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Abstract

Triple negative breast cancers (TNBCs) are a morphologically and molecularly
heterogeneous group of breast cancers, defined by the absence of estrogen receptor (ER),
progesterone receptor and human epidermal growth factor receptor (HER2). Characterised
by an aggressive phenotype, high prevalence in younger women and those of African
American ethnicity, TNBC represents a significant unmet medical need despite therapeutic
advances. These developments in targeted therapies have harnessed the immunogenic
nature of TNBCs and subsequent approval in combination with chemotherapy in the
adjuvant and metastatic setting. As such, assessment of stromal tumour-infiltrating
lymphocytes (sTILs) within TNBCs has shown greater predictive value over classical staging
parameters in response to chemotherapy and immunotherapy. Critically, the presence of
cancerous cells within the sentinel lymph nodes and the number of metastatic lymph nodes
are essential assessment parameters for routine pathological diagnoses. Our group have
previously shown the additive prognostic value of immune responses within the tumour-
adjacent lymph nodes, in particular germinal centre formation, and their subsequent
association with sTIL density, the incidence of tertiary lymphoid structures at the primary
tumour and longer distant-metastasis free survival. This thesis therefore aimed to explore
the temporal, cellular and spatial immune composition of lymph nodes and the lymph node-

tumour crosstalk, utilising several imaging, molecular and in vivo modalities.

We harnessed transcriptional analyses of microarray data from TNBC primary tumours and

assessed the prognostic



Immunophenotyping a pilot study of lymph nodes from two patients with opposing disease
trajectories and sTIL scores at the primary tumour revealed a reduction in PD1+T cell
populations potentially influencing germinal centre responses, and upregulation of
immunosuppressive subsets with distinct spatial properties within the lymph node. A wider
exploration of molecular data of these subsets defined a subgroup of immunologically cold
TNBCs with increased plasma cell infiltration; low sTILs, high plasma (IThP), exhibiting
features of the luminal androgen receptor subtype and shorter time to distant metastasis.
The spatial orientation and infiltration of plasma cells within the tumour and lymph node were

subsequently validated within an independent cohort of high-risk low sTILs TNBC patients.

| further utilised four distinct mouse models of TNBC with a range of metastatic abilities, to
study for the first time, the temporal characteristics of germinal centre development in
response to nearby tumour growth. This revealed differences in the kinetic features of the
germinal centre B cell response within the tumour draining lymph nodes, and the phenotype

of memory B and plasma cell subsets generated in response to the developing tumour.

To elucidate potential mechanisms that may be impacting germinal centre formation and
plasma cell production in lymph nodes, | subsequently focussed on the IGF1 pathway. This
revealed that overexpression of IGF1 promoted tumour growth in vitro and in vivo,
dampened germinal centre responses and promoted an IgM+ plasma cell phenotype.
Overall, this thesis provides new insights into the molecular features of a subgroup of
immunologically cold TNBCs. | provide preliminary evidence of the relationship between
germinal centre B cell responses in lymph nodes and tumours, which ultimately may

influence an inferior disease trajectory for these high-risk TNBC patients.
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Chapter 1:

Introduction
1.1 Breast cancer

Breast cancer is the leading cause of death among women, accounting for around 30% of all
cancers diagnosed annually (Azamjah et al., 2019). On rare occasion, breast cancer can affect
the male population, which attributes to only 1% of these cases. It presents as a
morphologically heterogeneous disease, classified as ductal carcinoma in situ (DCIS),
invasive lobular or ductal carcinoma, or inflammatory breast cancer (Azamjah et al., 2019;
Nounou et al., 2015). Within breast cancer, DCIS is considered a preinvasive lesion, appearing
as abnormal cells within the milk ducts of the breast. Lobular carcinoma in situ (LCIS) is the
manifestation of malignant cells within the milk glands (lobules). Both invasive ductal and
lobular carcinomas arise when cancerous cells break free from the duct or lobule from which
they originated and enter nearby tissue. Secondary breast cancer, also known as metastatic
breast cancer, is when cancerous cells migrate to peripheral organs, primarily the lymph nodes
(LNs) (defined as regional metastasis), or spread further throughout the lymphatic and
circulatory systems to distant sites, most commonly to the lungs, bones, liver, skin, and brain
(referred to as distant metastasis) (Redig and McAllister, 2013). The five-year survival rate for
patients with primary breast cancer is 91%, however, this is substantially lower in patients with
both regional metastasis (~65%), and distant metastasis (~11%) (“Cancer Statistics Review,

1975-2015).
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1.1.1 Histological classification

Histological examination of the tissue is used to assess the morphological features of breast
cancer to determine the grade, stage and advise treatment regime. Utilising cellular
arrangement, nuclear grade (how abnormal the cells look compared to healthy cells), and
mitotic count (cell division rate), tumours are histologically graded between 1 and 3. Low grade
(1) exhibit the slowest growth rate, whilst high grade (3) present as highly proliferative, poorly
differentiated tumours and are associated with the most detrimental overall disease trajectory
(Rakha et al.,, 2010). Whilst these grading scores offer some understanding of the
characteristics of these tumours, the morphologically heterogeneous nature of breast cancer

carcinomas requires precision-based techniques to identify robust prognostic markers.

1.1.2 Clinical staging

Other clinical parameters used to evaluate the features of the tumour include Tumour, Node,
Metastasis (TNM) staging. Frequently used in pan-cancer diagnoses, this accounts for the
tumour size (T), the level of nodal involvement (N), and metastatic spread to distant organs
(M). Tumour sizes are graded from Tx (cannot be assessed) to T4 (the tumour has spread to
the chest wall and/or the skin). LN status is evaluated either during surgery (pathological
staging) or after undergoing X-rays and CT scans (clinical staging) (Barrett et al., 2009).
Broadly, both stages range from pNx or cNx (the LNs cannot be assessed) to pN3 and cN3,
where cancerous cells are found in one or more LNs above the collarbone. Metastasis can
also be determined pathologically or clinically. MO describes no evidence of metastasis,
whereas cM1 (clinical) is diagnosed when evidence of tumour cells is recorded by physical
evaluation or scans, and pM1 (pathological) defines a tumour measuring more than 0.2mm in

size detected, often by biopsy (Barrett et al., 2009; Nelson et al., 2016).
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1.1.3 Immunohistochemical classification

Breast cancer can further be categorised based on the immunohistochemical expression of
the human epidermal growth factor receptor 2 (HER2) and hormone receptors (HR); estrogen
receptor (ER) and progesterone receptor (PR) (Zaha, 2014). The majority of cases are classed
as ER+ (~65% of all cases), followed by HER2+ (~20%), with the minority accounting for those
with a triple-negative phenotype (TNBC;~15%) (Onitilo et al., 2009). Classification using IHC
methods has led to the development of targeted therapies and paved the way for clinical
advancements in oncology treatment. Anti-estrogen therapies including tamoxifen, aromatase
inhibitors (Al) and selective estrogen receptor degraders (SERDs) are now common practice
for the treatment of ER+ cancers and have significantly improved patient overall survival.
Further, the recognition of hormone-targeted treatments also led to the development of anti-
HER2+ mediated therapies, including trastuzumab (Herceptin) (Cameron et al. 2017). Prior to
this treatment, patients with metastatic HER2+ disease had a high rate of disease recurrence,
mortality and were limited to standard chemotherapy regimens. Since, multiple agents have
been developed to target HER2+ breast cancers, extending time to progression and improving

overall survival rates (Wang et al, 2019).

Typically, HER2 scoring is a binary process, and patients are diagnosed as either HER2+ or
HER2-. Immunohistochemistry (IHC) scores of 3+ are considered HER2+, 2+ are classed as
borderline, whilst anything below this threshold (1+ or 0+) is defined as HER2-. Borderline
patients require an additional in situ hybridisation (ISH) test, which measures gene
amplification. The DESTINY-Breast-4 trial in 2022 introduced a new therapeutic strategy for
‘HER-low breast cancer’ which represents borderline HER2 expression and is currently not
treatable with traditional HER2-targeting therapies. This study showed that a novel next-
generation antibody-drug conjugate (ADC) named trastuzumab deruxtecan (T-DXd) elicited a

robust response in patients with HER2-low metastatic breast cancer, significantly improving
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survival compared to those that received chemotherapy alone. Among 494 participants, the
risk of disease progression and death was reduced by approximately 50% compared to 36%
respectively (Eiger et al., 2021). As such, current developments are in the pipeline to improve
the sensitivity of assays to detect and measure low levels of HER2, which will enable further

stratification for patients that may benefit from these new therapies (Modi et al,2022).

1.1.4 Molecular subtyping

Whilst IHC scoring has been the mainstay of breast cancer stratification, the development of
the PAM50 (Prediction Analysis of Microarray 50) gene signature identified 50 differentially
expressed genes that could categorise breast cancer tumours into Luminal A, Luminal B,
Basal-like, HER2-enriched and normal-like (Parker et al., 2009; Perou et al., 2000). Whilst
ER+PR+ cancers typically present with a luminal A and luminal B phenotype, HER2+ are
encompassed within the HER-enriched category. Tumours with luminal A phenotypes typically
have improved breast cancer-specific survival and distant disease-free survival, presenting
with low-grade, differentiated tumours that respond well to endocrine therapy. In contrast,
basal-like breast tumours are typically the most aggressive, defined by an upregulation of
cytokeratin 14 and 17, normally found in the basal cell layer of the mammary duct (Dai et al.,

2017).
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1.2 Triple Negative Breast Cancer

Triple Negative Breast Cancer (TNBC) also known as HR-HER2-, accounts for 10-15% of all
breast cancers and is predominantly basal-like within the PAM50 classifications (Rao et al.,
2013). It is a highly proliferative subtype, often of high histological grade and occurs more
frequently in women under 50 years of age. It amounts to around 200,000 cases diagnosed
worldwide each year and is more prevalent in those of an African American or Hispanic
ethnicity (Foulkes et al., 2010). TNBC classically exhibits more aggressive characteristics and
a high prevalence of both regional and distant metastasis (Al-Mahmood et al., 2018; Rao et
al., 2013). Key driver mutations within TNBC occur within tumour-suppressor genes including
TP53, RB1, PTEN and to a lesser extent the PI3BK/AKT pathway. These mutations are often
as a result of Copy Number Alterations (CNAs) of genomic regions in pathways affecting PI3K

signaling, ERBB2 signaling and extracellular matrix (ECM) interactions (Shah et al., 2012).

1.2.1 TNBC subtypes

In 2011, Lehmann et al., sampled 587 TNBC tumours, demonstrating that gene expression
analyses could identify 6 groups within this subtype: basal-like 1 (BL1), basal-like 2 (BL2),
mesenchymal (M), mesenchymal stem-like (MSL1), immunomodulatory (IM) and luminal
androgen receptor (LAR). Here, it was shown that BL1 and BL2 subtypes were enriched for
cell cycle and DNA damage response genes, whereas M and MSL had a higher incidence of
epithelial-mesenchymal transition (EMT) and responded well to NVP-BEZ235 inhibitors that
target the PIBK/mTOR pathway. LAR subtypes exhibited a decreased relapse-free survival
and were characterised by high levels of androgen receptor signalling, with LAR cell lines
responsive to androgen receptor (AR) antagonists (Lehmann et al., 2011). Other studies have
identified intrinsic TNBC subtypes with extensive overlap namely LAR, mesenchymal (MES),

Basal-like immune suppressed (BLIS) and Basal-like immune activated (BLIA). DNA profiling

25



revealed subtype-specific gene amplification and differences in overall prognoses, with the
BLIS TNBC tumours exhibiting the most detrimental disease trajectory (Burstein et al., 2015).
Furthermore, other studies using decision tree-based analyses of core genes including
ST8SIA1, EXO2, NEK2, C80ORF46 and MMS22L identified 6 subtypes that were non-

synonymous with other breast cancer classifications (Quist et al., 2019).

1.2.2 Treatment for TNBC patients

Whilst patients exhibiting HR and HER2 expression benefit from anti-hormone therapies, the
standard treatment regime for TNBC is primarily surgery, radiation therapy and chemotherapy.
Patients with germline BRCA gene mutations are eligible for alternative treatments that target
cellular DNA damage pathways. Furthermore, TNBC accounts for 70% of breast tumours
arising from BRCA1 mutation carriers and 16-23% from BRCAZ2 mutation carriers (Mahfoudh
et al., 2019). These genes are responsible for the maintenance of homologous recombination,
one of the processes involved in the repair of DNA double stranded breaks. Tumours with
homologous recombination deficiency (HRD) are subsequently candidates for poly (ADP-
ribose) polymerase (PARP) targeted therapy. PARP is required for the repair of single
stranded breaks (SSB); therefore, inhibition of this process will subsequently lead to the
development of double stranded breaks. In healthy cells, homologous recombination can
restore this damage, however malignant cells with BRCA mutations are unable to utilize HRD

and will ultimately undergo cell death by apoptosis (Singh et al., 2021).

TNBC has also become a candidate for immunotherapies within the oncology field due to its
immunogenic properties. Immunotherapies are monoclonal antibodies that target immune
checkpoint axes within the tumour microenvironment (TME). Infiltrating immune cells with an

exhausted phenotype commonly express high levels of checkpoint markers, including
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programmed death ligand 1 (PD-1), cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4),
lymphocyte-activation gene 3 (LAG-3) and inducible T-cell costimulator (ICOS), induced by
elevated levels of their ligands on malignant cells. Studies including the KEYNOTE-522,
IMpassion131, and KEYNOTE-355 trials have harnessed the use of immunotherapies
including atezolizumab and pembrolizumab that target the programmed death ligand 1 (PD-
L1)/PD-1 axis, in combination with chemotherapy for patients with advanced TNBC (Cortes et
al., 2020; Miles et al., 2021; Schmid et al., 2020). Promising significant increases in
pathological complete responses (pCR) has led to the FDA approval for both atezolizumab
and pembrolizumab in combination with neoadjuvant chemotherapy for both early-stage high
risk and locally advanced or metastatic TNBC. However, more than half of TNBCs express
insufficient levels of PD-L1 required to be eligible forimmunotherapy, therefore additional work
is needed to elucidate the benefit of immune checkpoint targeting treatment for these patients

(Mittendorf et al., 2014).

1.3 Immune cell development and maturation

The immune system can be crudely split into the innate or adaptive, with minor crossover
between the origin of some subsets of cells. All leukocytic cells originate from a common
hematopoietic progenitor within the bone marrow, and then differentiate into either a myeloid
progenitor cell (innate immune system) or lymphocytic progenitor cell (adaptive immune

system).
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1.3.1 The innate immune system

The innate immune system, present in all multicellular organisms, is evolutionarily older than
the adaptive immune system and provides the first line of defense against invading pathogens.
Comprised of physical barriers including the skin and mucosal membranes, the innate immune
system also encompasses a multitude of cell types (Chaplin, 2010). Phagocytic cells including
monocytes, macrophages, neutrophils and dendritic cells engulf foreign microorganisms and
present antigenic peptides via major histocompatibility complexes (MHC) to complementary T
cell receptors (TCRs) on T cells (Chaplin, 2010). Natural killer (NK) cells bridge the innate and
adaptive immune responses, engaging with other immune subsets to exacerbate and
suppress their function through activating and inhibitory receptors, respectively (Rosales and
Uribe-Querol, 2017). Although primarily acting as an aid to the adaptive arm, innate cells can
also elicit powerful reactive oxidative bursts to promote cytotoxic activity against invading

pathogens (Vivier et al., 2008).

1.3.2 T cell development

As a key player within the adaptive immune response, T cell development has been heavily
studied. Originating in the bone marrow, T cell progenitors exit and are recruited to the thymus
via the P-selectin/PSGL-1 axis and a CCL21, CCL25 and CCL19 gradient (Kozai et al., 2017).
Here, developing T cells are presented with antigenic peptides and undergo both positive and
negative selection. This ensures sufficient binding of TCR to foreign MHC complexes, while
hindering the development of autoreactive cells. T cells that survive both selection processes
develop as double positive cells (DP) which express both CD4 and CD8, undergoing TCRa
chain rearrangement and then exiting the thymus as either naive CD4+ or CD8+ T cells (Klein
et al., 2014; Starr et al., 2003). Although CD8+ T cells are critical for mediating clearance of

viral, bacterial and protozoic infections, one of the earliest understood functions of T cells was
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to provide support to B cell activation, resulting in the term ‘T-helper’ (Th) cell from the CD4+
lineage. Initial cell-transfer experiments in mice recognized the role of thymus-derived cells in
augmenting antibody responses against immunization of sheep erythrocytes (Crotty et al,

2015).

1.3.3 B cell development

In parallel, B cell precursors also arise from a lymphocyte progenitor within the bone marrow,
characterised by expression of CD19, CD24, CD43 and CD127 (Rumfelt et al., 2006).
Following pre-B cell assembly, which is crucial to remove cells unable to assemble a functional
B cell receptor (BCR), immature IgM+ B cells are the first cells in the B cell lineage capable of
recognising an antigen. After undergoing rigorous checks for self-reactivity, they exit the bone
marrow and then utilise chemokine gradients including the CCL2/CCR2 axis to migrate
towards the spleen (Loder et al., 1999; Shahaf et al., 2016). Here, they develop into transitional
1 (T1) cells, expressing an IgM™, IgD"°*CD21°“CD23-CD24" phenotype, and are exposed to
self-antigens in the periarteriolar lymphoid sheaths (PALS) of the spleen to ensure sufficient
tolerance. T1 B cells that survive this stage move towards the primary follicles of the spleen
and transition into IgMI°¥IgD"CD21""CD23+CD24°" T2 B cells (Loder et al., 1999). Broadly,
mature naive B cells can be grouped into three populations: follicular (FO) B cells, marginal
zone (MZ) B cells, and B-1 cells. FO cells reside within the primary follicles of the spleen,
where they are exposed to cognate antigen from follicular dendritic cells (FDCs) (Riedel et al.,
2020). Primed B cells can either differentiate into short-lived extrafollicular plasma cells, which
are responsible for the majority of IgM+ plasma cells, or differentiate into large centroblasts,
initiating the germinal centre (GC) reaction. MZ B cells are located in the marginal zone of the
spleen, at the outer limit of the while pulp, and bordered by the red pulp. They are efficient
antigen presenting cells, and a strong defensive line against blood-borne pathogens, rapidly

differentiating into low-affinity plasma cells when needed. B-1 B cells represent a small fraction
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of splenic B cells and are predominantly located in the pleural and peritoneal cavities. They
represent an early antibody response against bacterial antigens, secreting IgA within the
intestinal lamina propria and other mucosal sites (Popi et al., 2016; Shahaf et al., 2016). A

summary of B cell development is shown in Figure 1.
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Figure 1: B cell development and differentiation. B cells primarily originate from
CD34+CD19- hematopoietic stem cells within the bone marrow, where rearrangement of
immunoglobulin heavy and light chains through VDJ recombination leads to the development
of functional IgM+ immature B cells. Those that survive tolerance checks to prevent
autoreactivity migrate through the bloodstream or lymphatics to secondary lymphoid organs.
Following exposure to cognate antigen, mature B cells can undergo plasmocytic
differentiation to generate short-lived plasma cells or establish a germinal center reaction.
Within the germinal center, B cells undergo iterative rounds of somatic hypermutation and
selection through interactions with follicular T helper (Tfh) and follicular dendritic cells (FDC).
The resultant B cell pool will exit the germinal center as high affinity memory B or plasma
cells.

30



1.4 Lymph node and lymphatics

LNs are secondary lymphoid organs like that of spleen, and provide a platform for B cell
maturation, facilitating antigen dispersal and promoting interactions between immune cell
subsets. In response to disease, inflammatory chemokines and cytokines mediate recruitment
of lymphocytes and antigen-presenting cells that access the LNs via lymphatic vessel-
mediated lymph drainage. Passing through the subcapsular sinus, these lymph-borne solutes
disseminate into the cortex where B cells, intrafollicular T cells and dendritic cells are
strategically compartmentalised, before moving through conduits to reach the T cell zone of
the LN paracortex. Depending on the nature of the stimuli, these compartments can expand
or diminish to generate an optimal B cell response. Eventually, lymphocytes exit the LNs via

efferent lymphatic vessels and the LNs return to a non-reactive state (Willard-Mack, 2006).

1.4.1 The germinal centre reaction in LNs

GCs are immunological sites in the LN and spleen within which BCR affinity maturation occurs
to generate long-lived memory B and plasma cells (Nakagawa et al., 2021; Victora and
Nussenzweig, 2012). Tightly regulated mechanisms within the GC promote targeted
responses to pathogens whilst ensuring elimination of autoreactive clones. B cells retrieve
antigen via their BCR from FDCs and present the antigen to follicular T helper (Tfth) cells
(Victora and Nussenzweig, 2012). GC B cells compete for Tfth derived signals critical for
positive selection, which culminates in the upregulation of the transcription factor MYC (Calado
et al.,, 2012; Dominguez-Sola et al., 2012). BCR affinity maturation in GC B cells occurs
through iterative rounds of clonal expansion, somatic hypermutation (SHM) and selection to

generate fine-tuned humoral responses (Victora and Nussenzweig, 2012).
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1.4.2 Transcriptional profiling of the GC reaction and of GC B cell derived subsets

Tightly controlled transcriptional profiles govern the formation and development of GCs. In the
LN, GC B cells transit between two functionally distinct compartments, the dark zone (DZ) and
light zone (LZ) which represent polarized areas in which gene expression patterns drive SMH
and selection, respectively, (Calado et al., 2012; Dominguez-Sola et al., 2012; Victora and
Nussenzweig, 2012). By utilising single-cell RNA-sequencing (scRNA-seq) on tissue derived
from human and mouse, a plethora of transcriptional changes occurring in GCs has been
revealed, and with-it novel cell populations have been defined. This includes DZ and LZ
subsets, intermediate populations bearing expression of markers associated with both, and
pre-memory B cells (Holmes et al., 2020; Kennedy et al., 2020; H. King et al., 2021; McHeyzer-
Williams et al., 2015; Nakagawa et al., 2021). Whilst the functional roles for some of these
populations remains to be determined, the identification of defining markers provides the
opportunity to determine their spatial distribution within the GC and LNs, and possible isolation
for further functional studies. scRNA-seq experiments have also tentatively identified the gene
expression profile of memory B and plasma cell precursors in the LZ of GCs (Holmes et al.,
2020). The differentiation of LZ B cells towards the plasma cell fate is associated with
increased Tfh help that enhances NF-kB signaling, Irf4, Xbp1, Fkbp11 and Prdm1 expression
(Heise et al., 2014; Holmes et al., 2020; Nutt et al., 2015). In contrast, memory B cell
differentiation from LZ B cells is restricted to positively selected cells, seemingly requires
minimal Tfh help and is associated with increased Bach2 and Hhex expression levels (Laidlaw
et al., 2020; Laidlaw and Cyster, 2020; Nakagawa et al., 2021; Sidwell and Kallies, 2016;

Toboso-Navasa et al., 2020).
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1.4.3 Germinal center initiation

1.4.3.1 Initiation at the T/B border

Whilst the accepted dogma of GC initiation and development involves the interactions
between dendritic cells, T cells and B cells, the inscrutable characteristics of the
developmental steps that precede the appearance of fully matured GCs make it difficult to
delineate the exact mechanisms that contribute to B cell survival and fate decisions. Typical
GC markers include high levels of CD95 (Fas), GL7 and downregulation of IgD, however
discrepancies between human and mouse in the expression patterns of markers such as
CD38 add to the complexity of the lineage development and the type of antigenic stimulation
(Cervenak et al., 2001; Oliver et al., 1997; Smith et al., 1995). The first mouse experiments
describing the role of the transcriptional repressor BCL6 and its requirement for Tfh and GC
B cells illuminated previously poorly understood mechanisms that are involved in GC cell
commitment. While BCL6 acts as a transcriptional regulator in repressing transcription
factors including IRF4 and BLIMP1, high levels can reciprocally repress BCL6 and promote
an antibody secreting cell phenotype (Basso et al., 2010; Ye et al., 1997). Paradoxically,
studies have shown that IRF4 promotes BCL6 and is essential for GC B cell development,
emphasising the multifunctional roles of these proteins (Kwon et al., 2009; Ochiai et al.,
2013). It is also important to consider what drives the necessity for GC formation during the
immune reaction. Historically, SHM and class switch recombination (CSR) were considered
to both be reliant on the formation of the GC, due to their dependence on the activity of
activation-induced cytidine deaminase (AID) (Muramatsu et al., 2000), which is expressed at
its highest level by GC B cells. Early studies by Shinkura et al., described mice with impaired
follicular development elicited weak antibody responses and defective CSR. Despite this, the
extrafollicular response is widely accepted to produce class switched antibodies as early as
day 2 post immunisation (Shinkura et al., 1996), and Roco et al., elegantly presented

evidence of germline transcripts within B cells prior to differentiation to GC B cells or

33



plasmablasts, and evidence of these cells aggregating at the T/B border (Roco et al., 2019).
Together, these findings highlight decision points at B cell developmental stages that may

not require a GC response.

1.4.3.2 Chemotactic localisation

Secondary lymphoid organs including both the LN and the spleen are highly organised
structures, and naive T and B cells are localised to T cell zones and B cell follicles
respectively based on surface receptor expression. FDC secreted CXCL13 recruits B cells
by virtue of CXCR5 expression, while T cell localisation is mediated via CCR7 and
CCL19/21. Stromal cells secreting chemoattractants including EBI2 line the medullary,
subcapsular and cortical sinuses, constructing distinct architectural zones (Ansel et al.,
1999; Cyster et al., 2000). As inflammatory material passes through the lymph to LN or
bloodstream to the spleen, T and B cells specific for cognate antigen will become activated.
Subcapsular sinus macrophages carry antigen via lymphatic vessels and present antigen to
naive B cells localised within primary follicles. BCR crosslinking and exposure to pattern-
associated molecular patterns (PAMPs) stimulates an increase in CCR7, CD86, MHC I, and
an elevated sensitivity to CD40 signalling (Batista and Harwood, 2009). In parallel, activated
CD4+ T cells presented antigen by dendritic cells within T cell zone upregulate levels of
CXCRS5 and follow the CXCL13 gradient towards the B cell follicles (Lund and Randall,
2010). Engagement of activated T and B cells at the T/B border represents the earliest

evidence of BCL6 upregulation (Kerfoot et al., 2011).
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1.4.3.3 Commitment to the extrafollicular or intrafollicular pathway

Whilst fate decisions that drive B cells towards an extrafollicular or intrafollicular response
are still being elucidated fully, there is evidence that extrafollicular responses are
predominantly diverse and of a low affinity. B cells that are bound for a GC response
increase their expression of the transcription factor BCL6, while those that are destined for
an extrafollicular response immediately begin to express BLIMP1. This upregulation of
BLIMP1 directly suppresses PAX5, which is a transcription factor that has both activating

and suppressive functions.

The mechanisms in place that drive GC initiation may be driven by early antigen
presentation responses between dendritic cells and CD4+ T cells (Elsner and Shlomchik,
2020; MacLennan et al., 2003). PD-1 and CXCRS5 upregulation occurs at a very early stage
on activated CD4+ cells and then is only sustained on those that gain entry to the follicle for
continued activation with B cells. This suggests a potential antigenic stimulation that affects
how resultant pre-Tfh cells interact with cognate B cells at the T/B border and subsequently
influence the initiation or suppression of the GC response (Baumjohann et al., 2011; Choi et
al., 2011). Other antigenic features including T independent type 2 (TI-2) antigens that do
not require T cell help to produce an antibody response and induce abortive GCs that fail to

produce any long-lived memory or plasma cells (Vos et al., 2000).

1.4.3.4 Antigenic initiation of GC responses

Early B cell activation events are consistently difficult to study due to the downregulation of
the BCR post cross-linking of antigen. As the nature of the epitope presented can challenge
whether a GC is formed, it is important to consider tumour associated antigens (TAA) and
tumour specific antigens (TSAs) present within TNBC and other solid cancers that will

influence the immune responses and how this can be manipulated therapeutically. TAAs are
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proteins that are upregulated by malignant cells compared to normal cells, however TSAs,
also called neoantigens, are selectively expressed only by tumour cells (Apavaloaei et al.,
2020). Despite their prevalence, TAAs originate as self-antigens which limits the efficacy of
immune responses due to self-tolerance mechanisms. Neoantigens, determined through
whole exome and RNA sequencing of tumour tissue, are characterised based on their
predictive HLA binding affinity. Although hypothesised to initiate a robust immune response,
many studies suggest little to no association between tumour infiltrating lymphocytes (TIL)
infiltration and neoantigen load. As the immune response within the TME of TNBC patients is
often heterogenous and complex, the number of neoantigen-specific TILs rather than bulk
immune infiltration may provide insight into the functionality and maturity of the immune
response in patients with opposing outcomes (Peng et al., 2019). Thus, the nature of the
antigenic stimuli required to initiate a GC B cell response remains an important consideration

and is currently unknown in the context of solid tumours.

1.4.4 GC collapse and shutdown

1.4.4.1 GC B cell apoptosis and proliferation

Control of apoptosis and proliferation are both mechanisms by which B cell levels are
maintained within the GC reaction. Apoptosis occurs in both the LZ and DZ due to lack of
survival signals, induction of deleterious BCR mutations resulting from SHM, or complete
loss of FDCs and Tfh due to lack of antigenic stimuli (Mayer et al., 2017). In parallel,
proliferation of B cells is controlled by the levels of C-MYC induced by signals from Tfh
(Finkin et al., 2019). Changes in the expression of C-MYC, and other factors including
mTORC1 and FOXO1 that are involved in the cell growth ahead of clonal expansion rapidly
induces GC collapse if critically low (Calado et al., 2012; Ersching et al., 2017). The

autosomal recessive form of hyper-IgM syndrome (HIGM2) develops in patients with
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mutations in AID and results in intrinsic deficiencies in CSR, with excessively larger GCs in
secondary lymphoid organs. It is hypothesised that uncontrollable proliferation of B cells is
triggered due to lack of Ig variable region gene somatic mutations, and continuous exposure
to antigen (Kuraoka et al., 2009; Revy et al., 2000). In this way, the balance between
proliferation and apoptosis within the GC represents a tolerance system to prevent the

production of autoreactive or dysfunctional B cells (Mayer et al., 2017).

1.4.4.2 Negative feedback via soluble antibodies

Other proposed mechanisms involved in GC collapse and shutdown include negative
feedback regulation by soluble antibodies. Exogenous soluble antibodies secreted by
plasma cells can infiltrate the GC and localise on the FDC network (Yang Zhang et al.,
2013). Here, it is theorised that antibodies may mask epitopes on antigens and decrease
available antigen over time. Mathematical modelling has predicted that high concentrations
of antibody can contribute to GC shutdown, and that epitope specific antibodies shift the
immune response away from immunodominant epitopes (Arulraj et al., 2019; Yang Zhang et
al., 2013). In this way, GCs maintain adequate selection pressure during an immune
response to generate high affinity B cells ( Forsell et al., 2017). Dysregulation or heightened

responses in this nature may contribute to premature shutdown or chronic GC formation.

1.4.4.3 Regulation through regulatory and helper follicular T cells

Whilst Tfh, alongside FDCs, are responsible for presenting cognate antigen to B cells within
the GC, the strength and affinity of the TCR of Tfh may contribute to GC longevity. The
mechanisms underlying this are currently unknown, but it has consistently been shown that
lack of IL-21 signalling or CD40L blockade leads to early GC collapse (Han et al., 1995;
Kishi et al., 2010). Paradoxically, constitutive activation of CD40L on B cells also results in

premature termination in the GC response. Expression levels of checkpoint markers PD-1
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and ICOS on Tfh can also contribute to GC downregulation, due to increased B cell
apoptosis and lack of Tfh:B cell interactions (Yang Zhang et al., 2013). miRNA-146a, which
regulates ICOS-ICOSL signalling within the GC is shown to peak at late stages of GC
responses as numbers of Tfh reduce and might be involved in influencing GC termination
(Good-Jacobson et al., 2010). Regulatory follicular T cells (Tfr) that also express Tfh
markers CXCR5, PD-1, ICOS but also the transcription factor FOXP3, exert
immunoregulatory effects on the GC response. Although shown to employ inhibitory action
directly on B and Tth cells via CTLA-4 signalling, it is unclear what the mechanisms are that
specifically lead to Tfr-mediated GC termination. It is difficult to study the functional
capabilities of Tfrs, due to the transient nature of FOXP3 expression, and more work is

needed to determine their role in GC shutdown (Sage et al., 2014; Wing et al., 2014).

1.5 Immune responses within TNBC

1.5.1 Tumour infiltrating lymphocytes in TNBC

Despite its aggressive phenotype, TNBC is known to be more immunologically ‘hot’ than other
breast cancers, as such, it often presents with high levels of TILs (Loi et al., 2020). A pivotal
study by Salgado et al., led to the development of scoring methodologies to assess TIL density
within breast cancer, outlying the specificity to report for TILs in the stromal compartment
(sTILs) (Salgado et al., 2015). These criteria advise the methods to assess sTILs within the
borders of the invasive tumour as a continuous parameter, for example, 80% sTILs would
indicate that 80% of the stromal area displays concentrated mononuclear infiltration (Salgado
et al., 2015). Whilst not routinely used a diagnostic marker, increased levels of sTILs in both
HER2+ and TNBC displays dominance over TNM staging when predicting outcome and
response to chemotherapy, anti-HER2 therapy and immunotherapy (Loi et al., 2019; Salgado

et al., 2015).
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More recently, the in-depth characterisation of spatial TIL organisation has led to the broad
classification of tumours into 4 subsets; desert tumours, with a notable absence of TILs,
excluded tumours, which present with immune cells at the tumour border but none within the
malignant tissue, inflamed/dispersed, in which immune cells infiltrate through stromal and
intratumoral tissue but lack aggregates, and finally inflamed/stroma restricted, where TILs
form definite organised structures (Hammerl et al., 2021). TNBCs with an inflamed phenotype
demonstrate significantly improved distant metastasis-free survival, disease-free survival and
overall survival compared to the other subtypes (Hammerl et al., 2021; Nederlof et al., 2021).
However, prognostic differences between inflamed/dispersed and inflamed/stroma restricted

subtypes highlights the importance of assessing TIL spatial arrangement in TNBC.

1.5.2 TIL-B responses at the primary tumour

In contrast to the longstanding characterization and manipulation of tumour infiltrating T cells
(TIL-Ts) for clinical research, the potential of tumour infiltrating B cells, denoted (TIL-Bs), has
only recently gained interest amongst breast cancer researchers. The majority of breast
carcinomas present with relatively low levels of TIL-Bs (~ 20%), yet this is heightened
compared to healthy breast tissue (Garaud et al., 2019). A variety of TIL-Bs at multiple stages
of differentiation, including naive, GC-like, memory-like and plasma cells (Chung et al., 2017;
Garaud et al., 2019) have been reported within and around the TME of breast tumors, with a
high percentage of TIL-B exhibiting a memory-like phenotype (Buisseret et al., 2017). Notably,
the occurrence of GC-like B cells consistently correlates with numbers of Tfh cells, signifying
an active and constantly evolving humoral response (Garaud et al., 2019). Despite
assessment of TIL-Bs exhibiting stand-alone prognostic value, scoring of TNBC tumors often
fails to include the spatial distribution of B cells. B cells in TNBC are often depleted along the
borders of TNBC tumours, and dispersed infiltration of B cells is associated with a lower

incidence of recurrence within 5 years (Keren et al., 2018). Clusters of heterotypic lymphocytic
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infiltration containing B and T cells that form in high numbers and near cancer cells are more
prevalent within tumors with improved outcome, compared to those that are fewer, larger and
at a distance from malignant cell islands (Wortman et al., 2021). Although not classed as
tertiary lymphoid structures (TLS), these spatial differences emphasize the importance of
assessing B cell location and proximity to other immune and cancerous cells. The spatial
patterns and co-localisations with other cell types further indicate the involvement of TIL-Bs in
humoral immunity, with possible roles in antigen presentation and modulation of otherimmune

populations with relevance to tumour progression.

1.5.3 TIL-Bs in tertiary lymphoid structures

In addition to antibody production and antigen presentation, B cells may also contribute to
peritumoral immunity by associating with T cells to form organised structures known as TLS
(Germain et al., 2015; Shen et al., 2014). When TLS are present around the carcinoma, TIL-
B levels are higher in the peritumoral area and are frequently associated with superior disease

free and overall survival (Figenschau et al., 2015; Sautés-Fridman et al., 2019).

TLS bear similar morphological and molecular characteristics to secondary lymphoid follicles,
forming a definitive marginal zone, mantle zone and a central GC-like structure in which B cell
centroblast, centrocyte subsets and Tfh cells are found (Garaud et al., 2019). Somatic
mutations of the Ig variable domains of TIL-Bs isolated from T/B clusters in ductal carcinomas
reveals evidence of local oligoclonal expansion of cells that have previously undergone
antigen-driven hypermutation, proliferation and affinity maturation, much like within a GC
(Nzula et al., 2003). To facilitate recruitment, positioning and interactions within GCs, Tth cells
can express ICOS and PD-1 that engage with cognate ICOSL+PD-L1+ centrocytes (Shi et al.,
2018). Although the global proportion of PD-1+ and PD-L1+ TILs is low in breast cancers,
much of the PD-1 is primarily expressed on T cells that localize within the TLS. This brings to

light the impact of PD-1 as a marker of immune activation in contrast to its connotations with
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immune exhaustion in the context of cancer. Moreover, gene expression of PD-1 and PD-L1
in TILs is significantly associated with improved clinical outcome in basal-like and HER2
enriched breast cancers (Schmid et al., 2018; Solinas et al., 2017). The transposition of these
datasets to TLS in breast cancer, together with the ability to record the temporal, spatial and
transcriptional profiles of GCs and TLS may further our understanding of the TIL-B populations

within the TME and provide a rationale for their contribution to disease progression.

1.6 Crosstalk between primary tumour and LN within TNBC

1.6.1 Clinical assessment of the axillary LNs

Despite serving as transportation channels essential to an effective immune response, the
lymphatics also act as corridors for cancerous cells to pass through into the LNs (Ji, 2016;
Stacker et al., 2014). Typically presenting as the initial seeding site outside of the primary
tumor, the presence of metastatic growth within LNs has been associated with both
shortened disease-free survival and a heightened risk of developing metastases in distant
organs. Therefore, the incidence of cancer cells within the LNs, the number of metastatic
LNs and the occurrence of extra nodal extension have formed essential assessment

parameters for routine pathological diagnosis of several cancers, including breast cancer.

Historically, axillary LN clearance was undertaken for all patients with invasive breast cancer.
Today, the standard treatment of care for patients with clinically and radiologically negative
nodes prior to surgery is surgical resection of only the nodes adjacent to and draining from the
tumor bed, the so-called sentinel LNs. It is also becoming more common for breast cancer
patients to receive neoadjuvant chemotherapy, which presents new challenges for
assessment of the LNs. Treatment induced fibrosis and reactive changes can obscure the

local environment and prevent an accurate diagnosis of LN metastasis (Brown et al., 2010).
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1.6.2 Antibody production in breast cancer

As a product of the GC response, plasma cells that have undergone SHM and affinity
maturation are typically long lived and capable of evoking a humoral response for many
years (Brynjolfsson et al., 2018). In contrast, those that develop in extrafollicular foci do not
undergo SHM, are typically short-lived, and secrete a combination of switched or unswitched
antibodies (Paus et al., 2006). Comprehensive gene expression studies of TIL-B populations
in breast cancer identified IgG-associated gene sets in primary carcinomas indicative of
pathological complete response to trastuzumab combination therapies and superior overall
survival in TNBC (Carey et al., 2014; Iglesia et al., 2014; Perou et al., 1999). Spatial analysis
of such antibody responses revealed that breast lesions with high levels of tumor infiltrating
plasma cells present with antibodies in their tumour core, at the invasive margin and also
within the stromal compartments (Seow et al., 2020). Some of these antibodies are capbale
of binding to tumour cells and display a clonal relationship with those present in the axillary
LNs, indicative of a systemic response beyond the local TME (Novinger et al., 2015).
Supporting a functional role for antibodies in breast cancer, mice deficient for antibody
production display a more aggressive disease progression, and the adoptive transfer of IgG
secreting plasma cells present in tumor draining LNs (td-LNs) limits metastatic spread
(Brynjolfsson et al., 2018; Hollern et al., 2019; Li et al., 2011; Tao H. et al., 2013). However,
the antigen specificity of these functionally relevant antibodies is not completely understood.
Conversely, the analysis of the IgG and IgA autoantibody repertoire in breast cancer patients
revealed that autoantibodies to one or more tumor-associated antigens occurred in most
patients. Notably, patients with a higher level of IgG reactivity to breast cancer-associated
antigens have significantly shorter recurrence free survival (Garaud et al., 2018). These
findings align with studies of spontaneous LN metastasis in breast cancer mouse models.
Here, the presence of IgG antibodies to a breast cancer antigen promoted tumor progression
through the lymphatics (Gu et al., 2019). Many breast cancer patients demonstrate elevated

levels of intratumoral and circulating IgA antibodies, shown to be associated with poor
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prognosis and a reduced survival rate in patients with melanoma, colorectal and bladder
cancer (Bosisio et al., 2016; Chiaruttini et al., 2017; Liu et al., 2018). As Treg mediated TGF-
B can promote IgA class switching in an immune-modulatory fashion (Feng et al., 2011),
further work is required to elucidate the role of plasma cells and antibody diversity within the
TME of TNBCs. It remains unclear whether GC reactions contribute to the production of
protective and/or tumour promoting antibodies, and the extent to which GC reactions in the
context of breast cancer follow the canonical checkpoints that curb self-reactivity in
physiology. This knowledge is clinically relevant as it may provide insight for strategies that
selectively inhibit the development of tumour promoting antibodies and enhance cancer-

protective humoral immunity.

1.6.3 Immune tolerance and regulation

An appropriate immune response to pathogens relies on a ‘goldilocks window’ of checkpoint
inhibitor control; too little regulation promotes expansion of autoreactive cells, whereas
exacerbated expression leads to anergy and exhaustion. Tolerance of GC responses is in part
maintained by Tfr levels, that dampen immune responses by preventing CD28-B7 co-
stimulatory interactions through CTLA-4 engagement (Miles and Connick, 2018). Circulating
Tfr and Treg cells are found enriched in breast cancer patients, particularly in more aggressive
cancers (Kohrt et al., 2005a; Nufez et al., 2020; Song et al., 2019). This may correlate with
the knowledge that Tfr cells potently inhibit antigen-specific antibody responses (Linterman et
al., 2011). Tfr and Treg cells can also induce an immunosuppressive microenvironment, often
through IL-10 production, and promote the expansion of immunosuppressive B cells, so-called
Bregs. In a cyclical fashion, IL-10 secreting Bregs support the Treg pool and can impede Tfh
responses within the GC (Achour et al., 2017; Liu et al., 2016; Song et al., 2019). The number
and localisation of Bregs in breast carcinomas strongly fluctuates with levels of Tregs, notably

in and around B and T cell TIL aggregates (Guan et al., 2016; Ishigami et al., 2019). Supporting
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a relationship between Bregs and Tregs, a B cell deficient breast cancer model displayed a
reduced fraction of Tregs in tumor draining LNs and peritumoral areas (Tadmor et al., 2011).
Further, accumulation of Tregs and Bregs within the cancer-free LNs (cf-LNs) of breast cancer
patients correlates with fewer class-switched B cells in adjacent LNs with cancerous growth,
indicative of a possible role in GC suppression (Mehdipour et al., 2016). This synergistic
relationship between Bregs and Tregs, their ability to promote a tolerant environment, and
suppress Tfh cells may influence the efficacy of GC reactions within breast cancer patients.
Supporting this hypothesis, IL-10 blockade in vivo stimulates IgG production and enhances
immune infiltration within primary breast carcinomas (Li Q. and Xia Y., 2015, 2015; Tao et al.,
2015; Zheng F. et al., 2012). Bregs express PD-1 and PD-L1 which have immunomodulatory
functions (Sun et al., 2019). The emerging role of Bregs in promoting immunosuppression in
breast cancer may indicate these cells as candidate targets in immune-checkpoint blockade
therapy. However, a potential effect of immune checkpoint inhibitors on the GC reaction should
also be considered given that GC B cells themselves express PD-L1 (Good-Jacobson et al.,

2010b; Hams et al., 2011).

1.7 The prognostic value of GCs in TNBC

Owing to their highly organised structures, morphological alterations in GCs could indicate
fluctuations in their molecular mechanisms and polarisation ultimately impacting the quality
and quantity of the resulting memory B and plasma cell populations (Bannard et al., 2013;
Toboso-Navasa et al., 2020; Victora et al., 2010). Early autochthonous models of breast
cancer exhibited enlarged GCs in regional LNs with increased levels of lymphoblasts, a sign
of active lymphopoieses, and clusters of dividing plasma cells in the vicinity of the GC (Ciocca,
1980). Based on extensive H&E histopathological data of immune and stromal features at
primary breast carcinomas, our group has previously reported histological changes in cancer-

free LNs carrying additive risk predictive value for developing distant metastasis. Development
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of an immune-stroma-histological (ISH)- risk score, that incorporated the number and size of
GCs in cf-LNs, sTILs at the primary tumour, the presence of lymphocytic lobulitis and GC
location within the involved LNs (in-LNs), was able to provide further prognostic insight when
assessing outcome in TNBCs (Grigoriadis et al., 2018; Loi et al., 2020). These findings have
been replicated within multiple cohorts of TNBC patients, harnessing the relationship between
the LN and primary tumour to investigate potential crosstalk and communication. Whilst
consistent findings have elucidated the strong association between sTILs and disease
trajectory within TNBC and other cancers, we have further demonstrated the concordance
between number of GCs within the draining LNs (d-LNs), sTIL infiltration at the primary

tumour, and the formation of TLS (Grigoriadis et al., 2018; Liu et al., 2021).

1.8 Considerations within TNBC and purpose of thesis

There is growing evidence of the predictive and prognostic role for B cells in TNBC and other
solid cancers, which warrants further investigation. Whilst their presence attributes to an
improved disease trajectory, there is little information surrounding the functional capacities of
GCs within the LNs. Key questions that are yet to be answered include in what capacity is
there crosstalk between the B cells within the LN and primary tumour, and how may this be

dysfunctional in some patients that leads to little or no anti-tumour response.

This thesis aims to address further the role of GC-derived B cell subsets within TNBC
primary tumours and draining axillary LNs, harnessing transcriptional, spatial, and clinical
information to determine novel factors that may attribute to distant metastasis progression.
To assess the longitudinal response of B cells, in vivo models of TNBC were utilised to
create a platform on which we can study further the initiation and collapse of GCs within td-
LNs. Together, this work explores the molecular drivers and development of tumour induced

GC formation and GC derived B cell populations within TNBC.
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Chapter 2:

Materials and Methods

2.1 Patient sample collection

Primary breast tissue, cf-LNs and in-LNs were collected from neoadjuvant treatment naive
clinically invasive TNBC (ER-, HER2- by IHC) patients to perform immunofluorescence and
imaging mass cytometry (IMC) analyses. Tissue was obtained through the King’s Health
Partner’s Breast Cancer Tissue and Data Bank, Breast Cancer Now Tissue and Data Bank
at Bart’s Cancer Institute, and Tianjin Medical University Cancer Institute. Research ethics
approval was obtained from the respective local research ethics committees (KHP Cancer
Biobank REC ref 18/EE/0025, Barts Cancer Institute REC ref 21/EE/0072 and Medical

Ethics Committee of Tianjin Medical University Cancer Institute and Hospital Ek2020021).

2.1.1 Sample collection for immunofluorescence analyses

FFPE blocks from 16 neoadjuvant treatment naive TNBC patients that were classified as low
sTILs (£10%) were chosen as part of this study. 5uM sections from primary tumour, cf-LNs

and in-LNs were sectioned by a member of the Tianjin Medical University Cancer Institute.
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2.1.2 Sample collection for imaging mass cytometry

FFPE blocks from 2 neoadjuvant treatment naive TNBC patients were chosen as part of this
study. 5uM sections of their respective in-LNs were sectioned by a member of the BCN

Barts cancer institute and sent via courier to Guy’s Hospital for downstream processing.

2.1.3 Sample collection for microarray analyses

Microarray data was obtained for this work from 124 neoadjuvant treatment naive clinical
invasive TNBC (ER, HER2- by IHC) patients treated between 1984 and 2002 at Guy’s

Hospital London, UK.

2.2 Immunofluorescence staining

2.2.1 Rehydration and antigen retrieval

Tumour and LN slides were baked for 1 hour at 60°C before dewaxing and rehydration of
tissue using the Tissue Tek DRS 2000 (Sakura), on the ‘dewax’ method for 27 minutes.
Samples underwent 5x dips in Xylene, 2x rounds of Xylene washes for 5 minutes, 2x rounds
of 100% ethanol for 5 minutes, 1 round of 70% ethanol for 5 minutes and 1 round of tap
water for 2 minutes. Heat mediated antigen retrieval was performed using the MenaPath
Access Retrieval Unit (Menari Diagnostics). Sections were placed in citrate buffer pH 6.0

(DAKO) and heated to 125°C and 27 PSI for 2 minutes before cooling.
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2.2.2 Blocking of tissue and antibody staining

After allowing time to cool, slides were washed 2x 5 mins with PBS (Gibco) in a clean coplin
jar on an orbital shaker at room temperature (RT). After drying with tissue paper, a wax ring
was drawn around the tissue using a PAP pen (Abcam). Sufficient blocking buffer was
prepared to encompass blocking time, primary antibody incubation and secondary antibody
incubation. Blocking buffer was prepared as follows; PBS (Gibco) with 5% Donkey serum
(Jackson ImmunoResearch), and 0.5% Triton-X100 (Sigma Aldrich). 250l of blocking buffer
(adjusted accordingly for tissue size) was loaded onto the slides. The slides were incubated
at RT for 30 minutes in a humidified chamber (slide box with wet paper towel inside). During
blocking incubation time, the primary antibody mix was prepared, diluting the antibodies in

blocking buffer. Antibodies used are shown in the table below.

Target | Clone Host Dilution Manufacturer Cat #
species

CD20 Polyclonal | Goat 1:200 Abcam ab194970

CDh27 EPR8569 Rabbit 1:500 Abcam ab131254

CD138 | B-A38 Mouse 1:500 Novus Biologics | NB100-64980

IGF1R | JBW902 Rabbit 1:200 LSBio LS-B2905

Table 1: Primary antibodies used in immunofluorescence B cell phenotyping of human primary
tumours and axillary lymph nodes.

After 30 minutes, blocking buffer was aspirated and slides were incubated with 25ul of
primary antibody master mix in a humidified chamber at 4°C overnight (in fridge). The next

morning, the antibody mix was removed, and slides were washed with PBS (Gibco) in a
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clean coplin jar on an orbital shaker at RT. During washing, the secondary antibody master

mix was prepared, using clones and dilutions shown in the table below.

Target | Clone Host Dilution | Fluorophore | Manufacturer Cat #
species

Goat Polyclonal | Donkey 1:600 Alexa Fluor Jackson 705-
IgG 594 Immunoresearch | 585-147
Rabbit | Polyclonal | Donkey 1:600 Alexa Fluor Jackson 711-
IgG 488 Immunoresearch | 476-152
Mouse | Polyclonal | Donkey 1:600 Alexa Flour Jackson 715-
IgG 647 Immunoresearch | 607-003

Table 2: Secondary antibodies used in immunofluorescence B cell phenotyping of human primary
tumours and lymph nodes.

Sections were incubated with the secondary antibody mix for 2 hours at RT in a humidified
chamber ensuring no exposure to light, before being washed in PBS (Gibco) for 2x 5 mins in
a clean coplin jar protected from light at RT. DAPI nuclear stain (Cell Signalling) was
prepared at a dilution of 1:2000 in PBS (Gibco). After drying the slide carefully with tissue
paper, 250ul of diluted DAPI solution was added to the sections and incubated at RT for 5
minutes in the dark. The slides were then washed 3x in PBS (Gibco) for 5 minutes in a clean
coplin jar covered in foil on an orbital shaker, before dipped 5 times in distilled water. Slides
were dried before adding 1 drop of mounting medium (Millipore), gently adding a coverslip

(VWR) and left to dry overnight at 4°C.
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2.2.3 Immunofluorescence imaging

Whole slide images were taken using the Olympus VS120 (Olympus). A 4X overview image
was taken using the nuclear staining on the Alexa Fluor 405 channel to obtain an
understanding of the tissue morphology. Once the tissue was identified, the LNs and
tumours were imaged at 20X magnification using Alexa Fluor 405, Alexa Fluor 488, Alexa
Fluor 594 and Alexa Fluor 647. Exposure time were set based on the negative control LN
tissue which was stained with no secondary antibody to determine background

autofluorescence. Images were exported as VSl files.

2.2.4 Image analysis

Images were opened in Olympus OlyVIA software (Olympus) for general observation of
staining quality before exporting the files to (Quantitative Pathology & Bioimage Anylysis)
QuPath software (Bankhead et al., 2017). Cell segmentation was performed using the cell
selection tool on the nuclear staining. Manual annotations were drawn for staining on each
channel and assigned a classifier name corresponding to the antigen that was stained for
e.g., CD27. These classifiers were trained based on 3 LNs in the dataset and 3 tumours
before being applied to all images. The numbers of positive cells for each classifier were
calculated, enabling quantification of CD20+, CD27+, CD138+, CD20+CD27+,

CD27+CD138+ and CD20+CD27+CD138+ cells.

2.3 Imaging mass cytometry

2.3.1 Rehydration and antigen retrieval

LN and tumour sections were baked at 60C for 1 hour to ensure adhesion to slides, before
proceeding to rehydration and antigen retrieval. Slides were manually incubated in 3 rounds
of xylene, replacing with fresh xylene each time, 10 minutes in each coplin jar at RT. The

slides were then incubated for 10 minutes in a solution of 50% xylene and 50% 100%
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ethanol at RT. Periodic agitation of the slides was performed to efficiently remove wax from
the tissue. Next taken through sequential steps of 5 minutes each, the slides were passed
through 96% ethanol, 90% ethanol, 80% ethanol, 70% and finally DPBS (Gibco) for 10
minutes. Heat mediated antigen retrieval was performed using the MenaPath access
retrieval unit (Menari Diagnostics). Sections were placed in antigen retrieval solution pH 9.0
(R&D systems) and heated to 125°C at 27 PSI for 2 minutes before cooling. When cooled,
slides were washed in DPBS (Gibco) for 5 minutes at RT, dried with Kim-Tech tissue paper

(Kimberly-Clark) and the tissue encircled with wax using a PAP pen (Abcam).

2.3.2 Permeabilisation and blocking

Permeabilisation buffer was prepared and warmed to 37°C in advance, adding 0.1% Tween-
20 (Sigma Aldrich) to PBS (Gibco). The slides were flushed twice using a Pasteur pipette
and then washed 2x in 50ml of warm buffer on an orbital shaker for 8 minutes. Blocking
buffer was made using two stock solutions: 10% BSA (Sigma Aldrich) in Superblock
(Thermofisher) and 1% Tween-20 (Sigma Aldrich) in Superblock (Thermofisher). From these

stocks, the working blocking buffer solution was prepared as shown in the table below.

Per 100ul
10% BSA stock solution 50ul
Superblock 30ul
FcR block (Biolegend) 5ul
1% Tween-20 stock solution 10ul

Table 3: Composition of blocking buffer used in imaging mass cytometry protocol.
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2.3.3 Antibody staining

After permeablisation, slides were dried using Kim-Tech tissue (Kimberly-Clark), transferred

to a humidified box, and incubated with blocking buffer for 2 hours. A master mix of metal-

conjugated antibodies was prepared in blocking buffer as shown in the table below.

Target Clone Metal | Dilution | Incubation | Manufacturer Cat#
Pan C11 148 1:00 4 hours RT | Fluidigm 3155016D
keratin Nd
CD19 60MP31 142 1:100 4 hours RT | Fluidigm 3142016D
Nd

IgM IM260 176 1:100 4 hours RT | Abcam ab233886
Yb

CD38 EPR4106 141 1:100 Overnight Fluidigm 3141018D
Pr 4°C

FoxP3 236A/E7 155 1:50 Overnight Fluidigm 3155016D
Gd 4°C

CDh4 EPR6855 156 1:100 Overnight Fluidigm 3156033D
Gd 4°C

CD8 D8A8Y 162 1:50 Overnight Fluidigm 3162035D
Dy 4°C

PD1 EPR4877(2) | 165 1:50 Overnight Fluidigm 3165039D
Ho 4°C

Ki67 B56 168 1:50 Overnight Fluidigm 3168022D
Er 4°C

CD3 Polyclonal 170 1:100 Overnight Fluidigm 3170019D
Er 4°C

CD20 H1 161 1:200 Overnight Fluidigm 3161029D
Dy 4°C

CD27 EPR8569 171 1:100 Overnight Fluidigm 3171024D
Yb 4°C

CD45 DOM8I 152 1:1000 | Overnight Fluidigm 3152018D
Sm 4°C

CD45 HI30 152 1:1000 | Overnight Biolegend 304045
Sm 4°C
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CD138 EPR6454 164 1:100 Overnight Abcam ab226108
Dy 4°C

lgG EPR12700 | 145 1:500 Overnight Abcam ab250451
Nd 4°C

IgA EPR5367- | 149 1:100 Overnight Abcam ab214003

76 Sm 4°C

gD EPR6146 160 1:500 Overnight Abcam ab236778
Gd 4°C

CD21 EP3093 166 1:500 Overnight Abcam ab271855
Er 4°C

CD23 5 154 1:200 Overnight Sinobiological | 10261-
Sm 4°C MMO5

PD-L1 1300021 150 1:100 Overnight R&D Systems | MAB1561
Nd 4°C

CD11c EP1347Y 173 1:100 Overnight Abcam ab52632
Yb 4°C

CDo8 KP1 116 1:100 Overnight Abcam ab955
Cd 4°C

Table 4: Metal conjugated antibodies used for imaging mass cytometry staining of human TNBC
tumours and lymph nodes. RT = Room temperature.

Slides were incubated with the antibody master mix overnight at 4°C or RT for 4 hours
(indicated in Table 4), then flushed with warm permeablisation buffer and then washed with
fresh permeablisation buffer on an orbital shaker for 2x 8 minutes. The tissue was then
flushed with DPBS (Gibco) and washed in a clean coplin jar for 8 minutes in fresh DPS
(Gibco). Iridium (Fluidigm) was prepared in DPBS (Gibco) at a final concentrate of 1.25 pM.
Excess DPBS (Gibco) was dried from the slides, iridium loaded onto the wax ring and slides
placed into a humidified box for 30 minutes at RT. Finally, slides were flushed with RT DPBS
(Gibco), washed with DPS (Gibco) on an orbital shaker for 5 minutes at RT and then washed
with Milli-Q water for a further 5 minutes at RT. Slides were air dried at RT and kept for

ablation at a later date.
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2.3.4 Ablation and data acquisition

24 ROlIs (regions of interest) across 2 in-LNs from 2 patients were chosen based on location:
GC or stroma. ROIs were ablated and data acquired using the Hyperion Imaging System in
the BRC Flow Cytometry Core at Guy’s Hospital. Data was obtained in the mcd and text

format for downstream processing.

2.3.5 Data visualisation and analysis

Files were visualised in MCD viewer (Fluidigm) to assess staining quality across all ROls.
Each channel was viewed individually to check expected staining and overall distribution.
ROls were then exported from MCD viewer as OME.TIFF files and loaded into cell profiler.
Cell profiler (Stirling et al., 2021) and llastik (Berg et al., 2019) were used to train image
crops and subsequently segment cells based on expression of nuclear markers (iridium) and
cell membrane makers (CD45). This generated probability masks representing downscaled
pixel probabilities after llastik pixel classification. The output was subsequently loaded into
Rstudio (RStudio Team, 2020), and the downstream analyses were followed as per the

pipeline developed by the Bodenmiller lab (Windhager et al., 2021)

2.4 Microarray analyses

2.4.1 Plasmablast gene signature

The plasmablast gene signature was obtained from (H. King et al., 2021). The signature
consisted of 32 genes: IGHG, IGHVDJsum, JCHAIN, MZB1, SSR4, XBP1, HSP90B1,
DERL3, FKBP11, SEC11C, SDF2L1, PPIB, PRDM1, PRDX4, SSR3, AC012236.1, PDIA4,
MYDGF, SELENOS, HERPUD1, FKBP2, HSPA5, KDELR?2, ITM2C, HM13, SUB1, IGKsum,

IGLsum, CCL3, IGHD, IGHA, IGHM. The ssGSEA method (Subramanian et al., 2005) was
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applied to patients with low histological sTILs (£10%) and high histological sTILs (>10%) to
categorise the patients into those with a high plasmablast score and those with a low
plasmablast score. Cox proportional hazards regression models were used to determine the

optimal cut-off of 0.135 for the plasmablast score.

2.4.2 Z-score normalisation

Gene expression was z score transformed and the mean and standard deviation
summarised before visualising the normalised gene expression across each patient group
using the r package ggplot2. The package rstatix (Kassambara et al., 2022) was then

applied to determine significant changes between of the mean expression of key genes.

2.4.3 Kaplan-Meier analyses

Cox proportional hazards regression models were used to determine the optimum
cut-off for the average number of GCs, histological sTIL scores and plasma cell gene
signature scores. Kaplan-Meier estimators were used, and the likelihood ratio test

performed to test differences amongst groups of patients.

2.4 4 Differential gene expression

Differentially expressed genes between TNBC patients with histologically low sTILs and a
high plasma cell gene score (IThP) vs all other groups were identified using the limma
package (Ritchie et al., 2015), which uses linear models, and can be applied to microarray
and RNA sequencing data. Samples were assigned to different groups based on a design
matrix and linear models fitted for each gene. A contrast matrix determines the appropriate
comparison, and log-fold change standard errors are controlled using an empirical Bayes

method. Genes with a Q value < 0.05 were considered differentially expressed.
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2.4.5 Gene set enrichment analyses

The fgsea package (Korotkevich et al., 2021) was applied to differentially expressed genes
to determine augmented pathways of interest within the IThP, and enriched pathways filtered
for an enrichment score > 0. Significant pathways were identified based on a p adjusted

value < 0.05.

2.4.6 TNBC clinical characteristics

PAMS50 and Lehman'’s classifications for all 124 TNBC patients were generously provided by
other members of the cancer bioinformatics group. Classifications were summarised for
each patient group, and a Fisher’'s exact test performed to determine significant differences

in the TNBC subtypes across the cohort.

2.4.7 Histological features of the LNs

Clinical data was generously provided by the KHP Biobank including number of positive LNs,
and LN GC number, normalised sinus area and number of available LNs was identified by
machine learning methods by other members of the cancer bioinformatics group. Data was
visualised using ggplot2 (Wickham et al., 2016) to assess absolute counts of all factors

across patient groups.

2.5 In vitro TNBC tumour cell line culture

The 4T1, 4T1.2 and 67NR cell lines were gifted from Tony Ng (King’s College London). The
EO0771 cell line was gifted from Adrian Hayday (King’s College London/The Francis Crick
Institute). All lines were thawed at speed in a 37°C water bath before the addition of 1ml of

pre-warmed media and then added to flasks. 4T1 and 4T1.2 cell lines were grown in vitro in
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T75 flasks in RPMI 1640 (Gibco) supplemented with 10% FBS (Gibco) and 1% penicillin-
streptomycin (Sigma-Aldrich) at 37°C with 5% CO.. Cell lines were allowed to grow to 70%
confluency and passaged 2x weekly depending on growth, using 0.05% trypsin-EDTA
(Gibco). 67NR and E0771 cell lines were grown in vitro in T75 flasks in DMEM (Glutamax)
(Gibco), supplemented with 10% FBS (Gibco) and 1% penicillin-streptomycin (Sigma-
Aldrich). Cells were allowed to grow to 70% confluency and passaged 2x weekly depending
on growth using 0.05% trypsin-EDTA (Gibco). EQ771 cell lines grew partially in suspension,
so at every passage the supernatant was removed and centrifuged at 1200 RPM for 7

minutes, and then resuspended in fresh media and added to the newly split flasks.

2.6 In vivo study of TNBC tumours

2.6.1 Preparation of cell lines for injection

Supernatant from cell lines, except for the E0771 line was aspirated and 2ml of 0.05%
trypsin-EDTA was added to the flasks, before placing inside the incubator at 37°C for 5
minutes. For the E0771 cell line, the supernatant was removed and centrifuged at 1200 RPM
for 7 minutes and kept on ice until needed. Once cells had been displaced from the flasks,
they were placed in 5 ml of fresh media. This media for the E0771 was used to resuspend
the pellet previous obtained from the supernatant, to ensure all cells were together. Cells
were counted using the Vi-CELL (Beckman Coulter). 4 x 10° cells were separated for each
cell line, placed in 15ml falcon tubes (Appleton Woods) and centrifuged at 1500 RPM for 5
minutes. The supernatant was aspirated, and the cells resuspended in 1ml of pre-thawed
Matrigel (Corning). Cells were kept on ice and taken to the Biological Research Unit (Francis

Crick Institute) for injections.
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2.6.2 Mammary fat pad injections

7—-12-week-old BALB/c or C57BL/6 mice were placed under anaesthetic for 5 minutes using
isoflurane. Once mice were safely anaesthetised by checking foot reflexes, paper towel
soaked with 5% ethanol was used to douse the mammary fat pad on the right-hand side of
the mouse and reveal the skin. Matrigel-cell line mix was drawn up using 1ml insulin needles
(BD Bioscience). Pinching the skin to prevent injections into the peritoneum, 10ul of the cell
line (4 x 10° cells) was injected into the 4™ mammary fat pad, adjacent to the nipple. The
mice were then exposed to pure oxygen for 2 minutes, ear marked and weighed before
being allowed to recover in a separate area to the rest of the cage. BALB/c mice were used

for 4T1, 4T1.2 and 67NR cell lines and C57BL/6 for the EQ771.

2.6.3 Monitoring of tumour growth and mouse mass

Mice were checked every other day for weight loss and tumour growth. Tumours measured

as soon as palpable using callipers.

2.6.4 IGF1 administration in vivo

10 7-11-week-old BALB/c were administered 4 x 10° 67NR cells on day 0, under isoflurane
anaesthetic as described above. IGF1 (1mg/kg) was injected subcutaneously into the right
flank of the mice close to the tumour site daily from day 1-4, and then on day 6, day 8 and
day 10. This change in injection frequency was due to unexpected inflammation at the

injection site.
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2.6.5 Organ harvesting and cell staining

Atday 7, 10, 14, 21, and day 28, mice were sacrificed and the tumours, td-LNs from the
right-hand side of the mouse (d-LNs for control mice), non-draining LNs (nd-LNs) from the
opposite side of the mouse, and the spleen were removed. Organs were immediately placed
in ice cold PBS, before being weighed. The tumours were then placed in 10% neutral
buffered formalin. LNs and spleens were dissociated using plungers from 2.5ml syringes (BD
Biosciences) and filtered through 70uM pre-equilibrated filters (BD Biosciences) into 50ml
falcons (Fisher Scientific) containing 1 ml ice-cold facs buffer (PBS supplanted with 1% FBS
and 0.5% EDTA). Filters were flushed with 2ml of facs buffer, and the cells centrifuged for 5
mins at 1500 RPM and the supernatant aspirated. LN cells were then counted using the Vi-
CELL (Beckman Coulter) and kept on ice until needed. Red blood cell lysis buffer was
prepared using the volumes of buffers provided by the Francis Crick Institute as shown in

table 5.

Buffer A Buffer B Buffer C Final Volume

1.5ml 1.5ml 20ml 5ml

Table 5: Volumes of buffers used to prepare red blood cell lysis buffer (representative of 1 sample).

5ml of red blood cell lysis buffer was added to each spleen sample and incubated at RT for 5

minutes, before quenching with 5ml of facs buffer and centrifuging for 5 mins at 1500 RPM.

The supernatant was aspirated, and the cell pellet resuspended in 5ml of facs buffer, before
counting the cells using the Vi-CELL (Beckman Coulter). 5x 10° cells from each LN (if
possible, otherwise the total number obtained was added), and spleen sample were added
to a v-bottom 96 well cell culture plate (Thermofisher Scientific). Antibody mixes for the

GC/Plasma cell panel were prepared as shown in table 6.
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Channel Fluorophore | Target Dilution | Manufacturer Cat#
530/30 Blue FITC IgM 1:200 BD Biosciences 553437
710/50 Blue ef710 CXCR4 1:200 Thermofisher | 46-9991-82

586/15 Yellow PE CD273 1:200 Biolegend 107206

780/60 Yellow PECy-7 B220 1:200 Biolegend 103221
395/15 UV BUV395 IgD 1:200 BD Biosciences 564274
530/30 UV BUV737 lgG1 1:200 BD Biosciences 741733
670/14 Red APC CD19 1:200 Biolegend 115512
780/60 Red ef780 Viability 1:500 Biolegend 423106
450/50 Violet BV421 CD38 1:200 Biolegend 102732
525/50 Violet BV510 CD9%5/Fas 1:200 BD Biosciences 740507
610/20 Violet BV605 CD86 1:200 Biolegend 105014
670/30 Violet BV786 CD138 1:200 BD Biosciences 740880

Table 6: Antibodies used for flow cytometric staining of lymph nodes and spleens.

The antibody master mix was made up in facs buffer, with the addition of murine fc block

(Biolegend) at a concentration of 1:200. 80ul of this mix was then added to each well

containing LN and spleen samples, accounting for a negative control of unstained spleen

cells. Cells were stained for 30 minutes at RT in the dark before washing with 100ul PBS

(Gibco) and centrifuging for 5 mins at 1500 RPM. This was then aspirated, and the cells

resuspended in 100ul of facs buffer.




2.6.6 Flow cytometric analysis

Compensation beads were prepared for each fluorophore used in the experimental design,
using single fluorophore labelled antibodies with anti-rat and anti-Armenian hamster beads
(BD Biosciences) at the time of antibody incubation for samples. Beads not labelled with any
antibody were used as negative controls to set where the negative populations would lie.
Compensation was performed in BD FACSDiva (BD Biosciences), which determined the
spectral intersection between each single stained fluorophore, and this was manually

adjusted when necessary to minimize the overlap in fluorescent emission.

Samples were acquired on the BD LSR Fortessa (BD Biosciences) flow cytometer, utilising
lasers at 355nm (UV), 405nm (violet), 488nm (blue), 561nm (yellow green) and 633nm (red).
All flow cytometry was performed within the Flow Cytometry STP at the Francis Crick
Institute. Data were recorded in the FCS 3.0 file format within the BD FacsDiva 6.0

programme (BD Biosciences).

2.6.7 Data analysis

FCS files were imported into FlowJo version 10.7.2.(Dickinson and Company, Becton, 2023)
For flow cytometry experiments, lymphocytes were identified based on their forward and
side-scatter properties, single cells and then dead cells eliminated. B cells were gated on
based on co-expression of CD19 and B200, and GC B cells as CD38 low, Fas/CD95 high.
Plasma cells were located when expressing high levels of CD138 and low B220. Further,
more extensive phenotypic analysis was undertaken to check the immunoglobulin isotypes

and GC B cell populations.
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2.7 In vitro studies

2.7.1 Enzyme-Linked Immunosorbent Assays (ELISA)

Supernatant taken from 4T1, 4T1.2 and 67NR tumour slices kept in culture for 48 hours was
frozen at -80°C until needed for further experiments. Conditioned media was also taken from
the 4T1, 67NR and CAF cell lines, and uncultured media for negative controls. Aliquots from
each sample was then taken and thawed on ice, ensuring enough for 3 replicates per cell
line. The mouse/rat IGF1 Quantikine ELISA kit (R&D systems) was then used to detect the

presence of IGF1 in all the supernatants, as per the manufacturer’s instructions.

2.7.2 Isolation of B cells for co-culture experiments

Spleens and inguinal LNs from 12—16-week-old BALB/c mice were harvested and processed
to obtain single cell suspension. Cells were washed in PBS (Gibco) and then centrifuged at
1500 RPM for 5 minutes at RT. Cells were then incubated with anti CD43-biotin( cat no:
553269, BD Biosciences) and anti-TER-119-biotin (cat no: 116204, Biolegend) antibodies at
1:200 dilution in facs buffer for 30 minutes at 4°C, before washing in PBS (Gibco) and
centrifuging at 1500 RPM for 5 minutes at RT. Cells were then incubated with macs biotin
separation beads (Miltenyi Biotec) as per the manufacturer’s instructions and incubated for a
further 30 minutes at 4°C. A final wash was performed with PBS (Gibco) before again
centrifuging for at 1500 RPM for 5 minutes at RT. The cells were then resuspended in 1ml of
facs buffer. Magnetic selection was then performed using LS columns as per the
manufacturer’s instructions (Miltenyi Biotec) and the flow through collected for downstream

experiments.
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2.7.3. Plasmid design and preparation

The IGF1 plasmid vector was designed using Vectorbuilder as shown in Figure 2. The
mouse IGF1 gene was inserted, alongside an EF1A (eukaryotic translation elongation factor
1 a1) promoter, a SV40 (simian virus 40 late) polyadenylation signal, a CMW
(cytomegalovirus) promoter, and an ampicillin resistance gene. determine successful
transfection, a EGFP (enhanced green fluorescent protein) ORF (open reading frame) was

further added.

Ampicillin -

___—Kozak

VB220523-1127ckt
—— migf1[NM_010512.5]

5617 bp

SV40 late pA

CMV promoter

EFp |

Figure 2: IGF1 plasmid design. Vector map of gene expression vector used for transfection
of IGF1, showing key genes and selected resistance genes. Indicated on the map are EFIA
(eukaryotic translation elongation factor 1 a1 promoter), Kozak (Kozak translation initiation
sequence), SV40 late pA (simian virus 40 late polyadenylation signal), mIGF1 (mouse IGF1
gene), CMV promoter (cytomegalovirus immediate early enhancer/promoter), EGF
(enhanced green fluorescent protein), BGH pA (bovine growth hormone polyadenylation
signal), pUC ori (pUC origin of replication), Ampicillin. The size of the vector is indicated in
bp (base pairs).
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2.7.3.1 Plasmid extraction

1ul of the glycerol stock of vector was added to a 250 ml LB (lysogeny broth) liquid culture
and incubated in a shaking incubator overnight, supplemented with 100 pg/ml of ampicillin.
After 12 hours, the culture was centrifuged at 6000 x g for 15 minutes at 4°C, and the
plasmid DNA extracted using the HiSpeed Plasmid Maxi kit (Qiagen), as per the
manufacturer’s instructions. The final concentration was then measured using a NanoDrop

spectrophotometer (Thermo Fisher Scientific).

2.7.4 CAF transfection

Cancer associated fibroblast (CAF) cells were allowed to grow to 70% confluency before
transfection. On the day of transfection, media was replaced with serum free media (Opti-
MEM (Gibco). Lipofectamine 3000 (Invitrogen) was diluted in Opti-MEM (Gibco). Plasmid
DNA was diluted in Opti-MEM and added to P3000 reagent (Invitrogen) as per the
manufacturer’s instructions and mixed well. Diluted DNA was subsequently added to diluted
Lipofectamine 3000 (Invitrogen) at a 1:1 ratio and incubated at RT for 5 minutes. The DNA-
lipid complex was then added to the CAF cells and incubated for 4 days at 37°C before

analysing using an EVOS imaging microscope.

2.7.5 Cell line spheroids

4T1.2 and 67NR cell lines were resuspended in Matrigel (Corning) and seeded at 5x10* cells
per well as Matrigel domes. Domes were allowed to set in the incubator at 37°C for 30

minutes before 500ul of organoid media administered to each well.

2.7.5.1 Spheroid media
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Spheroid media was prepared as a stock solution of ADDF containing 10mM HEPES
(Sigma), 1x Glutamax (Gibco) and 100 U/ml Penicillin/Streptomycin (Gibco) in advanced
DMEM/F-12 (Gibco). 50ml ADDF was then supplemented with 1x B27 (Gibco), 50ng/ml

mouse epidermal growth factor (EGF) (Sigma) and 125uM N-Acetylcysteine (Sigma).

2.8 Statistical analysis

All in vivo work was analysed using GraphPad Prism Version 9 (GraphPad Software Inc). If
data was normally distributed, a student’s t-test was used for comparison between the two
groups. If the data was non-normally distributed, a Mann-Whitney U (non-paired data) or
Wilcoxon matched-paired signed rank test (paired data) was applied. Data is present as
medians with interquartile ranges unless specified, and a p value of < 0.05 was considered
statistically significant. All other statistical testing was performed in Rstudio (RStudio Team,

2020) and the test used stated for each figure.
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Chapter 3:

Characterisation of molecular features and B cell
populations in human TNBC tumours and axillary
LNs

Introduction

Despite TNBC exhibiting the most aggressive characteristics and poor disease trajectory, it
is known to be more immunologically hot than other breast cancer subtypes. Therefore, sTIL
density within these tumours has been employed for its ability to predict outcome and
response to chemotherapy, anti-HER2 therapy and immunotherapy (Ignatiadis et al., 2019;
Loi et al., 2020). This has led to an increased interest in defining the immune populations in

the TME of these patients that may be subsequently harnessed for therapeutic potential.

Unlike characterisation of TIL-Ts, the potential applications of TIL-B infiltration have only
recently gained interest within the breast cancer field (Garaud et al., 2019). There is strong
concordance between TIL-B infiltration and TIL-T density within breast cancers, and an
increased presence of TIL-B is consistently associated with a significantly favourable
prognosis. B-cell gene signatures and CD20+ infiltration scoring using IHC have affirmed
association with improved overall survival and distant disease-free survival time. (Arias-
Pulido et al., 2018; Harris et al., 2021; Hu et al., 2021; Schmidt et al., 2021) . Furthermore,
utilising a univariate Cox regression model, a 14 gene immunoglobulin (IGG) gene signature
displayed a significant association with overall survival in breast cancer patients (Schettini et

al., 2022).

Alongside antibody production, antigen presentation and cytokine secretion, B cells within
the TME may also contribute to peritumoral immunity by associating with T cells to form TLS’
(Germain et al. 2015; Shen et al. 2018). When TLS are present around the tumour, TIL-B

levels are higher in the peritumoral areas and are frequently associated with superior distant
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disease free survival and overall survival (Figenschau et al., 2015; Lee et al., 2016; Sautés-

Fridman et al., 2019).

The most characterised B cell population within TNBC and other breast cancer subtypes is
that of memory B cells, whereby an elevated density of memory B cell infiltration within the
primary tumour is consistently associated with prolonged survival and longer time to distant
metastasis development (Harris et al., 2021). However, the role of plasma cells is more
poorly understood. In breast cancer, mice deficient for antibody production display a more
aggressive disease phenotype, and the adoptive transfer of IgG secreting plasma cells from
td-LNs limits metastatic spread (Brynjolfsson et al., 2018; Hollern et al., 2019; Li et al., 2011;
Tao H. et al., 2013). However many breast cancer patients demonstrate elevated levels of
systemic IgA antibodies, which are frequently associated with poor prognosis and a reduced
survival rate in patients with melanoma, colorectal and bladder cancer (Bosisio et al., 2016;
Chiaruttini et al., 2017; Liu et al., 2018). Furthermore, work by Gu et al., has suggested that
pathogenic IgG antibodies can facilitate LN metastasis by harnessing the CXCR4/CXCL12

axis (Gu et al., 2019).

Whilst many of these studies address gene signatures, density of cell infiltration and spatial
organisation, many do not encompass the overall sTIL score of the tumour and therefore do
not distinguish between immunologically hot or cold tumours. Moreover, sTIL scoring using
conventional histopathological methods is not an exact reflection of the immune composition
within the TME. Tumour associated macrophages (TAMs) and tumour associated
neutrophils (TANs) present in a high abundance can exert immunosuppressive mechanisms,
and a correlation between EMT and macrophage subsets is associated with metastasis
development within breast cancer patients (Su et al., 2014; Wu and Zhang, 2020). This
accumulation of TAMs and TANs leads to an antigen presentation deficit which in turn
results in an absence of T cell priming within the adjacent LN (Figure 3). Due to the positive
correlation between sTILs and outcome, this therefore implicates the ratio of pro- and anti-

tumour immune subsets as a possible biomarker of disease trajectory. This contrasts with
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immune-hot tumours with high levels of sTILs, where adequate tumour antigen and an
increased T cell activation leads to systemic priming of adjacent LNs and, in turn can initiate

GC formation.

GC development absent T cell priming absent GC development Tcells primed
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Figure 3: Visual representation of immune cold and hot tumours. Adapted from Bonaventure
et al., 2019. Lack of T cell infiltration in cold tumour may be due to reduced tumour antigen,
antigen presentation deficit, absence of T cell priming within peripheral lymph nodes and
impaired tracking to the tumour (left panel). This is in concordance with an increased
fibroblast network and accumulation of immunosuppressive myeloid and neutrophil subsets.
This is contrast to hot tumours (right panel), where increased tumour antigen leads to the
activation of T cells through antigen presentation and germinal centre (GC) formation within
peripheral lymph nodes. Adequate priming of T and B cells within the lymph nodes further
leads to increased T cell tumour infiltration at the primary tumour.
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Despite extensive analyses of immune infiltration within triple negative tumours, the
relationship between TIL-B and B cells within adjacent LNs has not been fully investigated.
Histopathological assessment of morphological features using whole slide images (WSI) of
LNs by our group has previously shown a relationship between sTILs at the primary tumour,
the formation of TLS, and the number of GCs. Furthermore, incorporating GC and sinus
information provided additive prognostic insight when assessing distant disease-free survival
and overall survival in TNBC (Grigoriadis et al., 2018; Liu et al., 2021). High throughput BCR
sequencing by McDaniel et al., has subsequently revealed evidence of B cell affinity
maturation and IgG antibody production against the cancer-testis antigen NY-ESO-1 within
sentinel LNs and peripheral blood. This provides potential evidence of a systemic immune
response that may originate from adjacent LNs (McDaniel et al., 2018). Furthermore,
although studies have been performed to assess immune cell populations within the LNs,
high throughput analyses of the GC, the subsets that are required for their function and the
consequent GC output has not previously been investigated. Determining this will further our
understanding of how tumour infiltrating immune responses may be attributed to B cell
mechanisms within the LNs, and how the TME can influence both local and systemic
responses, affect sTIL infiltration and regulate metastasis development. Considering the
potential deficiencies in GC responses of patients that develop distant metastasis, this may
be representative of a systemic immune suppression between primary tumour, periphery,

and LN (Alberts et al., 2021).
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Aims and objectives:

In this chapter, | characterised GC and B cell immune subsets within the primary tumour, cf-
LNs and in-LNs, and their association with disease progression within TNBC patients,
considering sTIL scoring of the tumour. Data and samples were available from 3 TNBC
cohorts: Bart’s, Guy’s and Tianjin, which enabled profiling of GCs using imaging and gene

expression modalities.

To characterise GCs and immune cell subsets within the axillary LNs of TNBC patients that

may be attributed to outcome, IMC and immunofluorescence techniques were performed.

This enabled:

- the characterisation of lymphoid (B, T, and plasma cells) and myeloid populations involved
in the GC reaction, their spatial arrangement within the LNs of TNBC patients, and how their

prevalence is associated with the risk of developing distant metastasis
This answered the following questions:

1. Are there differences in lymphoid and myeloid populations in the in-LNs of TNBC
patients that are associated with the risk of developing distant metastasis?
2. Do these changes exhibit spatial properties which may influence GC functions within

these LNs and contribute to or impede distant metastasis development?

To assess immune populations associated with the GC response within the primary tumour

of TNBC patients, immune deconvolution from a published single cell dataset was applied to
bulk gene expression data available from Guy’s cohort, while considering sTIL infiltration. To
investigate these patients in more depth, outcome analyses, molecular subtyping and clinical
features were extracted to determine if these were associated with immune features and risk

of developing distant metastasis.
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This answered the following questions:

1. Is gene expression of GC immune populations within TNBC tumours associated with

higher risk of developing of distant metastasis?
2. Are these phenotypes attributed to TNBC tumours with low or high sTILs?
3. Are these phenotypes associated with a specific molecular breast cancer subtype

and number of in-LNs?

Finally, findings were corroborated on an external cohort of TNBC patients (Tianjin cohort),
where immunofluorescence methods were used to profile GC B cell subsets within the

tumour and paired axillary cf- and in-LNs.
This answered the following questions:

1. What is the relationship between the frequency of these immune populations
between the primary tumour, cf-LNs, and in-LNs?

2. Are increased or decreased levels of these immune populations associated with a
risk of developing distant metastasis?

3. What is the spatial distribution of these immune subsets?
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3.1 Data collection

Data was obtained from three cohorts of TNBC patients: Bart’s, Guy’s and Tianjin, as shown
in Figure 4. In-LN tissue sections within the Bart’s cohort were available as a pilot study,
encompassing 1 patient with high sTILs at the primary tumour that did not develop distant
metastasis (patient 1) and 1 patient with low sTILs at the primary tumour that developed
distant metastasis (patient 2). Within the Guy’s cohort, microarray gene expression data
from the primary tumour and whole slide images (WSI) of paired axillary LNs was available,
totalling 124 patients. Within this group, 48 patients had low sTILs at the primary tumour,
and 76 patients had high sTILs at the primary tumour. Patients were dichotomised based on
distant metastasis development within either a low or high sTILs setting. This subsequently
resulted in 30 patients within the low sTILs group that did not develop distant metastasis and
18 that did develop distant metastasis. Within the high sTILs patients, 59 did not develop
distant metastasis and 17 did develop distant metastasis. Finally, the Tianjin cohort was
chosen as a validation cohort, which incorporated primary tumour and paired cf- and in-LN
sections from low sTILs TNBC patients. Within this group, 8 of the patients did not develop
distant metastasis and 8 did develop distant metastasis. Clinical and histological features (if

available) are described in more detail below.
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Figure 4: Overview of data collected from Bart’s, Guy’s and Tianjin cohorts. Consort
diagram of cohorts collected for downstream analyses using imaging mass cytometry, gene
expression and immunofluorescence. From top to bottom: cohorts used, type of data
available, histological sTIL score classification and outcome of patients, including number of
samples available for analysis.

3.1.1 Bart’s breast cancer cohort

3.1.1.1 Clinical characteristics of tumour and lymph node

The Bart’'s TNBC cohort consisted of the LNs of 2 patients with invasive TNBC, used a pilot
study for the IMC panel staining, ablation with the Hyperion mass cytometer and spatial
profiling of immune cell subsets involved in the GC reactions. TNBC patient 1 was free of
distant metastasis, whilst TNBC patient 2 developed distant metastasis within 48 months.
Patient 1 was slightly younger (55 vs 79 years old at diagnosis) and had a pTstage 1 tumour
compared to a pTstage 2 tumour in the patient 2. The tumour of patient 1 had a considerably
lower sTILs score (20% vs 80%). Both patients had a pNstage of 2, whereby patient 1 had
fewer in-LNs (4 vs 6). Both patients were treatment naive at time of analyses. The clinical

characteristics are outline in Table 7.
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3.1.2 Guy’s breast cancer cohort

3.1.2.1 Clinical characteristics of tumour and lymph nodes

Patients with invasive TNBC treated between 1984-2002 at Guy’s hospital were selected for
microarray analysis of the primary tumour and histological characterisation of the paired
LNs, totalling 124. Patient age at diagnoses was comparable between the group that did not
develop distant metastasis and those that did (55.66 vs 54.2). The pTstage of the tumours
within the group that did not develop distant metastasis was primarily pTstage 2 (55%),
whereas within the patients that did develop distant metastasis, there was a similar amount
that were pTstage 2 and pTstage 3 (37% and 31% respectively). There were more tumours
within the group that did not develop distant metastasis exhibiting the highest sTIL score of 4
compared to those that did develop distant metastasis (16% vs 3%), and more tumours
within the group that developed distant metastasis exhibited an sTIL score of 0 compared to
those from the group that did not (6% vs 1%). LN metastasis was present in 52/124 (44%)
patients, 52/124 were LN-negative (43%). LN status was unavailable for 18/124 (15%) of
patients. Patients that developed distant metastasis had a higher incidence of pNstage 3
compared to those that did not develop distant metastasis (9% vs 0%) with fewer patients
exhibiting pNstage 0 in the group that developed distant metastasis compared to the group
that did not (46% vs 63%). Notably, 38% of patients within the group that developed distant
metastasis had = 4 in-LNs compared to 4% in the group that did not. The distant metastasis
free survival time in the group that developed distant metastasis was 12.9 months, and these
patients exhibited an overall survival time of 20.9 months compared to the group that did not

develop distant metastasis (36.1 months) (Table 7).
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3.1.2.2 Histological characteristics of tumour and lymph nodes

Whole slide images (WSIs) of H&E stained LNs were available for 47 of the 124 patients as
shown in Table 7. LN involvement was present in 31/47 of cases with paired WSI data
available. Data was obtained from work done by other members of the group, in which
digitalised WSIs were assessed using a multiscale embedded deep learning (DL)-framework
to capture GCs and sinuses across 5 LNs per patient (Gregory Verghese and Mengyuan Li).
The average GC number within each LN ranged between 0 and 74 but was predominantly <
5 (77%). Notably, the range of the maximum number of GCs within 1 LN was large, with
26% exhibiting < 5 but 1 LN presenting with as many as 238. Normalised sinus area ranged

from 1.52 — 24.7um across all LNs, with the maximum area detected within 1 LN between

16-35 uM.

3.1.3 Tianjin breast cancer cohort cohort

3.1.3.1 Clinical characteristics of tumour and lymph nodes

Within the Tianjin TNBC cohort, 16 patient matched primary tumours, cf-LNs and in-LNs
were stained for analysis using immunofluorescence. All tumours within this cohort were low
sTILs, scoring 0, 5 or 10% sTILs by independent histopathologists. The patients were
subsequently split into 2 groups based on distant metastasis development, and the average
time to distant metastasis progression was 29.5 months. The mean overall survival time for
patients that did not develop distant metastasis was 130.1 months compared to 46.9 months
in the group that did not. Notably, 25% of patients that did not develop distant metastasis
were alive at the end of the study compared to 0% of patients that had tumour progression to
distant sites. Both patient groups had predominantly tumours with a pTstage of 2 (87.50% in
both groups), however 1 patient within those that developed distant metastasis presented

with a pTstage 3 tumour and 1 in the group that did not develop distant metastasis was
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classed as pTstage 1. Whilst patients that developed distant metastasis had no TLS scored
at their primary tumours, there was evidence of TLS formation within 3 patients in the group
that did not develop distant metastasis (37.5%). The pNstage in both the patients that

developed distant metastasis and the group that did not was primarily pNstage 2 (62.5% vs

50%), with both groups exhibiting similar degrees of number of in-LNs (Table 7).

y . T
H
Bart’s Cohort Guy’s Cohort Tianjin Cohort
No distant Distant
metastasis | metastasis No distant Distant No distant Distant
(Patient 1) | (Patient 2) tastasi tastasi tastasi tastasi
Patient age at Patient age at Patient age at
diagnosis diagnosis diagnosis
55 79 Median (range) | 55.66 (24.10 - 84.36) [54.2 (27.35 - 86.86) Median (range) 56 (35-68) 55.5 (36-64)
pTstage pTstage pTstage
1 100% 0% 1 26% 29% 1 12.5% 0%3
2 0% 100% 2 55% 37% 2 87.5% 93.75%
3 0% 0% 3 17% 31% 3 0% 6.25%
Unknown 0% 0% Unknown 2% 3% Unknown
sTILs (%) sTILs sTILs (%)
80% 20% 0 1% 6% 0 12.5% 25%
1 1% 17% 5 50% 25%
2 21% 26% 10 37.5% 50%
3 51% 46%
4 16% 3%
TLS NA NA TLS NA NA TLS
Absent Absent Absent 62.5% 100%
Present Present Present 37.5% 0%
pNstage pNstage pNstage
0 0% 0% 0 63% 46% 0 0% 0%
1 0% 0% 1 33% 17% 1 50% 62.5%
2 100% 100% 2 4% 29% 2 25% 25%
3 0% 0% 3 0% 9% 3 25% 12.5%
# involved # involved lymph #involved lymph
lymph nodes nodes nodes
0 0% 0% 0 63% 46% 0 0% 0%
1-3 0% 0% 1-3 33% 17% 1-3 50% 62.5%
4-9 100% 100% 4-9 4% 29% 4-9 25% 12.5%
210 0% 0% 210 0% 9% 210 25% 25%
DMFS time DMFS time DMFS time
(months) NA 48 (months) NA 12.9 (0.1-167.5) (months) NA 29.5 (12-50)
0S time 0S time 0S time 136.1 (4.6 -
(months) NA 48 (months) 36.1 (4.6 - 266.7) 20.9 (2.4-177.3) (months) 266.7) 46.9 (34-72)

Table 7: Clinical characteristics of TNBC patients from the Bart’s, Guy’s and Tianjin cohort. Patient
information for those within the three cohorts. Age is shown as median and range for each group
(where applicable). Percentages shown for proportion of patients graded according to pathological
tumour staging (pTstage) and pathological nodal staging (pNstage). Stromal tumour infiltrating
lymphocyte (sTIL) scores shown for each patient group, as a percentage, or as quantitative score for
Guy’s cohort. Number of involved lymph nodes shown as percentage within each group. Distant

76



metastasis free survival (DMFS) time and overall survival (OS) time recorded as median and range in
brackets.

3.2 Spatial and cellular characterisation of in-LNs in Bart’s TNBC cohort

3.2.1 Outline of imagine mass cytometry experiment

The Bart’s breast cancer cohort was used as a pilot study for the IMC experiment, which was
chosen to profile multiple immune cell subsets associated with the GC response and their
spatial arrangement within the LNs. A panel encompassing a DNA marker and the following
23 markers was designed: Pan-cytokeratin, CD19, IgM, CD38, FoxP3, CD4, CD8, PD1,
Ki67, CD3, CD20, CD27, CD45, CD138, IgG, IgA, IgD, CD21, CD23, PDL1, CD11c and
CD68, (see also chapter 2, materials and methods, section 2.3.2). To investigate immune
subset differences within areas containing a GCs and non-GC areas of the LN, 12 ROls
were chosen within an in-LN from each patient. Therefore, GC containing ROIs and non-GC
ROIs of an in-LN could be assessed from 1 patient with high sTILs that did not develop
distant metastasis compared to another patient with low sTILs that did develop distant
metastasis. It was also possible to compare GC ROls with non-GC ROls to define immune
cell subsets present in and around the GC but not within the non-GC of the LN, and vice
versa. ROIs were ablated using the Hyperion mass cytometer and downstream analyses
performed, as outlined in chapter 2, materials and methods, sections 2.3.4 and 2.3.5 (Figure

5).
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Figure 5: Schematic of IMC experimental outline.12 ROIs were identified from involved
lymph nodes from one patient that did not develop distant metastasis (patient 1) and one
that did (patient 2). Within each patient, ROls were split into whether they contained a

germinal centre (GC) or did not (non-GC).

3.2.2 Quality control of marker staining and cell segmentation

To avoid analysis biases from a small number of cells expressing high expression of certain
markers, IMC counts are commonly transformed or clipped. Here, counts transformation was
applied using an inverse hyperbolic sine function which is routinely applied to flow cytometry
data (Folcarelli et al., 2022). This ensures that the distribution of counts across each ROI for
each marker is normalised. CD20 expression is shown in Figure 6, as an example. Manual
assessment of the area of cells across each ROl was performed to avoid any cell
segmentation issues. Despite each ROI containing some tumour cells, in addition to the fact

that tumour cells are substantially larger than lymphocytes, the cell area across each ROI
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was consistent (Figure 7A). Visualisation of the cell masks generated during the analysis
process were mapped onto ROls, confirming expression levels of markers known to be

highly expressed within these areas e.g., CD20, CD23, CD3 and Pan-keratin (Figure 7B).
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Figure 6: Arcsine transformation of marker expression. (A) Expression of CD20 across
patient ROls before inverse hyperbolic transformation. (B) Expression of CD20 across
patient ROls after inverse hyperbolic sine transformation.
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3.2.3. Establish differences between GC and non-GC ROIls

High dimensional reduction analyses using UMAP of all segmented cells showed subtle but
notable differences between the patients (Figure 8A), which seemingly was more apparent
when stratifying based on ROI type: GC or non-GC. There were areas of cells that were not
prevalent within ROIs non conataining a GC compared to that of GC ROls (Figure 8B) and
prominent differences between patients when focusing on GC ROls (Figure 8C) and non-GC

ROIs separately (Figure 8D).
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Figure 8: UMAP projections for segmented cells within germinal centre and non-GC ROls.
(A) UMAP projections of segmented cells within ROls from patient 1 (yellow) and patient 2
(blue). (B) UMAP projections for segmented cells from ROlIs containing a germinal centre
(GC) (yellow) and those from non-GC areas (blue) across both patient samples. (C) UMAP
projections of segmented cells from GC ROls within patient 1 (yellow) and patient 2 (blue).
(D) UMAP projection of segmented cells from non-GC ROIs within patient 1 (yellow) and

patient 2 (blue).
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3.2.4 A random forest classifier accurately detects immune cell subsets

To define the cell subsets that were present within these ROls, a cell type classification
approach based on ground truth labelling and random forest classification was applied. This
utilised information contained in the pre-defined markers to detect cells of interest, used by
Hoch et al., to classify cell types in a metastatic melanoma IMC dataset (Hoch et al., 2022).
The cytomapperShiny function within the cytomapper package (Eling et al., 2020) allowed
manual gating of cells based on their marker expression. The random forest classifier was
applied to all segmented cells in all ROIs to define cell types based on marker expression
levels. A cross-validation model was applied, within which different portions of the data are
selected, tested and trained on different iterations. This sampled 11 randomly selected
predictors to establish previously defined cell subsets (Figure 9A). The dataset of all
segmented cells was split into 5 partitions, training on 4 partitions, testing on 1 partition and
repeated 5 times, changing which partition was tested on each time. This resulted in
classification of 17 cell types: CD4+T cells, CD8+ T cells, double negative (DN) 1 cells, DN2
cells, follicular B cells, IgA+ plasma cells, IgG+ plasma cells, IgM+ plasma cells,
macrophages, marginal zone (MZ) B cells, naive B cells, switched B cells, PD-1+ CD4+ T
cells, CD8+ PD-1+ T cells, Tregs, unswitched B cells and tumour cells. Defining markers
used for these cells are laid out in Table 8. Cells with a maximum probability of 0.4 were

classed as ‘undefined’, which was 15% of all segmented cells (Figure 9B).

82



>
w

class

© Tumour

o Macrophages

o CDAT

© Tregs

o PD1_CD4_T

o Follicular_B

% ° MZB

4 0.95 © undefined

o Naive_B

* DN2

o Unswitched_B

o CD8_T

* 1gG_Plasma_cells
* DN1

090 o PD1_CD8_T

* IgA_Plasma_cells
o IgM_Plasma_cells
o Switched_B

0.990 1 e ° ®

o
©
®
o

0.980

Sensitivity (TPR)

Accuracy (Cross-Validation)
b
o

o
©
~
S

Detection.Rate
O 005
O 010
O 015
& . O 020
0.965 O 025

o

10 1'5 2‘0 0.000 0.002 - 0.004
#Randomly Selected Predictors 1 - Specificity (FPR)

Figure 9: Immune cell type detection in ROIs of involved lymph nodes. (A) Cross-validation
accuracy of random forest classifier when randomly sampling predictors between 0 and 20.
The final value used for the model was mtry = 11 (red line). (B) True positive rate (TPR) of
sensitivity and false positive rate (FDR) specificity of 17 cell types identified using a random
forest classifier.
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Cell type

Defining marker expression

CD4_T CD45+CD3+CD4+
CD8_T CD45+CD3+CD8+
Tregs CD45+CD3+CD4+FoxP3+
PD1_CD4_T CD45+CD3+CD4+PD-1+
PD1_CD8_T CD45+CD3+CD8+PD-1+
Unswitched_B CD45+CD20+IgD+CD27+
Switched_B CD45+CD20+IgD-CD27+
Naive_B CD45+CD20+IgD+CD27-

Double_negative_1
Double_negative_2
Follicular_B
Marginal_zone_B
IgA_plasma_cells
IgG_plasma_cells
IgM_plasma_cells
Macrophages
Tumour

CD45+CD20+IgD-CD27-CD21+

CD45+CD20+IgD-CD27-CD11c+

CD45+CD20+IgD-CD23+CD21+

CD45+CD20+IgM+IgD'**CD23-CD21+
CD45+CD20-CD38+IgA+
CD45+CD20-CD38+IgG+
CD45+CD20-CD38+IgM+
CD45+CD20-CD3-CD68+
CD45-Pankeratin+

Table 8: Markers used to define 17 cell types classified within Bart's TNBC lymph nodes. Immune cell
populations identified using cell classification based on positive or negative expression of key defining

markers.
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3.3 Establish differences in immune cell types across patient ROIs and
ROl types

Using UMAP projections, cell types were mapped to compare cell type differences between
all ROls taken from patient 1 compared with those taken from patient 2. This showed a
potential increase in MZ B cells within the LN from patient 2, increased macrophage cells,
and a decrease in PD-1+ CD4+T cells across all ROIs within patient 1 (Figure 10A-B). To
further compare cell composition across cell types present in GC ROIs compared to non-GC
ROlIs within these patient’s LNs, UMAP projections for the 17 cell types were mapped to all
GC ROIs compared to all non-GC ROIs from both patients. As expected, GC ROls
presented with a smaller population of follicular B, naive B, unswitched B and MZ B
compared to ROIs in non-GC areas (Figure 10C-D). Mapping these cell types back onto the
ROls showed GCs ROls as follicular B and naive B rich areas, and non-GC ROIs more
densely populated with tumour, macrophage, and mixture of T cell and plasma cell subsets
(Figure 11). Further comparing cell types as a percentage of each ROI between patients
suggested a substantial decrease in PD1+ CD4+ T cells, PD1+ CD8+ T cells and an

increase in macrophages in patient 2 (Figure 12-13A/B).
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Figure 10: Cell types on germinal centre and non-GC ROls within lymph nodes. (A) UMAP
projection of segmented cells from lymph node ROls from patient 1, labelled by cell type. (B)
UMAP projection of segmented cells from lymph node ROls from patient 2, labelled by cell
type. (C) UMAP projection of segmented cells from lymph node ROIls containing germinal
centres (GCs) from both patients, labelled by cell type. (D) UMAP projection of segmented
cells from lymph node ROls containing germinal centres (GCs) from both patients, labelled
by cell type.
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Figure 11: Spatial mapping of 17 cell types across patient ROls. Spatial distribution of the

17 cell types identified across all patient ROls, coloured by cell type.
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3.3.1 Cellular composition in LNs differs in between patients with different disease
trajectories

To correctly quantify these cell types further, cell type numbers/mm? were normalised to the
area of each ROI and compared between patients. This revealed no differences in the
numbers of overall T cells (CD4+ T cells and CD8+ T cells combined), however there was a
significant increase in CD4+ T cells within patient 2 accompanied by a decrease in CD8+ T
cells (Figure 14A-D). This is in accordance with data showing an increase in CD8+ T cell
infiltration at the primary tumour being associated with a better prognosis, including
improved overall, distant metastasis free survival and response to immunotherapy (Ali et al.,
2014; Jin and Hu, 2020,; Joseph et al., 2021), in addition to a high CD8/CD4 ratio in the
TME of breast carcinoma being indicative of a superior disease trajectory (Wang et al.,

2017).
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Figure 14: T cells distribution in lymph nodes of patients with different disease trajectories.
(A) T cells per mm’ within ROIs from patient 1 that did not develop distant metastasis and

patient 2 that did develop distant metastasis. (B) CD4+ T cells per mm’ within ROIs from
patient 1 that did not develop distant metastasis and patient 2 that did develop distant

metastasis. (C) CD8+ T cells per mm2 within ROls from patient 1 that did not develop distant
metastasis and patient 2 that did develop distant metastasis. (Mann-Whitney U tests, * = p <

0.05). (D) Representative images of a ROI from the lymph nodes of patient 1 and patient 2.
White arrows indicate CD8+ T cells.
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Within the LNs, the PD1/PDL1 axis is critical to the GC response, modulating interactions
between pre-Tfh and B cells at the T/B border, and selection processes within Tfh and B
cells within the LZ of the GC itself (De Silva and Klein, 2015). A significant depletion in both
the number of PD1+CD4+ T cells and PD1+ CD8+ T cells within the LN of patient 2 was
observed (Mann-Whitney U test, p < 0.01, p < 0.0001) (Figure 15). The difference in PD1+
CD4+ T cells was specific to GC regions (Mann-Whitney U test, p < 0.05) (Figure 16A-B),
potentially suggesting a depletion of Tfh cells. This was also represented in the images,
which identified this reduction in PD-1+CD4+ T cells to be prominent within the GC, as
opposed to the areas surrounding it. PD1+CD8+ T cells, although more prominently lacking
in the GC ROls of patient 2 (Mann-Whitney U test, p < 0.01), was also significantly depleted

within non-GC ROlIs (Mann-Whitney U test, p < 0.05).
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Figure 15: PD1+ CD4 and PD1+ CD8 T cells depleted within lymph node ROls. (A) PD1+
CD4+ T cells per mm2 within all ROIs from patient 1 and patient 2. (B) PD1+ CD8 T cells per

mm’ within ROIs from patient 1 and patient 2 (Mann-Whitney U tests, ** = p <0.01, *** =p
< 0.0001).
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Figure 16: PD1+ CD4 and PD1+ CD8 T cells predominantly depleted within GC ROIs of
patient 2. (A) PD1+ CD4 T cells and PD1+ CD8 T cells per mm’ within GC and non-GC ROls
from patient 1 that did not develop distant metastasis (-) and patient 2 that did develop
distant metastasis (+). Mann-Whitney U tests, * = p < 0.05, ** = p < 0.01. (B) Representative
images of a GC ROI from the lymph nodes of patient 1 and patient 2. White arrows indicate
PD1+CD4+ T cells.
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To investigate other B cell subsets integral to the GC response, the numbers of naive B,
unswitched B, and switched B cells were evaluated. This revealed an increase in naive B
cells within patient 2 (Mann-Whitney U test, p < 0.05) (Figure 17A), but no differences in
numbers of unswitched and switched B cells within the LNs of these patients (Figure 17B-C).
Further, evaluation of follicular B cells (CD20+CD23+CD21+) showed no significant
differences (Figure 18A), but there was a notable increase in MZ B cells (CD20+CD21+IgD-
CD23-) within patient 2 (Mann-Whitney U test, p < 0.05) (Figure 17B). As expected, these
changes were unique to GCs for both naive B (Mann-Whitney U test, p < 0.05) and MZ B
cells (Mann-Whitney U test, p < 0.05) compared to those present within the stroma (Figure

19A-B).
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Figure 17: Naive B cells enriched in the lymph nodes of ROls from the patient that

developed distant metastasis. (A) Naive B cells per mm’ within ROIs from patient 1 that did
not develop distant metastasis (-) and patient 2 that did develop distant metastasis (+). (B)
2

Unswitched B cells per mm within ROIs from patient 1 that did not develop distant
metastasis (-) and patient 2 that did develop distant metastasis (+). (C) Switched B cells per

2
mm  within ROls from patient 1 that did not develop distant metastasis (-) and patient 2 that
did develop distant metastasis (+). (Mann-Whitney U tests, * p < 0.05).
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Figure 18: Marginal zone B cells are enriched in the lymph node ROlIs of the patient that

developed distant metastasis. (A) Follicular B cells per mm2 within ROls from patient 1 that
did not develop distant metastasis (-) and patient 2 that did develop distant metastasis (+).

(B) Marginal zone (MZ) B cells per mm’ within ROIs from patient 1 that did not develop
distant metastasis (-) and patient 2 that did develop distant metastasis (+). (C) Double

negative 1 (DN1) B cells per mm’ within ROIs from patient 1 that did not develop distant
metastasis (-) and patient 2 that did develop distant metastasis (+). (D) Double negative 2

(DN2) B cells per mm2 within ROls from patient 1 that did not develop distant metastasis (-)
and patient 2 that did develop distant metastasis (+). (Mann-Whitney U tests, * = p < 0.05).
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Figure 19: Marginal zone B cells are enriched in the GC ROlIs of patient 2. (A) Naive B and
marginal zone (MZ) B cells per mm’ within GC and non-GC ROls from patient 1 that did not
develop distant metastasis (-) and patient 2 that did develop distant metastasis (+). Mann-
Whitney U tests, * = p < 0.05. (B) Representative images of CD23, CD21 and IgD staining
from GC ROls in the lymph nodes of patient 1 and patient 2. Yellow arrows indicate CD23-
CD21+IgD"" marginal zone B cells.
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3.3.2 DN 2 B cells, Tregs and macrophages increased in non-GC areas of LN of
patient 2

Other cell populations of interest were DN cells, which have gained traction within the
oncology field as a hallmark of B cell exhaustion, often prevalent in autoinflammatory and
chronic infectious diseases (Li et al., 2021). They are so named due to the lack of
expression of IgD and CD27, indicating a class switched phenotype without expression of
traditional activation markers. Of interest within the GC field, there is accumulating evidence
to suggest subsets of DN originate from different pathways. DN1 cells (CD19+CD20+IgD-
CD27-CD21+) are thought to be derived from the GC, differentiating into switched memory
cells through upregulation of TCF7 and subsequently antibody secreting plasma cells. In
contrast, DN2 cells (CD19+CD20+IgD-CD27-CD11c+) may stem from TLR7+ activated B
cells within the extrafollicular regions and lead to plasma cell production in the absence of a
GC (Jenks et al., 2018). When assessing DN1 and DN2 levels within the LNs of the patients
within this cohort, there was no significant differences in the number of both DN1 and DN2
between patient 1 and patient 2 (Figure 18). However, there was a trend of increased DN2
cells in patient 2 (Mann-Whitney U test, p = 0.0635) when specifically focusing on non-GC
ROls (Figure 20A). This is suggestive of plasma cell derived responses that may be initiated
in the absence of a GC to be more prevalent in patient 2 that developed distant metastasis.
This increase was in parallel with populations with immunosuppressive tendencies; there
was a trend towards an increase in Tregs and a significant enrichment of macrophages
within the non-GC ROls of patient 2 (Mann-Whitney U test, p = 0.0635, p < 0.05

respectively) (Figure 20A-B).
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Figure 20: Tregs, DN2 and macrophages enriched in non-GC areas of patient 2. (A) Double

negative 2 (DN2), Tregs and macrophages per mm2 within GC and non-GC ROlIs from
patient 1 that did not develop distant metastasis (-) and patient 2 that did develop distant

metastasis (+). Mann-Whitney U tests, * = p < 0.05. Numbers depicted when p values were

close to significance. (B) Representative images of CD4+FoxP3+Tregs and CD68+

macrophages in non-GC areas of patient 1 and patient 2. White arrows indicate Tregs, and
yellow arrows indicate macrophages.
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3.3.3 IgG+, IgA+ and IgM+ plasma cells depleted in LNs of patient 2

Having ascertained that the LN from patient 2 was enriched for immunomodulatory subsets
and DN2 cells, the density of IgM+, IgA+ and IgG+ plasma cells was assessed. There were
no significant differences between the numbers of IgM+ and IgA+ plasma cells (Figure 21A-
B), however a significant enrichment of IgG+ plasma cells within patient 1’'s LN compared
with patient 2’s LN (Mann-Whitney U test, p < 0.01), (Figure 21C). When evaluating the
spatial arrangement of these subsets, there was an increased number of IgM+, IgA+ and
IgG+ plasma cells within the non-GC ROls of patient 1’s LN compared to patient 2's LN
(Mann-Whitney U test, p < 0.05), however only IgG+ plasma cells were significantly
expanded within the GCs ROls of patient 1 (Mann-Whitney U test, p < 0.01) (Figure 22A).
This expansion of IgG+ plasma cells in the patient 1’s LN was notably primarily within the
GC itself, inferring that these are predominantly GC derived, whereas this localisation to the

follicle was not evident within the LN of patient 2.
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Figure 21: IgG plasma cells are depleted in the lymph node ROIs of the patient that

developed distant metastasis. (A) IgM+ plasma cells per mm2 within ROls from patient 1 that
did not develop distant metastasis (-) and patient 2 that did develop distant metastasis (+).

(B) IgG plasma cells per mm’ within ROIs from patient 1 that did not develop distant
metastasis (-) and patient 2 that did develop distant metastasis (+). (C) IgA plasma cells per

mm2 within ROls from patient 1 that did not develop distant metastasis (-) and patient 2 that
did develop distant metastasis (+). (Mann-Whitney U tests, ** = p < 0.01).
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Figure 22: Plasma cells enriched in patient 2 compared to patient 1. (A) IgM, IgA, and IgG+

plasma cells per mm2 within GC and non-GC ROIs from patient 1 that did not develop distant
metastasis (-) and patient 2 that did develop distant metastasis (+). Mann-Whitney U tests, *
= p < 0.05.(B) Representative images of IgG+ CD38+ plasma cells in the GC ROls from the

lymph nodes of patient 1 and patient 2. Yellow dashed line indicates the outline of the GC.
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3.4 Spatial analyses identifiies distinct cellular neighbourhoods

To further assess the spatial communication between these cell types and how this might be
relevant to the ROI type, GC or stroma, and patient outcome, Kmeans clustering with a k
value of 20 was used to determine cellular neighbourhoods (cn). This identified 12 unique
neighbourhoods, with distinctive spatial patterns across the ROIs. GCs were comprised of
cn_3, cn_4 and cn_1, whereas non-GC areas appeared to have more cn_6,cn_9andcn_5
(Figure 23A). Cn_1 was enriched for MZ B cells, follicular B cells and DN1 cells, cn_2 for
macrophages and tumour cells, and cn_3 follicular B cells alone. Cn_4 contained follicular B
cells and naive B cells, cn_5 predominantly IgM+ plasma cells, IgG+ plasma cells, IgA+
plasma cells and switched B cells. Cn_6 defined areas which were tumour cells alone, and
cn_7 as unswitched B cells alone. Cn_8 consisted of a CD4+ T cell population, also
enriched for Tregs, and cn_9 containing low levels of switched B, and CD4+ T cells. cn_10
was predominantly the DN populations; DN1, DN2 but also a switched B cell phenotype, and
cn_11 consisted of mainly DN1 and naive B. Finally, cn_12 was defined by PD1+ CD4+ and
CD8+ T cells, as well as PD1-CD8+ T cells, IgA+ plasma cells and IgG+ plasma cells

(Figure 23B).

102



A

0
250
500
750

Patient1_006
0 - 0
200 5 ";,‘ . 200
400 & » 4 400
600 £ N . d s
800
0 200 400 600 800
Patient1_014
0 0
200 200
400 400
600 600
0 200 400 600
Patient2_004
0 . = ar 0
. o
250 g O 250
500 < 500

750

200
400

600

Figure 23: Immune cells form distinct cellular neighbourhoods in the LNs of Bart's TNBC
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metastasis. Mean cellular neighbourhood changes between patient 1 that did not develop
distant metastasis and patient 2 that did. Cellular neighbourhood differences that were

significantly altered are outlined in red (Wilcoxon rank sum test, *

p <0.05, ** =p<0.01).
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3.4.1 Patient 1 and patient 2 exhibit differences in spatial neighbourhoods of immune
cell subsets

When investigating how these neighbourhoods changed within the LNs of these patients, it
was apparent that patient 2 was enriched for cn_2 (Kruskal-Wallis, p < 0.01), cn_10
(Kruskal-Wallis, p < 0.01), and was trending towards increased levels of cn_11 (Kruskal-
Wallis, p = 0.053). Conversely, patient 1 LNs contained more cn_7 (Kruskal-Wallis, p <
0.05), and cn_12 (Kruskal-Wallis, p < 0.01) compared to patient 2 LNs (Figure 24). These
changes were reflective of cell type differences, indicating a crosstalk between tumour cells
and macrophages, and prevalence of DN subsets to localise near each other within patient
2. In contrast, patient 1 exhibited enrichment of neighbourhoods indicating T cell and plasma
cell interactions, which was absent within patient 2. This was also specific to ROIs containing
GCs (Figure 25), which is suggestive of a level of communication between these cell types
related to the GC reactions that may contribute to a superior disease outcome. In contrast,
the potential tumour-macrophage interactions and DN crosstalk in patient 2 were enriched in

non-GC ROIs compared to those containing a GC (Figure 25).
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Figure 25: Patient 1 enriched for interactions within plasma cells and T cells within GC ROls
and patient 2 exhibits upregulated localisation of macrophages and tumour cells within non-

GC ROIs. Normalised cellular neighbourhoods within GC and non-GC ROIs of patient 1 and
patient 2 lymph nodes. Mann-Whitney U tests, * = p < 0.05.
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3.5 Cellular neighbourhoods demonstrate patterns of spatial context

To elucidate the communication between these cns further, a k-nearest neighbour algorithm
was applied to calculate spatial contexts (SCs). Cn fractions were sorted from high-low and
the SC of each cell assigned as the minimal combination of SCs that additively surpasses a
threshold of 0.9, aiming to represent the dominant cns in a given window (Bhate et al.,
2022). SCs were further filtered for those that had a minimum of 100 cells per SC. This
identified 43 unique SCs, with those that did not meet the filter criteria defined as NA. SC
nomenclature was described as the cns involved, for example, if there were interactions
between cn_2, cn_4 and cn_5 this would be shown as sc_2_4 5. The spatial orientation of
these SCs could then be mapped back to each ROI as shown in Figure 26. This revealed

GCs with very few SCs (ROI 10) and those with many (ROI 23).
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interactions within the ROls of patient 1 and patient 2. Colours indicate unique spatial
contexts (SCs).
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3.5.1 Enrichment of macrophage and Treg clusters in the LN of patient 2

As shown in Figure 27, there was enrichment of sc_2 in patient 2, defined as cn_2 alone
(Mann-Whitney U test, p < 0.01) and sc_2_6, indicating interactions between cn_2 and cn_6
(Mann-Whitney U test, p < 0.0001). There were also potential interactions between cn_2 and
cn_10 as well as between cn_2, cn_10 and cn_6, which was significantly increased in
patient 2 compared to patient 1 (Mann-Whitney U test, p < 0.0001) (Figure 27A). This is a
suggestive of a crosstalk of clusters of macrophages, Tregs, DN populations and tumour
cells that is highly upregulated in patient 2 but absent in patient 1. There was also an
enrichment of sc_10 (Mann-Whitney U test, p < 0.05), sc_10_11_9 (Mann-Whitney U test, p
< 0.05), sc_10_9 (Mann-Whitney U test, p < 0.001), sc_10_8 (Mann-Whitney U test, p <
0.05) and sc_10_8_9 (Mann-Whitney U test, p < 0.01) in patient 2. This further signified
communication between the DN B cells, macrophages (cn_10), a naive B (cn_11) and CD4+
T/Treg (cns_8 and 9) (Figure 27A). Clusters of macrophages and Tregs were further visible
in tumour infiltrated areas of the LN from patient 2, that were distinctly absent in patient 1
(Figure 27B). Taken together, these data suggest within the non-GC areas of the LN of
patient 2, the localisation and communication between tumour cells, macrophages, DN B

cells, and Tregs may contribute to distant metastasis development.
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Figure 27: Spatial contexts upregulated within patient 2. (A) Normalised spatial contexts
within non-GC ROls of patient 1 and patient 2 lymph nodes. Mann-Whitney U tests, * = p <
0.05, ** =p < 0.01, ™ =p <0.001, **** = p < 0.0001.(B) Representative images showing
increased localisation of CD68+ macrophages, CD4+FoxP3+ Tregs and tumour cells in non-
GC ROiIs of patient 2. Yellow arrows depict macrophages and blue arrows indicate Tregs.
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3.5.2 T cells, plasma cells and tumour cells co-localise in GC ROls of patient 1

In contrast, within the GC ROls of patient 1 there was enrichment of sc_7 (Mann-Whitney U
test, p < 0.05), sc_12_7_9 (Mann-Whitney U test, p < 0.05), sc_12 (Mann-Whitney U test, p
<0.01), sc_12_7 (Mann-Whitney U test, p < 0.05) and sc_12_5 (Mann-Whitney U test, p <
0.05). This suggested communication between cns containing multiple immune subsets
including unswitched B (cn_7), plasma cells, PD1+ CD4 T cells, tumour cells (cn5), CD8+ T
cells, PD1+ CD8+ T cells and Tregs (cn_12) (Figure 28A-B). This is suggestive of an active
GC immune response, in which PD1+CD4+ T cells are interacting with unswitched B cells to
induce differentiation into antibody-secreting plasma cells. These interactions in turn may
facilitate an anti-tumour response. Notably, this process was not observed in the LN from
patient 2 GC ROls, and may be indicative of immune suppression, which is perhaps
facilitated by the increased macrophage and Treg presence within the non-GC areas of

these LNs.
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Figure 28: Patient 1 enriched for GC spatial contexts between cellular neighbourhoods
containing T cells and plasma cells. (A) Normalised spatial contexts within GC ROls of
patient 1 and patient 2 lymph nodes. Mann-Whitney U tests, * = p < 0.05, ** = p < 0.01, ** =
p <0.001, **** =p < 0.0001. (B) Representative images showing increased localisation of
plasma cells and T cells in GC ROls of patient 1. Yellow dashed line indicates the outline of

the GC.
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3.6 Summary of spatial IMC-based profiling of LNs

In summary, accumulation of potentially immunosuppressive subsets including
macrophages, Tregs and DN B cells were enriched within the in-LN of patient 2, who
developed distant metastasis with 48 months. In the stroma of this LN, a prevalence for
spatial interactions between these cell types was found. In contrast, the LN from patient 1
who did not develop distant metastasis. exhibited an increased level of T cell subsets
associated with an anti-tumour and GC response, including CD8+ T cells, PD1+CD4+ T
cells and plasma cells. There was also a spatial predisposition for these cells to localise
closely to each other in and around the GC. As these tumours exhibited extreme differences
in sTIL infiltration; the tumour from patient 1 was scored as having 80% sTILs and patient 2
with 20% sTILs, it was important to consider the relationship between these subsets and
histological sTIL scoring and how this may have contributed to distant metastasis

development.

3.7 sTILs scores are prognostic for distant disease-free survival in Guy’s
TNBC cohort

To expand on these immune cell subsets, their prevalence within the primary tumour and the
relationship with sTIL infiltration, gene expression data of 124 TNBC tumours was
subsequently analysed in a subset of retrospective breast cancer Guy’s cohort (Brasé-
Maristany et al., 2016). To examine these immune responses further and within the context
of immune-hot and cold tumours, sTILs were first classified as per Salgado’s criteria
(Salgado et al., 2015) within the Guy’s breast cancer cohort (Figure 29A). This method
assesses the percentage of stroma occupied by concentrated mononuclear cells as a
continuous parameter. Percentage sTILs were semi quantitatively graded; 0 = absence of
lymphocytes, 1 = minimal (1-10% of surface area in given location), 2 = mild (10-20%), 3 =

moderate (>20-50%) and 4 = strong (= 50%). Patients were dichotomised depending on their
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levels of TILs at the primary carcinoma, and Kaplan-Meier survival analyses performed.
Patients with tumours showing equal or more than 20% sTILs had a significantly reduced

distant disease-free survival over 20 years (Figure 29B).
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Figure 29: sTILs are prognostic in Guy’s cohort. (A) Representative H&E images of stromal
infiltrating lymphocytes (sTILs) in triple negative breast cancer (TNBC) (adapted from Fuchs
et al., 2020). TILs were scored according to the International TILs Working Group (ITWG).
Yellow arrows depict lymphocytes and black arrows indicate clusters of tumour cells. (B)
Kaplan Meier distant-disease free survival (dDFS) analyses of 124 TNBC patients. The red
line indicates patients with = 20% sTIL infiltration (n = 76) and the blue line patients with <
10% (n = 48). Survival curves were compared using the log-rank test. HR = Hazard ratio with
confidence interval shown in brackets.
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3.8 Assessing prognostic factors in the Guy’s TNBC cohort

Next, clinicopathological characteristics including age, tumour size, histological grade and
number of in-LNs were compared within the Guy’s TNBC cohort using univariate and
multivariate Cox proportional hazard regression models. Age has been studied heavily with
regards to immune specificity and function, and ageing has an impact on T cell repertoire
diversity and B cell function. Specifically, CD8+ T cell diversity decrease with age, and
frequencies of clonal populations expand in contrast to a reduction in CD4+ T cells (Yoshida
et al., 2017). Studies in nonhuman primates have shown a reduced follicular area in older
animals, significantly diminished numbers of Tfh cells, and an increase in FoxP3"9"Lag3""
CD4+ T cells with potential suppressive capabilities (Shankwitz et al., 2020). Further, our
group has shown that there is an inverse linear relationship between the number of GCs in
LNs and the age of the patient at diagnosis (Liu et al., 2021). In this way, it was important to
evaluate the age of the patients at diagnosis as a confounding factor in the outcome
analyses. In the univariate analysis, only tumour size and number of in-LNs were indicative
of distant metastasis development (hazard ratio (HR) = 1.35, 95% confidence interval (Cl) =
1.13-1.61, p = 0.001, and hazard ratio (HR) = 1.09, 95% confidence interval (Cl) = 1.04 -
1.13, p < 0.001 respectively) (Figure 30A). This was also apparent in the multivariate
analysis, where only tumour size and number of in-LNs was indicative of distant metastasis
development (hazard ratio (HR) = 1.51,95% confidence interval (Cl) = 1.04 - 1.13, p < 0.001,
and hazard ratio (HR) = 1.12, 95% confidence interval (Cl) = 1.07 - 1.17, p < 0.001
respectively) (Figure 30B). This therefore demonstrates that tumour size and number of in-
LNs within this breast cancer cohort are significant elements that contribute to a shorter
distant metastasis free survival time, and further highlights the importance of the LN status

within TNBC.
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A Endpoint

Subgroup n : HR Cl p
DMFS Age 124 ? 1.00 (0.98-1.02) 0.961
Tumour Size E —— 1.35 (1.13-1.61) 0.001
Histological Grade 123 ‘: 0.96 (0.33-2.76) 0.941
pT Stage 121 ———— 136 (082-225) 0233
No. of in-LN 124 EO 1.09 (1.04-1.13) <0.001
? .
1 2
Endpoint Subgroup n : HR Cl p
DMFS Age 120 ? 1.00 (0.98-1.03) 0.736
Tumour Size i —e— 190 (1.46-2.46) <0.001
Histological Grade >~ 0.84 (027-260)  0.761
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Figure 30: Univariate and multivariate cox proportional hazard regression distant metastasis
free survival analyses. (A) Univariate Cox proportional hazard regression distant metastasis

free survival analyses of age, tumour size, histological grade and number of in-LNs. HR

hazard ratio, Cl = confidence interval, p = p value. (B) Multivariate cox proportional hazard
regression distant metastasis free survival analyses of age, tumour size, histological grade
and number of in-lymph nodes (positive LN). HR hazard ratio, Cl = 95% confidence interval,

p = p value.
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3.9 Prognostic significance of immune signatures in the Guy’s TNBC
cohort

To estimate immune population prevalence related with the GC response, a published
scRNAseq dataset was used to deconvolute microarray data sequenced from histological
sections of these immune-hot and cold tumours. Whilst single cell information from cf-LNs
would have been used, this was not available at the time of the study, therefore scRNAseq
from a tonsil dataset was applied (H. W. King et al., 2021). In this study, immune cells were
isolated from tonsils of patients with recurrent tonsilitis and sleep apnoea, where the authors
performed scRNAseq, V(D)J sequencing and high dimensionality reduction analyses to
determine 25 subsets associate with the GC reactions. Multiple univariate Cox proportional
hazards analyses of these GC signatures on the Guy’s TNBC microarray data revealed that
high expression of populations previously characterised in breast cancer including CD4+ T
cells, CD8+ T cells and memory B cells were associated with a longer distant metastasis
free survival time (hazard ratio (HR) = 0.37, 95% confidence interval (Cl) = 0.19-0.72, p =
0.003, hazard ratio (HR) = 0.30, 95% confidence interval (Cl) = 0.15 - 0.62, p = 0.001, and
hazard ratio (HR) = 0.39, 95% confidence interval (Cl) = 0.19-0.81, p = 0.012 respectively)
(Figure 31). This is in alignment with published data that indicates high memory B cell
infiltration consistently shows relevance for overall survival and distant disease-free survival
in TNBC patients, and memory B cell signatures have exhibited prognostic potential within
the context of low and high sTIL TNBC. Particularly within immunologically hot TNBCs, an
increased memory B cell phenotype is significantly associated with a longer distant disease
free survival time (Harris et al., 2021). In contrast, a high plasmablast signature exhibited the
largest hazard ratio (HR) within this cohort, although not reaching significance (HR = 1.22,
95% confidence interval (Cl) = 0.63-2.36, p = 0.560). Immunoglobulin signatures including
the immunoglobulin kappa C (IGKC) metagene have been linked to longer disease free
survival within TNBC patients (lglesia et al., 2014; Schmidt et al., 2021), however
plasmablast gene signatures have so far not been frequently assessed, and have not been

described in detail when the prognostication of sTIL was performed (Figure 31).
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Figure 31: Forest plots of univariate cox proportional hazards regression distant metastasis
free survival analyses of tonsil gene sets. Multiple univariate cox proportional hazard
regression distant metastasis free survival analyses of gene sets from single cell tonsil
dataset (H. King et al., 2021). HR = hazard ratio, Cl = 95% confidence interval, p = p value.

3.9.1 Plasmablast gene signature prognostic within low sTILs tumours

To determine if high expression of these gene signatures were indicative of distant
metastasis development in a sTIL-dependent manner, multiple univariate Cox proportional
hazards regression analyses were applied to the Guy’s cohort, looking at patients with low
and high sTILs at the primary tumour. This revealed that within low sTILs tumours, there was
a trend towards a high plasmablast gene signature being associated with the risk of
developing distant metastasis (hazard ratio (HR) = 2.53, 95% confidence interval (Cl) = 0.95-
6.75, p = 0.080) (Figure 32A). This, however, was not the case in high sTILs tumours, where
a high plasmablast gene signature demonstrated a hazard ratio of 0.53 (95% confidence
interval (Cl) = 0.16-1.77, p = 0.3). Conversely, many of the T cell subsets including CD8+ T
cells were associated with a longer time of developing distant metastasis in patients with

high sTILs TNBC (hazard ratio (HR) = 0.30, 95% confidence interval (Cl) = 0.16-3.27, p =
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0.041) (Figure 32B). This suggests that a high plasmablast or plasma cell infiltration within

low sTILs tumours may be indicative of patients that develop distant metastasis.
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Figure 32: Forest plots of univariate cox proportional hazards regression distant metastasis
free survival analyses of tonsil gene sets in low and high sTILs tumours. Multiple univariate
Cox proportional hazard regression distant metastasis free survival analyses of gene
signatures from single cell tonsil dataset (H. King et al., 2021) in low sTILs (A) and high
sTILs tumours (B). HR = hazard ratio, Cl = 95% confidence interval, p = p value.
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3.10 Deconvolution of Guy’s breast cancer cohort using plasmablast
gene signature and histological sTIL scoring

To investigate the role of this plasmablast gene signature further within the context of
immune-cold tumours, patients from the Guy’s cohort were split into 4 subgroups based on
ssGSEA enrichment scores and paired histological scoring. Cox proportional hazard
regression models were applied to identify an optimal cut-off of 0.135 to determine high and
low plasmablast gene scores within these samples. This identified 4 groups: patients with
low sTILs and a high plasmablast enrichment score (IThP), those with low sTILs and a low
plasmablast enrichment score (ITIP), those with high sTILs and a high plasmablast
enrichment score (hThP), and finally patients with low sTILs and a low plasmablast
enrichment score (hTIP) (Figure 33A). These subgroups of patients were explored of their
molecular features to characterise further those with possible plasma cell infiltration within

the context of immune-hot and cold tumours.

Next, key genes involved in plasma cell differentiation were examined individually. JCHAIN
is a small polypeptide that is required for multimerization of secretory IgM and IgA, generally
assumed to be highly expressed on all plasma cells (Castro and Flajnik, 2014), was
upregulated in both IThP and hThP groups compared to those with a low plasmablast
enrichment score (paired T test, p < 0.01). Other typical B and plasma cell genes including
CD79a, which associates with membrane-bound immunoglobulin to stabilise the B-cell
receptor complex, was also significantly increased in the IThP and hThP groups (paired T
test, p < 0.01, p< 0.05 respectively). However, there were marked differences between the
IThP group and hThP group. IThP patient tumours showed significantly decreased levels of
PRDM1, a transcriptional repressor, and /IRF4, a multifunctional transcriptional regulator that
both can drive terminal differentiation of B cells to plasma cells (Nutt et al., 2011) (paired T
test, p < 0.001). In comparison, these tumours exhibited higher expression of XBP1 than
hThP patients, which is a mediator of the mammalian unfolded protein response (UPR), and

upregulated in antibody secreting cells (Nutt et al., 2011) ( paired T test, p < 0.01). (Figure
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33B). The differences between plasma cell related gene expression in IThP patients and
hThP patients may suggest plasma cells of different maturity. Whilst JCHAIN expression
was similar, heightened XBP1 but lack of PRDM1 and IRF4 within the IThP group may
indicate that plasma cells infiltrating these tumours are of a more immature phenotype, as
PRDM1 and IRD4 are well known to be attributed to terminal differentiation of plasma cells,

compared to XPB1, upregulated at earlier stages (Nutt et al., 2011).
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Figure 33: Deconvolution of TNBC tumours using sTILs and a plasmablast gene signature
reveals distinct subtypes. (A) Schematic illustration of how the plasmablast gene signature
based on single cell RNA-sequencing data from tonsils (King et al., 2021) was used in
combination with histological sTIL scoring to identify subgroups amongst 124 TNBC
tumours. High sTILs was determined as sTIL infiltration = 10%. Cox proportional hazard
regression models were used to determine the optimal cut-off of 0.135 for the plasmablast
signature. Classification of these tumours stratifying patients into 4 groups; those with low
TILs and a high plasmablast score (IThP, red), low TILs and a low plasmablast score (ITIP ,
green), high TILs and a high plasmablast score (hThP, blue) and high TILS with a low
plasmablast score (hTIP, purple). (B) Barplots showing the normalised Z score gene
expression of key plasmablast genes across the 4 groups.
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3.10.1 Plasmablast gene signature associated with distant metastasis development
in low sTILs tumours

Kaplan-Meier survival analyses were then used to determine how sTIL specific expression of
the plasmablast gene signature could potentially contribute to distant metastasis
development. IThP patients exhibited a significantly reduced distant disease-free survival
time compared to all other groups: hazard ratio (HR) = 2.907, likelihood ratio test, p = 0.01
(Figure 34A). Furthermore, high expression of this plasmablast gene signature within low
sTILs tumours was attributed to a shorter distant disease-free survival time: hazard ratio

(HR) = 2.288, likelihood ratio test, p = 0.074 (Figure 34B).

>

B .
dDFS TNBC patients dDFS Low sTILs TNBC patients

1.004 1.001

0.751 - v .
Likelihood ratio p = 0.01
0504 HR =2.907 (1.36 - 6.215)
F—

ogg] U TIRs N pRIE ‘ Likelihood ratio p = 0.074
0004 “OWPlasma  HR = 2288 (0.9066 - 5.773)
0 S0 100 150 200 250 . v

0 50 100 150 200 250

of dDFS_

=)

Probability of dDFS
y

Prot%abilit

Time (months) Time (months)

Figure 34: Low sTILs and high plasmablast gene signature is associated with worse
outcome in TNBC patients. (A) Kaplan Meier graphs distant disease-free survival (dDFS) of
124 TNBC patients. Patients with low TILs and a high plasmablast gene signature are shown
in red (n = 16), those with low TILs and low plasmablast gene signature are shown in green
(n = 32). Patients with high TILs and a high plasmablast gene signature are depicted in blue
(n = 41), whereas those with high TILS and a low level of plasmablast gene signature are
shown in purple (n = 35). Survival analyses were compared using the Likelihood ratio test.
HR = Hazard ratio with confidence interval shown in brackets. (B) Kaplan Meier graph
showing dDFS of TNBC patients with low sTILs (n = 48). Patients with a low plasmablast
score are shown in red (n = 32) and those with a high plasmablast score are shown in blue
(n = 16). Survival curves were compared using the Likelihood ratio test. HR = hazard ratio
with confidence interval shown in brackets.
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3.10.2 IThP tumours exhibit low histological incidence of necrosis and fibrosis

TNBC is more likely to exhibit necrosis compared to other breast cancer subtypes, with an
incident rate of 35-56% (Abdelhafez et al., 2021), but there is controversy surrounding the
impact this may have on tumour progression. Studies have shown that the presence of
tumour necrosis is linked to accelerated tumour growth and poor outcome (Abdelhafez et al.,
2021), however Pu et al., showed that elevated necrosis was linked to complete pathological
response (pCR) after neoadjuvant chemotherapy in breast cancer patients (Pu et al., 2020).
Necrosis may augment an immune response through triggering inflammation, after rupturing
cells release their intracellular contents into the microenvironment (Yang et al., 2015).
Damage associated molecular patterns (DAMPs) secreted during necrosis can stimulate toll-
like receptor (TLR) signalling on dendritic cells (DCs) or macrophages, but also through
ligation of TLR4 and TLR9 on B cells, resulting in IgM+ plasmablast expansion (Genestier et

al., 2007).

To assess, if TNBC with low TILs and a high plasmablast gene expression are more likely to
be necrotic, histopathological assessment of necrosis was incorporated into the analyses.
This revealed that IThP tumours had the lowest incidence of necrosis compared to the other
groups (25% vs 39%, 70% and 40%) (Figure 35A). This may be reflective of tumour cells
proliferating at a lower rate and may contribute to the low sTIL environment. hTIP tumours
presented with the highest incidence of necrosis (70%) followed by ITIP tumours (40%), and
hThP tumours (39%). This is perhaps increased with high sTILs tumours as chemotactic
gradients initiated by high levels of inflammation from cell death may lead to the recruitment

of sTILs.

High fibrosis levels, characterised histopathologically by elevated levels of collagen, is often
seen in TNBC, and is known to be associated with rapid tumour progression and

unfavourable outcome (Basso et al., 2010). Histological assessment of primary tumours of

123



the IThP subgroup, did, however, not show any increased levels of fibrosis in comparison to

other subgroups (Figure 35B).

A Necrosis B Fibrosis

hThP hTIP hThP hTIP
n =39 n=41

n=4 sy n=39

I Absent I Absent
Il Present I Absent I Absent
I NA I Present = ﬁlr:sent I Present
IThP ITIP
n=16 n=32 IThF:,=1s ITII:>n=32
I Absent I Absent I Absent I Absent
i Present I Present I Present I Present

Figure 35: Necrosis and fibrosis status of TNBC tumours within each subgroup. Pie charts
showing the percentage TNBC exhibiting necrosis (A) and fibrosis (B), within patients with
high TILs and a high plasmablast gene signature (hThP), high TILs and low plasmablast
gene signature (hTIP), low TILS and a high plasmablast gene signature (IThP), and low TILs
with a low plasmablast gene signature (ITIP).
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3.10.3 IThP tumours for the luminal androgen receptor subtype

To determine the molecular profiles of the tumours stratified by sTILs and the plasmablast
signature, molecular subtypes of classification, namely PAM50, Lehman’s, Burstein, four-
gene decision tree, and integrative clusters (IntClust) were applied (Figure 36). Within the
IThP patient group, 8/16 (50%) were of the LAR subtype based on the Burstein
classification, and 6/8 (75%) were LAR based on the Lehmann-TNBC typing. In
concordance with published data, LAR tumours within the IThP group were predominantly
HER2- enriched by PAMS50 subtyping (62.5%) (Ahn et al., 2016). The IThP group were
further made up of IntClust 3 (37.5%), IntClust 4 (25%), IntClust 7 (18.75%), IntClust 5
(12.5%), and one sample was IntClust 10 (6.25%). This points to these tumours as exhibiting
low genomic instability and the highest frequency of PIK3CA, CDH1 and RUNX1 mutations
(Dawson et al., 2013). In agreement with this data, subtyping using the four-gene decision
tree method revealed that IThP patients were predominantly MC4 (43.75%) and MC5
(43.75%). MC4 tumours are enriched for PI3K/Akt signalling, and MC5 presents with high
expression of genes associated with ErbB signalling (Quist et al., 2019). Despite MC1
tumours typically presenting with higher levels of estrogen and AR signalling, none of the

IThP tumours within the Guy’s cohort were classed as MC1.
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Figure 36: TNBC with low sTILs and high plasmablast signatures are predominantly of the
luminal androgen receptor subtype. Molecular characterisation of tumours by sTILs (T) and
plasmablast signature (P) scores. Bars represent sample-specific characteristics, including
Burstein subtyping (Burstein et al., 2015), PAM50 (Parker et al., 2009), TNBC Type

(Lehmanns, (Lehmann et al., 2011)), IntClust (Dawson et al., 2013), and MC (Quist et al.,
2019).
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3.10.4 Germinal centre numbers and sinus area are reduced in axillary lymph nodes
of IThP TNBC patients

Previous data has shown that an increased number of GCs and expanded sinus area in
TNBC patients is associated with increased dDFS and overall survival (Grigoriadis et al.,
2018; Liu et al., 2021). Extrapolating from data acquired previously using a multiscale
embedded deep learning (DL)-framework to capture GCs and sinuses, average GC number,
normalised average sinus area and number of in-LNs were assessed within these subgroups

(Verghese et al., under review).

In concordance with previous data linking sTIL infiltration and GC number in cf-LNs, the
hThP group had the highest average number of GCs across their axillary LNs compared to
IThP (Wilcoxon signed rank test p < 0.001), ITIP (Wilcoxon signed rank test, p < 0.001) and
compared with hTIP patients (Wilcoxon signed rank test, p < 0.01) (Figure 37A). This group
of patients also exhibited enlarged average sinus area within all LNs compared with ITIP
patients (Wilcoxon signed rank test, p < 0.01) IThP patients (Wilcoxon signed rank test, p <
0.05), but not relative to those in the hTIP group. hTIP patients had expanded sinus area
within all axillary LNs compared to IThP patients (Wilcoxon signed rank test, p < 0.05), and
the ITIP (Wilcoxon signed rank test, p < 0.05), (Figure 37B). Conducive to inferior outcome,
the IThP patients had the most in-LNs compared to ITIP (Wilcoxon signed rank test, p <
0.01), hThP (Wilcoxon signed rank test, p < 0.05), and hTIP (Wilcoxon signed rank test, p <
0.05) (Figure 37C). There was no associated between the average GC numbers within the
LNs of a patient and the age at diagnosis of a patient within any of the subgroups (Figure
36D). Moreover, these data demonstrated that IThP patients have a low level of immune

reactivity and high incidence of tumour involvement within their axillary LNs.
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Figure 37: Histological characteristics of axillary lymph nodes across the TNBC cohort.
Boxplots showing (A) the number of involved lymph nodes. (B) the average GC number in
the axillary lymph nodes; (C) the sinus area in the axillary lymph nodes across the 4 patient
subgroups. (D) In each subgroup, Spearman’s rank correlation coefficient for correlations
between the age of patient at diagnoses and the number of GCs in the axillary lymph nodes.
Wilcoxon statistical tests used for (A-C), * = p <0.05, ** = p < 0.01, *** =p < 0.001.
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To explore the role of the GCs in cf- and in-LNs of these patients in more depth, Kaplan-
Meier survival analyses were used to separate patients based on low average GC number
(<2) and high average GC number (22) in all LNs. In agreement with our published data
(Grigoriadis et al., 2018; Liu et al., 2021), the patients with high sTILs and more than 2 GCs
within the LNs had a significantly longer time to distant metastasis compared to all the other
groups hazard ratio (HR) = 10.41, likelihood ratio test, p = 0.001, (Figure 38A). Further to
this, a reduced number of GCs within the LNs of patients with a high plasmablast enrichment
score had a significantly shorter time to distant metastasis: hazard ratio (HR) = 2.288,
likelihood ratio test, p = 0.025, (Figures 38B). Examining the impact of GC in LNs and sTIL
levels at the primary tumour site within patients with a high plasmablast gene score showed
that patients that exhibited low sTILs within this cohort had a significantly shorter distant
disease-free survival time compared to those with high sTILs: hazard ratio (HR) = 3.13,
likelihood ratio test, p = 0.0077, (Figure 39A). Crucially, GC counts in LNs alone within this
group showed that patients with less than 2 GCs in all LNs had a significantly shorter distant
disease-free survival time compared to those with more than 2: hazard ratio (HR) = 9.124,
likelihood ratio test, p = 0.008, (Figures 39B). Thus, GC information within the LNs of these
TNBC patients could potentially be used interchangeably with sTIL scores to delineate those

with a high plasmablast environment and indicate risk of developing distant metastasis.
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Figure 38: GC number adds prognostic value to outcome in IThP patients. (A) Kaplan Meier
distant disease-free survival analyses of TNBC patients. Patients with high TILs and more
than 2 GCs in their draining axillary LNs are shown in red (n = 18), those with high TILs and
less than 2 GCs in their draining axillary LNs are shown in green (n = 19). Patients with low
TILs and more than 2 GCs are depicted in blue (n = 3), whereas those with low TILS and
less than 2 GCs are shown in purple (n = 17). Survival analyses were compared using the
likelihood ratio test. HR = Hazard ratio with confidence interval shown in brackets. (B)
Kaplan Meier distant disease-free survival analyses of TNBC patients. Patients with a low
plasmablast score and more than 2 GCs in their draining axillary LNs are shown in red (n =
9), those with a low plasmablast score and less than 2 GCs are shown in green (n = 22).
Patients with high plasmablast scores and more than 2 GCs are depicted in blue (n = 12),
and those with high plasmablast scores and less than 2 GCs are shown in purple (n = 14).
Survival analyses were compared using the likelihood ratio test. HR = Hazard ratio with
confidence interval shown in brackets.
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Figure 39: Low sTILs and low GC numbers associated with distant metastasis development
in patients with high plasmablast gene score. (A) Kaplan Meier distant disease-free survival
analyses of 57 TNBC tumours with high plasmablast gene score. Patients with low sTILs
shown in blue (n = 16), and those with high sTILs shown in red (n = 41). Survival analyses
were compared using the log rank test. (B) Kaplan Meier distant disease-free survival
analyses of 26 TNBC tumours with high plasmablast gene score, comparing low and high
GC numbers in adjacent lymph nodes. Patients with less than 2 GCs shown in blue (n = 14)
and those with more than or equal to 2 GCs is shown in red (n = 12). Survival analyses were
compared using the likelihood ratio test.
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3.11 Genes associated with plasma cell migration and LN egress are
upregulated in tumours with low sTILs and a high plasmablast gene
signature

Next, | asked whether expression of genes associated with LN egress and plasma cell
migration may be upregulated in the IThP group, which may suggest that those within the
primary tumour are derived from the adjacent LN. The CXCL12/CXCR4 axis is a chemokine
gradient essential for plasma cell movement, predominantly to the bone marrow from
secondary lymphoid organs for further maturation (Cheng et al., 2018). Further, synergy
between CXCL12 and HGF has shown to be implicated in the migration of multiple myeloma
cells(Ullah, 2019). KLF2 and S1PR1 are upregulated on plasmablasts and plasma cells in
the peripheral blood and are thought to play a role in homing to the bone marrow and tissues
(Winkelmann et al., 2011). Within these tumours, KLF2 was significantly upregulated in IThP
patients compared to hThP and hTIP (paired T tests, p < 0.01, p < 0.05 respectively). This
was also the case for STPR1, elevated in IThP tumours compared to ITIP (paired T test, p <
0.001), hThP (paired T test, p < 0.01), and hTIP (paired T test, p < 0.001). There was also an
increase in CXCL12 expression in IThP tumours compared to hTIP (paired T test, p < 0.05,
which indicates differences in the gene expression profiles of tumours with a high
plasmablast environment when comparing low vs high sTILs. Further, HGF was upregulated
in IThP compared to hThp tumours (paired T test, p < 0.05), and ITIP tumours (paired T test,
p < 0.001) (Figure 40). Taken together, this suggests an overexpression of genes within
IThP tumours that are favourable for plasma cell migration and homing from the adjacent LN.
A comprehensive analysis looking at differentially expressed genes and pathway analysis of

this IThP subgroup was investigated further in chapter 5. Section 5.1.
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Figure 40: IThP patient tumours upregulate factors associated with lymph node egress and
plasma cell migration. Normalised gene expression of KLF2, S1PR1, CXCL12 and HGF
within IThP, ITIP, hThP and hTIP patients (paired T tests comparing IThP patients to other

groups, * = p<0.05, ** =p <0.01, *** =p < 0.001).
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3.12 GCs are enriched in in-LNs of patients that did not develop distant
metastasis within the Tianjin TNBC cohort

To validate these findings on a protein level and assess the spatial analyses of plasma cells
within low sTILs primary tumours and LNs, histological sections were chosen for
immunofluorescence techniques. At the time of analyses, sections of the Guy’s cohort in
which previous gene expression data was performed was not available. We have previously
shown that GCs within cf-LNs hold prognostic information within the Tianjin cohort of HER2+
and TNBC tumours (Liu et al., 2021), therefore histological sections of a subset (16) of these
patients were selected for subsequent experiments. As previously mentioned, these patients
exhibited all low sTILs tumours, scoring < 0%, 5% or 10% using Salgado’s scoring criteria
(Salgado et al., 2015). The number of GCs were scored in cf-LNs and in-LNs across the 16
patients. There was no significant difference between the number of GCs in the cf-LNs and
in the in-LNs (Mann-Whitney U test and Wilcoxon rank sum test) (Figure 41A). However,
within the in-LNs but not the cf-LNs, a lower number of GCs was associated with distant

metastasis development (Mann-Whiney U test, p < 0.01) (Figure 41B).
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Figure 41: Increased GC number in involved LNs is associated with a better outcome in
TNBC patients. (A) Absolute numbers of germinal centres within cancer free lymph nodes
(cf-LNs) and involved lymph nodes (in-LNs) shown as independent factors or as patient-
paired LNs. A Mann-Whitney U test and Wilcoxon rank sum test were used respectively to
calculate statistics. (B) Absolute numbers of germinal centres within cf-LNs and in-LNs of
patients that developed distant metastasis (+) and those that did not (-), shown as
independent factors or as paired LNs within the same patient. A Mann-Whitney U test and
Wilcoxon rank sum Test were used respectively to calculate statistics. * = p < 0.05.

3.13 Memory B cells and plasma cells quantification using
multiparametric immunofluorescence

Having established that low sTIL tumours with few GCs in their axillary LNs exhibit higher
expression of genes associated with plasma cells, the percentages of memory B cells and
plasma cells were evaluated within paired patient matched primary tumour, cf-LNs and in-
LNs from the Tianjin cohort. IF was utilised to detect the presence of memory B cells by
virtue of CD20 and CD27 expression and classed as CD20+CD27+CD138-. Plasma cells
were confirmed as CD20-CD27+ CD138+ (Figure 42A). Using QuPath v.0.3.2 (Bankhead et
al., 2017) a random forest classifier was applied to IF-stained images of 19 cf-LNs, 23 in-LNs
and primary tumour sections from 16 TNBC patients. A mask was generated for each image;
CD138+ cells represented in magenta, CD20+ cells in red, CD27+ cells shown in green,

CD20+CD27+CD138- as yellow, CD138+CD27+CD20- in grey (Figure 42B).
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Figure 42: Detection of B cell subsets using immunofluorescence staining. (A) Example
images of an involved LN from a TNBC patient stained using immunofluorescence, and its
paired mask generated using QuPath. Magenta cells within mask represent CD20-CD27-
CD138+ cells (blue arrows). Yellow arrows indicate memory B cells, which are
CD20+CD27+CD138- and yellow cells within the mask. White arrows show plasma cells,
identified as CD20-CD27+ CD138+and grey cells in the mask. Red cells picked up by the
mask are CD20+CD138-CD27- within immunofluorescence staining.

3.13.1 Plasma cells are enriched, and memory B cells are depleted in involved
lymph nodes compared to cancer-free lymph nodes

Quantification of CD20+CD27+ memory B cells within the cf-LNs and in-LNs revealed an
enrichment for memory B cells within the cf-LNs compared to the in-LNs both independently
and when compared on between paired LNs within a patient (Mann-Whitney U test, p < 0.05,
Wilcoxon rank sum test, p < 0.01, respectively) (Figure 43A). The memory B cells were
localised near the follicles and GCs of the cf-LN, with a large proportion of CD20+CD27+

cells residing in close proximity to follicles compared to the in-LN (Figure 43B). Conversely,
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CD138+CD27+ plasma cells were increased in the in-LN compared to the cf-LN, when
assessing across all cf-LNs and in-LNs and compared between paired LNs within a patient
(Figure 44A). Plasma cells were predominantly found in the in-LNs near malignant
metastatic cells, enriched in the stromal areas, but within the cf-LN, they were in close

proximity to follicles and GCs (figure 44B).
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Figure 43: Memory B cells are enriched in cancer-free lymph nodes compared with involved
in TNBC patients. (A) Memory B cells as percentage of cells within cancer-free LNs (cf-LNs)
and involved lymph nodes (in-LNs) of TNBC patients, shown as independent or patient-
paired factors. A Mann-Whitney U test and Wilcoxon rank sum test were used respectively to
calculate statistics. * = p < 0.05, ** = p < 0.01. B) Representative immunofluorescence
images of an in-LN and cf-LN from one TNBC patient. White dotted lines indicate the outline

of follicles, and blue arrows represent memory B cells.
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Figure 44: Plasma cells are increased in involved lymph nodes of TNBC patients compared

with cancer-free lymph nodes. (A) Plasma cells as % CD27 cells within cancer-free LNs (cf-

LNs) and involved lymph nodes (in-LNs) of TNBC patients, shown as independent factors or
as paired LNs within the same patient. A Mann-Whitney U test and Wilcoxon Test were used
respectively to calculate statistics. (B) Representative immunofluorescence images of an in-
LN and cf-LN from one TNBC patient. Yellow dotted lines indicate metastatic tumour border,
and white arrows highlight plasma cells. * = p<0.05.
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3.13.2 Plasma cell frequency is increased in the in-LNs of patients with low sTILs
tumours and with a high risk of developing distant metastasis

To determine if the levels of memory B cells and plasma cells in the cf- and in-LNs may be
associated with outcome, the proportions of each subset were compared in patients without
distant metastasis and those who developed distant metastasis. Memory B cells were
enriched in the cf-LNs of patients who did not develop distant metastasis (Mann-Whitney U
test, p < 0.05), but there were no significant changes within the in-LNs (Mann-Whiney U test)
(45A) and they were primarily located near B cell follicles and GCs (Figure 45B). Conversely,
CD138+CD27+ plasma cells as a percentage of CD27+ cells were increased within in-LNs
of patients who developed distant metastasis (Figure 46A) and were predominantly located
near to metastasis deposit in LNs, clustered within the stromal areas (Figure 46B). The
enrichment of plasma cells in patients that developed distant metastasis was not observed
within the cf-LNs, where there was no difference in percentage of plasma cells between the
two patient groups (Figure 45A-B). It was also noted that the percentage of plasma cells
within CD27+ cells in the in-LN was negatively correlated with the number of GCs
(Spearman corelation, r = -0.548, p<0.01), but this was not evident with the levels of memory
B cells (Spearman corelation r = 0.37, p = 0.0405) (Figure 47A). There was no correlation
between the percentage of memory B cells or plasma cells and the number of GCs within
the cf-LNs of these low sTILs patients (Figure 47B). These data collectively suggest that low
sTILs patients who develop distant metastasis have low levels of memory B cells within their
cf-LNs, high levels of plasma cells within their in-LNs and these frequencies are negatively

correlated with the number of GCs in a LN.
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Figure 45: Increased memory B cells in cancer free lymph nodes in TNBC patients with
improved outcome. (A) Memory B cells as % CD20 cells within cancer-free LNs (cf-LNs) and
involved LNs (in-LNs) of TNBC patients that were distant metastasis free (-) and those that
developed distant metastasis (+). (B) Representative immunofluorescence images of a cf-LN
from one TNBC patient that developed distant metastasis and one that did not. White dotted
lines indicate the outline of follicles, and blue arrows represent memory B cells. Mann-
Whitney U tests were used. * = p < 0.05. DM = distant metastasis.
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Figure 46: Increased plasma cells in involved lymph nodes in TNBC patients that who had
developed distant metastasis. (A) Plasma cells as % CD27 cells within cancer-free LNs (cf-
LNs) and involved LNs (in-LNs) of TNBC patients that were distant metastasis free (-) and
those that developed distant metastasis (+). (B) Representative immunofluorescence images
of in-LNs from one TNBC patient that developed distant metastasis and one that did not.
Yellow dotted lines indicate metastatic tumour border, and white arrows highlight plasma
cells. * = p < 0.05. DM = distant metastasis.
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Figure 47: The frequency of plasma cells is negatively correlated with GC numbers in
involved lymph nodes of low sTIL TNBC patients. (A) Spearman’s rank correlation coefficient
for correlations between plasma cells as percentage of CD27+ cells with the average
number of germinal centres (GC) within involved lymph nodes (in-LN). (B) Spearman’s rank
correlation coefficient for correlations between memory B cells as percentage of CD20+ cells
with the average number of germinal centres (GC) within involved lymph nodes (in-LN).
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3.13.3 Plasma cells are increased but memory B cell levels reduced in primary
tumour and in-LNs compared to cf-LNs

To determine if the frequency of memory B cells and plasma cells in primary tumour, cf-LNs
and in-LNs were distinctive within a patient, paired analyses were performed. The
percentage of memory B cells as a fraction of CD20+ cells was significantly enriched in both
the cf-LN and in-LN compared to the primary tumour (Wilcoxon rank sum test, p < 0.0001)
(Figure 48A). In contrast, plasma cells as a percentage of CD27+ cells were decreased in
both the cf-LN and in-LN compared with their patient-matched primary tumour sections
(Wilcoxon rank sum test, p < 0.0001) (Figure 48B). Memory B cells at the primary tumour
lesion localised near clusters of naive CD20+CD27- B cells and plasma cells were primarily
found within the intratumoral stroma (Figure 48C). In concordance to the outcome analyses
seen within the cf-LNs and in-LNs (Figures 45 & 46), a strong trend towards memory B cell
depletion and plasma cell enrichment was associated with distant metastasis development
within these low sTIL primary tumours (Mann-Whitney U test, p < 0.05) (49A-B). Plasma
cells within the primary tumour of patients that developed distant metastasis were
predominantly stroma restricted whereas in metastasis free patients, they were found

infiltrated in the tumour (Figure 49C).
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Figure 48: Memory B cells are depleted, and plasma cells enriched in primary TNBC
tumours compared to cancer free and involved lymph nodes. (A) Memory B cells as a % of
CD20+ cells in matched primary tumour (PT), cancer-free (cf-) and involved (in-) lymph
nodes. (B) Plasma cells as % of CD27+ cells in matched primary tumour (PT), cancer-free
(cf-) and involved (in-) lymph nodes. **** = p<0.0001, paired Wilcoxon test. (C)
Representative immunofluorescence images of memory B cells (MBC) and plasma cells
(PC) in the primary tumour (PT), cancer-free LN (cf-LN) and involved LN (in-LN). DM =

distant metastasis.
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Figure 49: Plasma cells enriched and and memory B cells depleted in low sTIL TNBC
tumours that developed distant metastasis. (A) Memory B cells as % CD20 cells within
primary tumours in patients that developed distant metastasis (+) and those that did not (-).
(B) Plasma cells as % CD27 cells within primary tumours in patients that developed distant
metastasis (+) and those that did not (-). (C) Representative immunofluorescence images
from a low sTIL TNBC tumour that did not progress to distant metastasis (top row) and a low
sTIL TNBC tumour that did progress (bottom row). Yellow dotted lines indicate
tumour/stroma border and white arrows highlight plasma cells. *= p < 0.05, Mann Whitney U
test. DM = distant metastasis.
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3.14 Discussion

Our group has consistently shown the additive prognostic value of GC formation within the d-
LNs in patients with TNBC, especially within those with low sTILs tumours. However, so far,
there is little knowledge on the cellular composition of GCs, their derived B cell populations,
and their role in tumour progression in breast cancer. One aim within this chapter was to
profile immune cells related to the GC reactions within axillary LNs of TNBC patients and to
evaluate whether cellular or molecular composition of primary tumour and LNs differed in
subgroups of patients with different disease trajectories. As a pilot study, | used multiplex
IMC techniques to explore the cellular composition of an in-LN of a patient with high sTILs
within their primary tumour who was distant metastasis free, and an in-LN from a patient with

low sTILs within their primary tumour and developed distant metastasis.

The LN of patient 1 (high sTILs) exhibited increased CD8+ T cells and depleted CD4+ T
cells levels compared to the LN of patient 2 (low sTILs). Mouse models of TNBC, including
the 67NR and 4T1, have previously suggested that CD8+T cells in the LN can prevent
metastatic spread from primary tumour to the LNs, although the mechanisms behind these
observations are still unclear (Joseph et al., 2021). The most striking differences, however,
were that of the enrichment of both PD1+ CD4+ T cells and PD1+ CD8+ T cells within the
GCs in the LN of the patient 1 compared to GCs in the LN of patient 2. Although CXCR5 and
ICOS, known markers for Tfh cells, were not used in this study, the increased prevalence of
PD1+CD4+ T cells within the GCs suggests the presence of Tfh cells, which have a crucial
role in antigen presentation and selection of B cells. This suggests an active priming of GC B
cell responses occurring within the LN of patient 1 which may limit metastatic spread to

distant organs and contribute to high sTIL infiltration at the primary tumour.

Further, despite their association with exhaustion within the context of cancer, PD1+CD8+T
cells play a pivotal part in the GC reaction, regulating autoimmunity and maintaining B cell

tolerance (Yuhong Chen et al., 2019). This suggests that within the LNs of patient 2, there
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may be a deficiency in antigen presentation and maintenance mechanisms by T cells that
ensure sufficient maturation of B cells into memory B and plasma cells. In alignment with
this, the LN of patient 2 exhibited significantly more naive B within the GC ROIls compared to
patient 1, indicating that the B cells within these GCs may be less likely to undergo class
switching. In conjunction with this, the GC ROls from the LN of patient 2 demonstrated a
high prevalence of MZ B cells. MZ B cells are subset of innate like B cells that are
predominantly localised to the spleen, however are found in small numbers within LNs and
the circulation (Appelgren et al., 2018). MZ B cells can rapidly differentiate into IgM+
plasmablasts in response to type 1 Tl antigens including LPS, but also act as a regulator of
autoimmunity, secreting regulatory cytokine IL-10 to induce self-tolerance (Appelgren et al.,
2018). Although understudied within the context of breast cancer, Mehdipour et al., reported
a modest increase in MZ B cells in in-LNs compared to cf-LNs within breast cancer patients
(Mehdipour et al., 2016). This may indicate that the increased occurrence of MZ B cells
within the LN of patient 2 could skew the GC response towards a more immature phenotype
which may in turn be associated with poor outcome and lack of immune infiltration at the

primary tumour.

Despite relatively fewer plasma cells present in the LN of patient 2 compared to patient 1,
the increase in MZ B cells may indicate that some of these plasma cells may be more likely
to originate from an extrafollicular pathway, which typically results in predominantly IgM+
antibody secretion (Bortnick and Allman, 2013). Whilst IgM can participate in tumour
mediated killing via opsonisation and antibody dependent cellular cytotoxicity, increased
levels of somatically mutated and class switched IgG is generally more recognised to have
the most potent anti-tumour capabilities (Cui et al., 2021). In parallel, the trend towards an
increase in DN2 cells within the non-GC areas of the LN from patient 2 further points
towards an extrafollicular response. Potentiated by TLR7 signalling, activated naive B cells
can differentiate into DN2 cells in the absence of a GC reaction, which subsequently will

form the basis for extrafollicular plasma cell responses (Fillatreau et al., 2021). Although
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relatively understudied in the context of cancer, the DN phenotype has been associated with
chronic viral infection and autoimmune disease and suggested to represent exhausted or
senescent memory B cells in a similar fashion to exhausted T cells. Within NSCLC, they are
enriched in lung tumours compared to normal adjacent tissue and are inversely correlated to
the abundance of affinity-matured B cells within the tumour (Centuori et al., 2018). More
recently, they have been shown to be expanded within the TME compared to the periphery
of breast cancer patients, representing as much as 40% of B cells within treatment naive
tumours (Carpenter et al., 2022). Although the role of these cells has not been fully
elucidated within the context of tumour progression, due their exhaustion-like properties they
may be representative of a B cell subset that could impede functional anti-tumour B cell
responses. Here, this process may indicate an extrafollicular or exhausted phenotype of B
cells promoting distant metastasis progression due to inadequate clearance or maintenance

of metastatic cells within the in-LNs.

The trend suggesting an enrichment of Tregs within the non-GC areas of patient 2 may
further indicate an immunosuppressive environment. Their spatial colocalization
subsequently indicates a crosstalk between Tregs and macrophages, forming clusters at
close proximity to tumour cells. There has been indication that the poor prognosis of bladder,
cervical and breast cancer is attributed in part to TAM infiltration, and high numbers of
CD68+ macrophages are associated with a significantly shorter disease free survival in
breast cancer, secreting cytokines including IL-35 to promote metastasis (Larionova et al.,
2020). Notably, positive-feedback loops have been suggested between tumour infiltrating
Tregs and M2 macrophages which facilitates the progression of laryngeal squamous cell
carcinoma and TAM derived IL-10, that, in turn, can contribute to the differentiation of Tregs
(Li et al., 2022; Rabinovich et al., 2010). Whilst | could not make the distinction between M1-
like or M2-like macrophages, the enrichment of Tregs and macrophages in the LN of patient
2, and co-localisation of these 2 subsets is perhaps reflective of a mechanism that facilitates

CD8+T cell suppression within the LN. This, in parallel with inadequate antigen presentation
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within GCs, and increased extrafollicular responses may facilitate distant metastasis
development. Impeded GC B cell response is furthermore possibly mirrored in the reduction
of plasma cell production within the LNs of patient 2, which was not immunoglobulin isotype
dependent. However, there was a significant enrichment of IgG+ plasma cells within the
GCs of LN of patient 1 compared to the LN of patient 2, indicating possible increased 1gG
responses arising from a GC reaction. There was also a lack of evident communication
between key subsets involved in antigen presentation and anti-tumour responses in the LN
of patient 2. The indication that PD1+CD4+ T cells in the LN of patient 1 were interacting
with CD8+T cells, unswitched B cells and predominantly IgA+ and IgG+ plasma cells
suggest an active humoral response within the LN that was distinctly absent in LN of patient
2. Taken together, this is suggestive of immune activation within the LN of patient with high
sTIL infiltration, which indicates it may be able to potentiate responses at the primary tumour

and prevent distant metastasis development.

Harnessing gene expression signatures of many of these subsets within the primary tumours
of an independent cohort revealed that a high level of NK cells, T cell and B cell subsets,
namely CD4+ T cells, CD8+ T cells, Tfh and memory B cells was predictive of a longer
distant disease-free survival time. This is in concordance with published data, showing that
an increased infiltration of T cells and memory B cells are associated with an improved
survival and longer time to distant metastasis in TNBC patients (Chumsri et al., 2020; Harris
et al., 2021; Oshi et al., 2020). This phenomenon was only significant within the context of
high sTIL tumours, which suggests that within immunologically cold tumours, an increase in
these subsets is not enough to prevent tumour evolution and distant metastasis
development. Notably, an upregulation of the plasmablast gene signature, specifically within
low sTILs tumours (IThP) was associated with a shorter distant metastasis free survival time,
potentially reflecting on an exhausted or dysfunctional plasmablasts/plasma cells. As
aforementioned, many breast cancer patients present with high levels of intratumoral and

circulating IgA antibodies within the periphery, which are shown to be associated with poor
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prognosis and a reduced survival rate in other solid cancers (Bosisio et al., 2016; Chiaruttini
et al., 2017; Liu et al., 2018). IgA infiltration is uncommon within healthy breast tissue, as it
plays a role in modulating mucosal immune responses within the gut. However, viral
antigenic responses, including that of SARS-Cov2, present with heightened levels of
peripheral neutralising IgA responses at early stages of infection (Sterlin et al., 2021). This
potent but short-lived antibody response highlights the role of broadly neutralising antibody
responses that are perhaps disadvantageous for anti-tumour immunity. Other regulatory
immune cell subsets, including Tregs have been found to be increased within the TME of
TNBC patients, similarly to their enrichment in the in-LNs. As Treg mediated TGF-f3 can
promote IgA class switching in an immune-modulatory fashion (Feng et al., 2011), |
hypothesise that Treg mediated cytokine secretion may modulate the plasma cell response
towards an IgA-bias compared to that of an anti-tumour IgG one. Further work is therefore
required to elucidate the role of plasma cells and antibody diversity within the TME of

TNBCs.

A large proportion of the patients in the IThP group were classified as the LAR group. Whilst
only encompassing 10% of all TNBC tumours, this subtype presents with characteristics that
include refractory behaviour to chemotherapy treatments (Nedeljkovi¢ and Damjanovi¢,
2019). As a subtype it has gained interest in breast cancer, highlighting the AR as a potential
biomarker for targeted therapies. AR is a steroid nuclear receptor that binds to androgens,
namely testosterone and dihydrotestosterone, before translocating to the nucleus to
modulate gene expression. Whilst it is essential for normal breast development, it is
overexpressed in many breast carcinomas and predominantly co-localises with ER in luminal
cells. In its inactive state, it is bound to heat shock proteins (HSP), including HSP70, which
has a role in cell survival and carcinogenesis. Binding of circulating antigens to the
HSP70:AR complex causes conformational changes allowing displacement of this pairing
and AR dimerization (Brumec et al., 2021). Despite several clinical trials targeting AR with

antiandrogens including bicalutamide and enzalutamide, response rates have been
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consistently low (Gucalp et al., 2013). Although the LAR subtype is classified as TNBC, it
has been shown that AR expression within these tumours correlates with that of HER2,
luminal and steroid genes. (Vidula et al., 2019). This may indicate that these tumours are
molecularly similar to HER2-low breast cancers, which express low levels of HER2 by IHC
staining however are negative for the ISH score. This subgroup represents a group of
tumours that have previously been overlooked when considering traditional HER2-targeting
therapies, and potentially indicates that they may biologically similar to those within the LAR

subgroup (Zhang et al., 2022).

Although it is recognised that AR has a role in promoting tumourigenesis and enhancing
treatment resistance, there have been few studies to determine the role of androgen
signalling on the immune microenvironment. Kwon et al., described how androgen signalling
can facilitate CD8+ T cell exhaustion and has a role in regulating transcriptional trans-
activator TCF7/TCF1. Notably, as aforementioned, TCF7 is paramount for the development
of DN cells, which may indicate AR can promote B cell responses towards this phenotype.
Further, the ablation of the androgen-AR axis in vivo augmented effector T cell differentiation
and potentiated the response to PD-1 immune checkpoint blockade (Kwon et al., 2022). AR
activity can further promote neutrophil activity and a higher neutrophil/lymphocyte ratio is
considered to be a poor prognostic biomarker in several solid tumours (Templeton et al.,
2014). Moreover, gender-bias within tumour immunity has gained interest due to a significant
higher incidence rate of cancers of non-reproductive organs including colon, skin, head and
neck and liver in male populations compared to female. The majority of accrued information
draws parallels between this susceptibility and the sex steroid hormones; ERa, Erf and AR
(Clocchiatti et al., 2016). Whilst there has been no work to date focusing on AR signalling
and GC derived responses within the context of solid tumours, AR plays an important role in

regulating Tfh differentiation, and can inhibit B cell class switching (Olson et al., 2020).

Other histological characteristics including fibrosis and necrosis are routinely assessed

within TNBC tumours, and there is debate how they can influence tumour growth as well as
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their role in modulating infiltrating immune cells. Both features are often developments of
chronic inflammatory diseases; therefore, it was in part expected that there were the lowest
levels of both phenotypes present within the IThP patients. Although fibrosis notoriously
contributes to a stiffened extracellular matrix (ECM) and heightened angiogenesis, it can
also provide a niche for antigen presentation and immune stimulation within the TME
(Chandler et al., 2019). Inflammatory immune subsets including M1 and M2 macrophages
can further facilitate the development of fibrosis through secretion of cytokines and
chemokines while promoting an anti-tumour response (Wynn and Barron, 2010). However,
the role of necrosis and fibrosis, and what impact this may have on the role of plasma cell

responses, is unknown.

In parallel, the IThP group presented with the highest number of in-LNs, which is
characteristic of the LAR subgroup (Yang et al., 2022). In concordance with our previous
data, these patients had the lowest number of GCs and reduced sinus area within their
axillary LNs. From this, the hypothesis is that there may be some level of immune
suppression within the primary tumour that prevents the necessary antigenic stimulation
required to induce an initial GC response, or that GC responses in the LNs are not sustained
during disease progression. As there are plasma cells present within these tumours but not a
substantial GC response, this may be further be reflective of those that are derived from
extrafollicular pathway. Although yet to be shown within the context of solid tumours, mice
infected with the mouse mammary tumour virus (MMTV) induce a substantial level of
plasmablasts, differentiating from early infected B cells that migrate from the draining LN via
adhesion molecules a431B32to the mammary gland (Finke et al., 2001). Plasma cells that
develop in extrafollicular foci do not undergo SHM, are typically short-lived, and secrete a
combination of switched or unswitched antibodies (Elsner and Shlomchik, 2020). Whether
these cells within human TNBC tumours are derived from an extrafollicular response is yet to
be determined but may be intuitive of antibody secretion with minimal priming against TAAS.

Furthermore, the molecular features of these low sTILs tumours perhaps have the
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propensity to influence the nature of class switching and SHM required to target TAAs.
TNBC often display high levels of CXCL12, secreted by the stromal compartment of the
TME. Its receptor CXCR4 is utilised by tumour cells to support angiogenesis, tumour growth
and metastasis to both LN and distant organs(Guo et al., 2016). However, it is a key
cytokine receptor expressed on plasma cells, critical for migration to the bone marrow during
later stages of maturation (Nutt et al., 2015). IThP TNBCs had increased levels of CXCL12
expression comparatively to the other TNBC subsets, in addition to other genes associated
with plasma cell migration and LN egress including STPR1 and HGF. This suggests that
although this may be one of the mechanisms used to facilitate the invasion of the adjacent
LNs, it also may provide a niche for which plasma cells are recruited to but are not
functionally capable of eliciting a sufficient anti-tumour response, or are diverted from their

natural course of maturation.

Moreover, there was a strong concordance between paired primary tumour, cf-LN and in-LN
with regards to the plasma cell and memory B cell compartments. Memory B cells were
heightened in cf-LNs and plasma cells diminished, however plasma cells were enriched and
memory B cells depleted within the in-LNs. This could be indicative of an evolving immune
response; memory B cells encountering tumour antigen and differentiating into antibody
producing plasma cells, however in agreement with the gene expression data, it was evident
that large clusters of plasma cells in both the intratumoral stroma within the primary tumour
and in-LN was associated with development of distant metastasis in low sTILs patients.
Notably, the percentage of plasma cells negatively correlated with the number of GCs

formed, which is again a possible indicator of extrafollicular differentiation.

In summary, data of this chapter has highlighted the immunophenotypic differences between
GCs and non-GC areas within in-LNs of TNBC patients that had different disease
trajectories, with regards to distant metastasis development. There may be intrinsic
alterations in key immune cell populations within the GC and adjacent LN, including lack of

PD-1+ CD4+ T cells that subsequently will prevent adequate antigen presentation and B cell
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maturation into antibody secreting plasma cells. Further, the accumulation of immune
subsets that may promote immunosuppressive capabilities, namely macrophages, Tregs
and DN B cells, with spatial prevalence to localize near tumour cells, may indicate an
environment preventive of GC derived anti-tumour responses. In addition, an increase in
plasma cells within a low sTILs TME may be attributed to the LAR subtype of TNBC patients
and is associated with both regional and distant metastasis development. However, how
they might be modulated by tumour, stroma and other immune cells is yet to be fully

elucidated.

3.15 Limitations and future work

One of the main limitations of this work was that of the small sample size available for IMC
analysis within the Bart’s TNBC cohort. Although profiling of the LNs of these patients
including multiple sampling of ROIs from each LN, there was a lack of biological repeats
which means that a representative immune environment was not necessarily adequately
determined. Despite this, comparisons between multiple types of ROls, i.e., GC and non-GC
areas across each patient allowed for statistical comparisons and identified immune subset
differences and spatial interactions that may attribute to disease progression. Applying this
to a larger cohort of TNBC patients would confirm if these changes were consistent with
those developing distant metastasis and further provide a better understanding as to the
immune composition of the LNs within those with an inferior disease trajectory. Another
limitation was lack of paired samples available for both gene expression and
immunohistochemical analyses. Therefore, although the plasma cell gene signature could be
attributed to distant metastasis development and reduced GC response within the adjacent
LNs, infiltration of plasma cells and other B cell subsets could not be investigated
histologically within the same samples. This meant that an independent cohort was used,

and therefore it was not possible to ascertain if the tumours within this cohort with a high
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plasma cell and low memory B cell phenotype were of the LAR subtype. To overcome these
limitations, low sTIL tumours exhibiting the LAR phenotype should be profiled with the IMC
panel, alongside paired involved LNs, histological quantification of GC numbers and clinical
outcome data including distant disease-survival and overall survival. This would delineate
the plasma cell phenotype, spatial interactions with other immune subsets, and
immunoglobulin phenotypes within this subset of patients in both the tumour and paired LNs

that may be attributed to distant metastasis development and poor disease trajectory.
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Chapter 4: Profiling GCs and B cell responses in
mammary gland tumours and lymph nodes of in
vivo TNBC mouse models

Introduction

Multiple challenges exist when studying the development of the pre-metastatic niche when
utilising human samples, as changes within the LN immune environment are proposed to
occur early in tumour progression (Rye et al., 2022). Analysis of these samples provide only
a snapshot of potentially fluid phenotypes of which some may be key to prevent tumour
dissemination to distant organs. Tumour bearing mouse models can be harnessed to study
the temporal changes of the adjacent LN as it responds to the presence of tumour cells
within the mammary gland (Bos et al., 2010). These models provide a platform to assess the
systemic immune responses within the LNs at proximity to the tumour, in parallel to those at

range, something that is not currently possible within humans.

Transplantation models to study breast cancer metastasis in vivo

Breast cancer growth and metastasis can be mimicked in various ways in vivo and the use
of transplantation models has been frequently employed to examine tumour progression.
Murine breast cancer cell lines can be ectopically or orthotopically implanted into the skin or
mammary fat pad, which will in part recapitulate tumour growth and metastasis development
in humans (Bos et al., 2010). Injections via tail or portal vein will predominantly result in
colonisation of the lung and liver respectively, whereas intracardiac infusion has a broader
metastatic tropism of target organs (Goddard et al., 2016; Jenkins et al., 2005; Richert et al.,
2005). However, there are limitations of introducing cancer cells directly into the blood
circulation, primarily that it cannot be considered a system of true metastasis, instead that of

an organ colonisation assay.
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Syngeneic transplantation mouse models

Syngeneic models, in which the cancer cells from one mouse are transplanted into another
with an identical genetic background, form the basis for many tumour transplantation
models. This bypasses immunologic host-versus-graft reactions and concomitantly allows in
depth analyses of an intact immune system, something that is often considered essential
when studying the progression of breast carcinomas (Gravekamp et al., 2004). The 4T1 cell
line has been commonly used, derived from a single spontaneous arising mammary tumour
within a BALB/c mouse (Miller, 1983; Tao et al., 2008). It is resistant to 2’-deoxy-6-
thioguanosine triphosphate treatment and has mutations within frequently affected genes in
breast cancer; Tp53, Pik3cg but not Brca1 or BrcaZ2 (Schrors et al., 2020). Proliferation
markers including Mki67, Birc5 and TopZ2a are upregulated, alongside Msin, Ect2 and Plk1,
which drive metastatic ability to LN, lungs, and bone (Monteran et al., 2020; Schrors et al.,
2020). TNBC markers, when compared to mammary gland control samples, are comparably
low (Erbb2), lower (Esr1) or not found to be expressed (Pgr), making this a suitable system
to study TNBC progression in vivo (Schrors et al., 2020). The 4T1.2 line is a highly
metastatic derivative of the 4T1, isolated from a single metastatic clone within the lungs. In
contrast, the 67NR cell line, although derived from the same autochthonous tumour as the
4T1, harbours no metastatic properties (Dexter et al., 1978). This, in turn with nuclear ERa
positivity observed by immunohistochemical assessment, suggests that it has less of a triple
negative phenotype in comparison to 4T1 and 4T1.2 tumours (Johnstone et al., 2015).
Despite discrepancies in the HR characteristics of these cell lines, the comparison of these
models provides the opportunity to study clonally related tumours with a range of metastatic

characteristics.

Other syngeneic models include the E0771 and its metastatic counterpart, the E0771.LMB,
originally isolated from a spontaneous tumour that arose within a CB57BL/6 mouse, and a

single metastatic clone from the lung respectively (Le Naour et al., 2020). Despite the well
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described characteristics of these cells, the data are contradictory. Indeed, the classification
of the HR status of this model is divergent amongst researchers. Despite multiple
publications recognising this model as triple negative, others have observed transcription of
the gene encoding ERa on multiple occasions. This has been met with some controversy
due to the weak expression within protein assays and the localisation of the receptor within
the cytoplasm but not the nuclear compartment (Le Naour et al., 2020). Similarly, the PR
status and Erbb2 expression is poorly described and conflicted. Work by Johnstone et al.,
did not find expression of Erbb2 by gene expression or immunohistochemical analyses
(Johnstone et al., 2015) whereas Hiraga et al., and Zou et al., respectively identified
transcriptional evidence and protein expression by western blot (Hiraga and Ninomiya, 2019;

Zou et al., 2013).

Xenograft transplantation methods of breast cancer

To examine the development and migration capacity of human breast cancer cell lines in
vivo, xenograft transplantation methods can be harnessed using immunocompromised mice.
The most commonly used cell line is the MDA-MB-231, derived from the pleural effusion of a
breast cancer patient which can be injected subcutaneously, intravenously, intracardially or
orthotopically into the mammary fat pad of mice (Hurst et al., 1993; Kim et al., 2004). After
intravenous injection, it has the propensity to metastasise to bone, liver, lung, adrenal glands
and brain, and has been used to identify factors with a potential functional role in breast
cancer migration. These include IL-11, osteopontin and connective tissue growth factor
(CTGF) with proclivity to drive osteolytic metastasis, as well as CXCL1, matrix
metalloproteinase-1 (MMP-1) and cyclo-oxygenase-2 (COX-2) that may facilitate migration

to the lungs (Adwan et al., 2004; Kang et al., 2003; Minn et al., 2005).

However, an impaired immune response within these models is restrictive in recapitulating
the TME and the mechanisms behind which immune cell subsets may impede or facilitate
metastasis. Further, stromal cell compartments within the tumour originate from the host and

may not fully support transplanted tumour growth and development as effectively as is
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routinely observed within human carcinomas. CAFs in particular, can modulate
CXCR4/CXCL12 mediated chemokine signalling, which has been shown to recruit and
promote endothelial progenitors, enhancing angiogenesis and subsequent metastasis
(Orimo et al., 2005). There are also fundamental differences in the receptor expression of
target organs within mice that may prevent tumour cell and host interactions critical in
humans for the facilitation of tumour cell migration and entry into target organs (Kuperwasser

et al., 2005).

The use of genetically engineered mouse models in breast cancer

To eliminate the discrepancies discussed above, genetic manipulation using several
promoters can drive expression of known oncogenes within the mammary epithelium, and
effectively mimic breast carcinogenesis in mice. This reduces error introduced when
administering cell lines into the target site, which can account for differing rates of metastasis
due to proximity to blood vessels and depth of implantation. Common promoters used in
genetically engineered mouse models (GEMMSs) include mouse mammary tumour virus-long
terminal repeat (MMTV-LTR) , whey acid protein (WAP) , C3(1), bovine B-lactoglobulin (B-
LG) and metallothionein (MT), which facilitate expression of genes such as Erbb2/Neu,
polyoma middle T (PyMT) antigen, SV40)T antigen, Ha-Ras, Wnt-1, Tgf-a and c-Myc
(Cardiff et al., 2000). The MMTV-LTR system is most frequently used, and MMTV-PyMT
transgenic mice exhibit hyperplasia, adenoma/mammary intra-epithelial neoplasia, followed
by early and eventually late carcinoma. It effectively recapitulates the gradual loss of steroid
hormone receptors (estrogen and progesterone) seen in humans, and will develop
metastasis in the lungs and LNs, primarily due to hormonal changes after the first pregnancy

(Lin et al., 2003; Maglione et al., 2001).

Whilst many of these models provide effective systems to study the growth and metastatic
capabilities of breast cancer, the propensity for GEMMs to develop LN metastasis is

relatively low compared to transplantation systems. MMTV-Wnt1 and MMTV-PyMT exhibit
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metastatic lesions within the td-LNs, but this is not consistent and often at low levels. (Attalla

et al., 2021).

Transcriptional analyses indicate immunological reprogramming within the tumour
draining lymph nodes of 4T1.2 and 67NR mouse models

Recent work by our group has confirmed the prognostic value of GCs and sinuses within the
axillary LNs, and subsequent relationship with TIL infiltration at the primary tumour lesion
(Grigoriadis et al., 2018; Liu et al., 2021). Further, transcriptional analyses by Dr Thomas
Hardiman, a previous PhD student in the group have examined gene expression of
immunological subsets within the td-LNs of the 4T1.2 and 67NR models in a time-series
fashion. This has revealed a deviation of the transcriptional landscape in LNs from tumour
bearing mice compared to control within 7 days of injection. Notably, a reduction was seen in
genes associated with T cell function in the 4T1.2 model, including Cd3e, Cd3g, Cd4, and
Cd8b1 between days 3-7, sustained over subsequent timepoints (unpublished data). This
has been observed in human analyses of axillary LNs, associated with an inferior disease
trajectory, and levels of CD4 T cells allowed significant stratification of tumour size, extent of
nodal metastasis and disease-free survival (Kohrt et al., 2005). This depletion of T cell genes
within the d-LNs of the 4T1.2 and 67NR models was accompanied by an increase in those
with immunoregulatory capabilities, including Foxp3, a marker of Tregs (Hardiman, 2022).
This is in concordance with human single cell profiling of cf- and in-LNs which has identified
increased frequencies of CD8 T cells expressing the exhaustion marker TIGIT (T-cell

immunoreceptor with Ig and ITIM domains) and Tregs within in-LNs (Rye et al., 2022).

Whilst the LNs within these mouse tumour models appeared to exhibit a decrease in T cell
responses with tumour progression, there was an upregulation in genes critical to B cell
function at early timepoints. A striking observation of those associated with GC responses
was apparent by day 7, including Aicda, 1121, Fasl, and PouZ2af1 in parallel with B cell genes
Cd79a and Btk. This was accompanied by those essential for the maintenance and

differentiation of plasma cells; Irf4, Prdm1 and Xbp1. These results are reflective of work by
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Allen et al., who comprehensively assessed the immune landscape of the 4T1, AT3 and
MMTV-PyMT breast cancer mouse models and showed that within the td-LNs of the 4T1

mice, there was a reduction in T cells in parallel with a progressive expansion of B cells.

Given the prominent role for GC development within the tumour-adjacent LNs of breast
cancer patients, and the indication that tumour-bearing in vivo mouse models upregulate
genes associated with a GC B cell response in the td-LNs, | asked whether orthotopic
tumour models can drive formation of GCs within the LNs, the nature of GC derived B cell
populations and how they evolve in response to a developing tumour. Here, experiments
harnessed the syngeneic metastatic 4T1 and 4T1.2 models compared with the non- and
poorly metastatic 67NR and E0771. | evaluated how colonisation of the td-LNs may

influence the development of GC B cell populations in response to invading tumour cells.
Aims and objectives

Mouse breast cancer cell lines were utilised in vitro and in vivo models of breast cancers to
capture tumour cell mediated B cell activation and development in a longitudinal fashion.

This enabled the:

- Investigation of the effect of the 4T1.2 cell line on LN and splenic cell populations in vitro to

assess B cell activation and plasma cell differentiation

- Characterisation of GC B cells within the td-LNs, nd-LNs and spleen of pre-clinical mouse
models of breast cancer to explore possible tumour induced GC responses and their

development against tumour progression

- Determination of the immunoglobulin phenotypes of GC derived B cells that may be

associated with the different metastatic abilities of pre-clinical mouse models.
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This answered the following questions:

1. Do GCs develop in the td-LNs of mice upon implantation of tumour cell lines, and in
nd-LNs indicating a systemic response?

2. Are there differences in the kinetics of GC formation across mouse models?

3. Is there a formation of memory B cell and plasma cell populations within the td-LNs
and nd-LNs of these tumour bearing mice?

4. What is the immunoglobulin phenotype of GC B cells, memory B cells and plasma
cells within the td-LNs and how does this evolve in response to the developing

tumour?

4.1 Characteristics of mouse TNBC cell lines

The 4T1, 4T1.2, 67NR and E0771 cell lines were harnessed within this chapter to study their
effects on B cell development both in vitro and in vivo. Characteristics of the cell lines are
laid out in table 9. The 4T1, 4T1.2 and 67NR were originally obtained from BALB/c mice, in
comparison to the E0771 which arose from a spontaneous tumour on a C57BL/6
background. The 4T1, 4T1.2 and 67NR tumours exhibit a basal-like phenotype which is
typical for TNBC tumours (Yin et al., 2020), compared to the E0771 tumours which present
with some heterogeneity, as basal-like/luminal B. The 67NR and E0771 consistently present
as slower growing compared to the 4T1 and 4T1.2, bearing palpable tumours at ~10 days
post inoculation compared to ~ 7 days respectively. This is also in alignment with the
metastatic potential of these cells; the 4T1 and 4T1.2 tumours will readily metastasise to the
LN, lungs and bone, whereas the 67NR and E0771 will on rare occasion spread from the

primary lesion.

162



Genetics Strain Format BC Tumour Origin of Metastatic
subtype formation cell line ability

4T1 BALB/c Cell line Basal-like ~ 7 days Spontaneous High

tumour
Lung metastasis
from

4T1.2 BALB/c Cell line Basal-like ~ 7 days spontaneous High

tumour
67NR BALB/c Cell line Basal-like ~10days Spontaneous Poor/none

tumour

Basal/ ~ 10 days Spontaneous Poor
EQ771 C57BL/6 Cell line Luminal B tumour

Table 9: Characteristics of cell lines used for in vivo studies. Feature of tumour models
used, including strain of mouse, human breast cancer (BC) subtype, duration from induction
to palpable tumour formation, origin of cell line and metastatic characteristics. 4T1 (Aslakson
et al., 1991), 4T1.2 and 67NR (Aslakson and Miller, 1992), EQ771 (Casey et al., 1951).

4.1.1 Mouse TNBC cell lines exhibit morphological differences in vitro

To identify morphological changes present in the tumour cells, cells were cultured in vitro

(RPMI 1640 + 10% FCS) for 4T1, 4T1.2 and DMEM, high glucose + 10% FCS for 67NR and

EQ771. Despite the clonally related properties of the 4T1, 4T1.2 and 67NR, there were

marked differences in their appearances. The 4T1 cells displayed a typical epithelial

phenotype, with tight cell-to-cell contact, whereas the 4T1.2 exhibited trends of a

mesenchymal phenotype; loss of cell-cell adhesion and spindle shaped cells. 67NR cells

tessellated in the same way as the 4T1, showing limited levels of mesenchymal like

properties, which were prominent within the E0771 (Figure 50).
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Figure 50: Morphological differences in mouse TNBC tumour cell lines. Images of TNBC cell
line growth from left to right; 4T1, 4T1.2, 67NR and E0771 at 60% confluency, taken using
the EVOS M5000 imaging system with the 10x objective.

4.2 4T1.2 cell lines induces B cell activation and expansion of CD138'"°%
plasma cells

To profile the effect of tumour cell activation on lymphocytes, LN and spleen cells from WT
BALB/c mice were harvested and co-cultured with the 4T1.2 cell line, which was chosen due
to its highly aggressive properties. LN and spleen cells were co-cultured for 5 days in vitro
with or without 4T1.2 cells, during which cells were imaged at day 0 and 48 hours, before
harvesting for analysis using flow cytometry (Figure 51A). After 2 days, there was clear
expansion of the lymphocyte population (white cells) that had clustered closely with the
tumour cells (red cells) (Mann-Whitney U test, p < 0.001) (Figure 51B-C). At day 5, there
was a significantly larger proportion of CD19+B220+ B cells within the LN cells (Mann-
Whitney U test, p < 0.05) which was trending within the spleen cells (Mann-Whitney U test, p
= 0.0556) (Figure 52A-B) that were co-cultured with 4T1.2 cell line compared to those
cultured alone. There was also a statistically significant increase of CD86+ B cells within the
LN population (Mann-Whitney U test, p < 0.01), which was trending in the spleen cells
(Mann-Whitney U test, p = 0.1508) (Figure 52C-D). The percentage of LN cells upregulating
a plasma cell like phenotype (CD138°*B220-) was enriched within the populations cultured
with 4T1.2 cells compared to those that were cultured alone (Mann-Whitney test, p < 0.01)
and this was trending within the spleen cells (Mann-Whitney U test, p = 0.074) (Figure 53A-

B). The plasma cell phenotype was enriched for IgM within the LN cells compared to that of
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the spleen (Mann-Whitney U test, p < 0.01), with a small proportion of plasma cells within
the spleen populations expressing IgG1 compared to no evidence of this within the LN cells
(Mann-Whitney U test, p < 0.01) (Figure 53C-E). Taken together, this suggests the ability of
the 4T1.2 tumour cell line to induce B cell activation and an IgM+ plasma like phenotype

within the LNs.
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Figure 51: Lymphocytes aggregate around tumour cells within coculture system. (A)
Schematic illustration of in vitro coculture experiments harvesting LN and spleen cells from
WT BALB/c mice after incubation with the 4T1.2 cell line for 5 days before analysis of
populations using flow cytometry. (B) Images of tumour and lymphocytes at 0 hours and 48
hours after experimental setup using the EVOS M5000 imaging system. (C) Quantification of
9 randomly selected areas to determine the proximity of tumour cells to lymphocytes within
each well at 0 hours vs 48 hours.
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Figure 52: 4T1.2 cell line induces B cell expansion and activation. (A) Graphs showing B
cells (defined as CD19+B220+), as % of live cells within wells that contained LN or spleen
cells alone (-) and those that were cocultured with 4T1.2 cells (+). (B) Representative flow
plots to show the % of B cells within LN cells when cultured alone or with 4T1.2 cells. (C)
Graphs showing the % of CD86+ B cells as a % of total B cells from wells that contained LN
or spleen cells alone (-) and those that were cocultured with 4T1.2 cells (+). (D)
Representative flow plots showing the % of CD86+ B cells within LN cells when cultured
alone or with 4T1.2 cells. Mann-Whitney tests used for statistical analysis in each graph. * =
p <0.05, ** = p < 0.01. p values are shown where statistical significance was not reached.
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Figure 53: 4T1.2 cell line induces plasma cell expansion and immunoglobulin differences
between spleen and LN cells. (A) Plasma cells (defined as CD138+B220-) % of live cells
within LN and spleen populations cocultured alone (-) or with 4T1.2 tumour cells (+). (B)

Representative flow plots of plasma cells as % of live cells within LN populations cultured

alone or with 4T1.2 cells. (C) Proportions of IgM+, IgG1+, and IgM-IgG1- plasma cells from
LN and spleens that were cocultured with 4T1.2 cells. (D) Representative flow plots of IgM+
and IgG1+ plasma cells as % of total plasma cells within LN and spleen cells cultured with
4T1.2 cells. Mann-Whitney tests used for statistical analysis in each graph. ** =p < 0.01. p

values are shown where statistical significance was not reached.
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4.3 Assessment of clinical features in breast cancer mouse models

To establish the effect of these murine cancer lines on GC B cell development in LNs in vivo,
cells resuspended in Matrigel were injected in an orthotopic manner into the 4" mammary fat
pad of either BALB/c or C57BL6 mice, depending on the mouse cell line used. Control mice
were administered an injection of Matrigel alone. The adjacent inguinal LN was assigned as
the td-LN, and the paired inguinal LN on the opposite side of the mouse as the non-draining
LN (nd-LN). At the endpoint of each experiment, both inguinal LNs were removed, along with
the tumour and spleen for analyses using flow cytometry and histology (Figure 54A).
Timepoints looked at post tumour inoculation consisted of day 7, day 10, day 14, day 21 and
day 28 (Figure 54B). Due to restrictions within the home office license, day 28 was only
analysed within the 67NR and E0771, as the tumour growth for 4T1 and 4T1.2 would

surpass limits due to accelerated tumour growth.
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Flow cytometry

Histology

Tumouc:rcell line Tumour Tumour Tumour Tumour Tumour
matrigel control Spleen Spleen Spleen Spleen Spleen
gl Inguinal LNs Inguinal LNs Inguinal LNs Inguinal LNs Inguinal LNs
Day 0 Day 7 Day 10 Day 14 Day 21 Day 28

Figure 54: Experimental design for orthotopic mouse models of TNBC. (A) Schematic
showing the location of inguinal LNs harvested at completion of experimented, denoted
tumour draining lymph node (td-LN) and non-draining lymph node (nd-LN) before analysis
using flow cytometry and histology. Red star represents tumour within 4" mammary fat pad.
(B) Timeline of experiments from tumour inoculation at day 0 and timepoints at which td-LN,
nd-LN, spleen, and tumour were removed for analysis.
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4.3.1 Breast cancer tumours do not cause weight loss in mice

Mice were monitored after administration of all cell lines to check weight loss, as a
percentage of baseline. Although there were trends within the E0771 and 4T1.2 towards
tumour bearing mice gaining weight more slowly, this was not significant at any timepoint.
There were no statistically significant changes in the weight of the mice when comparing

tumour bearing to control within the 4T1 and 67NR models (Figure 55A-D).
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Figure 55: Orthotopic mouse models of TNBC do not affect mouse body weight. (A) Body
weight of tumour bearing mice inoculated with E0771 cell line as a % of baseline weight at
day 0, compared to control mice injected with Matrigel alone (n = 25). (B) Body weight of
tumour bearing mice inoculated with 67NR cell line as a % of baseline weight at day O,
compared to control mice injected with Matrigel alone (n = 12). (C) Body weight of tumour
bearing mice inoculated with 4T1 cell line as a % of baseline weight at day 0, compared to
control mice injected with Matrigel alone (n = 12). (D) Body weight of tumour bearing mice
inoculated with 4T1.2 cell line as a % of baseline weight at day 0, compared to control mice
injected with Matrigel alone (n = 12).
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4.3.2 Tumour kinetics vary between models

In concordance with published data, the 4T1 and 4T1.2 tumours exhibited the fastest growth
kinetics, palpable by day 7 and reaching the maximum volume limit within 21 days post
inoculation. Although the E0771 tumours were palpable by day 10, the growth rate was
much slower and the tumours at day 28 of the timeseries were below the threshold required
to end the experiment. 67NR tumours took the longest time to become measurable within
these mice (day 10-14), however upon day 21 there was a sharp increase from ~200 mm?® to
~1200mm? at day 28 (Figure 56A). At day 21 there were evidence of the differences
between the models, with 4T1 and 4T1.2 exhibiting significantly larger tumours than the
67NR (Kruskal-Wallis test, p < 0.05 and p < 0.01 respectively). This was trending between

the 4T1, 4T1.2 and the EOQ771 tumours but not statistically significant (Figure 56B).
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Figure 56: Tumour growth kinetics across TNBC mouse models. (A) Tumour volume from
day of inoculation (day 0) to day 28 across E0771, 67NR, 4T1 and 4T1.2 mouse models. (B)
Tumour volume at day 21 post administration of cell line across all models. Kruskal-Wallis
test with Dunn’s multiple comparison post-hoc test * = p < 0.05, ** = p < 0.01.
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4.3.3 Tumour models induce lymphadenopathy and splenomegaly

LN enlargement is characteristic of injury and infection, acting as a platform for B cell
maturation, facilitating antigen and promoting interactions between T cells, B cells, DCs and
other antigen presenting cells (APCs). Within breast cancer patients and mouse models, LN
swelling is often due to the presence of cancerous cells that have spread from the primary
tumour to adjacent LNs (Arroyo-Crespo et al., 2019; Dimci¢ et al., 1997; Lores et al., 1998).
Here, the td-LN mass prominently increased compared to the LN from day O to day 21 in the
4T1 and 4T1.2 models, potentially associated with their metastatic ability to spread to the td-
LNs (Figure 57A-B). However, when comparing the mass of the paired td-LN to the nd-LN
within each mouse, there was a significant increase in the td-LN in the non-metastatic 67NR
and poorly metastatic EO771 (Wilcoxon signed rank test, p < 0.0001 and p < 0.0001,
respectively) as well as within the 4T1 and 4T1.2 (Wilcoxon signed rank test, p < 0.0001 and
p < 0.0001). Notably, there was no difference in the control mice between the mass of the
nd-LN and td-LN (Wilcoxon signed rank test, p = 0.16 and p = 0.77) (Figure 57C). At day 21
within the 4T1.2 model, the adjacent LN was in full contact with the tumour (Figure 57D).
Taken together, this is reflective of LN metastasis that is prevalent within the 4T1 and 4T1.2
model, but suggestive of a level of immune activation that also may be taking place, as this
enlargement was also apparent within the non-metastatic 67NR and E0771 models. The
4T1, and 4T1.2 showed signs of splenomegaly by day 14 which increased at day 21, and
this was also the case at day 28 for the 67NR (Figure 57E). This has been suggested to be
due to an increase in myeloid and granulocyte populations that has been previously seen

within the 4T1 model (duPre’ and Hunter, 2007).
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Figure 57: Tumour bearing mice develop enlarged td-LNs and splenomegaly. (A) Mass of
td-LNs from control mice or those inoculated with EO771, 67NR, 4T1 and 4T1.2 cell lines
from day O to day 28. (B) Lymph node mass of draining LNs (d-LN) from control mice, and
td-LNs from tumour bearing mice compared with nd-LNs in E0771, 67NR, 4T1 and 4T1.2
models (Wilcoxon signed-rank tests * = p < 0.05). (C) Spleen mass in control and tumour
bearing mice from E0771, 67NR, 4T1 and 4T1.2 models from day O till day 28. (D) Draining
LN from a control mouse, nd-LN and td-LN from 4T1.2 mouse 21 days after tumour
inoculation. (E) BALB/c mouse 21 days post tumour initiation with 4T1.2 cell line, red circle
depicts tumour and black circle outlines the td-LN.
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4.4 Flow cytometry panel to assess GC B cell subsets

To assess the GC B cell content present within enlarged td-LNs of mouse models, flow
cytometric analyses were performed. The gating strategy to determine the different cell types
is shown in Figure 58. Lymphocytes were gated on using forward and side scatter area
(FSC-A, SSC-A), and then doublets excluded using forward and side scatter height and
width (FSC-H, FSC-W, SSC-H, SSC-W). Live cells were identified as those that did not take
up live/dead dye, and plasma cells as B220-CD138+. B cells were defined as B220+CD 19+,
and GC B cells as the proportion of B cells that expressed CD38 but were low for CD95/Fas.
The GC is governed by controlled transcriptional profiles that modulate two functionally
distinct compartments, the dark zone (DZ) and light zone (LZ). These represent polarised
areas that govern somatic hypermutation and selection of B cells, respectively (Calado et al.,
2012; Dominguez-Sola et al., 2012; Victora and Nussenzweig, 2012). Single cell RNA-
sequencing (scRNA-seq) has been applied to GCs isolated from human and mouse tonsils
and spleens respectively to further delineate these cells into pre-GC, DZ and LZ
subpopulations, and those that express genes associated with both, classed as intermediate
(Holmes et al., 2020; Kennedy et al., 2020; H. King et al., 2021; McHeyzer-Williams et al.,
2015; Nakagawa et al., 2021). Whilst complex phenotyping at this level is not possible using
flow cytometric techniques, staining for markers such as CXCR4 and CD86 within GC B
cells was applied here to differentiate between DZ (CXCR4""CD86'°") and LZ
(CD86M""CXCR4""). Memory B cells could be identified as non-GC B cells that were IgD-,
and further to this CD273 expression could define a subset of memory B cells. IgM and IgG1
expression were then assessed within the memory B cell, CD273+ memory B cell and
plasma cell fractions. IgG1 was chosen in conjunction with IgM, due to its characteristics as
the major immunoglobulin subset within sheep red blood cell (SRBC) immunisations that is
associated with isotype switching derived from GC B cell responses(McAllister et al., 2017).

In summary, flow cytometric techniques could allow profiling of B cell subsets including GC B
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cells, memory B cells, plasma cells and their immunoglobulin isotype characteristics within

the nd- and td-LNs of in vivo mouse models.

Lymphocytes Single cells Single cells Live cells Plasma cells

“Memory

I B cells

Figure 58: Gating strategy to identify B cell populations. Gating strategy on flow cytometry
data to analyse B cell populations within the spleen and LNs. Plasma cells were defined as
CD138+B220-, B cells as CD19+B220+ and GC B cells within the B cell fraction as

CD38°"CD95/Fas"™". Dark zone GC B cells were identified as CXCR4 ° 'CD86"" and light

zone GC B cells as CXCR4°"'CD86 . Memory B cells (MBC) were defined as a subset of
the non-GC B cell compartment that were IgD- and could further be subdivided into CD273+
and CD273-. IgM and IgG1 expression were measured for memory B cells and plasma cells.
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4.5 B cell proportion increases within increasing tumour draining lymph
nodes

The expansion of B cells within spleens and LNs is associated with a response to infection,
and often seen within multiple immunisation models (Bergstrom and Heyman, 2017). To
assess if this was the case within these orthotopic tumour models, the percentage of
CD19+B220+ B cells out of total live cells was calculated using flow cytometry within the nd-
LN, td-LN and spleens of control and tumour-bearing mice of every mouse model tested.
Tumour bearing mice inoculated with 67NR, 4T1 and 4T1.2 demonstrated an increase in B
cells as a percentage of live cells within td-LNs as early as day 7 compared to d-LN controls
(Kruskal-Wallis test, p < 0.001). This expansion of B cell frequency within the td-LNs
remained consistent for the 4T1 and 4T1.2 models at day 14 (Kruskal-Wallis test, p < 0.05),
but was not prominent in the 67NR at day 14 or day 21. Although there was an increase in
the td-LN of the EO771 model at day 28, this was not significantly different at any other time
point assessed compared to d-LN controls (Figure 59A). However, there was an expansion
in the percentage of B cells within the td-LNs of mice implanted with E0771, 67NR, 4T1 and
4T1.2 tumours compared to the paired nd-LNs within each mouse (Wilcoxon rank signed
test, p < 0.01, p < 0.05, p <0.01, p < 0.01 respectively) (Figure 59B-C). This suggests that
the presence of these orthotopic tumours induced B cell reactivity which was specific to the

td-LNs.
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Figure 59: B cells are expanded within td-LNs of tumour bearing mice. (A) B cells
(CD19+B220+) as a % of live cells within d-LNs of control and td-LNs of EQ771, 67NR, 4T1
and 4T1.2 mice across timepoints from day 0 to day 28. (B) B cells (CD19+B220+) as a % of
live cells from d-LNs in control mice, and td-LNs from tumour bearing mice compared with
nd-LNs in EQ771, 67NR, 4T1 and 4T1.2 models (Wilcoxon signed-rank tests, * = p < 0.01).
(C) Representative flow cytometry plots of CD19+B220+ cells as % of live from a control d-
LN, 4T1.2 nd-LN and 4T1.2 td-LN 14 days after implantation of tumour cell line.
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4.6 Germinal centres develop in tumour draining lymph nodes

To determine the phenotype of these B cells, further analyses was performed using flow
cytometry to investigate the existence of B cells exhibiting GC like characteristics. B cells
that undergo a GC reaction in mice downregulate CD38 and upregulated CD95/Fas (Calado
et al., 2012). Fas plays a role within the GC in regulating the production of autoreactive B
cells, and those that survive positive selection will upregulate markers including BCL6 to
prevent fas-mediated apoptosis (Koncz and Hueber, 2012). Within the nd-LN, there was no
difference in the percentage of GC B cells between those mice implanted with a tumour line
compared to those mice receiving Matrigel control (Figure 60A). In contrast, a GC B cell
population in the td-LNs were observed across all mouse models (Figure 60B). At day 7 post
inoculation, a significant enrichment in the GC B cell population as a percentage of B cells
within the td-LNs of mice was seen with 67NR, 4T1 and 4T1.2 cell lines (Kruskal-Wallis test,
p <0.05, p <0.05, p <0.001, respectively). This was also observed at day 14 (Kruskal-
Wallis test, p < 0.05, p < 0.05, p < 0.01 respectively) and day 21 post inoculation (Kruskal-
Wallis test, p < 0.05, p < 0.05 and p < 0.01 respectively). The proportion of GC B cells within
the B cell fraction peaked at day 7 and appeared to decline by day 21 in the 4T1.2 td-LNs, in
contrast the 67NR model retained a strong GC B cell response for 4 weeks post tumour
inoculation (Kruskal-Wallis test, p < 0.001). td-LNs from E0771 tumour bearing mice,
although displayed an enrichment of GC B cells at day 10 and day 14 compared to control d-
LNs, this was 7x lower than that of the 4T1.2 at day 7 and was not significantly higher

compared to control d-LNs by day 21 or day 28 (Kruskal-Wallis test) (Figure 60B).

When assessing the percentage of GC B cells between paired nd-LNs and td-LNs within
each mouse, there was an increase in GC B cells within the td-LNs of E0771, 4T1 and 4T1.2
compared to nd-LNs at day 7 (Wilcoxon rank signed test, p < 0.05, p < 0.05, p < 0.01
respectively). In contrast, the GC B cells within the td-LNs of the 67NR model exhibited a

similar trend but only reach statistical significance at day 21 and 28 (Wilcoxon rank signed
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test, p < 0.05, p < 0.01). Whilst the GC B cell response within the E0771, 4T1 and 4T1.2
peaked between day 7-14 and declined by day 21, the percentage within the 67NR model
was sustained until day 28. The magnitude and longitudinal patterns of the GC B cell
response within the td-LNs of these models may therefore be reflective of their immunogenic

potential and metastatic properties.
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Figure 60: GC B cells are increased within td- LNs of tumour bearlng mice. (A) GC B cells as

% of total B cells, defined as CD19+B220+CD38""CD95/Fas " within the non- draining LN
of control and tumour bearing mice administered the EQ771, 67NR, 4T1 or 4T1.2 cell line
from day 0 until day 28. (B) GC B cells as % of total B cells, defined as

CD19+B220+CD38""CD95/Fas " within the draining-LN (d-LN) or tumour-draining LN (td-
LN) of control and tumour bearing mice administered the E0771, 67NR, 4T1 or 4T1.2 cell
line from day O until day 28 (Kruskal-Wallis test with Dunn’s multiple comparison post-hoc
tests, *=p <0.05, ** =p <0.01, ** =p <0.001). (C) GC B cells (CD19+B220+

CD38°"CD95/Fas” ) as a % of B cells from tumour-draining LNs (td-LNs) compared with
nd-LNs in EQ771, 67NR, 4T1 and 4T1.2 models, (Wilcoxon signed-rank test, * = p < 0.05, **
=p <0.01, ™ =p<0.001). (D) Representative flow cytometry plots from draining LNs (d-
LN), non-draining LNs (nd-LN) and spleens at day 0 of inoculation and day 14 in control
mice or those administered the 4T1 or 67NR cell line.
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Although flow cytometry can evaluate the fraction of B cells that express GC markers, it
cannot be used to determine spatial orientation and the morphological structures of the GCs
within these models. BCL6 staining was used to visualise if there was formation of GCs, as it
is a master regulatory of GC responses, acting as a transcriptional repressor to ensure
sufficient tolerance and prevent premature activation of B cells (Basso and Dalla-Favera,
2010). GCs were visible within the td-LNs as well-defined structures at day 7 and were

visible in the 67NR model as late as day 28 post inoculation (Figure 61).

d7 d14 d28

Figure 61: GCs form in tumour draining LN of orthotopic mouse models of TNBC.
Immunofluorescence images taken from the tumour draining LNs (td-LN) of the 67NR model
at day 7, day 14 and day 28 post tumour inoculation. Images are stained with a nuclear dye
(blue), anti-CD4 antibody (magenta) and anti-BCL6 antibody (green).
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4.6.1 Dark zone and light zone fractions within the germinal centre are not
significantly altered

Within traditional immunisation mouse models, early GCs are visible within follicles using
histological methods at day 4. Rapidly dividing B cell blasts begin to populate the network of
follicular dendritic cells at the centre of the follicle, which continues until day 7 when the GC
develops fully polarised DZ and LZ areas. Following somatic hypermutation (SHM) within the
dark zone, GC B cells migrate to the LZ where Tth cells patrol GC B cells and form transient
contacts depending on the antigen available and affinity on MHC complexes. Whilst
enhanced GC responses are observed in several pathologies including that of system lupus
erythematosus (SLE), the dysregulation of these zones has not been routinely assessed. To
determine if there were differences in LZ/DZ polarity within tumour induced GCs, DZ and LZ
fractions as a percentage of total GC B cells, as well as the DZ/LZ ratio was assessed within
the td-LNs of each model at every timepoint. The td-LNs from the 4T1.2 model demonstrated
a trend towards an increase in the DZ fraction compared with 67NR and 4T1, which was
sustained between day 7 and day 21, however within the 67NR, this trend was reversed,
displaying a possible increase in LZ GC B cells. GC B cells from the td-LNs of E0771 mice
followed a similar pattern to the 4T1.2, with an increased DZ fraction and reduced LZ except
at day 28 (Figure 62A-B). Therefore, GC B cells within the 4T1.2 and E0771 td-LNs
demonstrated a possible decrease in the LZ/DZ ratio compared to those from the td-LNs of
4T1 and 67NR, which was consistent from day 7 to day 21 post tumour inoculation (Figure
62C). This trend may be indicative of a lack of antigen presentation and selection within the
4T1.2 and E0771 models that may affect the subsequent maturation of anti-tumour B cell

response.

181



100 100

80 80

60 60—

40 40

0

% of GC B cells
% of GC B cells

20

7 10 14 21 28 7 10 14 21 28
Day Day
C LZ/DZ ratio
3-
mm E0771

@ 67NR
g 2- 4T1
@
o 4T1.2
o
S 14
] i i

0 I .

Day

Figure 62: No significant alterations in the light zone to dark zone ratio of GC B cells. (A)

Dark zone (DZ) GC B cells as a percentage of total CD19+B220+CD38°"'CD95/Fas " GC B
cells within the tumour draining LNs (td-LNs) of E0O771, 67NR, 4T1 and 4T1.2 models
between day 7,10 and 21. (B) Light zone (LZ) GC B cells as a percentage of total
CD19+B220+CD38""CD95/Fas " GC B cells within the tumour draining LNs (td-LNs) of
EO0771, 67NR, 4T1 and 4T1.2 models between day 7,10 and 21. (C) The ratio of LZ to DZ
GC B cells within the tumour draining LNs (td-LNs) of EO771, 67NR, 4T1 and 4T1.2 models
between day 7,10,14, 21 and 28.
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4.6.2 IgM+ GC B cells increase in metastatic 4T1.2 accompanied by a reduction in
class switched 1gG1

Next, the immunoglobulin isotype profiles of GC B cells were evaluated across all mouse
models over time. Whilst GC B cells from the E0771, 67NR and 4T1 demonstrated a steady
decline in the fraction of GC B cells expressing IgM, this population increased between day 7
and day 21 in the 4T1.2 td-LNs (Figure 63A). In contrast, GC B cells derived from the 67NR
td-LNs displayed a class-switched IgG1 phenotype which increased over time. At day 14,
percentages of class-switched IgG1 GC B cells plateaued in the 4T1 and E0771 models and
started to decrease in the td-LNs of 4T1.2 mice (Figure 63B). This revealed stark differences
in the immunoglobulin phenotype of GC B cells between the most aggressive and metastatic
tumour model (4T1.2), and the non-metastatic 67NR. There was a significant decrease in
IgM+ GC B cells within the td-LNs of 67NR mice, accompanied by an increased fraction
expressing IgG1 (Kruskal-Wallis test, p < 0.05 and p < 0.05 respectively). In contrast, the
percentage of IgM+ GC B cells within the td-LNs of 4T1.2 mice was significantly enhanced
between day 7 and day 21, whilst the proportion expressing IgG1 was depleted (Kruskal-
Wallis test, p < 0.01 and p < 0.01 respectively) (Figure 63C). These data indicate that the
tumour growth kinetics and metastatic ability of these different TNBC mouse models may
impact on the functionality of the GC response in LNs and class switching potential of GC B

cells.
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Figure 63: 4T1.2 and 67NR GC B cells within tumour draining lymph nodes exhibit opposing
immunoglobulin phenotypes over t|me (A) IgM+ GC B cells as a percentage of total
CD19+B220+CD38 " "CD95/Fas™ GC B cells within the tumour draining LNs (td-LNs) of
EO0771, 67NR, 4T1 and 4T1.2 models between day 7 10 and 21. (B) IgG1+ GC B cells as a
percentage of total CD19+B220+CD38""CD95/Fas " GC B cells within the tumour draining
LNs (td-LNs) of EO771, 67NR, 4T1 and 4T1.2 models between day 7,10 and 21. (C) Barplots
to show changes in the frequency of IgM+ and IgG1+ GC B cells between day 7 and day 21
within td-LNs of the 67NR and 4T1.2 model (Kruskal-Wallis test with Dunn’s multiple
comparison post-hoc test. * = p < 0.05, ** = p < 0.01).
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4.7 Memory B cells are increased in tumour draining lymph nodes

GCs are responsible for the maturation of B cells to produce highly specific memory B cell
and antibody producing plasma cells. To determine whether mammary tumour development
affects the GC related B cell populations within the td-LNs, the memory B cell levels were
assessed, and were defined as the percentage of non-GC B cells
(CD19+B220+CD38""CD95/Fas'") that had also downregulated IgD. Although there was
some variability in the memory B cell fraction within the nd-LN and td-LN, there was an
increase within the td-LNs of 4T1.2 mice at day 7, day 14 and day 21 post inoculation
compared to d-LN in control mice. This was also true for the EQ771 within the nd-LNs and td-
LNs at day 10 and day 14 but not evident within the td-LNs of 67NR or 4T1 models (Figure
64A-B). There was a significant increase in memory B cells within the td-LN of EO771 mice
compared to nd-LNs at day 14 (Wilcoxon signed-rank test, p < 0.01), and trending at day 7
and day 14 but did not reach statistical significance. This trend was similar to that of the GC
B cell response seen in figure 58, which peaked at day 14 and declined by day 28. In
contrast, the 4T1 and 67NR models exhibited no differences in memory B cells within the td-
LNs at all timepoints compared to the nd-LNs (Figure 64C). The 4T1.2 exhibited the most
differences between td-LNs and nd-LNs with a steady increase in memory B cells from day 7
to day 21, which was significantly different to the nd-LN in all time points (Wilcoxon signed-
rank test, p < 0.01, p < 0.05, p < 0.001 respectively) (Figure 64C-D). As this response was
not reflective of the trend seen in GC B cells for the 4T1.2 model, in which they peaked at
day 7 and declined by day 21, this may an indication that the memory B cells may derive

from an extrafollicular response.
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Figure 64: Memory B cells are enriched in td-LNs of EO771 and 4T1.2 mice. Memory B cells
(CD19+B220+CD38+CD95-IgD-) as a % of non-GC B cells
(CD19+B220+CD38™""CD95/Fas ") within the non-draining LN(nd-LN) (A) and tumour
draining LN (td-LN) (B) of control, EO771, 67NR, 4T1 and 4T1.2 at day 7, 10, 14, 21 and 28
post tumour induction. (C) Memory B cells (CD19+B220+CD38+CD95-IgD-) as a % of non-
GC B cells (CD19+B220+CD38"*'CD95/Fas ") from td-LNs compared with nd-LNs in

EO0771, 67NR, 4T1 and 4T1.2 models, (Wilcoxon signed-rank tests * = p < 0.05). (D)
Representative flow cytometry plots from nd-LNs and td-LNs from 4T1.2 mice at day 21 post

tumour inoculation.
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4.7.1 Tumour draining lymph nodes in 4T1.2 model are enriched for IgM+CD237+
memory B cells

To determine if there was concordance between the immunoglobulin isotype of the GC B
cells and the memory B cell output, the percentage of memory B cells expressing IgM and
IgG1 within the td-LNs of 4T1.2 mice was evaluated. Similar to the GC B cells, the fraction of
memory B cells expressing IgM was significantly increased between day 7 and day 21
(Kruskal-Wallis test, p < 0.01) (Figure 65A,65C). There was also a dramatic reduction in the
percentage of memory B cells expressing IgG1 between day 7, day 14 and day 21 (Kruskal-

Wallis test, p < 0.05) (Figure 65B-C).
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Figure 65: Memory B cells within td-LN of 4T1.2 mice obtain IgM+ phenotype over time. (A)
The percentage of IgM+ memory B cells within tumour draining LNs of 4T1.2 mice at day 7,
day 14 and day 21 post tumour induction (Kruskal-Wallis test with Dunn’s multiple
comparison post-hoc test. * = p < 0.05, ** = p < 0.01). (B) The percentage of IgG1+ memory
B cells within tumour draining LNs of 4T1.2 mice at day 7, day 14 and day 21 post tumour
induction. Kruskal-Wallis test with Dunn’s multiple comparison post-hoc test. ** = p < 0.01.
(C) Representative flow cytometry plots of IgM and IgG expression within
CD19+B220+CD38+CD95-IgD- memory B cells at day 7, day 14 and day 21 in td-LNs of
4T1.2 mice.
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Whilst previous data has suggested that the antibody isotype of memory B cells controls
whether memory B cells will differentiate upon restimulation or persistent challenge, studies
have further shown a role for markers including CD80 and CD273 (PD-L2), that
independently of isotype can stratify memory B cell subsets with distinct functional
properties. Notably, CD80+CD273+ memory B cells will rapidly differentiate into antibody
secreting cells upon rechallenge, and do not generate GCs. On the contrary, CD80-CD273-
memory B cells tended to generate very little antibody secreting cells and had the propensity
to seed novel GCs (Zuccarino-Catania et al., 2014). These data highlight differences within
the memory B cell pool in response to antigen that need to be investigated further within the
context of cancer, potentially providing novel avenues of immune response against tumour
antigens. Here, CD273 expression on memory B cells within the td-LNs of 4T1.2 mice was
assessed to determine if there was a propensity of the memory B cell pool to upregulate

CD273.

The percentage and absolute number of memory B cells expressing CD273 was enriched
between day 7 and day 21 (Kruskal-Wallis test, p < 0.01) (Figure 66A-C). In concordance
with the overall phenotype of the memory B cells, the fraction of the CD273+ memory B cells
upregulating IgM was also increased between day 7 and day 21 (Kruskal-Wallis, p < 0.01)
(Figure 67A,67C). This was in parallel with a reduction in CD273+ memory B cells
expressing IgG1 between day 7 and day 21 (Kruskal-Wallis test, p < 0.01) (Figure 67B-C).
This further may indicate that the memory B cells generated in the td-LNs have the
propensity to differentiate into plasma cells upon rechallenge without generating a GC
response, but what this may indicate in terms of tumour progression needs to be

investigated further.
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Figure 66: Memory B cells within td-LN of 4T1.2 mice upregulate CD273 over time. (A) The
percentage of memory B cells expressing CD273 within tumour draining LNs of 4T1.2 mice at day 7,
day 14 and day 21 post tumour induction. Kruskal-Wallis test with Dunn’s multiple comparison post-
hoc test. * = p < 0.05. (B) Absolute numbers of memory B cells expressing CD273 within tumour
draining LNs of 4T1.2 mice at day 7, day 14 and day 21 post tumour induction. Kruskal-Wallis test
with Dunn’s multiple comparison post-hoc test. * = p < 0.05. (C) Representative flow cytometry plots
of CD273 expression within CD19+B220+CD38+CD95-IgD- memory B cells at day 7, day 14 and day
21 in td-LNs of 4T1.2 mice.
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Figure 67: IgM+ CD273+ memory B cells within tumour draining LNs of 4T1.2 mice increase over
time. (A) The percentage of IgM+ CD273+ memory B cells within tumour draining LNs of 4T1.2 mice
at day 7, day 14 and day 21 post tumour induction. Kruskal-Wallis test with Dunn’s multiple
comparison post-hoc test. * = p < 0.05. (B) The percentage of IgG1+ CD273+ memory B cells within
tumour draining LNs of 4T1.2 mice at day 7, day 14 and day 21 post tumour induction. Kruskal-Wallis
test with Dunn’s multiple comparison post-hoc test. * = p < 0.05, ** = p < 0.01. (C) Representative flow
cytometry plots of IgM and IgG expression within CD19+B220+CD38+CD95-IgD- memory B cells at
day 7, day 14 and day 21 in td-LNs of 4T1.2 mice.
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4.8 Plasma cells are increased in tumour draining lymph nodes of 4T1.2 mouse
models

Having established that orthotopic mouse models of breast cancer could generate GC B
cells within td-LNs, the plasma cell production was evaluated, as a percentage of
CD138+B220- cells within the live cell pool. There was a substantial increase in the
percentage of plasma cells within the td-LNs of mice implanted with the 4T1.2 cell line
compared to d-LN controls at day 7 that was sustained until day 21 (Kruskal-Wallis test, p <
0.01). This expansion was not evident in any of the other models, with a small increase
within the td-LNs of the 4T1 at day 21 and within the EO771 at day 28. (Figure 68A-B). At
day 7, day 14 and day 21, the percentage of plasma cells was increased within the td-LNs of
4T1.2 mice compared to the nd-LNs (Kruskal-Wallis test, p < 0.01, p < 0.05 and p< 0.05
respectively) (Figure 68B-C). A Spearman’s rank correlation coefficient test was applied to
assess the correlation between the proportion of plasma cells and the percentage of GC B
cells within the td-LN of 4T1.2 cumulatively across all timepoints. This revealed a possible
negative correlation between the plasma cell expansion and the percentage of B cells with a
GC-like phenotype within the td-LNs of these mice (R =-0.51, p = 0.06) (Figure 68D).
Visualising the spatial orientation of CD138+ plasma cells within the td-LNs showed a large
expansion of plasma cells at day 21 compared to day 7 and day 14, which were
predominantly located in the paracortex of the LN (Figure 68E). Akin to the memory B cells
and GC B cells, the percentage of IgM+ plasma cells also increased between day 7 and day
21(Kruskal-Wallis test, p < 0.05) (Figure 69A, 69C) however, the fraction of plasma cells

expressing IgG1 was unchanged (Kruskal-Wallis test) (Figure 69B-C).
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Figure 68: Plasma cells are enriched in the tumour draining lymph nodes of 4T1.2 and E0771 mice.
(A) Plasma cells (CD138+B220-) as a % of live cells within the draining and tumour draining LNs of
control, EQ771, 67NR, 4T1 and 4T1.2 mice between day 0 and day 28 after tumour induction
(Kruskal-Wallis test with Dunn’s multiple comparison post-hoc test, ** = p < 0.01). (B) Representative
flow cytometry plots of CD138+B220- plasma cells within the draining lymph node (d-LN) of control
mice, non-draining lymph node (nd-LN) and tumour draining lymph node (td-LN) of mice bearing
4T1.2 tumours. (C) Plasma cells (CD138+B220-) as a % of live cells within the nd-LNs and td-LNs of
4T1.2 mice from day 0 to day 21 post tumour induction (Kruskal-Wallis test with Dunn’s multiple
comparison post-hoc test, * = p < 0.05, ** = p < 0.01). (D) Spearman’s rank correlation coefficient for
the correlation between plasma cells as % of live cells compared with GC B cells as a % of total B
cells). (E) Representative immunofluorescence images of CD138+ plasma cells (magenta) in the td-
LN of a 4T1.2 mouse at day 7, day 14 and day 21 post inoculation.

193



A IgM B IgG1
*
49 100+
» : 4 <
[}
g EGO-
= 8
a S 40
S 5
® 2 20-
o-
D 7 14 21
a'
C d7 d14 d21

4 0 ] 10* 4
o | #1102 | 1234

IgM

Figure 69: IgM+ Plasma cells increase within tumour draining-LN of 4T1.2 mice over time. (A) The
percentage of IgM+ plasma cells within tumour draining LNs of 4T1.2 mice at day 7, day 14 and day
21 post tumour induction (Kruskal-Wallis test with Dunn’s multiple comparison post-hoc test. ** = p <
0.01) (B) The percentage of IgG1+ plasma cells within td-LNs of 4T1.2 mice at day 7, day 14 and day
21 post tumour induction (Kruskal-Wallis test with Dunn’s multiple comparison post-hoc test). (C)
Representative flow cytometry plots of IgM and IgG expression within CD138+B220- plasma cells at
day 7, day 14 and day 21 in td-LNs of 4T1.2 mice.
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4.8.1 Plasma cells express CXCR4 in tumour draining LNs of 4T1.2 mouse model

The CXCR4:CXCL12 axis plays a key role in the migration of plasma cells from secondary
lymphoid organs including the spleen and LN to the inflamed tissue and the bone marrow for
further maturation. Within the td-LNs of 4T1.2 mouse models, the percentage of plasma cells
expressing CXCR4 was between 95-100% and comparable between day 7, day 14 and day
21 (Figure 70A-B). There was also no difference in the median fluorescence intensity (MFI)

of CXCR4 on the plasma cells present at day 7, 14 and 21 post tumour induction (Figure

70C).
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Figure 70: Plasma cells are predominantly CXCR4+ within td-LN of 4T1.2 mice. (A) Representative
flow cytometry plots of the 4T1.2 model at day 21 post injection of cxcr4 expression on plasma cells
within the draining LN of control mice, non-draining LN (nd-LN) of 4T1.2 mice, and tumour draining LN
(td-LN) of 4T1.2 mice. (B) CXCR4+ expression on plasma cells at day 7, day 17 and day 21 after
tumour initiation of 4T1.2 mice within td-LNs of 4T1.2 mice. (C) Median fluorescence intensity of
CXCR4 on plasma cells day 7, day 17 and day 21 of 4T1.2 mice post inoculation with cell line.
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4.9 Discussion

In this chapter, GC derived B cell populations from LNs were assessed in the context of 4
pre-clinical mouse models of breast cancer, in both in vitro assays and within a temporal
fashion using in vivo models. Due to the metastatic variability of the cell lines, parallels could
be drawn between the phenotypic nature of these subsets in the context of tumour
progression. Data described here shows the ability of 4T1.2 cells to induce activation of LN
and splenic B cells, through upregulation of CD86, and the increased presence of CD138"%
plasma like cells. Whilst co-culture assays have described expansion of IFN-y producing T
cells from td-LNs when exposed to tumour cell lines (Okamura et al., 2022), there are few
studies investigating the effect on B cells. Studies examining human peripheral blood B cells
co-cultured with human breast cancer cells result in the emergence of a CD20"" Breg
population that expresses TGF-f3 and is capable of suppressing T cell activity (Yu Zhang et
al., 2013). Whist data here does not examine the Breg population, the enrichment of
CD138"" plasma cells within the LN cells cultured with 4T1.2 cell lines is suggestive of a
plasmablast-like population, which expressed high levels of IgM. CD138 is a master
regulator of plasma cell differentiation and is highly upregulated upon maturation into
antibody secreting cells (McCarron et al., 2017). Whilst not completely representative of a
physiological environment within a tumour setting, this provides some evidence that 4T1.2
tumour cells can induce B cell activation and influence the development of early-stage

plasma cells.

In agreement with published work, data shown here further describes how the tumour growth
kinetics of the 4T1.2 was accelerated comparatively to the 4T1, 67NR and E0771 models.
The 4T1 and 4T1.2 models both developed splenomegaly from day 14 post induction, which
is suggested to be due to an influx of Gr-19™/CD11b""" immature granulocytes induced by
G-CSF, GM-CSF and M-CSF also present within the tumour and peripheral blood (duPre’

and Hunter, 2007). All models presented with a significant lymphadenopathy in the td-LNs
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compared with nd-LNs, which has not been routinely assessed by others utilising these
orthotopic methods. Studies examining the LNs within the 4T1 and 4T1.2 models have
identified the presence of metastasis through immunohistochemical staining of cytokeratin
and Ki67 (Arroyo-Crespo et al., 2019), however notably there was an increase in the td-LNs
of the non- and poorly metastatic 67NR and E0771 models. This is presumably due to an
expansion of the sinuses as a result of increased lymphatic flow from inflammation caused
by the tumour. In response to injury and disease, chemokines and cytokines will mediate
recruitment of lymphocytes and antigen presenting cells that will access the LNs via
lymphatic vessel-mediated lymph drainage. The stimuli present will induce expansion of
intrafollicular T cells, dendritic cells, and B cells within the cortex to generate an optimal B

cell response (Willard-Mack, 2006).

Using flow cytometric and histological techniques, it was subsequently shown here that the
orthotopic implantation of breast cancer tumours within the mammary fat pad leads to
substantial B cell and GC response within the td-LNs. Although this has similarly been
shown in the 4T07 model, where authors examined the levels of hypoxia among B cells that
responded to tumours (Firmino et al., 2021), this is the first study comparing the impact of
multiple breast cancer cell lines on GC formation and function within draining LNs. One of
the most striking observations was that the td-LN GC B cell fraction within the 4T1.2, which
is the most aggressive tumour model, peaked at day 7 but then appeared to decrease by
day 21. In comparison, the 67NR and the least aggressive model, maintained constant

levels of GC B cells throughout the study timeline.

This was accompanied by a steady decline in the number of IgG1+ GC B cells and an
increase in IgM+ GC B cells within the td-LNs of the 4T1.2 mice. Conversely, the 67NR GC
B cells lost IgM expression and the fraction of IgG1+ cells expanded. Within traditional
immunisation methods used to study GC B cell development in mice, administration of
antigen typically results in early GCs containing the most unswitched IgM+ B cells, and IgG

responses dominate the GC 14-21 days post challenge. This is indicative of IgG+ B cells
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within the GC being positively selected more readily than those that express IgM, in
concordance with interactions with cognate T follicular helper (Tfh) cells and selection of
high-affinity B cells. Therefore, IgG+ GC B cells further show a greater propensity to
differentiate into antibody secreting cells than their IgM+ counterparts (Sundling et al., 2021).
Within the context of the 4T1.2 model, it may be that the progression of tumour cells to the
LN, which takes place around day 10-14, may interfere with the GC reaction and subsequent
development. It is well known that CD8 T cells will develop an exhausted phenotype,
upregulating inhibitory molecules such as PD-1, LAG3, T-cell immunoglobulin and mucin-
domain containing-3 (TIM3) and CTLA-4 in response to constitutive activation within cancer
and other chronic diseases (Wherry and Kurachi, 2015). Although the understanding of CD4
T cell exhaustion is somewhat lacking, Tfh cells from late-stage patients with hepatitis B
virus (HBV)-related hepatocellular carcinoma (HCC) demonstrate impaired abilities to induce
naive B cells towards antibody secreting plasma cells, which is correlated with the intensity
of PD-L1 expression in the resected tumours (Zhou et al., 2016). Whilst the frequency of Tfth
cells was not assessed here, unpublished data from our group suggests a rapid decline in
Tfh from day 7 to day 21, and this may provide some explanation as to why the fraction of
GC B cells within this highly metastatic model could be impaired, perhaps that td-LN T cells

come into direct contact with tumour cells, promoting an exhausted phenotype.

Whilst GC B cell levels remained at a constant level within the 67NR model, there was no
indication of an increase in either memory B cells or plasma cells within the td-LNs. This is
somewhat surprising, due to the evident class switching taking place within the pool of GC B
cells. The control of memory B cell and plasma cell exit from the GC is mediated by the
ubiquitin ligase activity of CBL proteins (Li et al., 2018), and whether this process is impaired

during the GC development within the td-LNs of 67NR mice, is yet to be explored.

In concordance with the immunoglobulin isotype phenotype of the GC B cells of the 4T1.2
model, there is a rapid decline in the IgG1+ memory B cells present within the td-LNs,

accompanied by an expansion of those expressing IgM. Although this reduction in IgG1+
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plasma cells was not observed in the same manner, there was also a population of IgM+
plasma cells that appeared by day 21. IgM antibodies are considered to play a major role in
humoral immunity in early stages of the primary immune response, however IgM+ memory B
cells can develop either from a high affinity situation (GC dependent), or low affinity and
lacking somatic hypermutation (SHM) (GC independent). Studies utilising the (4-hydroxy-3-
nitrophenyl) acetyl (NP)- hapten system have reported that IgM+ SHM+ memory B cells
originating from the GC response are unable to differentiate into IgM+ antibody secreting
cells, however IgM+SHM+ memory B cells can differentiate into plasma cells secreting IgM
as part of a recall response, providing broad cross-reactivity to microbial infection (Tashiro et
al., 2018). This suggests that during tumour progression, the memory B cells produced
within the td-LNs may be originating from an extrafollicular response, or as part of a
secondary recall system that may be replacing class switched populations with a broadly

neutralising response against tumour antigens.

In the same way, many plasma cells expressing IgM typically arise from a T cell independent
manner, eliciting a broadly neutralising response in early stages of disease. However, the
persistence of long lived plasma cells within secondary lymphoid organs including the
spleen, suggest that IgM may serve a non-redundant role in humoral memory by augmenting
host IgG responses particularly in the context of viral infection (Bohannon et al., 2016).
Within the context of breast tumour immunology, adaptive IgM is consistently higher in
breast cancer tissue of patients with stage 1 and stage 2 disease. Whilst IgM can participate
in early tumour cell elimination through opsonisation and antibody-dependent cell
cytotoxicity, a hallmark of a damaged immunological response within an established tumour

is immunosuppression of IgG but constant levels of IgM (Diaz-Zaragoza et al., 2015).

Taken together, these data suggest GC development in adjacent LNs as a direct
consequence of TNBC tumour initiation. Discrepancies in the B cell phenotypes between the

67NR and 4T1.2 models indicates the presence of LN metastasis can potentially influence
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the maintenance of the GC responses and abilities to produce class switched memory B cell

and plasma cell responses.

4.10 Limitations and future work

One limitation to this study is the effect of all cell lines on B cell populations were not initially
studied in vitro. This would enable comparisons between tumour cell lines with an array of
metastatic properties and how they can directly affect LN and splenic B cell populations. This
contrasts with the in vivo models in which the effect on the LNs and spleens can be studied
after implantation of tumour within the mammary gland. There are also further limitations to
these models. Although studying these mouse models across a period of four weeks give
some indication of the temporal characteristics of the GC B cell populations, the timeframe
utilised is acute, which is not representative of analyses performed on human samples taken
after tumour and LN resection. Establishing a chronic model of TNBC to study the longevity
of GC and GC derived populations, including hallmarks of exhaustion would be more

illustrative of the mechanisms that facilitate both local and distant metastasis.

Furthermore, the relationship between the GC B cell subsets within the d-LNs and the
primary tumour has not been presented here. This should be investigated in depth to
characterise the migration and crosstalk between tumour and LN, and the role of the GC B
cell response in promoting tumour infiltration of other immune subsets. Further, the
populations studied here have not incorporated other populations present within the GC
reactions for analyses, including that of Tth, dendritic cells and regulatory subsets.
Investigating the role of these populations would better our understanding of tumour derived

moieties which can directly impact the formation and maintenance of the GC.

To study the impact of LN metastasis on the GC B cell populations, memory B, GC B and

plasma cells within the 4T1.2 model should be extracted pre and post tumour invasion for
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downstream analyses using sc-RNA sequencing. Resultant gene signatures may indicate
how the tumour cells are impacting the formation and maintenance of the GC B cell

response, which could be validated in vitro and eventually targeted with novel therapies.
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Chapter 5

Molecular features of TNBC and their association
with germinal centres and plasma cell responses

Introduction

Based on data from chapter 3, patients with low sTILs and a high plasma gene score (IThP)
tumours were enriched for tumours of the luminal androgen receptor (LAR) subtype. HER2-
enriched cases have frequently been reported in the LAR TNBC (Ahn et al., 2016), and IThP
tumours exhibited an increased frequency of the HER2-enriched subtype using the Burstein
classification. Moreover, our four-gene decision tree classification assigned these IThP
tumours predominantly to the MC4 and MC5 subtypes. As we have shown, MC4 TNBC had
higher expression of genes belonging to the PI3K/Akt signalling and ErbB signalling
pathways(Quist et al., 2019). Androgen receptor (AR) upregulation points to a gender-biased
environment within which androgens, namely testosterone, dihydrotestosterone and
androstenedione are overexpressed(Davey and Grossmann, 2016). These sex hormones
are increased in both males and females within puberty, however, are consistently
upregulated within males in comparison to females throughout life (Handelsman et al., 2018)
Previous work studying LAR TNBC revealed these patients are often older, post-
menopausal, more involved iLNsand notably have a numerically lower stromal TIL count
compared to non-LAR TNBC tumours(Thompson et al., 2022). Further analysis has also
shown that these patients have a 2-fold decrease in the likelihood of responding to
neoadjuvant chemotherapy, and a subsequently lower pathological complete response rate
(pCR) compared to non-LAR TNBC tumours. (Thompson et al., 2022). Transcriptional
profiling of these tumours has suggested that they downregulate pathways associated with
DNA damage and repair, cell cycle and proliferation, which is suggestive of a poor response

to chemotherapy based therapies (Thompson et al., 2022).
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LAR tumours often present with an increased prevalence of cancer associated fibroblast
(CAF) subsets, namely inflammatory CAFs (iCAFs) and myofibroblast-like CAFs (myCAFs),
which can respond to androgens within the stromal compartments of the TME. This is in
conjunction with an increased expression of gene related to angiogenesis, stemness and
differentiation (Thompson et al., 2022). CAFs are believed to participate in the growth and
invasion within the breast tumour microenvironment by producing tumour-promoting

mediators and remodelling the extracellular matrix(Sahai et al., 2020).

CAFs can further secrete cytokines, chemokines, and other effector molecules, including
TGF-B, CXCL12, collagens, metalloproteinases (MMPs) and laminin, which subsequently
modulate immune infiltration. Within this context, studies have primarily focussed on tumour
associated macrophages (TAMs), tumour associated neutrophils (TNs), natural killer (NK)
cells and T cell subsets including CD4+ T cells, CD4+FoxP3+ Tregs and CD8+ T cells.
CAFs can contribute to an immunosuppressive environment by promoting the recruitment of
protumourigenic M2 macrophage subsets, Tregs and suppressing effector T cell infiltration
(Xing et al., 2010). CAFs have been further implicated in TLS formation within pre-clinical
mouse models. In contrast to their role in promoting immunosuppressive setting, CAFs can
act as lymphoid tissue organiser cells (LTo) in conjunction with infiltrating CD8+ T cells and
B cells. Effector CD8+ T cells recruit FAP-podoplanin+ fibroblasts to high endothelial venules
(HEVs) where they differentiate into CXCL13-secreting fibroblast reticular cells (FRCs). This,
in turn, will recruit and promote proliferation of LTa12 secreting B cells which further
stimulates TLS formation and maturation (Rodriguez et al., 2020). These data, therefore,
point to CAFs as a heterogenous population that can stimulate both anti- and pro-tumour
properties within the TME. and further work is required to therefore delineate their functions
within LAR tumours. How CAFs can modulate plasma cell differentiation has notably been
neglected, despite their prevalence to secrete chemokines including CXCL12 that are

heavily implicated in plasma cell migration.
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Initial studies by Lehmann and Harano et al., have attributed levels of immune infiltration to
TNBC classifications, demonstrating an enrichment in immune modulatory signatures within
BL1 but a depletion in the BL2, LAR and M TNBC subtypes. AR has been shown to be
expressed on multiple subsets of the lymphocytic lineage during development (Ben-Batalla
et al., 2020), and as aforementioned in chapter 3, androgen signalling within the LAR
subtype has been linked to CD8+ T cell exhaustion and limiting immune checkpoint
blockade efficiency. Furthermore, androgens have been shown to augment the
immunosuppressive function of regulatory T cells (Tregs) within mouse models of allergic
airway inflammation (Gandhi et al., 2022). In contrast, few studies have investigated the role
for these hormones and associated signalling pathways on terminally differentiated B cell
subsets, particularly within the context of breast and other cancers. There has been a small
number of studies attributing the role of androgen signalling on B cell maturation, and in this
setting, mice with depleted AR expression exhibited intrinsic deficiencies in B cell tolerance,
with an elevated level of autoreactive antibodies and susceptibility to developing
autoimmune diseases (Altuwaijri et al., 2009). This, therefore, points to a potential role for
AR and its subsequent downstream signalling in influencing antibody secreting cell (ASC)

development.

Antibodies are secreted by terminally differentiated plasma cells which can arise from two
pathways, namely the extrafollicular pathways or the GC response. There is debate
surrounding the original paradigm that the extrafollicular pathway results in only short-lived
proliferating plasmablasts whereas the GC will generate long-lived quiescent plasma cells
(Kallies et al., 2004). It is now known that the lifespan and proliferation status of plasma cells
can operate independently, resulting in short-lived plasmablasts and plasma cells that do not
proliferate and highly proliferative long-lived plasma cells that never become quiescent (Nutt
et al., 2015). These differentiation pathways further present as a continuum where canonical
B cell marker expression (B220, CD19, MHC Il) is gradually lost and plasma cell markers

including BLIMP-1, IRF4 and CD138 are upregulated, which presents with challenges when
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defining the distinction between short-lived and longer-lived plasma cells (Kallies et al.,
2004). Notably, extrafollicular derived plasma cells are known to express high levels of
CXCR4 at the T/B border within secondary lymphoid organs, which implicates the
CXCR4/CXCLA12 axis in their migration outside of a GC response. This further may imply

that plasma cell infiltration within IThP tumours is recruited from an extrafollicular response.

The role of the extrafollicular and GC pathway is also related to the nature of the antigenic
stimuli. Antigen can activate B cells in both a T-independent or T-dependent manner, during
which T-independent responses do not require cognate T cell help, and therefore plasma
cell differentiation can occur in the absence of GC formation. Within this T-independent (Tl)
manner, Tl-1 antigens can trigger B cell activation through engagement of Toll-like receptors
(TLR), including bacterial polysaccharide LPS, and TI-2 antigens that will facilitate
crosslinking of the BCR, namely polymeric protein antigens or repeated structural motifs.
Antigen affinity is therefore important within the TI-2 response, as competition for antigen will
enhance this activation and subsequent expansion of high-affinity antibody secreting cells
(Jeurissen et al., 2004; Shih et al., 2002). Whilst these pathways are considered to be a
predominantly extrafollicular response, it has been shown that TI-2 and on occasion TI-1
antigens can initiate a transient GC (Lentz and Manser, 2001). Further, it has been proposed
that the characteristic of the antigen is therefore not the leading determinant of the response,
and instead driven primarily the B cell subsets and ancillary cells involved (Vinuesa and

Chang, 2013).

In contrast, T-dependent responses will be more likely to facilitate the formation of GC,
predominantly dominated by follicular B cells. Within the GC, factors including affinity will
contribute towards which cells will differentiate into plasma cells, and higher affinity GC B
cells will largely follow this path in comparison to those destined for a memory B cell fate.
Whilst light zone (LZ) B cells will become memory B cells early in the GC reaction, plasma
cells are formed later. Within the GC, cytokines, TLRs and transcription factors will further

contribute to decision pathways that facilitate plasma cell production (Shinnakasu et al.,
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2016). T follicular helper (Tfh) derived IL-21 is the most potent cytokine that subsequently
favours plasma cell differentiation within the GCs, and is further responsible for memory B to
plasma cell differentiation within the periphery (Zotos et al., 2010). BACHZ2, a pivotal
transcription factor involved in selection within the LZ, is required for memory B cell
differentiation and in conjunction with ABF-1 will prevent plasma cells from being formed
(Chiu et al., 2014). In contrast, Blimp-1, XPB1 and IRF4 upregulation create a feed-forward
loop that suppresses B cell signalling factors by downregulation of Pax5. XBP1 specifically
will promote an unfolded protein response required to produce high levels of immunoglobulin
necessary for plasma cell function (Reimold et al., 2001). Whilst plasma cell differentiation is
predominantly initiated within the LZ, cells will subsequently migrate to the DZ and
proliferating plasmablasts will transit out of the GC at distinct locations from extrafollicular

plasma cells (Meyer-Hermann et al., 2012).

Within the context of the extrafollicular response, there is currently limited understanding as
to how AR signalling may contribute to or impede the differentiation of plasma cells.
However, nuclear receptors including AR have been shown to modulate responses and
influence cell migration within the GC. Particularly within the T-cell compartment, they
regulate T cell receptor sensitivity, cell-fate potential, metabolism, and migratory behaviour.
Although acting in a diverse manner, they typically facilitate mechanisms of action by binding
to DNA hormone response elements (HREs) or recruiting corepressors including nuclear
corepressor (NCoR) and silencing mediator of retinoic and thyroid receptors (SMRTSs).
Alternatively, they are involved in recruiting co-activators such as members of the steroid
receptor co-activator family (SRC). Due to the myriad of functions that can be modulated by
nuclear receptors, they are often implicated in disease, ranging from autoimmunity, cancer,
and type 2 diabetes (Evans and Mangelsdorf, 2014). Whilst there is substantial evidence to
suggest these receptors can influence immune functions, there are few studies investigating
their role in modulating GC B cells, Tfh or supporting cells including follicular dendritic cells

(FDCs). Those that have been performed have implicated estrogren receptor (ER),
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progesterone receptor (PR), glucocorticoid receptor (GR), mineralocorticoid receptor (MR),
and crucially AR in regulating the function of these subsets and their subsequent
contribution to autoimmune diseases (Olson et al., 2020). AR, in particular, has been
attributed to the regulation of class switching mechanisms, ICOSL-ICOS mediated
interactions between B cells and Tth, and plasma cell responses within the GC.
Furthermore, studies have suggested B cell positioning and migration within the GC to be
altered in a sex-biased fashion. B cells within female mice can more efficiently position within
the GCs compared to those within male, which is influenced by the binding of CCL21 to
GPR174 on B cells. Supplementing female mice with testosterone subsequently mimicked
male B cell migration patterns, which indicates androgen mediated mechanisms can
regulate B cell positioning within the GC (Zhao et al., 2020). However, how this may

influence plasma cell responses at the primary breast carcinoma is currently unknown.

Aims and objectives:

In this chapter, | explored the transcriptional profiles of IThP tumours to determine whether
certain pathways and effector molecules are associated with AR signalling, and if this
indirectly influences tumour progression, plasma cell differentiation and GC responses within
the adjacent LNs. To confirm the expression analyses, identified features were tested in
both in vitro and in vivo breast cancer models. The ultimate objective was to identify
deregulated pathways that may promote plasma cell presence at the primary tumour lesion

and modulate GC responses in the tumour adjacent LNs.
This enabled the:

- Characterisation of transcriptomic profiles within IThP tumours that may be associated with

an inferior disease trajectory and plasma cell infiltration

- Assessment of how these genes may implicate tumour growth, plasma cell differentiation

and GC formation in vitro and in vivo
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The objectives were to investigate following hypothesis:

1. Do IThP tumours display deregulated pathways based on gene expression profiles
that are associated with plasma cell infiltration and migration?

2. Do these genes influence plasma cell differentiation, maintenance, or
immunoglobulin subtype?

3. Can these genes impact tumour growth, plasma cell differentiation and GC formation

in the LNs in in vitro and in vivo breast cancer models?

5.1 IThP tumours upregulate growth factor signalling, innate immune
pathways and plasma cell recruitment

First, | performed differential gene expression analyses, comparing IThP tumours with all the
other groups (ITIP, hThP and hTIP combined), to provide a detailed molecularly
characterisation of the IThP tumours. Genes associated with fatty acid metabolism
(HMGCS2), lipid metabolism (APOD), androgen signalling (AR, PIP) and growth factors
IGF1, HGF and EGF were statistically significantly increased in IThP cancer (Figure 71A-B).
This was in concordance with data from chapter 3, which identified IThP patients as being
predominantly of the LAR subtype. When apocrine cells are stimulated by androgens, they
secrete growth factors including EGF, which subsequently promotes cell proliferation though
activation of EGFR (Kolyvas et al., 2022). Further, pathway analysis using hallmark and
reactome pathways demonstrated upregulation of androgen response pathways, fatty acid
pathways, metabolism of lipids and downregulation of those associated with cell cycle, which
is in agreement with published data profiling LAR tumours (Thompson et al., 2022). IGF1, in
particular, has a role in potentiating androgen signalling through inactivation of FOXO1, an
AR suppressor that directly interacts with the C-terminus in a ligand-dependent manner

(Yanase and Fan, 2009). Other notable differences indicated an upregulation of genes
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associated with KRAS signalling (Figure 72A). EGF and IGF1 are involved in signalling
through the Ras pathway, which induces oligomerization of the EGF or IGF1 receptors and
allows activation and transphosphorylation of catalytic domains. This leads to upregulation of
cell growth, division, and differentiation, frequently implicated in many cancers including

breast (Voudouri et al., 2015).

GSEA analysis identified immune related pathways, predominantly those associated with the
innate immune system were significantly upregulated in the IThP tumours (Figure 72B).
Genes included C7, TLR7, TLR10, FCER1A, CD36, S100A7 and SL100A8. CD36 is a
signalling receptor and fatty acid transporter that is expressed on many non-immune and
immune cells, and can be upregulated on B cells in response to TLR signalling and fatty acid
uptake (Chen et al., 2022). TLRY7 in particular, is associated with the activation of
autoreactive B cells, subsequent autoantibody production and has been implicated in SLE
(Fillatreau et al., 2021). This is also in concordance with S100A8, another protein expressed
on B cells that is associated with SLE and released in response to environmental triggers
and cellular damage (Gao, 2021). Although the functional role for TLR10 is less well
understood, it is highly expressed in human B cell populations (Zhang et al., 2019). FCER1A
bindings to the Fc region of immunoglobulin epsilon, and has been implicated in initiating the
allergic response, which may suggest IgE expression within these tumours (Froidure et al.,

2016).

S100A7, also known as psoriasin, is among the most highly expressed genes in preinvasive
breast cancer and a marker of poor survival when expressed in invasive disease. It has been
implicated in MMTV mouse models as having a role in upregulating proliferation, tissue
remodelling and recruitment of macrophages (Nasser et al. 2012). Furthermore, when
analysing immune related gene sets in the previously described tonsil scRNA sequencing
dataset (H. King et al., 2021) (chapter 3, section 3.14), the only significantly upregulated
immune subset was macrophages (Normalized enrichment score = 1.80, adjusted p < 0.01).

Genes implicated within this pathway included KYNU, S100A8, S100A7, SLC40A1,
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IQGAP2, PAPSS2, and IGF1. AR has been shown to be expressed in intratumoral
macrophages within breast carcinomas, which contribute to an aggressive phenotype
particularly within a high androgen environment (Yamaguchi et al., 2021). Moreover, TAMs
and CAFs are thought to be the major source of IGF1 within the TME, and IGF1R activation

is positively correlated with advanced breast tumour stage (Ireland et al., 2018).
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Figure 71: IThP tumours upregulate androgen receptor and growth factor gene expression. (A)
Volcano plot of differentially expressed genes between IThP tumours and ITIP, hThP, hTIP combined.
Grey indicates genes that are not significantly altered (NS), green indicates genes above the log2-fold
change threshold, blue indicates genes above the p-value threshold and red shows genes that were
above both the log2-fold change cut-off and the p-value cut-off. Genes of interest are highlighted on
the plot. (B) Normalised gene expression of growth factor genes and those related to the androgen
signalling pathway across IThP tumours, ITIP, hThP and hTIP tumours. Paired T tests comparing IThP
to each group, *=p < 0.05, ** = p <0.01, ** =p <0.001, **** = p < 0.0001.
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Figure 72: IThP tumours upregulate pathways associated with androgen signalling, fatty acid
metabolism and innate immune signalling. Pathway enrichment analyses of differentially expressed
genes (adjusted p value of < 0.05) upregulated in the IThP group, when looking at (A) hallmark
pathways and (B) reactome pathways, as normalised enrichment score. The size of the circle
indicates the number of genes that contribute to each pathway, coloured by the adjusted p value. (C)
Gene set enrichment analysis of differentially expressed genes upregulated in IThP associated with

immune cells within the tonsil dataset (H. King et al., 2021).
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HGF

Within the context of plasma cell recruitment, IGF1 was further of interest due to its role in
the migration of malignant myeloma cells, where it has been shown to synergise with
CXCL12 and HGF in vitro to facilitate adhesion and movement (Rg et al., 2013). Within the
IThP patients, there was a positive correlation between IGF1 and both HGF and CXCL12 (R
=0.80, p <0.001, R=0.67, p < 0.01 respectively) (Figure 73). This may suggest that within
these tumours, there are chemokine mediated niches that could facilitate plasma cell
infiltration, and innate immune upregulation that may contribute to autoantibody production

and inflammation mediated signalling through IGF1.
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Figure 73: IGF1 expression correlates with plasma cell migration markers in IThP cancers.
Spearman’s rank correlation coefficient for correlations between gene expression of IGF1 with HGF
expression (A) and CXCL12 expression (B).
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5.2 Correlation of gene expression in iThP cancers with GC formation in
adjacent lymph nodes

Next, | asked whether the expression of the differentially expressed genes upregulated in
iThP cancers was correlated with histologically assessed immune responses in the patient
matched LNs. Data acquired previously using a deep learning framework (Gregory Verghese
and Mengyuan Li) to histologically capture and quantify GCs and sinuses within LNs was
applied (Figure 74A). The mean expression of the differentially expressed genes within the
IThP tumours compared to all other groups was calculated and correlated to the number of
GCs within the adjacent LNs. There was a strong negative correlation between the mean
expression of these genes within the tumours, and the average number of GCs within their
axillary LNs (R =-0.83, p = 0.01) (Figure 74B). This is suggestive of mechanisms within the

tumour microenvironment that may be repressive of GC formation within the axillary LNs.
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Figure 74: Genes upregulated in IThP patients negatively correlate with GC formation in the lymph
nodes. (A) Schematic of deep learning methods applied to detect and quantify germinal centres(GC)
and sinuses withing histological sections of lymph nodes. (B) Spearman’s rank correlation coefficient
for correlations between average expression of differentially expressed genes with average numbers
of GCs across IThP, ITIP, hThP and hTIP tumours.
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5.2.1 AR and IGF1 expression associated with a high immune-stromal-histological
risk score in TNBC tumours

Our group has recently published a method for stratifying outcome within LN-positive TNBC
patients based on histological features within cancer-free LNs and primary tumour. Here,
features including TIL scores, lymphocytic lobulitis, and size and location of GCs within
cancer-free LNs was used to develop an immune-stromal-histological (ISH) risk score
(Grigoriadis et al., 2018). This revealed that patients with a low quartile ISH score had a 10-
year distant metastasis free survival of 87% compared with 18% for those with an upper
quartile ISH score. ISH score data was available for 49/124 TNBC patients. Assessment of
IGF1 and AR expression within these patients revealed that those with a high ISH score had
significantly higher expression of IGF1 (Figure 75A) (Wilcoxon rank signed test, p = 0.038
and AR (Wilcoxon rank signed test, p = 0.042) (Figure 75B) within their primary tumours
compared to those with a low ISH score. This indicates that increased levels of both IGF1

and AR are associated with a cold TME and diminished LN-reactivity.

AR
TNBC patients - Primary tumour
Wilcoxon, p = 0.042

IGF1
TNBC patients - Primary tumour
« Wilcoxon, p = 0.038

IGF1 expression (log2)

AR expression (log2)

high low
(n=18) (n=31)

ISH risk group ISH risk group

Figure 75: IGF1 and AR associated with a high-risk score in TNBC patients. Log2 expression of IGF1
(A) and AR (B) within TNBC primary tumours comparing those with a low immune-stromal-histological
(ISH) score and those with a high ISH score.
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5.3 Cells within the tumour microenvironment of TNBC mouse models
secrete IGF1

As aforementioned, CAFs can increase tumour growth and promote breast cancer migration
by secreting chemokines and pro-tumour factors including CXCL12 and IGF1 (Fernandez-
Nogueira et al., 2021). To examine the levels of IGF1 secreted by non-metastatic tumours vs
metastatic, tumour slices from the mouse models established in chapter 3 were acquired
using a vibratome. After being cultured in vitro for 48 hours, the supernatant was extracted
for analysis via ELISA. This was compared with supernatant taken from the culture of cell
lines and revealed that although the cell lines alone did not secrete IGF1. There was
evidence that it was present within the secretome of the metastatic 4T1 and 4T1.2 tumours
(76A-B). In contrast, IGF1 was not present within the secretome of the non-metastatic 67NR
tumour slices, which may further indicate a role for IGF1 in potentiating metastasis. As there
was no evidence of IGF1 within the supernatant taken from the cell lines, it was

hypothesised it had been secreted by the stroma.
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Figure 76: 4T1 and 4T1.2 tumours secrete IGF1 in vitro. (A) Concentration of IGF1 in secretome of
67NR, 4T1.2 (day 14) and 4T1 (day 14 & day 20). NC = negative control, PC = positive control. (B)

Concentration of IGF1 in secretome of 67NR, 4T1 and 67NR at day 14. Kruskal-Wallis test, * = p <

0.05).

5.3.1 Overexpression of IGF1 in CAF cell lines

To validate this, a CAF cell line derived from a 4T1 tumour was kindly gifted from a
collaborating group in Italy (Avalle et al. 2022). Analysis of the supernatant when the CAF
cell line was cultured in vitro showed no evidence of IGF1 production (Figure 77A), which
indicated that it is induced only within the TME. A vector construct containing the IGF1 gene
with a GFP-reporter was subsequently used to transfect the CAF cell line, and cells sorted
based on GFP expression to obtain clones with the highest transfection efficiency. Further,
the supernatant of the CAF cell lines was tested for IGF1, which showed those with highest

GFP expression secreted the highest amount of IGF1 (Figure 77A, B).
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Figure 77: 4T1 and 4T1.2 tumours secrete IGF1 in vitro. (A) Concentration of IGF1 in secretome of
CAF cell lines. NC = negative control, PC = positive control. (B) Concentration of IGF1 in the
secrometome of CAF cell lines after transfection with igf1_GFP+ plasmid. NC = negative control, PC
= positive control. (C) Representative EVOS images of the 4T1.2 cell line alone, cultured with an

immortalised CAF cell line and when cultured with an CAF cell line transfected with IGF1 expressing
GFP.

5.3.2 CAF secreted IGF1 increases tumour spheroid growth in vitro

To test the effect of overexpression of IGF1 in vitro, 4T1.2 spheroids were generated in
Matrigel gels, and co-cultured with CAFs upregulating IGF1. Fluorescence imaging revealed
3D structures comprised of GFP- and GFP+ positive cells, which indicated CAF
incorporation in the 4T1.2 spheroids (Figure 77C). 4T1.2 spheroids co-cultured with CAFs
enhanced their growth (Kruskal-Wallis, p < 0.01), which was even more evident in those co-
cultured with CAFs overexpressing IGF1 (Kruskal-Wallis, p < 0.0001) (Figure 78A-B). This

implied that overexpression of IGF1 could increase both stromal and tumour growth in vitro.
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Figure 78: IGF1 increases 4T1.2 spheroid growth in vitro. (A) Representative images of 4T1.2
spheroids at day 7, when cultured alone, with immortalised cancer associated fibroblast (CAF) cells,
or with CAF cells transfected with IGF1. (B) Spheroid length of 4T1.2 after 7 days in culture, when
cultured alone, with CAF cells or with CAF cells transfected with IGF1.

5.4 IGF1 receptor expression within involved lymph nodes associated
with distant metastasis development

To examine what role IGF1 may have on plasma cell differentiation and maturation, primary
tumours and LNs from the Barts TNBC cohort were examined for expression of the IGF1
receptor (IGF1R) on plasma cells, comparing patients that developed distant metastasis and
those that did not. There is conflicting literature surrounding whether IGF1R is present on
normal plasma cells, but it has routinely been implicated in multiple myeloma, with high
expression contributing to their proliferation, treatment resistance and a poor prognosis
(Kuhn et al., 2012). There was a trend towards increased density of IGF1R+CD138+ cells
within the primary tumours of patients who developed distant metastasis (Mann-Whitney U

test, p = 0.1429) and a significant increase within the involved LNs (Mann-Whitney U test, p
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< 0.05) (Figure 79A). Furthermore, IGF1R expression was evident on a small population of

plasma cells present within the tumour draining LNs of 4T1.2 mice (Figure 79B).
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Figure 79: IGF1R+ plasma cells in involved lymph nodes associated with distance metastasis
development in TNBC. (A) Number of IGF1R+CD138+ plasma cells per mm? tissue in human primary
tumours and lymph nodes in patients who developed distant metastasis (+) and those who did not (-).
Each dot represents a patient. (B) Histological staining of IGF1R (green) and CD138 (magenta) within
4T1.2 tumour draining lymph node (LN) at day 21 post implantation. White arrows indicate
IGF1R+CD138+ plasma cells.
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5.5 IGF1 does not increase plasma cell numbers when B cells are
stimulated through Toll-like receptors

To determine if IGF1 plays a role in B cell differentiation towards a plasma cell phenotype,
LN cells were extracted from wildtype BALB/c mice, the B cells isolated and incubated with,
LPS, IGF1 and a combination of LPS and IGF1. LPS is a potent stimulant of B cells and will
induce proliferation and differentiation into antibody secreting cells via TLR (Toll-like
receptor) signalling (Venkataraman et al., 1999). After 5 days in culture, the cells were
harvested for flow cytometry analysis (Figure 80A). Whilst LPS stimulation resulted in a
significant increase in plasma cells as a percentage of live cells (Kruskal-Wallis, p < 0.01),
IGF1 stimulation did not further increase the percentage of plasma cells within the B cell
population compared to untreated B cells. This was also observed when B cells were
stimulated with LPS and IGF1; IGF1 did not promote an additive effect to LPS (Figure 80B).
This may be in part due to either the capacity of LPS to act as a potent stimulator on B cells,
which may mask any responses that were due to the addition of IGF1, naive B cells within
this context do not express IGF1R, or the type of stimulation is not synergistic with IGF1

signalling.
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Figure 80: IGF1 does not induce B cell differentiation to plasma cells with LPS stimulation. (A)
Schematic illustration of the experimental design; B cells isolated from lymph nodes (LNs) of WT
BALB/c mice and treated with LPS, IGF1 or combination of both for 5 days, before analysis using flow
cytometry. (B) Barplots showing CD138+B220- plasma cells as a percentage of live cells within
untreated, LPS treated, IGF1 or LPS and IGF1. n = 5, Kruskal-Wallis test, * = p < 0.05, ** = p < 0.01.

5.5.1 IGF1 promotes IgM+ plasma cell differentiation after IgD crosslinking

Previous studies have suggested a role for IGF1 in T cell independent responses, and the
addition of IGF1 to splenic B cells isolated from wildtype mice generated a potent IgM
antibody response within the supernatant in combination with polyvalent membrane-IgD
cross-linking and IL-5 (Baudler et al., 2005). This utilised IgD-dextran, which is an efficient
and potent polyclonal B cell activator. The authors suggested that IGF1 was able to mimic
the actions of IL-4 to promote IgM secretion in vitro. To test if this was due to enhanced
IgM+ plasma cell differentiation, splenic B cells were isolated from wild type BALB/c mice
and cultured alone, with (i) IgD-Dextran, IL-5, IGF1, individually, (ii) IgD-Dextran + IL-5, (iii)
IgD-Dextran + IGF1, IL-5 + IGF1, IL-5 + IGF1, and (iv) IgD-Dextran + IL-5 + IGF1. After 4
days in culture, cells were harvested to investigate plasma cell levels, IGF1R and

immunoglobulin expression (Figure 81).
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B cells stimulated with IgD-Dextran, IL-5 and IGF1 exhibited a modest yet significantly higher
amount of plasma cells as a percentage of live cells than IgD-Dextran and IL-5 (Figure 82A)
(Kruskal-Wallis, p < 0.05). There was also a significant increase in the percentage of plasma
cells expressing IgM (Kruskal-Wallis, p < 0.05) (Figure 82B-C), and an increase in IgM MFI
(Kruskal-Wallis, p < 0.05) (Figure 80D-E). A small proportion of the plasma cells in the IgD-
Dextran + IL-5 + IGF1 group expressed the IGF1R (4%), which was higher than that of those
generated from IgD-Dextran + IL-5 alone (0.65%) (Kruskal-Wallis, p < 0.05) (Figure 83A-B).
Notably, the majority of the IGF1R+ plasma cells were IgM+ (90%) (Figure 83C). Taken
together, this is suggestive of IGF1 to influence plasma cell production when stimulated
through IgD-crosslinking and facilitate an IgM+ phenotype. Within the context of the IThP
TNBC patients, this may be indicative of an environment that favours IgM+ immunoglobulin

production over other isotypes and potentially resulting in an inferior disease progression.
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Figure 81: Schematic illustration of IgD-dextran stimulation on splenic B cells. B cells were isolated
from the spleens of wild type BALB/c mice and then treated with IgD-dextran and combinations of
IGF1 and IL-5. Cells were cultured for 4 days and then analysed for plasma cell production, IGF1R
expression and immunoglobulin isotype.
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Figure 82: IGF1 and IgD crosslinking in combination induces IgM+B220+ plasma cells in vitro. (A)
B220+ plasma cells as a percentage of live cells within each treatment condition. (B) The percentage
of IgM+ plasma cells as a percentage of plasma cells within each treatment condition. (C) Median
fluorescence intensity (MFI) of IgM on B220+CD138+ cells within each treatment condition. (D)
Representative flow cytometry plots of IgD-Dextran treated, IgD-Dextran + IL-5 and IgD-Dextran + IL-
5 + IGF1 IgM+ plasma cells 4 days post stimulation. Always add the number of samples, and which
test you used for analyses (E) Representative median fluorescence intensity of IgM on B220+CD138+
plasma cells within untreated cells (UT) (purple), those treated with IgD-Dextran + IL-5 (red), and

those treated with IgD-Dextran, IL-5 and IGF1 (blue).
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Figure 83: IGF1 treated IgM+ plasma cells upregulate IGF1R. (A) IGF1R+ plasma cells as a
percentage of total plasma cells within all conditions. (B) Representative flow cytometry plots of
IGF1R expression within plasma cells stained with an isotype control, treated with IgD-Dextran + IL-5,
and treated with IgD-Dextran, IL-5 and IGF1. (C) The percentage of IGF1R+ plasma cells expressing
IgM after treatment with IgD-Dextran, IL-5, and IGF1.
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5.5.2 IGF1 and IL-5 stimulate IGF1 production by B cells in vitro

Whilst most of the current literature implicates epithelial and stromal cell populations as the
primary contenders for IGF1 production in both a healthy and diseased setting(Laron, 2001;
Sprynski et al., 2009). Somasundaram et al., described mechanisms of acquired therapy
resistance in the tumour microenvironment mediated by tumour-associated B cells. They
showed that constitutive secretion of FGF-2 by melanoma cells stimulated tumour infiltrating
B cells to produce IGF1 (Somasundaram et al., 2017). Whilst FGF-2 was not added in these
experiments, analysis of the supernatant the B cells treated with combinations of IgD-
dextran, IL-4, IL-5 and IGF1 by ELISA (Figure 84A) revealed that the addition of IL-5 and
IGF1 to naive B cells increased the IGF1 production in vitro (Figure 84B). This suggests that
IGF1 may act in an autocrine fashion on B cells in the same way that is has been shown to
do so on stromal and tumour cells. Thus, it may act as a contributor within IThP tumours to

modulate B cell and plasma cell responses.
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Figure 84: IL-5 and IGF1 induce B cell production of IGF1 in vitro. (A) Schematic illustration of
stimulation of splenic B cells isolated from wild type BALB/c mice and then treated with IgD-dextran
and combinations of IGF1 and IL-5. Cells were cultured for 4 days and then the supernatant analysed
by ELISA. (B) The concentration of IGF1 within the supernatant of cells treated with media alone, IL-
5, IGF1, IgD-Dextran, IL-5+ IGF1, IgD-Dextran + IGF1, IgD-Dextran + IL-5 and IgD-Dextran + IL-5 +
IGF1.
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5.6 IGF1 treatment increases tumour growth in 67NR mice

Finally, to assess the impact of IGF1 in vivo, the 67NR model was utilised due to its slow
tumour growth and lack of plasma cell presence. | hypothesised that IGF1 could accelerate
tumour growth, suppress GC formation in LNs, and enhance IgM+ plasma cell populations at
the primary tumour site. Mice were inoculated with 67NR cell lines, before daily
administration of 10ug/ml of IGF1 or PBS control subcutaneously to the mammary fat pad.
Due to an unexpected inflammatory response at the injection site, this was reduced to every
other day for the next 5 days until day 10. Tumours were then allowed to grow until
harvesting of non-draining LNs (nd-LNs) and tumour draining LNs (td-LNs) at day 21 for flow
cytometry analyses (Figure 85). IGF1 treated mice exhibited weight loss that was significant
at day 8 (Mann-Whitney U test, p < 0.05) but stabilised by day 10 (Figure 86A). IGF1 treated
tumours exhibited an initial increased in tumour growth compared to control tumours at day
17 (Mann-Whitney U test, p < 0.05), but when harvested at day 21, there were no

differences between IGF1, and control treated tumours (Figure 86B).
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Figure 85: Experimental design of IGF1 treatment in vivo. Wild type BALB/c mice were implanted with
the 67NR cell line, before daily subcutaneous administration of IGF1 for 5 days, following by dosages
every other day until day 10. Tumours were allowed to grow till day 21 and lymph nodes isolated for
analysis by flow cytometry and histology.
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Figure 86: IGF1 treatment induces early weight loss and increased tumour growth. (A) The weight of
each mouse as a percentage of baseline weight from day 0 to day 21, control group shown in black
and those treated with IGF1 shown in red. (B) Tumour volume in control mice (black) compared with
those treated with IGF1 (red).

5.6.1 IGF1 treatment depletes GC B cells without affecting plasma cells percentage
in td-LNs of 67NR mice

To determine if IGF1 treatment impacted immune GC B cells and plasma cells within the
adjacent LNs nd-LNs and td-LNs were extracted at day 21 before processing and analysis
via flow cytometry. GC B cells (defined as CD38"°% CD95/Fas"") as a percentage of B cells
were significantly depleted in the td-LNs of IGF1 treated mice compared to control mice
(Kruskal-Wallis, p < 0.05). (Figure 87A, C). Plasma cells, as a percentage of live cells were
unchanged between control and IGF1 treated mice, and there was no difference in the
percentage of plasma cells expressing IgM or IgG1 (Figure 88A-D). This suggests that IGF1
may have a role in suppressing the antigenic stimulation required to initiate a GC response
oris in part responsible for GC collapse. Since there was no significant increase in plasma
cells, IGF1 alone may not induce directly a plasma cell response. As seen in chapter 3,
several dysfunctional mechanisms can occur within GC and within LNs that prevent the

production of plasma cells.
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Figure 87: IGF1 treatment reduces GC B cell formation in td-LNs of 67NR mice. (A) GC B cells as a

percentage of B cells within non-draining LNs (nd-LN) and tumour draining lymph nodes (td-LN) of
control 67NR mice (black) and 67NR mice treated with IGF1(red). Kruskal-Wallis test. * = p < 0.05).

(B) Representative flow cytometry plots of CD38°"CDY5/Fas ™" GC B cells from nd-LNs and td-LNs
from control 67NR and 67NR mice treated with IGF1.
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Figure 88: IGF1 administration does not affect plasma cell production in 67NR model. (A) Plasma
cells as a percentage of live cells within 67NR control mice and 67NR mice treated with IGF1. (B)

IgM+ plasma cells as a percentage of plasma cells within 67NR control mice and 67NR mice treated

with IGF1 (Mann-Whitney U tests used for statistical testing between control and IGF1 treated
results). (C) Representative flow cytometry plots of plasma cells in 67NR control mice and mice

treated with IGF1. (D) Representative flow cytometry plots of IgM+ and IgG1+ plasma cells in 67NR

control mice and 67NR mice treated with IGF1.
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5.7 Discussion

In this chapter, gene expression analyses were performed on IThP TNBC tumours to
delineate differentially expressed genes and upregulated pathways that may be associated
with a low sTILs and high plasma cell infiltration phenotype. Further, expression of these
genes and associated pathways were correlated with the numbers of GCs within adjacent
LNs to investigate if there may be a potential relationship between the upregulated genes

within the tumours of this subgroup of patients and GC response within the LNs.

Genes of interest, namely IGF1, due to its previous association with plasma cell
development (Sprynski et al., 2009), was investigated further to delineate how it may
contribute towards B cell differentiation towards a plasma cell phenotype, and if plasma cells

may express the receptor which would imply ability to respond to IGF1.

Finally, the impact of IGF1 was tested in vivo to determine the impact of IGF1 on tumour

growth and plasma cell secretion within the td-LNs of mice inoculated with the 67NR mice.
The hypothesis was that IGF1 may hold immunosuppressive properties, and its increased
present within the tumour can prevent or suppress sufficient GC derived B cell responses

within the adjacent LNs.

Differential gene expression was performed on IThP TNBC tumours from the Guy’s cohort
compared to all the others combined (ITIP, hThP, hTIP). This revealed an upregulation in
genes associated with androgen signalling, fatty acid metabolism and growth factors; IGF1,
HGF and EGF. This was reflective of the previous data in chapter 3, section 3.10.3 showing
that IThP patients were predominantly of the LAR subtype compared to other TNBC
classifications, and the impact that androgens have on breast cancer progression and
plasma cell infiltration has been discussed previously. Other notable enriched pathways
within IThP patients included that of KRAS signalling, adipogenesis, epithelial mesenchymal
transition (EMT) and estrogen responses. Within breast cancer, induction of CYP1 enzymes

in human mammary epithelial cells can increase the metabolic activation of potential breast
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carcinogenic factors and facilitate tumour growth (Williams and Phillips, 2000). Xenobiotic
metabolism has further been implicated within colorectal cancer and shown to promote T cell
mediated exhaustion and apoptosis within the TME, resulting in these cells upregulating
checkpoint markers PD-1 and LAG-3 (Wen and Han, 2021). Whilst this link has not been
extensively discussed within breast cancer, it is likely that this is a mechanism that promotes
an environment within LAR tumours that supports minimal sTIL infiltration and/or immune

cell death.

The upregulation of KRAS signalling is more prominently observed in cancers that exhibit
high KRAS mutations, including pancreatic and non-small cell lung cancer (NSCLC) (Xie et
al., 2021), however than 2% of all breast cancers have KRAS mutations, and activation is
typically associated with a mesenchymal phenotype and potent regulator of metastatic

behaviour (Kim et al., 2015).

Supporting an increase in LN involvement within these patients, IThP tumours upregulated
pathways associated with EMT, which is implicated frequently in TNBC and other cancers,
enhancing mobility, invasion, and resistance to apoptosis. TGF-8, a cytokine secreted also
by CAFs, is frequently reported to be upregulated in LAR tumours and a potent stimulator of
EMT. TGF-B induced EMT can acquire properties that allow dissemination throughout that
lymphatic system in a targeted fashion similar to activated dendritic cells (Karlsson et al.,
2017). Whilst the ways in which tumour secreted factors may modulate B cell and plasma
cell infiltration are yet to be concretely defined, Khadri et al., demonstrated a strong
association between tumour infiltrating plasma cells and EMT related markers, such as
EpCAM and Vimentin, within the TME of breast cancer patients (Khadri et al., 2021).
Further, studies have implicated miR-210, shown to orchestrate metastasis and tumour cell
renewal (Tang et al., 2018) in the regulation of B and plasma cells, with tumour infiltrating
plasma cells in TNBC expressing high levels of miR-210 compared to those in non-tumoral
tissues. A hypoxic environment often present within tumours and may regulate the ability of

plasma cells to secrete antibody efficiently within the TME (Laron, 2001). Within IThP TNBC,
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this is perhaps a factor that needs to be considered to delineate further the functionality of
plasma cells within low sTILs patients (Bar et al., 2020). LAR samples amongst the IThP
TNBC also exhibited a downregulation of genes involved in cell cycle pathways
(G2M_Checkpoint and E2F_Targets). Downregulation of these pathways is associated with

a reduced response rate to neoadjuvant chemotherapy (Thompson et al., 2022).

The upregulation of innate immune related genes within IThP tumours, namely TLR7
suggests a potential pathway of plasma cell differentiation. DN 2 B cells originate from the
extrafollicular areas within secondary lymphoid organs and may be associated with B cell
exhaustion and dysfunction. Upon stimulation with TLR7, IL-21, IFN-y, DN B cells rapidly
differentiate into plasma cells in the absence of a GC response (Fillatreau et al., 2021). This
in turn further strengthens my hypothesise that plasma cell infiltration could originate from an
extrafollicular or exhausted pathway. Subsequently, these plasma cells are a bystander of
an active immune response and secrete insufficiently class switched antibodies against

tumour-associated antigens.

My research focused on the upregulation of growth factors prevalent within IThP tumours,
explicitly IGF1. IGF1 was of interest due to its modulation of plasma cell responses in
multiple myeloma and modulation activity of the AR signalling pathway (Sprynski et al.,
2009). IGF1, also known as somatomedin C, is a hormone that is molecularly akin to insulin
and plays a major role in early growth and anabolism in adults (Laron, 2001). It is primarily
produced by the liver, stimulated by growth hormone (GH) and is the most potent natural
activator of the AKT signalling pathway (Zheng and Quirion, 2006). As a major growth factor,
it is responsible for stimulating growth of all cell types and has, therefore, emerged as a
player in cancer development. In addition to direct contribution of malignant transformation,
tumour growth, local invasion, and distant metastasis, it can indirectly interact with
oncogenes, tumour suppressors and hormones (Larsson et al., 2005). Within breast cancer,
IGF1R is overexpressed in malignant cells compared to normal breast, and IGF1 synergizes

with ER to promote tumour progression (Voudouri et al., 2015). As aforementioned, IGF1
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can prevent FOXO1 mediated inhibition of AR through direct competition, and induce

signalling of androgens and other sex hormones (Yanase and Fan, 2009).

Within the B cell field, IGF1 has primarily been implicated at the primary B cell
lymphopoieses stage, secreted by bone marrow stromal cells to regulate the B pro-cell stage
(Landreth et al., 1992). However, recent studies have identified /IGF1 mRNA within
macrophages and follicular dendritic cells of secondary lymphoid organs, where it can exert
paracrine effects on B cells (Oberlin et al., 2009). This suggests a role for IGF1 in the
modulation of B cells within the GC reactions, as follicular dendritic cells play a key part in
antigen presentation within the LZ of the GC. Furthermore, the expression of upregulated
genes within IThP tumours exhibited a strong negative correlation with the average number
of GCs within the adjacent LNs and both IGF1 and AR expression were associated with a
high ISH risk score. IGF1 has been shown to promote immunosuppression via the STAT3
pathway, and is further implicated in cellular senescence, chronic inflammation, and
accelerated aging (Bartke et al., 2003). It can subsequently enhance IL-10 secretion in
monocytes, stimulate the expansion of Tregs, and polarise macrophages from an M1 to M2
phenotype (Salminen et al., 2021). Taken together, this is perhaps reflective of a TME that is
unable to deliver adequate antigen presentation, and immune cell stimulation required to
generate a GC response within the adjacent LNs. With regards to plasma cell regulation,
IGF1 may synergise with HGF and CXCL12 to induce their migration (Kuhn et al., 2012).
Although these studies have primarily investigated the impact of IGF1 on malignant plasma
cells, the correlation between these factors may be recapitulating a similar IGF1-high
environment within the tumour that promotes plasma cell infiltration through the
CXCL12/CXCR4 axis. As there are indications that the TME within IThP tumours is highly
immunosuppressive, this points to either the plasma cell infiltration as dysfunctional and

either acting as a bystander, or in some way contributing to a pro-tumour environment.

In concordance with levels of IGF1 being associated with more aggressive characteristics,

the metastatic 4T1 and 4T1.2 tumour slices secreted IGF1 ex vivo, but not the non-
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metastatic 67NR. Although it was surprising that a higher level was observed in the 4T1
supernatant compared to the 4T1.2, as the 4T1.2 exerts the most aggressive features
(Figure 54). This may be since only one tumour slice was examined and may not be
reflective of the whole secretome. It was, therefore, possible to recapitulate this data in vitro,
whereby the addition of IGF1 secreting CAFs significantly increased the size of 4T71.2
spheroids compared to those not secreting IGF1. Whilst it is possible the IGF1 is exhibiting
both paracrine and autocrine effects on the tumour cells and stromal cells respectively, in
vivo studies further confirmed that the addition of IGF1 could temporarily enhance tumour
growth. The lack of difference in tumour mass at the end of the study could possibly be
attributed that IGF1 administration was stopped at day 10 of the experiment and was no

longer exerting the same pro-tumoral growth affects by day 21 when organs were harvested.

IGF1R was also found to be expressed on a fraction of plasma cells within the tumour and
involved LNs of breast cancer patients, and within the tumour draining LNs of the 4T1.2
mode. Although current data has not analysed the expression of IGF1R within this context,
studies have suggested that plasma cells do not express IGF1R, however it is aberrantly
expressed by 31%-50% of malignant myeloma cells (Sprynski et al., 2009). IGF1R in
peripheral blood leukocytes of rheumatoid arthritis patients is directly correlated to higher
disease activity, and the IGF1/IGF1R axis has been implicated in tolerance mechanisms
within the spleens of mBSA-immunised mice (Erlandsson et al., 2022). Whilst no significant
differences were found within the tumours, there was a suggestion that an increased
prevalence of IGF1R+ plasma cells within the involved LNs of breast cancer patients was
associated with distant metastasis development. Despite lack of functional studies, it may
indicate that the plasma cell formation within these patients is improperly directed against
tumour antigen and signalling through IGF1 may affect the clearance of tumour cells within

the LNs, leading to distant metastasis development.
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This may also be attributed to an increased production of IgM+ plasma cells compared to
other immunoglobulin subtypes. IGF1 can upregulate overall antibody production in mice,
but can also modulate class switching (Robbins et al., 1994). Yang et al., have suggested
that inhibiting IGF1R resulted in reduced IgM production, which would suggest that
increased IGF1 would stimulate the production of IgM+ plasma cells. In concordance with
this, the most notable effect seen on plasma cells in vitro after addition of IGF1 was a
significant increase in IgM+ plasma cells and an upregulate in surface IgM, which
encompassed 90% of IGF1R+ plasma cells. These differences were only observed with the
addition of IL-5, and is in concordance with findings from Baudler et al, who speculated that
IGF1 can mimic IL-4 and synergise with IL-5 to enhance a IgD-dextran stimulated IgM
production in purified B cells (Baudler et al., 2005). IL-5 is a T-helper 2 cytokine that has
been implicated in the pathogenesis of many allergic inflammatory responses, however its
role in tumour biology has only more recently been investigated. Breast carcinomas
exhibiting higher levels of IL-5 has been linked to metalloprotease-11 (MMP-11) expression,
and an increased prevalence of distant metastasis development (Eir6 et al., 2012).
Furthermore, IL-5 can facilitate a favourable environment for lung colonization by tumour
cells by recruiting sentinel inflammatory cells from the microenvironment of the distal lung
(Zaynagetdinov et al., 2015), which may suggest this is a mechanism by which IL-5 and
IGF1 can promote distant metastasis. Unexpectedly, the addition of IGF1 and IL-5 also
stimulated the production of IGF1 from purified B cells. Although this has not been
recognised within breast tumours, Somasundaram et al., have implicated B cell derived IGF1
in resistance of melanomas to BRAF and MEK inhibitors. Here, they showed that tumour
derived FGF-2 induced tumour infiltrated B cells to secrete IGF1. This subsequently induced
a heterogenous tumour subpopulation with cancer stem-cell like characteristics and
conferred therapy resistance (Somasundaram et al., 2017). Moreover, loss of FGFR2 in
prostate epithelial cells can inhibit response to androgens and FGFR2 may be therefore
upregulated within LAR tumours. Taken together, this may suggest that a IGF1 within the

tumour microenvironment of IThP tumours may synergise with IL-5 to favour the expansion
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of IgM+ plasma cells over other immunoglobulin isotypes, including IgG, which is not
conducive to an anti-tumour response. Further, the crosstalk between IGF1, IL-5 and other
possible factors including FGF2 may promote a paracrine secretion of IGF1 by tumour
infiltrating B cells, which in turn promote plasma cell production and modulates the

characteristics of malignant epithelial cells.

Baudler et al., also showed that IGF1 was an important regulator of functional T-independent
B cell responses, which would therefore suggest that the IGF1/IGF1R axis predominantly
promotes antibody responses in extrafollicular regions of secondary lymphoid organs. Whilst
here there were no changes seen to the percentage of plasma cells produced within the td-
LNs of the 67NR model, there was significant reduction in the percentage of GC B cells. This
may suggest that the B cell development within IGF1 treated 67NR mice is being
suppressed or diverted towards a T independent response and no longer supports the
formation of a GC. As aforementioned, the lack of plasma cell production in control mice and
IGF1 mice, may be indicative of other immunosuppressive mechanisms that prevent plasma
cell development that cannot be overcome solely by the addition of IGF1. This therefore
suggests that the addition of IGF1 in vivo is reflective of the observation of reduced numbers
of GCs within the adjacent LNs of IThP patients and requires further investigation to

delineate the mechanisms behind which this suppression is facilitated.

In summary, data within this chapter has highlighted the potential drivers within LAR
tumours, including upregulation of growth factors and innate immune subsets that may be
attributed to heightened plasma cell infiltration and impacting the formation of GCs within
adjacent LNs. In particular this data attributed growth factor IGF1 as being correlated to
several genes that are involved in plasma cell migration and has been previously implicated
in multiple myeloma. Subsequent data revealed that the expression of the IGF1R on plasma
cells within involved LNs was associated with distant metastasis development. Preliminary
data implicated IGF1 in promoting an IgM plasma cell phenotype, although this was not

recapitulated in vivo. Furthermore, IGF1 was secreted by metastatic tumours 4T1 and 4T1.2
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but the not non-metastatic 67NR, and upregulation promoted tumour growth in vitro and in

Vvivo.

5.8 Limitations and future work

One of the main limitations of this work was the fact that further tissue samples from tumours
that were taken for gene expression data were not available. This would allow further
profiling of the LAR tumours for IGF1R+ plasma cell prevalence using more high throughput
analysis including IMC, flow cytometry of single cell RNA sequencing, and therefore would
identify if there were clonally related cells within the primary tumour and adjacent LNs. This
would also identify the levels of somatic hypermutation and gene expression profiles that

may indicate whether these plasma cells originated from an extrafollicular or GC response.

Another limitation is that the chemotactic effect of IGF1 was not tested. It is perhaps that the
plasma cell infiltration is simply a bystander due to the elevated levels of chemokines

including CXCL12 that are implicated in the migration of plasma cells. Therefore, it would be
important to delineate whether IGF1 can induce plasma cell infiltration towards a heightened

androgen environment and subsequently LAR tumours.

Despite evidence that IGF1 secretion was evident within 4T1 and 4T1.2 tumours, it would be
important to determine from which cell type it originated from. Culturing of tumour and
stromal cell populations separately would therefore identify which cell type was more likely to
secrete IGF1 within this setting. This would pave the way for in vivo experiments, where
IGF1 was knocked down or knocked out, to test how this affected plasma cell production and

metastasis development.

Within the in vivo models presented here, there was a preliminary effect on tumour growth
which was no longer sustained by the time of tissue harvest. This in part may be due to the
nature of the subcutaneous injections, which were within the mammary gland but not directly

at the tumour site. Future experiments should utilise a stromal or tumour cell like that
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overexpress IGF1, so it is localised to the tumour similarly to what was identified within the

human LAR TNBC tumours.

Finally, although there was evidence that IGF1 could promote an IgM+ phenotype in plasma
cells, this was difficult to measure due to the mediocre increase in plasma cell production.
Testing the effect of IGF1 within a setting that stimulates a substantial plasma cell response
would determine if it had a role in promoting IgM over other immunoglobulin phenotypes.
These cells could then be tested for their functional role in immunosuppression and tumour

progression.
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Chapter 6

Discussion

6.1 Summary

This thesis profiled the immunophenotype of the GC and immune subsets within the LNs of
patients with opposing disease trajectories. This highlighted a decrease in PD1+ T cell
subsets within the GCs of patients with an inferior outcome. In parallel there was an
expansion of immunosuppressive subsets, namely Tregs, and a propensity for these cells to
colocalize with macrophages and DN B cell in metastatic areas of the LN. Subsequent
integration of gene expression data and immunofluorescence images indicated that
increased plasma cell infiltration within immunologically cold tumours and paired in-LNs was
associated with an increased risk of distant metastasis development. Critically, this subgroup
of low sTIL TNBC patients presented with features of the LAR subtype, low numbers of GCs
within the sentinel LNs and high incidence of nodal involvement. Studying the temporal
changes of the GC response within the td-LNs of TNBC mouse models additionally
highlighted deviations in the GC, memory B and plasma cells kinetics between models with a
range of metastatic characteristics. Harnessing these mouse models and in vitro studies
further demonstrated that the IGF1 pathway was capable of modulating plasma cells, B
cells, and potentially suppressing the GC response. Therefore, | hypothesise that
upregulation of androgen and IGF signalling within low sTIL tumours could influence
migration of plasma cells and influence their anti-tumour responses. | furthermore postulate
that these pathways could contribute to an immune cold TME, which may impact the ability
to form GCs in the tumour-adjacent LNs, and influence disease trajectory in these high-risk

TNBC patients.
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6.2 The immunophenotype of the LNs of TNBC patients

Most current analyses within the LNs of breast cancer patients has primarily focussed on T
cell responses, revealing distinct transcriptional profiles within the sentinel LNs. T cell
subsets upregulating genes associated with immune cell homing and antigen processing
would suggest an active humoral anti-tumour response within which the LN acts as the first
site of initial interaction between tumour and immune cells (Liao et al., 2023). In contrast,
those associated with immune exhaustion would indicate there is a pool of T cells no longer
able to respond to TAA exposure. Vahidi et al., observed a correlation between the depletion
of CD8+ T cells, in particular the naive subsets, and tumour dissemination from primary
tumour to the td-LNs, however it is not clear how this might affect tumour progression to
distant sites (Vahidi et al., 2020). | have shown that a global reduction in CD8+ T cells within
the LNs was associated with an inferior disease trajectory and low sTIL infiltration at the
primary tumour lesion. This was in parallel to an increase in CD4+ T cells, which in turn
suggested a decreased CD8+/CD4+ T cell ratio could contribute to distant metastasis
development. This is in concordance with data suggesting that a diminished CD8+/CD4+ T
cell ratio within the primary tumour can facilitate LN metastasis but is currently not known if
this applies within the context of the LN itself. This could also be in part associated with the
CD8+/Treg ratio, which is shown to be significantly lower in the in-LNs compared to adjacent
normal (Chen et al., 2021). In agreement, | observed a decrease in CD8+ T cells and
increased Treg prevalence in in-LN of the TNBC patient that developed distant metastasis.
Further, work on CD4+ T cells in gastric cancer has indicated CD4+ effector memory
subsets are depleted within in-LNs compared to cf-LNs, notably exhibiting a lower Th1/Th2
ratio (Okita et al., 2015). | hypothesise this is due to tumour migration into the LNs, leading
to exhaustion and subsequent inadequate signalling from antigen-presenting cells to induce

differentiation of naive CD4+ T cells into an effector memory phenotype.
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To the best of my knowledge, | am the first to study in depth GC reactions in the LNs of
breast cancer patients and their mouse models. This has alluded to the importance of CD4+
and CD8+ T cells within the td- LN GC reactions and the role they play in modulating the
selection and maturation of B cells. However, it specifically highlights how there was a
significant reduction in PD-1+CD4+ and PD1+CD8+ T cells within the LN of the patient that
developed distant metastasis, with a notable absence of PD-1+CD4+ T cells within the GCs.
This would suggest that these cells are Tth cells, compared to Tfr, by virtue of FoxP3
negativity. This is in alignment with work by Piersiala et al., who showed that an increased
percentage of CD3+PD-1+ cells within td-LNs of oral squamous cell carcinoma patients had
significantly lower disease-free and overall survival rates (Piersiala et al., 2021).
Furthermore, although not characterised using PD-1 expression, single cell RNA-sequencing
has revealed that CD4+CXCL13+ cells within td-LNs of breast cancer patients can be
reprogrammed to an exhausted state, expressing lower levels of pro-inflammatory cytokines
including IFNG (Liu et al., 2022). This gene expression profile suggests these cells are of a
Tfh-like phenotype, as Tfh within the GC will secrete CXCL13 to recruit CXCR5+ T and B
cells towards the B cell zone (Cosgrove et al., 2020). Taken together, this indicates an
immune environment within the in-LNs of patients that develop distant metastasis will
present with low levels of Tfh cells, which are required for selection mechanisms within the
GC and subsequent differentiation of memory B and plasma cells. This emphasises how the
impact of T cell activation within the LNs of these patients may be implicating B cell

development within the GC.

Moreover, an accumulation of macrophages within stromal ROIs and spatial co-localisation
with tumour cells and Tregs was present in patients who developed distant metastasis. This
is in concordance with data that implicates TAMs in promoting tumorigenesis, angiogenesis,
and metastasis from the primary tumour in many solid cancers (Yibing Chen et al., 2019).
Furthermore, secretion of cytokines, namely CCL20 and CCL22 can recruit Tregs to the

TME, which subsequently impairs cancer antigen presentation.
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This, in alignment with work from Liu et al., who showed a downregulation of antigen
presentation pathways by metastatic tumour cells within in-LNs, which implies this is one
way in which the initiation of a GC response may be impaired (Liu et al., 2022). This lack of
functionality of the GC may perhaps be further corroborated by a significant reduction in the
plasma cell output and propensity for IgG+ plasma cells to localise within GCs in the LN of
the patient that developed distant metastasis. This reflects a possible immunosuppressive

environment that may be impeding an effective GC response.

Collectively, this emphasises the importance of assessing the prevalence but also spatial
composition of immune cells within the tumour adjacent LNs of TNBC patients. Whilst overall
abundance of immune populations may contribute to or impede disease progression, their
colocalization or spatial propensities may indicate communication that requires further
investigation. This is in part similar to the spatial analysis of TILs within the primary tumour,
which has recently been shown prognostic for overall survival in TNBC. Hammerl et al.,
described how distinct spatial immunophenotypes predicted response to immune checkpoint
therapy (Hammerl et al., 2021). Therefore, the spatial distribution of immune populations
within both the primary tumour and tumour adjacent LN may be predictive of response to

therapy and disease trajectory.

6.3 Defining immunologically cold TNBC tumours

The assessment of sTILs within TNBC has been frequently shown greater propensity over
traditional TNM staging to predict response to outcome, chemotherapy and immunotherapy
(Loi et al., 2019; Salgado et al., 2015). Therefore, the quantification of TILs within stromal
tissue before and after chemotherapy has revealed a TIL density of >30% can predict both
response to therapy and overall survival(Luen et al., 2019). Despite this, only one third of
TNBCs present with a high sTIL density and low levels of TILs does not equate to disease

progression (Salgado et al., 2015). Additionally, the nature of the TIL scoring within TNBC
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does not define populations present within the tumour, and subsequently the ratio of

lymphocyte to other immune subsets, including plasma cells.

This thesis describes how a heightened plasma cell response within primary tumours and in-
LNs of TNBC patients is associated with reduced distant disease-free survival time,
specifically within tumours with low histological sTIL scores. As this phenotype is only
apparent within immunologically cold tumours, this implicates this plasma cell infiltration as a
response or result of stimuli within an immune-suppressed tumour. Despite advancements
and recommendations by the International TILS Working group, sTIL scores are not routinely
applied within clinical practice (Salgado et al., 2015). With the advent of immunotherapies
approved for early stage and advanced TNBC(Schmid et al., 2020), it is important to
consider immune populations that are present within low sTIL tumours and if they might be

responsive to these treatments.

Further these data suggest that an immunologically cold TNBC tumour with high levels of
plasma cell infiltration is indicative of those classified as a LAR phenotype and high
incidence of LN metastasis. Studies targeting AR, namely selective AR modulators
(SARMSs), such as enobosarm, have been applied in preclinical models and indicated
favourable results concerning migration and invasion. In vivo studies indicated that SARMs
could reduce tumour weight by 90%, and this is has been investigated in a phase Il clinical
trial for patients with metastatic of locally advanced ER+ and AR+ breast cancer (Narayanan
et al., 2014). Bicalutamide, a first-generation AR antagonist, showed promising results in a
phase Il clinical trial of AR+ER-PR- advanced breast cancers, with a clinical benefit rate (the
percentage of patients that achieve complete response, partial response or at least 6 months
of stable disease as a result of therapy)(Delgado and Guddati, 2021) of 19% at 6 months
and a median progress-free survival duration of 12 weeks, and is currently being trialled in
metastatic TNBC (Gucalp et al., 2013). Other AR antagonists including enzalutamide
demonstrated a clinical benefit in AR+ TNBC patients of 33% at 16 weeks, 28% at 24 weeks

and a median overall survival of 16.5 months (Traina et al., 2018).
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Additionally, there is evidence that AR activity may have a role in regulating the DNA
damage response (DDR). Using a prostatic adenocarcinoma model, Goodwin et al.,
described how AR signalling can allow for resolution of DNA double-stranded breaks
independently of cell-cycling effects and act as a transcriptional regulator of DNA-PKcs, a
kinase critical in non-homologous end joining (NHEJ) that implements DNA repair following
DNA damage (Goodwin et al., 2013). Further, the AR inhibition can enhance the antitumour
effect of PARP inhibitors, due to the accumulation of DNA damage from the inactivation of
DDR molecules including ATM and chk2 (Luo et al., 2016; Min et al., 2018). The relationship
between AR and DDR subsequently implicates androgen signalling as an interesting target
for combination treatment with radiotherapy. Work by Yard et al., showed that AR mRNA
levels were correlated with relative radiotherapy resistance within a subgroup of breast
cancer cell lines (Yard et al., 2016), and other studies have demonstrated that targeting AR
may be a method of radio sensitising TNBC, in part by impairing dsDNA break repair

(Speers et al., 2017; Spratt et al., 2015).

Despite many current anti-androgen therapies acting with tolerable side effects, there is an
unmet need to develop alternative therapeutics that improve these response rates. This may
in part be due to the selection process used to evaluate patients who will respond to these
types of therapies. Although the LAR subtype is defined through overexpression of AR, and
this has been reported previously as a diagnostic marker, the prevalence and accuracy of
AR expression in TNBC is heterogenous (Micello et al., 2010). A range of AR expression
can be detected by immunohistochemical methods in up to 77% of all invasive breast
cancers (Kumar et al., 2017), therefore new biomarkers are needed to stratify patients that

will benefit most from these treatments.

Although studies have investigated how AR within the LAR subtype can interact with the
stromal and epithelial populations of the TME, previous work has not characteristed in depth
the effect of AR signalling on immune populations. Androgens can modulate the

CXCL12/CXCR4 axes, which induces the motility of prostate and breast cancer cell lines in
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vitro (Azariadis et al., 2017). As the CXCL12/CXCR4 axis is crucial for the migration of
plasma cells from secondary lymphoid organs to the bone marrow (Biajoux et al., 2016), this
may indicate that the increased level of androgens within these tumours can induce plasma
cell infiltration. Despite more work being required to fully elucidate the functional capacity
and immunoglobulin isotype of these plasma cells, their association with the LAR phenotype

may provide a novel biomarker to define this subgroup within immune-cold tumours.

6.4 Crosstalk between LN and primary tumour in TNBC patients

Despite extensive analyses of immune infiltration within TNBCs, the relationship between
TIL-B and B cells within adjacent LNs has not been fully investigated. High throughput B cell
receptor (BCR) sequencing by McDaniel et al., has revealed evidence of B cell affinity
maturation and IgG antibody production against cancer-testis antigens within sentinel LNs
and the periphery. This is indicative of a systemic immune response that may originate from
tumour adjacent LNs (McDaniel et al., 2018). Although studies have been performed to
assess immune cell populations within the LNs, studies in the tumour and patient-matched

tumour adjacent LNs in parallel are limited.

This thesis showed that immunohistochemical methods to detect plasma cells subsequently
indicated that the B cell environment within the TME was phenotypically similar to that of the
in-LN, but not the cf-LN. Explicitly, there was a reduction in memory B cell infiltration and an
increase in plasma cell infiltration, which in low sTIL tumours was prevalent in patients who
had a shorter distant disease-free survival time. These similarities between the TME at the
primary tumour and the in-LN suggests a microenvironment in both areas that is functionally
distinct to cf-LNs. Previous work has primarily investigated T cell clones present within the
draining LNs and those within the primary tumour. Okamura and colleagues showed that the
TCRs of PD-1+ CD8+ T cells isolated from the tumour-adjacent LNs of patients with

colorectal cancer were commonly shared with those from the primary tumour and could be
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induced from cells isolated from cf-LNs by coculturing with autologous cancer cells
(Okamura et al., 2022). Further, Jiao et al., described that all expanded T cell clones from
sentinel LNs of breast cancer patients were found within the primary tumour(Jiao et al.,
2022). Whilst this has not been investigated in depth within the B cells, this emphasises a
crucial role of the LN for anti-tumour responses that should be considered within a clinical
setting. The standard treatment of care for TNBC patients with clinically and radiologically
negative nodes before surgery is surgical resection of the sentinel LNs, although how this
may impact local immune responses has not been considered. However, with the
implementation of modern techniques to more precisely define LN staging, including
targeted axillary dissection, targeted LN biopsy and sentinel LN biopsies, there is effort to
deescalate full axillary LN removal (Banys-Paluchowski and de Boniface, 2023). In addition,
how NACT, targeted treatments, and immunotherapeutic treatments may impact the B cell
responses within the adjacent LNs has not been examined. Given the highly proliferative
nature of the GC response and necessity of the PD-1/PD-L1 and CTLA-4/B7 axes in GC B
cell affinity maturation, this requires further investigation(De Silva and Klein, 2015; Good-

Jacobson et al., 2010; Hams et al., 2011).

6.5 Novel insights into breast cancer induced GC responses within
tumour draining lymph nodes

GCs are transient entities within secondary lymphoid organs including the LN and the spleen
that occur as a site of B cell maturation. After T-cell help and BCR binding to cognate
antigen, B cells migrate in a cyclical fashion between polarised areas within the GC (the DZ
and LZ), where they undergo SHM and antigen presentation from Tfh, modulated by CD40L-
CD40 interactions and production of the cytokines IL-12 and IL-4 (Calado et al., 2012;
Dominguez-Sola et al., 2012; Nakagawa et al., 2021). After rigorous rounds of selection,
affinity matured memory B cells and plasma cells will exit the GC tailored of the nature of the

antigen (Nakagawa et al., 2021).
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To the best of my knowledge, this is the first study to demonstrate that multiple TNBC in vivo
mouse models can induce a GC B cell response specifically within the td-LNs. These studies
showed that the induction of a tumour can directly potentiate a B cell response and generate
heterogenous B cell populations depending on the nature of the tumour. In concordance with
this, studies by Louie et al., using the E0771 model described evidence of TAAs within the
FDCs of GCs in td-LNs, however further research is required to determine the characteristics
of these antigens and how they elicit a GC response (Louie et al., 2022). Within breast
cancer patients, this would elucidate novel markers eligible for targeted therapy, which may
induce a GC response within the td-LNs and potentially contribute to an improved disease

trajectory.

In addition, differences between the mouse models utilised in this thesis, namely the highly
metastatic 4T1.2 and non-metastatic 67NR, suggested that tumour cell entry into the LN
may also interfere with the GC reactions. It is well documented that CD8 T cells will develop
an exhausted phenotype, upregulating inhibitory molecules such as PD-1, LAG3, and CTLA-
4 in response to constitutive activation within cancer and other chronic diseases (Carter et
al., 1989). Although the understanding of CD4 T cell exhaustion is somewhat lacking, Tth
cells from late-stage patients with hepatitis B virus (HBV)-related hepatocellular carcinoma
(HCC) demonstrate impaired abilities to induce naive B cells towards antibody secreting
plasma cells, which is correlated with the intensity of PD-L1 expression in the resected
tumours (Zhou et al., 2016). This may suggest that impaired T cell function within the td-LNs
is in part responsible for the decline of the GCs and may be impacted in patients unable to
retain or initiate a GC response. These data are perhaps corroborated further by results from
chapter 3 that suggested a decrease in PD1+ T cells within the in-LN of the patient that

developed distant metastasis.

To fully elucidate the type of GC reactions being induced by tumour cells, it is important to
compare the nature of these responses with traditional immunisation and infection models.

Studying B cell responses to immunisation or infection is broadly categorised into canonical
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responses that will generate a GC reaction and non-canonical responses that lack GCs and
present with extrafollicular plasma cell production. Canonical GC responses often are
preceded by a short window of extrafollicular proliferation and differentiation, while non-
canonical pathways exhibit a sustained phase of response at extrafollicular sites
(MacLennan et al., 1991). Whilst the type of B cell response to a specific immunisation or
pathogen can be documented within animal models, in human infection and vaccination this
remains relatively unclear. Pathogens including Salmonella enterica and Ehrlichia muris will
typically generate an extrafollicular response, GC suppression and disruption architecture in
secondary lymphoid organs (Elsner and Shlomchik, 2020; Popescu et al., 2019). Within
Salmonella enterica infections, contributing mechanisms that prevent Tth and GC induction
have been shown to be regulated by IL-12, LPS and TLR4 (Elsner and Shlomchik, 2020).
Others including influenza virus and vesicular stomatitis virus will generate long lasting GC
responses, with minimal effects on the architecture of the LN and spleen (De Giovanni et al.,
2020; Elsner et al., 2012). Within vesicular stomatitis, this has been attributed to an
increased level of IL-6, which promotes an early GC response by upregulating Tfth and
blocking Th1 responses (De Giovanni et al., 2020). Harnessing similarities between the
nature of these systems and those within the td-LNs of TNBC models will provide insight into
mechanisms that contribute to the longevity of the GC response and potentially an improved

overall survival in TNBC patients.
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6.6 Stromal induced factors and the modulation of plasma cells and GC
B cell responses

Finally, | elucidated the possible mechanisms through which androgen signalling within IThP
tumours may contribute to plasma cell modulation and GC suppression. This primarily
focussed on IGF1, identifying it as a novel target within these tumours that was highly
upregulated and potentially has a role in contributing to an immunosuppressive
microenvironment. As a major growth factor, it is responsible for stimulating growth of all cell
types and has, therefore, emerged as a player in cancer development. In addition to direct
contribution of malignant transformation, tumour growth, local invasion, and distant
metastasis, it can indirectly interact with oncogenes, tumour suppressors and hormones
(Larsson et al., 2005). Due to the expression of the IGF1-R on breast tumours, it has
become a target for inhibition in multiple subtypes of breast cancers (Ekyalongo and Yee,
2017). Different therapeutic strategies have been evaluation to inhibit the IGF1R signalling
pathway, namely monoclonal anti-IGF1R antibodies, small molecule tyrosine kinase
inhibitors (TKls) and IGF ligand antibodies. Preclinical studies have indicated that these
classes of drug demonstrate different profiles of selectivity, efficacy and toxicity that may
implicate their use in clinical practice (Burtrum et al., 2003; Maloney et al., 2003). This
includes MEDI-573, a humanised antibody that can inhibit IGF1 in vitro and in vivo, however
was discontinued after the completion of a phase 2 study in metastatic breast cancer (Gao et
al., 2011). Xentuzumub, an IGF1/2 targeting monoclonal antibody was evaluated in a phase
Ib/ll trial in combination with exemestane and everolimus in HR+, HER2- locally advanced
breast cancer, however this did not improve progression free survival and led to early
discontinuation of the trial. Despite these results, a preclinical study combining BMS-754807,
a small molecule inhibitor of IGF1R, and chemotherapy showed complete regression in vivo
using the MC1 tumour-graft model of TNBC, compared to any agent alone (Adam et al.,

2012). Whilst many of these studies aim to directly target the tumour cells, there has not
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been an investigation to understand how these therapeutics may modulate the immune

microenvironment at the primary tumour and adjacent LNs.

To investigate this in relation to plasma cell development, | have further described how
IGF1R is present on a fraction of plasma cells within the primary tumour and in-LNs of TNBC
patients and may be associated with a shorter distant disease survival time. These data
additionally suggested that IGF1 could potentiate a predominantly IgM+ plasma cell
response in vitro and perhaps influence the development of the GC response within td-LNs.
Although current data has not analysed the expression of IGF1R within this context in solid
tumours, studies have suggested that plasma cells do not express IGF1R, however it is
aberrantly expressed by 31%-50% of malignant myeloma cells (Sprynski et al., 2009). Due
to the current data describing the synergy between androgens, the CXCL12/CXCR4 axis,
and the IGF1 signalling pathway (Azariadis et al., 2017; W et al., 2007), this may indicate a
TME that leads to the generation of IGF1R+ plasma cells. More work is needed to fully
elucidate the functional role of these cells, and if they can be harnessed as a biomarker of

LAR TNBC and their disease trajectory.

In conclusion, | hypothesise that stromal and macrophage derived IGF1 and upregulated AR
signalling within immunologically cold primary TNBCs act synergistically to promote an
immunosuppressive environment. Furthermore, these two pathways potentiate the
CXCL12/CXCR4 axis which can lead to plasma cell recruitment within these tumours. These
immune-cold tumours subsequently exhibit low levels of antigen presentation, anti-tumour T
cell priming and GC formation within the adjacent LN. The upregulation of these factors and
lack of ani-tumour response consequently promotes local metastasis to the adjacent LN and

metastasis to distant organs (Figure 89).
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Figure 89: Overview of potential mechanism of plasma infiltration and GC suppression in IThP TNBC.
IGF1 and AR signalling promoted by stromal cells and macrophages within the tumour
microenvironment act in synergy to potentiate the CXCL12/CXCR4 axis and an immunosuppressive
environment. This leads to a lack of antigen presentation and a favourable niche for tumour cells to
proliferate and metastasise to both local and distant organs. This lack of immune cell activation
prevents adequate GC formation within the adjacent LN and may indicate that plasma cells are
generated from an extrafollicular pathway. The heightened CXCL12 gradient within the primary
tumour subsequently can recruit plasma cells towards the tumour microenvironment where they may
be unable to facilitate an anti-tumour response.

6.7 Limitations and future work

One major limitation of these studies was the lack of concordant paired human samples for
gene expression, IMC analyses and IF analyses to confirm the presence of plasma cells,
their spatial distribution and how this may be related to disease trajectory. Therefore,
although the plasma cell gene signature could be attributed to distant metastasis
development and reduced GC response within the adjacent LNs of low sTILs patients,
infiltration of plasma cells and other B cell subsets could not be investigated histologically

within the same samples. This meant that an independent cohort was used, and therefore it

251



was not possible to ascertain if the tumours within this cohort with a high plasma cell and low
memory B cell phenotype were of the LAR subtype. To overcome these limitations, low sTIL
tumours exhibiting the LAR phenotype should be profiled with the IMC panel, alongside
paired in-LNs, histological quantification of GC numbers and clinical outcome data including
distant disease-survival and overall survival. This would delineate the plasma cell
phenotype, spatial interactions with other immune subsets, and immunoglobulin phenotypes
within this subset of patients in both the tumour and paired LNs that may be attributed to
distant metastasis development and poor disease trajectory. Harnessing the IMC panel in
depth would also determine the immunophenotype and spatial arrangement of immune
subsets identified using the pilot study with the Bart’'s TNBC cohort. This would enable
confirmation of changes observed, were consistent with those developing distant metastasis
and further provide a better understanding as to the immune composition of the LNs within
those with an inferior disease trajectory. Furthermore, isolation of IGF1R+ plasma cells for
scRNA sequencing would determine if they exhibited a distinct transcriptional profile to

canonical plasma cells, and if this could contribute to disease pathology in TNBC.

Other limitations within the mouse models included characterising GC B cell populations
over an acute timeframe, as samples were analysed at most 28 days post inoculation. This
is not representative of analyses performed on human samples taken after tumour and LN
resection. Establishing a chronic model of TNBC to study the longevity of GC and GC
derived populations, including hallmarks of exhaustion would be more illustrative of the
mechanisms that facilitate both local and distant metastasis. Other key future experiments
would further investigate in vivo other populations present within the GC reactions for
analyses, including that of Tfh, dendritic cells and regulatory subsets. Characterising these
cells would better our understanding of tumour derived moieties which can directly impact

the formation and maintenance of the GC.

To examine the features of LAR tumours in more depth, experiments overexpress features

associated with this subtype in the mouse tumour cell lines should be performed, namely
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AR, IGF1, HGF and probing the effect on tumour growth, GC B cell and plasma cells
responses within the td-LN and primary tumour. This would overcome limitations from the
human studies that prevented paired histological and gene expression data to determine the
associated between IGF1R+ plasma cells and the LAR phenotype. High throughput
analyses including single cell RNA sequencing, BCR sequencing and spatial transcriptomics
would identify the immunoglobulin isotype of these cells, and the clonality between primary
tumour and td-LN. Further, the chemotactic effect of IGF1 was not tested. It is perhaps that
the plasma cell infiltration is a bystander due to the elevated levels of chemokines including
CXCLA12 that are implicated in the migration of plasma cells. Therefore, it would be important
to delineate whether IGF1 can induce plasma cell infiltration towards a heightened androgen

environment and subsequently LAR tumours.

Within the in vivo models presented here, there was a preliminary effect on tumour growth
which was no longer sustained by the time of tissue harvest. This in part may be due to the
nature of the subcutaneous injections, which were within the mammary gland but not directly
at the tumour site. Future experiments should also utilise a stromal or tumour cell like that
overexpress IGF1, so it is localised to the tumour similarly to what was identified within the
human LAR TNBC tumours. Finally, although there was evidence that IGF1 could promote
an IgM+ phenotype in plasma cells, this was difficult to measure due to the mediocre
increase in plasma cell production. Testing the effect of IGF1 within a setting that stimulates
a substantial plasma cell response would determine if it had a role in promoting IgM over
other immunoglobulin phenotypes. These cells could then be tested for their functional role

in immunosuppression and tumour progression.
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