3G GEx (log2) .
Naive B cells Plasma cells Memory B cells
1.00- 1.00. 1.00.
(E) z .z z
3 075 3 075 F 075 i
2 3 3 =
TIL-B subset S S S
" - 8 050 8 050 5 050
survival analysis 5 Naive 3 Plasma H Memory
g 02s] LowTLsZiM@t p=02 g o LowTiLs L @27, P=06 g Oiz8 LowTiLs L @29, P=07
7} @ 7]
oo 1" TILs_b‘I’;“(" 327 p=002* - High T\Ls_h‘l"g';“(";’fs’) P=02 . nghY\Ls_h?g;‘((':‘ 4‘30" p=002"
(F) 3 3 5 [ 3 3 4 5 3 5 4 5
Dismnt melastasis-free survival (years) Distant metastasis-free survival (years) Distant metaslasis-ﬁree survival (years)
B lymphocyte —p
Blimetoo—> PyA DY PanCK MERGED INSET

TNBC [TIL-B"¥]

AN
- -

TNBC [TIL-Bbs"]

TNBC [TIL-B"¢"] whole tissue image
DAPI PanCK RGED

Figure 2. B lymphocyte infiltration and its positive prognostic value in TNBC.
(A) TIL-B density comparison by IHC within normal breasts and TNBC (N=15 each,

Bart’s IHC cohort), and by GEx (normal breast vs TNBC (N=10 vs 131, KCL GEx

cohort); non-TNBC vs TNBC (N=515 vs 123, TCGA GEXx cohort); TNBC subtypes
(mesenchymal (M), luminal androgen receptor (LAR), basal-like 1 and 2 (BL1 and 2)

and immunomodulatory (IM) (N=122, KCL GEx cohort). Mann-Whitney test was used for
statistical significance (B) TNBC TIL-B correlation with TIL-T by IHC (/=0.72, Bart’s IHC
cohort) and by GEx (r=0.73, KCL GEx cohort). Linear regression analysis was used to
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calculate correlation coefficients (7) and p-values. (C) B lymphocyte metagene NanoString
GEXx data comparing B lymphocytes in primary tumors with metastatic sites (N=31 vs 17)
(NanoString cohort). (D) High (above median) TIL-B densities by IHC were associated with
better overall survival in TNBC (N=15) (Bart’s IHC cohort), and in the basal-like subtype
by high CD20 GEx (N=241) (KM plotter cohort) (log rank test used to assess statistical
significance). (E) Kaplan—Meier survival curves display DMFS for naive B cells, plasma
cells and memory B cells in TNBC (KCL GEXx cohort) using CIBERSORT (20). Data

were divided into four groups based on B lymphocyte subset and TIL levels stratified by
semi-quantitative TIL classification. Statistical significance was assessed using univariate
Cox proportional hazards regression models. (F) Representative IHC/IF images (Bart’s
IHC cohort) depicting nucleated cells (DAPI), epithelial cells (PanCK), B lymphocytes
(CD20) and T lymphocytes (CD3) within normal breast and TNBC. Scale bar=50um. (G)
Representative TNBC images highlighting numerous lymphoid aggregates (within white
lines) consisting of B lymphocytes assembled adjacent to a T lymphocyte zone. Brown dash
lines indicate carcinoma edge. Scale bar=2mm.
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Figure 3. Occurrence of B lymphocytes in stromal clusters.

(A) Representative IHC/IF images (Bart’s IHC cohort), highlighting key TIL characteristics:
clustered TIL versus dispersed TIL and stromal TIL (outside tumor nests) vs intratumoral
TIL (within tumor nests). Scale bar=50um. (B) Quantitative assessment of TIL-B spatial
and structural characteristics within TNBC (N=15): [left] intratumoral vs stromal; [right]
clustered versus non-clustered. Patients ranked according to CD20* TIL-B density
(TNBC1=highest), and overall survival data indicated. [Inset] Patients samples split at
median density into high and low TIL-B groups and the % of intratumoral (left) or
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clustered (right) B lymphocytes were analyzed. Statistical significance was determined
using Student’s £test. (C) Characterization of TNBC TIL-B profile as stromal clustered,
intratumoral clustered, stromal dispersed, or intratumoral dispersed. Overall survival data
are indicated. (D) GEx data for lymphoid assembly marker genes CXCL13and DC-LAMP
([left] normal breast vs TNBC (N=10 vs 131, KCL GEx cohort); non-TNBC vs TNBC
([middle] N=515 vs 123, TCGA GEx cohort); TNBC subtypes ([right] N=122, KCL GEx
cohort). (E) Survival analysis in KM Plotter of determined ER” HER2 /basal surrogate,
HER2*, luminal A, luminal B subtype KM plotter surrogate subgroups (19) (KM plotter
cohort). These indicate that expression of lymphoid cell assembly genes carries positive
prognostic value in TNBC/basal-like and luminal B subtype ([left] Individual genes were
evaluated in combination with each other gene, and [right] gene set as a whole).
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Figure 4. scRNA-seq analysis reveals BCR-driven TIL-B activatory signatures and B lymphocyte
lineage gene markers predict positive survival outcome.

(A) UMAP visualization according to global GEXx of single B lymphocytes pooled from
the peripheral blood (1,476 cells) and tumors (1,021 cells) of eight patients (Single cell
cohort), colored by relative normalized gene expression levels for CD20and CDZ27. (B)
The detection of differentially expressed genes (DEGs, on cells originally annotated by
Azizi et al. (22) as B cells) demonstrates elevated expression of FOS, JUN, RGS1 and

CD69, indicated by fold change (FC) (determined using Wilcoxon Rank Sum test). (C)
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Gene set enrichment analysis of TIL-B relative to circulating B lymphocytes using hallmark
gene sets. Red color indicates significant upregulation of normalized enrichment scores

in TIL-B. (D) Survival analysis in KM Plotter of determined ER"HER2/basal surrogate,
HER2*, luminal A, luminal B subtype KM plotter surrogate subgroups (19) (KM plotter
cohort) for expression of gene signatures positively regulating key B lymphocyte properties
(activation, proliferation and differentiation). Representative genes listed for B lymphocyte
proliferation (44 total in set). Signatures from all three functions carry positive prognostic
value in the basal-like cancer subtype ([left] Individual genes were evaluated in combination
with each other gene, and [right] gene set as a whole). (E) CellPhoneDB (25) was

applied to analyze B cell-T cell interactions (Single cell cohort). After false discovery rate
(FDR<0.001) correction, communication pathways identified included lymphoid assembly,
cytokine signaling, co-stimulation, T-cell dependent B cell activation, and cytotoxic T
lymphocyte (CTL) activation. Circle sizes indicate p-value while color-coding represents
the average expression level of interacting molecule 1 in cluster 1 and interacting molecule 2
in cluster 2.
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Figure 5. Quantitative fluorescence IHC reveals elevated 1gG™:1gA* ratio within high TIL-B
tumors, implicating expansion of IgG* B lymphocytes within TNBC tumor microenvironment.

(A) Comparison of surface immunoglobulin-expressing B lymphocyte density in normal
breast and TNBC with low TIL-B density (below median CD20*) and high TIL-B density
(above median CD20"). (B) Quantitative IHC analysis profiling the proportions of B
lymphocytes present within the microenvironment of normal breast tissue (N=10) and
TNBC (N=14) expressing each lg isotype. (C) Enumeration of IgG*:IgA* B lymphocyte
ratios. (D) [Right] Example images illustrating IgG* and IgA* B lymphocytes in a
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typical TIL-B low individual and a TIL-B high individual. Automated cellular detection
identifies IgA (green) and 1gG (blue) B lymphocytes. Scale bar=100um. (E) Representative
images depicting typical Ig isotype expression among B lymphocytes: IgM* (red), IgA*
(green), and 1gG™ (blue). Images from Bart’s IHC cohort. Brown dash lines indicate
margin of the cancer. White lines separate distinct regions of B lymphocyte compartments
(PZ=plasma cell zone; F=B lymphocyte follicle). Scale bar=100um. Statistical significance
was determined using the Student’s #test.
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Figure 6. Single cell RNA-seq data analysis reveals favor of 1gG isotypes in TNBC and isotype-
switching gene markers predict positive survival outcome.

(A) UMAP visualization of B lymphocyte populations in non-TNBC vs TNBC (Single cell
cohort). (B) Percentage of each Ig isotype based upon raw data of Ig heavy chain (Student’s
ttest) (C) UMAP visualization for IgM and 1gG1 isotypes colored by relative normalized
gene expression levels (N=1,021 cells). (D) IgCH switch transcripts of single B lymphocytes
(CD19*CD27*/CD20*CD27+/CD22*CD27" single cells) were analyzed in non-TNBC and
TNBC tissues and demonstrated more 1g isotype-switching events in the TNBC samples.
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(E) Survival analysis in KM Plotter of determined ER"HER2 /basal surrogate, HER2*,
luminal A, luminal B subtype KM plotter surrogate subgroups (19) (KM plotter cohort)
for expression of gene signatures positively regulating isotype-switching (total Ig, 19G and
IgA isotype-switching). Signatures from all three functions carry positive prognostic value
in basal-like cancer ([left] Individual genes were evaluated in combination with each other
gene, and [right] the gene set as a whole).
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Figure 7. B lymphocyte repertoire analyses of immunoglobulin isotype-switching and clonal
expansion in breast cancers.

(A) 7,670 immunoglobulin heavy chain sequences were analyzed (KCL sequencing cohort).
Top 10 clones determined by B lymphocyte repertoire long read data analyses. Clonotypes
were estimated via clustering CDR3 sequences. [Top] Bars depict sizes of clones and their
breakdown by isotypes. [Bottom] Isotypes present in each clone are indicated by dots.
Vertical lines signify co-occurrence of isotypes in the same clone. (B) Clone size frequency
distribution of IgM/IgA/IgG sequences in normal breast (1,771 sequences) and breast cancer
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(5,899 sequences). Kolmogorov-Smirnov analysis highlights significant differences in clone
size frequency distributions. (C) Mean sequences per clone of IgM/IgA/IgG isotypes. 19G
and to a lesser extent, IgA isotypes are clonally expanded, while on average IgG isotypes
have significantly-larger clone sizes than IgA. (D) Comparisons of IgA and 1gG variable
usage of V-J, D-J and V-D genes extracted from normal breast, ER* cancer and TNBC.

For each gene usage combination, dot size is proportional to the frequency prior to clonal
expansion. Dot colors correspond to fold change in the number of sequences following
clonal expansion, indicating the preference of B lymphocytes with that specific VDJ
combination to be clonally expanded. (E) Selection pressure in clonally related IgA and IgG.
Clonally related sequences are represented as paired observations (grey lines), and selection
pressure is considered separately for the Complementarity Determining Regions (CDR) and
Framework Regions (FWR). Sequences are grouped into normal breast and breast cancer
(BC) (containing two TNBC and two ER* samples). Paired Wilcoxon tests were conducted,
and p-values were corrected (Benjamini-Hochberg) for multiple comparisons.
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