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Abstract

The generation of antibody-secreting plasma cells (PCs) is a tightly regulated process that begins with
activation of B-cells and rapid proliferation, followed by the transition to a plasmablast (PB) state,
eventually developing into mature PCs. The development of antibody secreting cells (ASCs) requires
the fine tuning of environmental cues, the collaboration of specific surface receptors and migration of

cells to survival niches.

CXCR4 is a key B-cell and PC marker known for its role in driving chemotaxis of B-cells within the
germinal centre and of PB as they a directed towards long term survival niches, such as the bone
marrow (BM). The role of CXCR4 signalling has been described in B-cells, however it is less clear how
these CXCR4 signal transduction events are changed in ASCs. To assess how CXCR4 signal integration
in ASCs is affected, key signalling pathways were characterised for PB and PC populations. PCs
demonstrated an enhanced AKT and ERK signalling pattern in response to CXCL12, suggesting a re-

wiring of CXCR4 signalling response between the two populations.

Furthermore, B-cells and PCs may modulate their signalling capabilities through receptor
coordination. CD19 is a key B-cell surface protein that has been implicated in the enhancement of B-
cell receptor (BCR) signalling and, more recently, has been described as a signalling hub for a variety
of B-cell surface receptors, including CXCR4. Stimulation of CD19 in concert with CXCR4 revealed a
reduced ERK signalling pattern compared to CXCL12 stimulation alone in PCs compared to PBs,
suggesting a negative regulatory role in PCs. Dual stimulation generated comparable AKT signalling
strength compared to CXCL12 stimulation, but again revealed an enhanced response in PCs compared
to PBs. Loss of CD19 has been shown to cripple B-cell function. Here we show that a deficiency of CD19
diminishes CXCL12 mediated ERK and AKT signalling in ASCs, suggesting a key role in CXCR4 signal

generation at the later stages of B-cell differentiation.

In addition to this, the effect of uncontrolled CXCR4 activation, as seen in Waldenstrom
macroglobulinemia (WM), on MAPK and PI3K signal transduction was assessed with or without CD19
stimulation. Previous studies have shown that Waldenstrém B-cells which harbour a CXCR4"HM
mutation show greater PI3K/MAPK signalling. Here, signalling in PBs and PCs expressing the WHIM
mutation reveal a prolonged phosphorylation pattern suggesting a continuation of dysregulated

signalling as seen in WM B-cells.

This data provides evidence of CXCR4 signal rewiring in PBs and PCs, which is further modulated by
CD19 and the presence of the CXCR4YMM mutation. Together this work builds on the understanding

of the biology of ASCs and their malignant counterparts.
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1.0 Introduction

1.1 Generation of the humoral adaptive immune response

1.1.1 B-cell differentiation into antibody secreting cells

The production of antibodies, or immunoglobulins, is a key facet of the adaptive immune response
responsible for both short-term and long-term immunity. B-cells are a type of white blood cell that
express a unigue immunoglobulin on the cell surface, enabling detection of foreign antigens expressed
by pathogens. Upon recognition of antigen, B-cells undergo a process of differentiation, a crucial
mechanism that transforms B-cells into plasma cells (PCs), which are capable of secreting

immunoglobulin.

Naive B-cells develop from haematopoietic stem cells in the bone marrow, and from there they
migrate to secondary lymphoid tissues to begin the maturation process. To become activated, a B-cell
receives a signal through its antigen receptor. This activation can be T-cell dependant (figure 1.2),
whereby a follicular B-cell internalises, processes, and presents an antigen peptide on a major
histocompatibility complex Il molecule (MHCII). A T-cell then recognises this antigen through the T-
cell receptor and becomes activated. The activated T-cell then expresses CD40L on its surface and
produces cytokines such as IL-21. B-cells expressing CD40 and appropriate cytokine receptors are
stimulated by the combination of signals. Following this, the B-cells rapidly proliferate and
differentiate into short-lived plasmablasts, which can provide a rapid but weak immune response.
Alongside this, activated B-cells can re-enter the B-cell follicle and, under the influence of specialized
T follicular helper (Tgu) cells, proliferate vigorously to form a germinal centre (GC) (Ise and Kurosaki

2019).

Within the GC, the B-cells migrate between the dark zone (DZ) and the light zone (LZ). In the dark zone,
GC B-cells undergo extensive proliferation and somatic hypermutation (SHM), a process that induces
mutations in the hyper-variable region (VDJ) of the B-cell’s immunoglobulin gene, altering affinity for
the antigen. The GC B-cell then moves to the LZ, where immunoglobulin class switch recombination
(CSR) occurs to generate different isotypes of antibodies that have a range of effector functions.

(LeBien and Tedder 2008). Additionally in the LZ, the selection of B-cells is determined by interaction



with follicular helper T-cells, which enable B-cells whose antibody affinity confers an advantage, saving
them from apoptosis through activation of contact-dependant survival signals. Cells are selected
based on the affinity of competing clones and cells may re-enter the GC to undergo further rounds of
affinity selection before they are either selected for maturation or apoptosis (Victora et al. 2010).
Within the GC, the fate of the activated B-cell has been determined and the result of this process is
the generation of highly specific long-lived PCs and memory B-cells which enable long-term immunity

(figure 1.1) (Shinnakasu and Kurosaki 2017).
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Figure 1.1. - Differentiation of naive B-cells to PCs and memory B-cells in showing both T-cell dependant and T-cell
independent activation. Antigen binding to naive B-cells initiates activation. Following this, depending on the antigenic
stimulation, B-cells either enter germinal centres where they mature to become PCs or memory B-cells, providing long term
immunity, or they become short lived plasmablasts, via the T-cell independent pathway, and may mature further into PCs,
providing some rapid but short-lived immunity. Key transcription factors that orchestrate the changes in cell state are
indicated in boxes.

Alternatively, B-cells (usually marginal zone or B1 B-cells) can also be activated in a T-cell independent
mechanism (figure 1.2). Here B-cells are activated in response to bacterial components which bind to
Toll-like receptors (TLRs) or by antigen binding that induces extensive BCR cross-linking. This process
rapidly generates short-lived plasmablasts that can secrete antibodies with a weaker affinity for the
targeted epitope than those generated through the T-cell dependant activation process. Long-lived
PCs may also be generated through this mechanism (Allman, Wilmore and Gaudette 2019), (Martin,

Oliver and Kearney 2001).
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Figure 1.2. —Signals that drive B-cell differentiation. B-cells can become activated through a T-independent mechanism, whereby either
pattern recognition receptors (e.g. TLRs) present on the B-cell surface detect pathogen-associated molecular patterns (PAMPs) such as
LPS, or repetitive surface antigens from bacteria cause cross-linking of the BCR. Both mechanisms induce the rapid production of
polyclonal antibodies. Alternatively, B-cells, once bound to antigen, can become activated by T follicular helper cells (Tfh cells). These
cells express a T-cell receptor, which along with its co-receptor CD4, binds recognise the antigen bound to the major histocompatibility
complex class Il receptor on the naive B-cells. The Tfh cells also present CD40L and cytokines to the B-cells. This cause the B-cells to begin
rapid proliferation and differentiation into PBs. From here the activated B-cells may form a GC and therefore develop into PCs or memory
cells for long-term immunity.

1.1.2 Transcriptional regulation of B-cell differentiation

There is a complex gene regulatory network that governs the differentiation of B-cells (figure 1.3),
regardless of the initial input of signals. These transcription factors function in a stepwise fashion to
transition the cells to the PC state. PAX5 is the master regulator of the B-cell programme (Nera et al.
2006) and regulates expression of other TFs including IRF4 and BACH2 (Muto et al. 2010) , BCL6
(Chevrier et al. 2017), (Duy et al. 2010), (Nutt et al. 2011) and PRDM1/BLIMP1 (Basso and Dalla-Favera
2012). PAX5 commits B-cell progenitors to the B-cell identity, whilst suppressing drivers of the PC
identity, such as BLIMP1 (B lymphocyte-induced maturation protein 1). BCL6 is a transcriptional
repressor identified as the critical regulator of GCs (Dent et al., 1997, Ye et al., 1997). Alongside this,
BCL6 has been shown to repress regulators of the PC programme, specifically BLIMP1, allowing
maintenance of the cell cycle regulator c-MYC, thereby upholding the proliferative traits of B-cells

(Dent et al. 1997), (Ye et al. 1997), (Shaffer et al. 2000). BACH2 is a transcriptional repressor that



regulates GC and B-cell fate. It is widely expressed in the B lymphoid lineage, excluding PCs. Deletion
of BACH2 induces loss of GC development, CSR and SHM, and therefore cells fail to produce high
affinity Abs through a T-cell dependant mechanism (Huang et al. 2014). A major role of BACH2 is to
prevent PC generation by interacting with a region upstream of the promoter and repressing BLIMP1,
the main driver of PC differentiation. The outcome of this repression is to halt the PC programme and
promote CSR (Ochiai et al. 2006), (Muto et al. 2010). However, more recent data has uncovered
additional roles for BACH2, namely as a major regulator for the generation of a memory B-cell pool
from B-cells in response to antigen. Within the LZ of the GC, B-cells with a high affinity for antigen or
that are receiving strong help from T cells show a downregulation of BACH2, both at the transcript

level and via post translational mechanisms.

AKT mediated phosphorylation of BACH2 sequesters it into the cytoplasm. This prevents BACH2 entry
into the nucleus enabling AP-1 family members to access binding sites, allowing expression of genes
encoding for effector molecules e.g. CD44, TNF, IFNy, and BLIMP1. This prevents memory cell
formation and therefore these cells are preferentially targeted for plasma cell differentiation instead.
In cells that have received weak stimulation (T-cell independent) or possess a BCR with a low affinity,
BACH2 outcompetes AP-1 family members and blocks antigen-receptor mediated transcriptional
programmes, allowing memory cell differentiation to progress (Sidwell and Kallies 2016), (Shinnakasu

et al. 2016).

MITF is another transcriptional repressor of BLIMP1, and IRF4. MITF prevents premature
differentiation of GC B-cells. It is expressed highly in naive B-cells. Once B-cells become activated, MITF
must be downregulated to promote differentiation. MiR-148a is a microRNA abundant in PCs and is
upregulated in activated B-cells. It is a component of the regulatory network that helps drive the PC

programme through targeting of MITF and BACH2 (Lin, Gerth and Peng 2004), (Porstner et al. 2015).

Deletion of STAT3 has catastrophic effects on GC maintenance and function and therefore PC
development. Specifically, STAT3 signalling has been shown to help with initiation of the GC reaction
and also maintenance of GCs for prolonged periods of time. Additionally, STAT3 signalling is an
important regulator of anti-apoptotic proteins such as MCL-1 and BCL-XL, suggesting a survival
signalling role of PC within the GC. Furthermore, as STAT3 signalling is necessary for GC B-cell
maintenance, this modulates the frequency of Tfh cells and their interactions, allowing the
development of PCs. In addition to the role of STAT3 within the GC, STAT3 depletion can affect survival
of pre- and pro- transitional B-cell development and survival. Finally, STAT3 can mediate up-regulation

of BLIMP1, helping to drive the PC programme, though it functions mainly as an initiator and requires



downregulation of repressors such as BCL6 to complete the transition (Diehl et al. 2008), (Ding et al.

2016), (Chou, Levy and Lee 2006), (Diehl et al. 2008).

There is also transcriptional regulation of the early B-cell programme before their activation and entry
into the germinal centre. AIOLOS and IKAROS are zinc finger transcription factors that are involved in
the regulation of B-cell and T-cell maturation. Their importance in these processes has been
highlighted through inactivation studies leading to complete loss of B and T lymphopoiesis. AIOLOS
forms heterodimers with the largest IKAROS isoform in T/B-cells to help mediate commitment to the
B/T-cell lineages. AIOLOS is lowly expressed in lymphoid progenitors whereas IKAROS is expressed in
all haemopoietic progenitors, but AIOLOS becomes more highly expressed once progenitor cells are
dedicated to the B- or T-cell pathway in pre-B-cells and in double positive thymocyte precursors,
respectively. Depletion of IKAROS causes blockages in B-cell development at the pro-B-cell stage.
AIOLOS expression peaks in mature B-cells and the greatest IKAROS expression has been detected in

in fully mature B-cells (Kirstetter et al. 2002), (Wang et al. 1998).

The main function provided by AIOLOS is to set the threshold for receptor signalling that regulates B-
cell activation and commitment to become a GC B-cell, and therefore the maturation processes with
the GC, such as CSR and SHM. Loss of AIOLOS leads to a backlog in B-cell development and therefore
a build-up of B-cell precursors. IKAROS is also necessary for the activation threshold of B-cells and
IKAROS low expression can negatively affect GC formation (Wang et al. 1998), (Kirstetter et al. 2002),
(Schmitt et al. 2002).

During the transition to the PC stage, the B-cell gene expression programme is extinguished with loss
of the B-cell phenotype, including the expression of surface immunoglobulin and other cell surface
receptors. As the cells progress, they adopt a specialised PC programme geared towards the
production of high levels of secreted immunoglobulin and characterised by the activation of IRF4
(Ochiai et al. 2013), BLIMP1 (Shaffer et al. 2002) and XBP1 (Reimold et al. 2001), (Hu et al. 2009).
BLIMP1 is the master regulator of the PC programme and is necessary for the formation of functional
Ig secreting PCs (Shapiro-Shelef et al. 2003). Through its repressor activity, it regulates various genes
involved in the maintenance of the B-cell identity, such as PAX5 (Lin et al. 2002), (Lin, Lin and Calame

2000).

IRF4 plays a role in both the B-cell and PC programmes and has mutually antagonistic effects
dependant on its relative concentration. Specifically, at low concentrations, IRF4 binds to EICE/AICE
DNA motifs, thereby inducing the expression of transcription factors including AID and BCL6 which are
required for GC processes such as CSR (Sciammas et al. 2006), (Ochiai et al. 2013). Additionally, higher
expression of IRF4 after the GC stage shifts the binding of IRF4 to ISRE DNA motifs, which induces the



expression of BLIMP1 and downregulates the expression of BCL6, therefore driving the PC programme.

(Sciammas et al., 2006), (Ochiai et al., 2013), (Willis et al. 2014; Saito et al. 2007)

To drive the activation of the PC programme, a combination of BLIMP1 and suppression of PAX5
enable the expression of XBP1, a TF highly expressed in PCs (Lin et al., 2002). XBP1 is not required for
the formation of PCs (Todd et al., 2009), however XBP1 is necessary for the function of antibody
secreting PCs, due to its regulation of the unfolded protein response (UPR), which is initiated due to
heightened ER stress caused by the increased load and processing of immunoglobulin protein within
the ER. Therefore, XBP1 is crucial for the expansion the ER and driving of secretory pathways needed
to process the increased load of unfolded protein (Shaffer et al., 2004), (Lin et al. 2002; Todd et al.
2009; Shaffer et al. 2004).

NF-kB is crucial for the development of PCs and memory B-cells. Constitutive expression mainly drives
pro-survival signalling in non-activated pre-B-cells. Additionally, CD40 signals can promote B-cell
survival through NF-kB through recruitment of anti-apoptotic molecules BCL-XL and A1 within the
follicle. (Jimi et al. 2005; Lee et al. 1999). NF-kB is involved in CSR. NF-kB transcription factors
downstream of both the classical and alternative activation pathways help initiate and promote CSR
through several mechanisms. For example, IL-4 cytokine induces transcription of germline C epsilon
genes in activated B-cells, allowing these cells to undergo CSR to IgE. NF-kB has been described as a
transcription factor necessary for binding to DNA that enables induction of this transcription event

(Delphin and Stavnezer 1995).
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Figure 1.3 — Transcriptional regulation map depicting the major players in maintaining the B-cell programme and subsequent
transition to the plasma cell programme.

1.1.3 Long-term immunity

Following maturation, a population of PBs migrate to a bone marrow (BM) survival niche where they
become long-lived PCs. To get there, PBs are equipped with chemokine receptors that enable
response to their cognate ligands. PCs display a sensitivity to CXCR4 ligand CXCL12 (SDF-1), which
drives PC migration to survival niches, such as splenic red pulp, medulla of lymph nodes and the BM

(figure 1.4) (Hargreaves et al. 2001).
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Figure 1.4 — Guided movement of antibody secreting cells. B-cells once activated mature to a plasmablast (PB) phenotype
within the lymphoid organs. From here, PBs migrate along a CXCL12 axis through the blood towards survival niches, most
notably the bone marrow (BM). CXCL12 is secreted from stromal cells within the BM and attract migrating PB through
interaction with CXCR4. Within the BM niche, PBs mature to the plasma cell stage (PC) and will secrete antibody to provide
immunity.

Due to the importance of PCs for long-term immunity, the BM provides a specialised niche to maintain
their longevity (figure 1.5). Specifically, the cells require factors and signals produced from the stromal
cells residing within the bone microenvironment. APRIL and BAFF, cytokines from the TNF superfamily,
can bind to BCMA and TACI to promote survival (Benson et al. 2008). Alongside this, The BM stroma
may secrete other factors such as IL-6 and TNF-a that also aid survival (Minges Wols et al. 2002).
Furthermore, continued access to CXCL12 expressing reticular stromal cells is also required to retain
a viable PC population within the BM (Tokoyoda et al. 2004). Additionally, murine studies indicate that
eosinophils may promote PC retention and survival in the BM niche, as they are a source of PC survival
factors (Chu et al. 2011). However more recent data downplays their requirement (Haberland et al.
2018). Lastly, PCs survival is enhanced through expression of CD138 and CD44 which increases surface
heparin sulphate levels, enabling improved binding to survival cytokines such as IL-6 and APRIL

(McCarron, Park and Fooksman 2017), (Van Driel et al. 2002).

The maintenance of PCs within the BM is supported by the secretion of various soluble factors and
through cell-cell and cell-ECM interaction. APRIL is a particularly crucial cytokine necessary for long-
lived survival of PCs, It is crucial for the establishment of the adult BM reservoir of IgG secreting LLPCs.
APRIL binds to B-cell maturation antigen (BCMA) and to a lesser degree, transmembrane activator and
CAML interactor (TACI) BCMA expression is restricted to PBs and PCs (Vincent et al. 2013). APRIL drives
expression of Bcl-xL which blocks anti-apoptotic protein release, such as cytochrome C from the the
mitochondria, therefore preventing caspase activation and therefore apoptosis (O'Connor et al. 2004).
Signalling through APRIL-BCMA has also been shown to upregulate expression of another anti-
apoptotic protein, myeloid cell leukaemia 1 (MCL1), which is essential for ASC survival (Peperzak et al.

2013)



The signal transduction pathways used by BCMA and TACI has been partially characterised. Following
APRIL binding, BCMA binds TNF receptor-associated factors (TRAF) 1, 2 and 3, trimeric intracellular
intermediates involved in the signal transduction pathways of various YNF receptor family members.
TRAF 1, 2 and 3 appear to mediate NF-kB, p38, mitogen activating protein kinase (MAPK) and c-Jun
NH2-terminal kinase (JNK) activation. NF-kB signalling drives the upregulation of the ant-apoptotic
proteins Bcl-XI and Bcl-2. Additionally, APRIL binding to both BCMA and TACI has shown association
with TRAF 6 and activation of the canonical Nf-kB signalling pathway. TRAFs activate the IKK yof
complex, leading to phosphorylation and subsequent ubiquitination and degradation of NF-kB

inhibitor I-kB, leading to release of NF-kB (Fu et al. 2006).

Within their survival niche (figure 1.5), long lived PCs provide immunity through sustained generation
of immunoglobulin for decades and even the lifespan of the host. These antigen-specific antibodies
are secreted constantly to maintain front line immunity against resurgent pathogens (Lightman, Utley

and Lee 2019).
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Figure 1.5 — Plasmablasts migrate to survival niches such as the BM via the CXCR4/CXCL12 axis. Once there, they
differentiate into mature PCs. The BM survival niche enables long-term survival of PCs through the activity of soluble,
intrinsic, adhesion and cellular survival factors, thereby enabling long-term immunity (Adapted from (Tarlinton et al. 2008)

In addition to PCs, memory B-cells are also a key contributor to maintaining long-term immunity. They
are capable of surviving for extended periods of time, often decades, enabling them to respond to
repeated exposures to the same antigen. Memory B-cells are strategically located at peripheral

lymphoid organs, at sites such as the tonsillar epithelium (Liu et al. 1995) and splenic marginal zone
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where there is greater antigen drainage (Tangye et al. 1998). When resurgent pathogens are detected,
they mount a secondary immune response against their specific antigen by differentiating into PCs at
a far greater rate than that of naive B-cells. This results in the mounting of a rapid and more specific
defence against a familiar antigen, thereby potentially preventing severe disease. Alternatively,
memory B-cells may re-enter the germinal centre to undergo further rounds of affinity maturation
allowing for even greater tailoring of the response to a subsequent re-infection (Tangye and Tarlinton

2009).

1.2 Chemokines and Chemokine receptors

Chemokines are cytokines that act as a chemoattractant to cells (Ozga, Chow and Luster 2021).
Chemokines play a large role in both the innate and adaptive immune systems. As part of the innate
immune response, they are involved in recruitment of leukocytes, monocytes, and neutrophils to sites
of infection and wounds where they often work in conjunction with inflammatory cytokines. As part
of the adaptive immune responses, they play crucial roles in the development and migration of B- and

T- cells to lymphoid organs, germinal centres, and the bone marrow (Griffith, Sokol and Luster 2014).

Chemokines are categorised based on their structure, specifically the arrangement of two N-terminal
cysteine residues (figure 1.6). The first class of chemokine is defined by presence of a single consensus
cysteine, these are named C chemokines. The positioning of two consensus cysteines directly adjacent
to each other or separated by a non-conserved amino acid is the basis for the next two categories of
chemokine: CC chemokines and CXC chemokines, respectively. The final group, CXsC chemokines
possesses two cysteines separated by 3 amino acids, of which there is only one discovered member,

CX3CL1 (Rot and von Andrian 2004).
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Figure 1.6 - Basic representation of the different chemokine structures. The simplest chemokines contain a single consensus
cysteine (C chemokines). CC chemokines contains to adjacent cysteines. The number of amino acids separating cysteines
determines whether a chemokine is categories as a CXC (one amino acid) or CX3 C chemokine (3 amino acids).

Cells follow the chemokine signals by moving along the chemokine concentration gradient to the
source of the chemokine. Cells are able to recognise and respond to chemokines due to the presence
of specific cell-surface seven transmembrane G protein-coupled receptors (GPCRs). Some GPCRs can
interact with multiple chemokines, however some will only interact with one, e.g., CXCR4 (CXCL12),
CXCR5 (CXCL13), CXCR6 (CXCL16), CCR9 (CCL25), CX3CR1 (CX3CL1), etc. Additionally, the downstream
effect of these promiscuous GPCRs can vary, as some ligands may induce either an inhibitory or

stimulatory effect (Kufareva, Salanga and Handel 2015).

Chemokine binding to a GPCR induces a conformational change in its structure, leading to interaction
of the intracellular portion to heterotrimeric G-proteins. These G-proteins become activated and
exchange guanosine diphosphate (GDP) for guanosine triphosphate (GTP). This allows for G protein
disassociation into its constituent subunits; a and By. Both these moieties may now interact with

downstream effectors to activate signalling responses (Gustavsson 2020).

1.2.1 Targeting chemokine receptors

Chemokine receptor antagonists have been approved for antiviral therapeutics as entry inhibitors,
most notably for HIV, in conjunction with other antiviral therapeutics. CCR5 and CXCR4 act as co-
receptors to allow the T cell-tropic (X4) and macrophage-tropic (R5) HIV-1 strains entry into target T-
cells and macrophages respectively. Chemokine Inhibitors prevent the binding of the HIV envelope to
CCR5 or CXCR4 receptor (Grande et al. 2019). Maraviroc and Enfuvirtide are CCR5 antagonists.
Maraviroc blocks the HIV protein gp120 from associating with CCR5, preventing viral protein gp41l

from initiating viral membrane fusion to host membrane (Tamamis and Floudas 2014). Enfuvirtide
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binds to the gp41l subunit of the viral envelope glycoprotein, preventing conformational changes
required for the fusion of host and viral membranes (Matthews et al. 2004). Treatment targeting CCR5
can cause a shift in tropism, allowing the HIV strain to target CXCR4. Additionally there are strains that
can target both chemokines for entry. Therefore, dual antagonism of both receptors can overcome
this. AMD3100 (Plerixafor) is a selective CXCR4 antagonist (Schols et al. 1997). It blocks interaction of
gp120 with CXCR4 similarly to Maraviroc, however due to dosage issues and side effect issues; it is not

used in a clinical setting (Liu et al. 2015)

Development of therapeutics targeting chemokine receptors in an autoimmune disease setting have
been particularly unsuccessful for a number of reasons. Firstly, the efficacy of compounds to decrease
receptor activity can be diminished due to a failure to have sufficient levels of compound within the
plasma to neutralise the receptor. Whilst some compounds have been shown to block up to 90% of a
receptor activity, this may not be sufficient, as activation of only a small population of target cells
could be sufficient to drive disease progression (Horuk 2009). Next, Drug development for GPCRs can
also be impeded by the development of off target effects. A compound developed against one target
may display off target effects through interaction with other members of that receptor family, despite

a lower binding affinity (Hesselgesser et al. 1998).

Additionally, several receptors can be involved in progressing the pathophysiology of a disease. This
redundancy of the target receptor has been evidenced in trails for drug targets for CCR2, ligands for
which (CCL2 and CCI5) are highly expressed in the joints of patients with RA, leading to recruitment of
monocytes. Whilst highly tolerable, compound MK-0812 failed to show any clinical improvements
over the placebo (Braddock 2007). Furthermore, in vivo studies of bleomycin lung models for CXCR3
inhibitor AMG-487 showed uptp 7-% reduction in lung inflammation. The remaining inflammation
could have been driven by receptors other than CXCR3 (Horuk 2009). These are both indicative of
additional players in the pathophysiology of this disease. A potential solution to this problem would

be the use mulptiple GPCR targeting compounds, however thorough testing would be necessary.

Further complicating drug development in this area is the problem of species specificity. Compounds
that are effective in humans may have limited or zero efficacy in other species used in vivo. For
example, the CCR1 agonist CP-481,715 is selective for human CCR1 but does not block the effects of

CCL3 on mouse, rat, guinea-pig, dog, rabbit or monkey CCR1 (Gladue et al. 2003).

1.2.2 Innate immune response

Pathogens can stimulate chemokine production in nearby macrophages and dendritic cells as well as

from non-immune cells, e.g. stromal cells resident in the affected tissue. Cells utilise pattern
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recognition receptors such as TLRs to identify invading pathogen associated molecular patterns
present on pathogens. Cells that have detected pathogens release chemokines, namely the ligands of
the more promiscuous chemokines receptors, such as CCR1, CCR2, CCR3, CCR5, CXCR2, and CXCR3
and various cytokines such as TNF-a, IFNy, interleukins and interferons (Luster 1998) which can
amplify the release of cytokines through a paracrine effect. The release of chemokines summons more
front-line immune cells such as NK cells (Bernardini et al. 2008) neutrophils (De Filippo et al. 2013),
dendritic cells (Biragyn et al. 2002) and additional macrophages (Garcia-Zepeda et al. 1996). The
chemokines usually involved in these processes are known as ‘inflammatory chemokines’ and often

bind to multiple chemokines receptors and vice versa (Turner et al. 2014; Mgller et al. 2005).

Migration of leukocytes stimulated by a chemoattractant undergo a process of polarisation,
generating filamentous actin at the front of the cell, creating pseudopods at their leading edge and a
uropod at their trailing end. This actin reorganisation in the pseudopods allows the cell to extend and
retract at the uropod, enabling locomotion towards the chemoattractant. Chemokine receptors
accumulate at the leading edge and act a sensor to direct migration along the chemokine gradient

(Nieto et al. 1997; Wilkinson 1986).

1.2.3 Adaptive immune response
Chemokines that are more often involved in migration of cells of the adaptive immune response are
called homeostatic chemokines. These cells are usually more monogamous than their inflammatory

cousins, often forming a unique pairing with a specific GPCR. (Rot and von Andrian 2004)

During an adaptive immune response, first dendritic cells acquire antigen. From the BM, DCs migrate
towards peripheral tissues and secondary lymphoid organs where they obtain and process lymph-
borne, intestinal, or blood-borne antigens, depending on the tissue in which they reside (MartIn-

Fontecha et al. 2003).

Circulating naive CD4+ T-cells express CCR7 and CXCR4 and respond to CCL21 secreted from lymph
vessels and migrate towards the CCL19/21 high T-cell zone. After this, they downregulate CCR7 and
upregulate CXCR5, which follows the CXCL13 gradient towards to interfollicular region of the lymphoid
organ (figure 1.7) (Forster et al. 1999).

Alongside this, the DCs must migrate to the T-cell zone of the lymphoid organ, where they mature and
begin educating the resident T-cells about the captured antigen. CCR7 is upregulated to enable
interaction with the T-cells via CCL21 and CCL19 (figure 1.7) B-cells also utilise these chemokines via
CCR7 and CXCR5 to migrate to the T: B interface, where T-cells may activate the B-cells. Following this

both CD4+ T-cells and B-cells downregulate CCR7 but maintain CXCR5 enabling escape from the T-cell
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zone and then migration towards the follicle. Here CD4+ Tfh cells mature to Tfh cells and initiate the
CD40-CDA4O0L interaction allowing GC B-cells to begin rapid proliferation (figure 1.7). Within the GC, B-
cells must migrate between the DZ and LZ to undergo rounds of affinity maturation. Centrocytes move
to the LZ along the CXCR5/CXCL13 gradient. Once selection has been completed, cells return to the
dark zone, which contains CXCL12-producing reticular cells that attract the cells back via CXCR4. The
cells then undergo further proliferation and maturation (figure 1.8) (Gunn et al. 1998; Ferretti et al.
2016; Lian and Luster 2015; Grant et al. 2020; Bromley, Mempel and Luster 2008; Hickman et al. 2011,
Groom et al. 2012; Sung et al. 2012; Ansel et al. 1999; Castellino et al. 2006; Stebegg et al. 2018; Klein
and Dalla-Favera 2008).
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Figure 1.7. - Chemokine interactions within the lymph node drive maturation of B-cells and T-cells, culminating in the
development of mature plasma cells, memory B-cells, helper T-cells, and memory T-cells. (1) Naive lymphocytes expressing
high levels of CCR7 are directed towards the lymph node by CCL19 and CCL20 produced from the fibroblastic reticular cell
(FRC) network. These naive lymphocytes enter the lymph node from the blood via high endothelial venules (HEV). (2) T-cells
also enter the lymph node through HEVs and migrate through the T-cell area. DCs produce CCL3, CCL4, CCL5 and CCL17 to
attract CD8+ T-cells through interaction with CCR5 and CCR4. DCs become licensed by CD4+ T-cells, allowing them to activate
naive CD8+ T-cells which upregulates CXCR3 on the CD8+ T-cell. (3) Antigen-bound DCs also express CCR7 and migrate and
enter the lymph node through the afferent lymphatics. Ceiling lymphatic endothelial cells (CLEC) within the subcapsular sinus
(SCS) express atypical chemokine receptor 4 (ACKR4) that regulates CCL21 abundance, creating a gradient that allows for DC
entry into the lymph node. Specialised macrophages (SCS MAC) scavenge antigen and release I1L-18 and IFNa/B. (4) IFNa/B
release induces stromal cells and DCs to secrete CXCL9 and CXCL10 which helps activate and prime CD4+ T-cells. CD4+ T-cells
travel along the CXCL9 and CXCL10 axis (via CXCR3) to the interfollicular zone, here they mature to become Th1l cells.
Additionally, CD8+ T-cells move to the edge of the T-cell zone via CXCL10 and eventually become CD8+ central memory T-
cells capable of providing an enhanced secondary immunity against viruses, bacteria and cancer cells. (5) Naive T-cells
activated by a Th2-type inducing stimulus (e.g., IL-4 produced by macrophages) exit the T-cell zone via a CXL13/CXCR5
gradient and move towards the B-cell follicle where they interact with DCs. Here they assist in B-cell activation as Th2 cells.
Tfh cells downregulate CCR7 and upregulate CXCR5 to move towards the T-B border of the follicle aiding in activation of the
GC reaction. B-cells also follow the CXCL13 gradient to the B-cell follicle. Following activation, they form GCs. Within the GC,
B-cells cycle through the DZ and LZ via CXCL12 and CXCL13 and undergo affinity maturation. (6) Following affinity maturation,
B-cells mature into either plasmablasts or memory B-cells. PBs migrate via chemokine gradients to secondary lymphoid
organs, BM or other tissues where they become established PCs. Memory B-cells similarly migrate along chemokine
gradients towards lymphoid organs and other tissues. They may also remain in the circulation. Figure adapted from Lian and
Luster (2015).
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Figure 1.8. - Diagram depicting the generation of memory B-cell and long-lived plasma cells via the germinal centre
reaction. In the follicle of a secondary lymphoid organ naive B-cells become activated and move to the GC and between the
dark and zones following specific chemokine gradients. Activated B-cells enter the GC following the CXCL12 gradient and
take up residence in the DZ. Here the cells undergo clonal expansion and SHM. B-cells then follow CXCL13, released from
follicular dendritic cells (FDCs) to enter the LZ where they are able to undergo CSR and affinity-based selection. B-cells will
move between both zones numerous times until affinity maturation is completed. After this process, generated plasma cells
will follow the CXCR4 gradient to migrate to their survival niches within the BM. Figure adapted from (Klein and Dalla-Favera,
2008) and (Stebegg et al, 2018).
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1.3 Waldenstréom macroglobulinemia

1.3.1 Overview

Waldenstrém macroglobulinemia (WM) is a B-cell neoplasia that is characterised by malignant B-
lymphocytes that retain the capability to differentiate into PCs. Similar to the normal long-lived PC,
WM cells are recruited through CXCL12-CXCR4 interactions and localise to areas adjacent to the bony
trabeculum (Ngo et al. 2008). At these sites, WM cells encounter other BM resident cells that provide
survival factors. The resulting WM PCs secrete high levels of immunoglobulin M (IgM) paraprotein

(Hunter et al. 2017).

WM is a rare disease and incidence is more frequent in elderly populations. WM patients may often
present with one of two asymptomatic forms that precede symptomatic WM. In the first of the
precursor phases, patients may present with what is known as IgM monoclonal gammopathy of
undetermined significance (MGUS), which is characterised by a serum IgM level below 3 gm/dl and a
BM infiltration rate of less than 10%. Following this, patients may then go on to develop smouldering
WM, where serum IgM increases above 3 gm/dl and BM infiltration increases beyond 10%
(Mailankody and Landgren 2016). Patients present with no signs of disease but are at an increased risk
of developing symptomatic WM. About 25% of patients with IgM MGUS will go on to develop a
symptomatic lymphoproliferative disorder within 15 years (Kyle et al. 2005). For smouldering WM
patients, 55% of patients will have progression to symptomatic disease in 5 years (Kyle et al. 2009),

(Ansell et al. 2010).

Clinical manifestations of WM are the result of increased BM infiltration and increased IgM secretion
from malignant PCs. High serum IgM leads to symptoms of hyper-viscosity syndrome, which presents
as headache, retinopathy, stroke, seizures, and coma. Other signs include deficiency of blood cells and
organ enlargement (Ansell et al. 2010). For asymptomatic patients with IgM MGUS, life-long careful
observation is the recommended course of action. However, for those patients that have progressed
to symptomatic disease, the main aims of current therapeutics are to limit symptomes, as there is no

cure for WM (Castillo and Treon 2017).
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1.3.2 WM aetiology

1.2.2.1 MYD88"****mutation

Whole genome sequencing of bone marrow cells from WM patients has uncovered a major somatic
variant leading to a single nucleotide change in myeloid differentiation primary response gene 88
(MYD88). This induces an amino acid change at position 265 (Treon et al. 2012). This mutation (L265P),
is now thought to be the most significant somatic mutation in WM, occurring in greater than 90% of
patients (Xu et al. 2013). MYD88 is an adaptor protein than transduces signals for the interleukin-1 (IL-
1), and TLR signalling pathways by forming IL-1 receptor-associated kinase (IRAK) signalling complex.
This mediates the activation of signalling pathways and transcription factors, most notably STAT3 and

NF-kB (Poulain et al. 2013).

NF-kB pro-survival signalling can also be induced through BTK as a result of BCR, TLR signalling and
chemokine receptor signalling (figure 1.9) (Pal Singh, Dammeijer and Hendriks 2018; Lépez-Oreja et
al. 2021). BTK is a non-receptor tyrosine kinase that plays an important role in B-cell maturation. Upon
stimulation of the BCR, BTK is recruited to the membrane through interaction with
phosphatidylinositol-3, 4, 5-triphosphate (PIP3), where it is phosphorylated by SYK or SRC family
kinases. This phosphorylation activates BTK which then phosphorylates phospholipase Cy2 (PLCy2).
Activated PLCy2 hydrolyses PIP2 into diacylglycerol (DAG) and inositol triphosphate (IP3). DAG
activation can lead to downstream activation of ERK and NF-kB (Woyach, Johnson and Byrd 2012).
MYDS8S8 is also a target of activated BTK, thereby promoting the formation of the myddosome signalling
complex with serine/threonine kinase IRAK4 that further enhances NF-kB signalling and drives
proliferation and B-cell survival, thereby linking BCR activation with MYD88 stimulation. MYD88"%6"

cantherefore promote constitutive NF-kB signalling that drives cancer cell survival.
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Figure 1.9 — The BCR and TLR receptors can both signal through BTK. TLR signalling forms the Myddosome with IRAK4
through activation of MYD88. The Myddosome signalling complex then induces downstream NF-kB. Upon BCRs stimulation,
BTK is recruited to the membrane through interaction with phosphatidylinositol-3, 4, 5-triphosphate (PIP3). Here it is
phosphorylated by SYK or SRC family kinases. This phosphorylation activates BTK which then phosphorylates phospholipase
Cy2 (PLCy2). Activated PLCy2 hydrolyses PIP2 into diacylglycerol (DAG) and inositol triphosphate (IP3). DAG activation can
lead to downstream activation of ERK and NF-kB. Ibrutinib is a BTK inhibitor and can block both BCR and TLR signalling by
inhibition of BTK tyrosine phosphorylation activity, thereby blocking survival signals upstream of ERK and NF-kB. Figure

adapted from Singh, Dammeijer and Hendricks, 2018 and Lépez-Oreja et al, 2021).

1.2.2.2 CXCR4™"™ mutation

About 30% of WM patients may also acquire a CXCR4 mutation (figure 1.10), most frequently on serine
338 (Hunter et al. 2014). CXCR4 is a G protein coupled heterotrimeric chemokine receptor. The main
ligand to bind to CXCR4 is CXCL12, a chemokine important for chemotaxis and B-cell homing to the
bone marrow as described above. CXCL12/CXCR4 signalling is involved with MEK and PI3K signalling

pathways, which are important for cell survival and proliferation.
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Figure 1.10 — CXCR4 structure and location of common mutations. CXCR4 is a 7 transmembrane G protein coupled receptor present
on the surface of many cell types. It is equipped with a N-terminal extracellular tail that is involved in interaction with CXCL12. On
theintracellular side, the C-terminal tail contains numerous residues that are involved in mechanisms relating to arrestin recruitment
and receptor internalisation and packaging. This figure details the residue components of the CXCR4 C-terminal tail, and the key
residues involved in the desensitisation and internalisation process.

C-Terminal
Tail

CXCR4 interacts with CXCL12 through its N-terminal extracellular tail. The extracellular domain
contains 17 residues that are involved in this binding, the first 6 of these play the most dominant role
in this process (Gozansky et al. 2005). CXCR4 expression is regulated by a tightly controlled
desensitisation, internalisation, and degradation/recycling process (figure 1.11) (Busillo and Benovic
2007). Once CXCL12 binds to CXCR4, G protein-coupled receptor kinase (GRK) localises to the C-
terminus of CXCR4, and it phosphorylates the C-terminal tail. This recruits B-arrestins which bind to
and uncouples the receptor from further G protein activation. Following desensitisation, CXCR4 is then

internalised at which point it may be degraded by the lysosome or shuttled back to the membrane.
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Table 1.1 - Key residues within the intracellular C-terminal tail of CXCR4 involved in receptor desensitisation

C-terminal tail residue

Function

Reference

S324 Lysosome packaging Signoret et al (1998) Luo et al (2017)
$325 Lysosome packaging Signoret et al (1998) Luo et al (2017)
1328 Endocytosis Signoret et al (1998)

L329 Endocytosis Signoret et al (1998)

S330 Lysosome packaging Signoret et al (1998) Luo et al (2017)
$338 Receptor internalisation Orsini et al (1999)

$339 Receptor internalisation Orsini et al (1999)

S346 Arrestin recruitment Jiansong et al (2017)

S347 Arrestin recruitment Jiansong et al (2017)

The C-terminal tail of CXCR4 is the region necessary for the desensitisation process following CXCL12
stimulation. Notable phosphorylation sites along the C-tail include a region of key serine residues,
namely S321, S324, S325, S330, S338 and S339 (Busillo et al. 2010). S338 and S339 are critical for
receptor internalisation (Orsini et al. 1999). Additionally, the isoleucine (1328)/leucine (L329) motifs
may play a role in endocytosis of this receptor (Signoret et al. 1998). S324, S325 and S330 have been
implicated in regulation of internalised CXCR4 into lysosomes for degradation (Signoret et al. 1998)

S346 and S347 are necessary for arrestin recruitment and initiation of CXCR4 receptor desensitisation

(Luo et al. 2017) (figure 1.10 and table 1.1) (Teicher and Fricker 2010).
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Figure 1.11 — CXCR4 receptor signalling in both wild type cells (left) and WHIM mutated cells (right). Once CXCL12 (SDF1) binds

to CXCR4, survival signalling is activated.

In wild type cells, GRK phosphorylates the C-terminal tail of CXCR4, inducing

desensitisation of the receptor. At this point CXCR4 may be degraded by the lysosome or it may be recycled back to the membrane.
In either case, CXCR4 signalling is tightly controlled. In cells expressing CXCR4 WHIM, the C-terminal tail is truncated, preventing
phosphorylation by GRK. This prevents CXCR4 desensitisation, leading to prolonged CXCR4 survival and proliferative signalling.
Figure adapted from Teicher and Fricker, 2010.

In B-cells, stimulation of the BCR can promote CXCR4 signal propagation and receptor recycling

through BTK, confirmed by addition of Ibrutinib, which reduces surface levels of CXCR4 through

blockage of BTK, thereby impeding phosphorylation and receptor signal transduction, preventing

CXCR4 receptor recycling (Chen et al. 2016).

The CXCR4 desensitisation mechanism exists to switch off CXCR4 signalling when required; however,

this regulation is lost in CXCR4 (S338X) WM cells. The occurrence of an early stop codon truncates the

C-terminus of the CXCR4 receptor, preventing GRK mediated phosphorylation, and therefore

recruitment of arrestins that mediated receptor internalisation (figure 1.10). This results in

uninterrupted CXCR4 signalling. Consistent with this CXCR4 signalling enhances proliferative and

survival signals, which increases malignancy.
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Table 1.2 - CXCR4 mutations present in WM patients. Of these patients, they may harbour one of several somatic variants in
CXCR4, a few of which a described here. Of these validated variants, each one induces an effect functionally similar to
mutations associated with WHIM syndrome. The mutations described do not affect the transmembrane portion of CXCR4
and therefore do not affect ligand binding or G-protein signalling. Instead, they disrupt the C-terminal tail, specifically
resulting in the loss of regulatory phosphor-serines involved in receptor internalisation. Often an insertion mutation may be
present in addition to a S338X non-sense mutation.

CXCR4 Mutation Mutation Amino Acid change | Gene Change | Effect

CXCR4 r.931_933insT Frameshift | T311fs Insert T Truncation of C tail
CXCR4 r.952_954insA Frameshift | T318fs Insert A Truncation of C tail
CXCR4 c.1013C<A Nonsense S$338X C>A Truncation of C tail
CXCR4 c.1013C<G Nonsense S338X C>G Truncation of C tail
CXCR4 c. 1012_1013delT Frameshift | S338fs Delete T Truncation of C tail
CXCR4 c. 1017_1018del T | Frameshift | S339fs Delete T Truncation of C tail
CXCR4 c. 1031_1033delCT | Nonsense S344X Delete C/T Truncation of C tail

The S388 mutation in WM patients is similar to those found in WHIM (warts,
hypogammaglobulinemia, infection and myelokathexis) syndrome and is one of a number of
mutations identified in CXCR4 (table 1.2) (Xu et al. 2016; Hunter et al. 2014; Poulain et al. 2016). WHIM
syndrome is characterised by defects in marrow trafficking of CXCR4" cells, notably neutrophils, which
are retained in the bone marrow and depleted from the circulation (myelokathexis), leading to
increased susceptibility to infection such as HPV, hence the increased incidence of warts in these
patients. Furthermore, WHIM patients often experience hypogammaglobulinemia, a loss of circulating
IgG, 1gM and IgA, indicative of a low level of B-cells found in affected individuals (McDermott and

Murphy 2019).

Similarly, an additional feature of WM B-cells is their abnormal accumulation in the BM, with
CXCR4WHM B_cells showing the highest bone marrow disease involvement (Treon et al. 2014).
Additionally, long-lived PCs from mice expressing CXCR4"WHMfail to populate the BM, instead immature
proliferating PBs accumulate in PC BM niches. Together this suggests that due to the perturbed WM

B-cell trafficking, these cells obtain a unique environment for differentiation (Biajoux et al. 2016).

1.3.3 CXCR4 downstream signalling

Downstream targets of CXCR4 include several non-receptor tyrosine kinases. Once CXCL12 is bound,
a conformational change activates the trimeric G protein by inducing the dissociation of the Ga
subunit. Ga inhibits adenyl cyclase, which produces cAMP. cAMP stimulates the activity of these non-
receptor tyrosine kinases. Notable signalling pathways include the activation of the Ras/Raf/MEK/ERK
pathway which regulates proliferation. ERK signalling can further be activated through the Gy
subunit. This subunit activates phospholipase C (PLC). PLC hydrolyses PIP2 into IP3 and DAG, which
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can activate ERK signalling. Alongside this, Ga and GBy can activates PI3K. PI3K can phosphorylate AKT,

which affects cell proliferation, survival, and migration (Pozzobon et al. 2016).

Throughout B-cell differentiation, AKT phosphorylation may become rewired as the cells enter the
different stages. Notably it has been reported that GC B-cells express high levels of PDK1, which
catalyses the phosphorylation of the T308 residue of AKT, whereas naive B-cells express high levels of
mTORC and PTEN which preferentially catalyses AKT at the S473 residue (Downward 1998; Luo et al.
2019)

1.3.4 Treatments for WM

First line therapy for WM includes rituximab, an antibody against the B-cell surface molecule CD20
that signals to natural killer (NK) cells and macrophages to induce antibody dependent cellular
cytotoxicity (Yelvington 2018). This is often combined with bendamustine. Similarly to alkylating
agents, itinduces DNA crosslinking or double strand DNA breaks, thereby preventing protein synthesis
through initiation of the p53 induced stress response, leading to apoptosis (Kalaycio 2009).
Bendamustine also inhibits mitotic checkpoints leading to mitotic catastrophe and additionally it has
anti-metabolite activity (Leoni et al. 2008). The overall response rate for this treatment was 95%, with
an improved progression free survival compared to dexamethasone, rituximab, and

cyclophosphamide (DRC) another routine regimen for WM (Paludo et al. 2018).

While agents conventionally used in WM such as purine analogues and monoclonal antibodies
effectively deplete the B-cell component of the disease, the PCs are not targeted (Varghese et al.
2009). This has a direct effect on patient management particularly when the symptoms relate to the
production of IgM. Alternative strategies that show some specificity to the secretory PCs as well as

the B-cell component are therefore required.

Moreover, for relapsed patients who are not suitable for chemotherapy or immunotherapy, an
alternative treatment utilises BTK inhibitors (Pal Singh, Dammeijer and Hendriks 2018), (Pal Singh,
Dammeijer and Hendriks 2019). Phase 3 trials have shown the effectiveness of ibrutinib and rituximab
in combination in relapsed patients, with a progression-free survival rate of 82% for ibrutinib—

rituximab versus 28% with placebo-rituximab (Dimopoulos et al. 2018).

BTK is activated in the signal transduction pathway downstream of the BCR and TLRs. WM cells
expressing the MYD88%%°" somatic mutation promote survival through activation of BTK signalling and
introduction of a BTK inhibitor prevents MYD88 binding to BTK leading to inhibition of NF-kB, inducing

WM cell apoptosis (Yang et al. 2013). Additionally, CXCR4, through activation of G; proteins, can
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interact with BTK and promote survival signalling alongside non-BTK dependant mechanisms (Pal

Singh, Dammeijer and Hendriks 2018), (Bence et al. 1997).

Patients expressing CXCR4WHM 'however show an increased resistance to ibrutinib treatment. 80% of
relapsed/refractory WM patients expressing CXCR4 WT achieve a major response from ibrutinib
therapy, whereas only 30% of patients expressing CXCR4"H™ reach the same response (Treon et al.

2013).

WM cells expressing CXCR4"HM have a hyper-activated alternate CXCR4 receptor signalling that
compensates for the loss of BTK, thereby reducing the effectiveness of ibrutinib and other
therapeutics. Indeed, inhibition of ERK and AKT signalling in WM cells potentiates ibrutinib induced
apoptosis, therefore suggesting that these signalling events are a powerful survival factors that

probably contribute to the clinical presentation of CXCR4YHM WM patients (Cao et al. 2015).

There is therefore a need for a more detailed understanding of the CXCR4 signalling pathways and its
interaction with other surface receptors, such as the BCR and CD19 that promote survival and drug
resistance. Additionally, mapping the most significant pathways would enable the formulation of
alternate kinase inhibitor combinations that would best combat the cooperation between these

receptors and potentially inform future therapeutics.

1.4 B-cell Co-stimulatory Receptors

1.4.1 CD19

Whilst surface immunoglobulin is the most notable receptor for driving B-cell differentiation, there
are important accessory receptors that assist in modulation of signals involved in this process. B-
lymphocyte antigen CD19 is a 95 kd type | transmembrane glycoprotein possessing two extracellular
lg like domains and a large cytoplasmic tail containing nine tyrosine residues that, when

phosphorylated, enable docking of SH2 domain containing proteins (Fujimoto et al. 2000).

CD19 is expressed during all phases of the B-cell lineage, beginning at immunoglobulin gene
rearrangement, and peaking on mature B-cells. This expression is maintained throughout the GC
reaction. Expression however does decrease as the cells transition into PCs, but not entirely. CD19 is
also expressed highly on many B-cell malignancies such as acute and chronic lymphoblastic leukaemias

(ALL/CLL), and various B-cell lymphomas (Cooper et al. 2004; Aldoss and Forman 2020)

CD19 exists within a complex containing CD21, CD81 and CD225. This complex interacts with the BCR,
helping to reduce the threshold for B-cell activation likely through the generation of an amplification
loop. For the BCR to become activated, it requires protein tyrosine kinase activation. LYN, the main

Src family protein kinase, is necessary for the initiation of BCR signalling and the formation of this
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amplification loop. CD19 regulates this by utilising its cytoplasmic tail containing the 9 tyrosine
residues to act as a scaffold, that when phosphorylated during BCR-ligand interactions, function as
SH2-docking motifs that recruit regulatory BCR associated tyrosine kinases, such as LYN, thereby
amplifying BCR signalling and activating downstream pathways involving PI3K, AKT and BTK (Fujimoto
et al. 2000; Morbach et al. 2016; Tedder, Inaoki and Sato 1997).

Specifically, BCR and/or CD19 ligation induces CD19 phosphorylation by LYN at tyrosine 513, which
then binds to this tyrosine via is SH2 domain, leading to recruitment of LYN and subsequent
phosphorylation of tyrosine 482. This in turn leads to further LYN recruitment and phosphorylation at
tyrosine 482. This phosphorylation, induces conformational changes in CD19, allowing tyrosine 391 to
become phosphorylated, which recruits VAV, itself phosphorylated by LYN. At this point, LYN may lose
its SH2 domain binding affinity and release CD19, allowing further LYN binding and activation, creating
the amplification loop that initiates a cascade of signalling events involved in B-cell differentiation.
Furthermore, release of CD19, may allow the tandem SH2 domains of PI3 kinase to interact with CD19
tyrosines 482 and 513. Therefore, CD19 plays a crucial role in recruiting protein tyrosine kinases

required for BCR signalling (Fujimoto et al. 2000).

Additionally, CD19 interacts with other protein kinases, including other Src family kinases and RAS
kinases (Sato, Jansen and Tedder 1997). BTK associates with CD19 following BCR ligation, though not
via phosphorylated tyrosine residues on CD19, instead likely through associated molecules. It is
thought that CD19 aids in activation and prolongation of BTK signalling. Whilst CD19 and BTK
cooperation aids in BCR signalling, loss of CD19 or BTK alone only moderately affects signalling
responses, whereas loss of both severely dampens responses. This data supports the notion that CD19
acts a signalling hub through collaboration with various receptors and protein kinases (Fujimoto et al.

2002).

CD19 expression has been experimentally depleted to observe defects in B-cell maturation. Mouse
models deficient for CD19 show normal levels of B-cell resident within both the BM and peripheral
circulation, however splenic B-cell numbers are diminished suggesting CD19 is not crucial for early B-
cell development but is important for mature B-cell differentiation and potentially the GC reaction.
Indeed CD27+ memory B-cell generation is diminished in CD19 deficient patients. Additionally, in
response to both T-independent and T-dependant stimulation, a reduced rate of proliferation and
immunoglobulin production has been observed. In contrast, overexpression of CD19 negatively
affects immature B-cell maturation but enhances proliferation of mature B-cell populations (Engel et

al. 1995; Rickert, Rajewsky and Roes 1995; van Zelm et al. 2006).
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Within the context of CXCR4, on the surface of B-cells CXCR4 localises to the BCR on CD19-IgD islands
within nanometre sized proximity and are functionally connected. Stimulation of either CXCR4 or the
BCR induces phosphorylation of CD19 (Keppler et al. 2015). It has been proposed that CD19 can be
redeployed as a transmembrane scaffold for additional receptor signalling, including CXCR4. Indeed,
B-cells with altered CD19 membrane mobility that are stimulated with CXCL12 showed diminished AKT
and FOXO phosphorylation, suggesting that CD19 malfunction results in failure of PI3K activation via
CXCR4 (Keppler et al. 2015). Therefore, CD19 may act as a central hub for signalling within B-cells and
may specifically aid in promoting CXCR4 mediated differentiation and survival signalling. In WM cells

this may represent a uniqgue mechanism which these cells may rely on to survive.

Additionally, the IgD-class BCR expression is crucial for functional CXCR4 function on mature B-cells
that have not yet undergone class-switch recombination, indicated by calcium mobilisation disruption
in CXCL12 stimulated IgD”" B-cells. Furthermore, this crosstalk is mediated by CD19 via the actin
cytoskeleton, which restores functional CXCR4 PI3K/AKT and ERK signalling in IgD BCR-deficient B-cells
(Becker et al. 2017). Thus, CXCR4 deploys unique downstream signalling mechanisms in the B-cell
lineage that are likely to be altered during differentiation and may exhibit additional adaptations in

the context of WM.

1.4.2 1gD vs IgM signalling

The BCR is composed of a membrane bound immunoglobulin connected to a signal transduction
region, itself composed of Iga and IgB. All immunoglobulin isotypes have identical antigen specificity
and are associated with the same signalling heterodimer (Iga and IgB) and other signalling proteins

such as SYK, LYN and BTK (Maity et al. 2018).

In naive B-cells, the BCR is either an IgD or and IgM protein. Despite providing similar function for
antigen binding and eventual GC generation, the IgD BCR and IgM BCR signalling differs. IgM is the
predominant form of the BCR within the BM during B-cell development, but once the B-cells move
from this environment and populates peripheral lymphoid organs, the B-cells are able to express the

IgD phenotype.

It has been proposed that IgD plays a greater role in B-cell homeostasis and B-cell selection
(Geisberger, Lamers and Achatz 2006). The BCR can induce constitutive tonic survival signalling in the
absence of antigen stimulation and following antigen binding, signal transduction events that actively
promote B-cell survival. Closer inspection shows cross-linking of the IgM BCR on murine splenic B-cells
induces a strong survival signal, whereas the IgD BCR transmits a tonic survival signal, but cross-linking
negatively affects survival. Stimulation through both BCRs induces a moderate survival signal; together

this indicates opposing roles for both isotypes. IgD may diminish antigen-induced survival signalling
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potentially for restricting non-specific or self-antigen generation (Yasuda et al. 2018). Opposingly, the

pro-survival IgM signalling may play a crucial role in the maintenance of malignant WM cells.

1.4.3 Relationship between immunoglobulin Isotype and plasma cell fate

The WM cell of origin is a B-cell that has undergone somatic mutation but not isotype switch events.
Since class-switched WM are extremely rare, there may be unique properties related to the IgM
signalling. The switching event can modulate the fate of B-cells as the different classes of BCR can

induce variability in signal transduction (Boothby, Hodges and Thomas 2019; Sahota et al. 2002).

For example, during the germinal centre reaction, IL-4 induces antibody class switching to either IgE
or IgG1. IgG1 class switched cells are capable of maintaining long-term humoral memory whereas IgE-
expressing cells frequently do not possess the same ability, potentially due to a self-limiting effect to
prevent aberrant allergic responses (Yang, Sullivan and Allen 2012). Additionally, immunisation can
induce the formation of GC centres comprising of clusters of either IgM+ or IgG+ B-cells. Subsequent
challenge drives the IgG+ B-cells to differentiate to PCs, whereas IgM+ B-cells reinitiate a GC reaction
to activate switching to 1gG1, reinvigorating the memory pool (Dogan et al. 2009). Together this

suggests that Ab class can influence the fate of B-cells.

TLR9 stimulation of transitional B-cells can induce terminal differentiation into IgM memory B-cells.
These cells express AID and have undergone some somatic mutation. It has been proposed TLR
stimulation generates primitive IgM memory cells that have low levels of SHM which increases the Ab
repertoire generated from Ig gene rearrangement in the bone marrow (Aranburu et al. 2010). It is
possible that WM cells arise from an innate memory cell, an IgM+ memory B-cell that is generated
from a T-cell independent differentiation process. An innate IgM+ B-cells may then potentially
originate from a TLR stimulated transitional B-cell possessing a MYD88 mutation that would go on to

become a WM cell (Capolunghi et al. 2013)

It has been noted that patients deficient for MYD88 or IRAK4 have a diminished number of IgM
memory B-cells, which is interesting in the context of WM, due to the presumed instigating MYD88
mutation and aberrant IgM secretion. This could suggest an origin of the high IgM secretion seen in

WM cells (Weller et al. 2012).

Class switched memory B-cells are capable of activating and differentiating into PCs after antigen recall
with or without co-stimulation by Tfh cells. In comparison, naive IgM and IgD expressing B-cells are
unable to differentiate into PCs without the aid of co-stimulatory signals induced by accessory

receptors (Engels et al. 2009).
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WM cells may recruit various surface receptors to enable their differentiation, which may translate to
a greater sustained downstream activation of survival signalling pathways such as ERK, AKT, MYD88
and NF-kB. The requirement of these cells to utilise accessory receptors to survive compared to
healthy B-cells and PCs implies a unique vulnerability to blockage of this receptor coordination and
cessation of these survival signals. Together this may explain the unusual lymphoplasmacytic fate of
IgM+ WM B-cells and PCs and the enhanced survival of normally short-term IgM B-cells/PCs and a

potential target for therapeutics.

1.5 In vitro generation of PCs

Generally, there is a good understanding of the processes that drive PC maturation, however, until
recently, there were few experimental models that allowed for the investigation of the entire human
B-cell differentiation pathway, nor the various factors that drive this process and promote survival.
Moreover, in the case of B-cell malignancies, this has prevented a full understanding of how specific

B-cell and PC environmental niches affect the impact of disease specific mutations.

The multi-stage in vitro model used in this study, replicates the progression of B-cells to mature PCs
and has allowed for an understanding of the key factors that may contribute to B-cell differentiation
and PC survival and has been successfully used to differentiate WM B-cells (figure 1.12) (Cocco et al.

2012; Shrimpton et al. 2020).

The model utilises CD40L, IL-21, and IL-2 as they are known to play a role in adoption of the PC fate
after T-cell dependant B-cell activation. In addition, F(ab’) ; anti-IgG/IgM is included to stimulate the

BCR. IL-6, IL-21 and IFN-a are added at day 13, promoting acquisition of CD138, indicating the

+1L2 + IL21 + F(ab)2 + +1L2+1L21 +IL6 + IL21 +APRIL
Supplements +Supplements +Supplements
Naive B-cell Activated B-cell Plasmablast Plasma cell

* :

i) v :j [ ) ) ~
CD40L cells \) —> —_— u _— U e — Re-feed every
_l_. —— 3.5 days
Day O Day 3 Day 6 Day 13
— - CD40L

Figure 1.12 — B-cell differentiation model. PBMCs are collected from donors and B-cells purified. At day O, B-cells are co-
cultured with CD40L expressing cells. At day 3 CD4O0L cells are removed, and cytokines and supplements are added. After day
3 (activated B-cells) a new combination of cytokines is added alongside supplements. Finally, at day 6 (plasmablast stage),
APRIL is added, helping drive cells to a PC phenotype (day 13).
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development of a PC phenotype. The model was further updated to include the supportive role of the
stromal niche, through addition of a stromal cell layer. Recent modifications have subsequently
replaced the need for a late-stage stromal layer and IFN-a, with the addition of a proliferation-inducing

ligand (APRIL) (figure 1.11) (Cocco et al. 2012; Stephenson et al. 2021).

1.6 Aims and Objectives

1.6.1 Aims

The overall aim of this project is to assess CXCR4 signal integration in ASCs, including the role of co-
receptors and the impact of dysregulated CXCR4 in WM using a novel in vitro system of PC
differentiation. This model has allowed a greater understanding into which factors may contribute to
PC maturation and survival. Utilising this model, it will enable the investigation into the relationship
between CXCR4 survival signalling, the WHIM mutation and CD19 collaboration. Specifically, we aim
to define which signalling pathways regulate the differentiation and survival of WM ASCs and how
CXCR4 in particular impacts on this process. Importantly, CXCR4 may signal through a variety of
pathways at discrete stages of differentiation. In WM, eradication of both B-cells and PC are necessary
for effective disease control and may require different types of therapies that exploit the unique

characteristics of these cell populations.

1.6.2 Hypotheses

1. ASCs generate unique CXCR4 signalling patterns depending on the stage of differentiation.

As B-cells are triggered to differentiate, they transition into a short lived proliferative PB
stage. Following this they differentiate to a mature long-lived PC phenotype. How key signal
transduction pathways are modulated may vary due to the different nature of the two cell

populations that both secrete immunoglobulin.
2. B-cells and ASCs expressing CXCR4YWH™M generate an enhanced survival signalling pattern.

The effect of the introduction of a WHIM mutation on B-cell/PC phenotype, viability and
CXCR4 expression and signalling will be observed. The response of healthy primary B-cells
and ASCs to CXCL12 will be determined and provide a control profile. From this the same

cellular characteristics and signal transduction events will be established for WMWHM cells,
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3. B-cell and ASC surface receptors CD19 coordinates with CXCR4 to amplify survival signalling

that is further enhanced in WMYWH'™ B-cells and ASCs.

The impact of co-stimulation of CXCR4 with CXCL12 and the aforementioned surface co-
receptors will be assessed using the in vitro model. The response of healthy primary B-cells
and ASCs to these stimuli will be determined. Specifically, the effect on cell phenotype and
downstream signal propagation at both the PB and PC stage will provide a control profile.

These stimuli will be assessed on PBs, and PCs transduced with the WHIM mutation.

4. CD19 deficient B-cells and ASCs will generate a weaker response to CXCL12 stimulation and

possess defects in normal B-cell differentiation.

CD19 deficient B-cells will be cultured within the differentiation model. Acquisition of normal
PB/PC phenotype will be assessed as well as CXCR4 expression. Additionally, these cells will
be stimulated with CXCL12, and the aforementioned signal transduction pathways will be

assessed to confirm CD19’s role as a signalling hub for CXCR4.

2.1 Project aims

1) Assess the ability of partners of CXCR4 such as CD19 to propagate signal transduction at different

stages of B-cell differentiation in both normal and WM cells.

2) Assess the mechanism of signalling through the defined partners with a focus on PI3K and MAPK

pathways.
3) Assess the effect of mutant CXCR4 to alter collaborative signal integration.

4) Assess the differentiation and signalling capabilities of CD19 deficient B-cells.

32



2.0 Materials and Methods

2.1 Molecular techniques

2.1.1 Plasmids

A set of pIRES2 eGFP based mammalian expression plasmids encoding epitope-tagged human full-

length CXCR4 with and without the WHIM mutation were obtained from the University of Dundee

MRC-Protein Phosphorylation & Ubiquitination Unit (table 2.1).

Constructs

Plasmid vector

HA CXCR4 (WT)

pIRES2 eGFP (Clontech; University of Dundee MRC-Protein

Phosphorylation & Ubiquitination Unit)

HA CXCR4 (WHIM)

pIRES2 eGFP (Clontech; University of Dundee MRC-Protein

Phosphorylation & Ubiquitination Unit)

Table 2.1 —Plasmids for transfection

2.1.2 DNA digestion with restriction endonucleases

Restriction digests were performed on pIRES2 eGFP parent plasmids using the volumes and
endonucleases detailed in table 2.2. Reaction mixtures were incubated for 1 hour at 37°C. Calf-
intestinal alkaline phosphatase (CIP; New England Biolabs) was added and incubated at 37°C for 20
minutes to prevent the recircularization of the parent vector. Restriction digests were performed on

the Dundee plasmids to confirm the presence of CXCR4 using the sites shown in table 2.3.

Reagent Volume (ul) Manufacturer

DNA Ayl -

Buffer 10x Sul New England Biolabs
BSA 0.5ul New England Biolabs
EcoRl 1l New England Biolabs
Xhol 1ul New England Biolabs
dH»0 38.5ul Ambion

Table 2.2 - reaction mixture for DNA digestions

Enzyme Restriction site 5’-3’ | Manufacturer
Xhol C*TCGAG New England Biolabs
EcoRl G*AATTC New England Biolabs

Table 2.3 - Restriction endonucleases
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2.1.3 Agarose gel electrophoresis

Digests were visualised using a 1% agarose gel and ethidium bromide (EtBr) staining. 1% (w/v) of
agarose was dissolved in 1X TBE buffer (89mM Tris-base, 80mM boric acid, 2mM EDTA) with the
addition of 2.5 pl of ethidium bromide (Fisher Scientific). DNA mixed with a buffer containing 40%
sucrose, 30% (v/v) glycerol and food colouring was loaded onto a gel and run at 100V for 30-50
minutes. Molecular weight ladders (100bp or 1kb; New England Biolabs) were included for size

comparison. Gels were imaged using the Geldoc XR system (Bio-Rad).

2.1.4 DNA extraction
DNA fragments were visualised using a transilluminator and excised from each gel using a scalpel. DNA
elution was performed using QlAquick® Gel Extraction Kit following the manufacturer’s instructions

(QIAGEN).

2.1.5 Ligation
DNA generated from restriction digests was ligated into a new parent vector using T4 ligase
(Invitrogen). The reaction mixture is outlined in table 2.4. The mixture was incubated at room

temperature for 2 hours.

Reagent Volume (ul) Manufacturer
Vector 1l -

Insert 4ul -

5X Ligase Buffer 1l Invitrogen

T4 Ligase 0.5ul Invitrogen
dH0 3.5ul Ambion

Table 2.4 - Reaction mixture for ligation

2.1.6 Transformation of bacterial cells

5ul of DNA was added to 50ul of competent DH5a and incubated on ice for 20 minutes. The reaction
was heat shocked for 45 seconds at 42°C and then transferred to ice for 2 minutes. 200ul of super
optimal culture medium (SOC) (Invitrogen) was added and the mixture was incubated for 1 hour at
37°C in an orbital shaker. 100ul of the medium 24 was subsequently streaked onto Lennox lysogeny
broth-agar (LB) (Formedium) plates containing the appropriate antibiotic (50pug/ml kanamycin). The

plates were left to incubate overnight at 37°C.

2.1.7 Plasmid purification
Single colonies were picked and transferred to 3ml of LB broth with kanamycin. Cultures were
incubated overnight at 37°C in an orbital shaker. 500ul of the overnight culture was added to 50ml LB

broth containing kanamycin and incubated overnight at 37°C in an orbital shaker. Following
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incubation, a sample of the culture was taken for a glycerol stock and the remaining was centrifuged
at 4000rpm for 30 minutes. The DNA was then purified using a midi-prep kit (Qiagen). DNA was

guantified using a NanoDrop™ spectrophotometer (ND-1000; ThermoScientific).

2.1.8 RNA isolation

To collect RNA, Cell samples were obtained (~5x10° cells) and washed with PBS. 800ul of TRIzol™ was
then added to the cell pellet. The cells were then stored at -80°C until required. To isolate the RNA,
160ul of chloroform was added to the lysed cells. Lysed cells and chloroform were the mixed through
gentle inversion. Samples were then centrifuged at 12,000g at 4°C for 10 minutes. The sample is then
separated into three phases, an organic phase, a middle phase and an upper aqueous phase containing
the RNA. The clear aqueous phase is carefully removed and 5-10ug of RNAse free glycogen was added
to act as a carrier. 400ul of isopropanol was added and the sample was incubated at room
temperature for 10 minutes. The sample is then centrifuged at 12,000g at 4°C for 10 minutes. The
supernatant was then removed and the pellet was washed by vortexing with 1ml of 75% ethanol. The
ethanol was then removed and the sample was air dried for 5-20 minutes. Once the sample had dried,
the sample was dissolved in 50ul of RNAse free water and heated to 55°C for 10 minutes. Finally, the
RNA was treated with DNase | (Invitrogen) following the manufacturer’s instructions. Concentration

was then determined using a Nanodrop™ spectrophotometer.

2.1.9 Viral Constructs and Transductions
To insert the CXCR4 inserts into the MSCV viral constructs, the existing pIRES-eGFP-CXCR4 constructs
were digested using the restriction digest protocol detailed in section 2.1.2. The specific reagents used

are detailed in table 2.5

Reagent CXCR4-WT (pl) CXCR-WHIM (pl) Control (pl) (CXCR4-
WT)

DNA 14 1.25 14

Buffer 5 5 5

BSA 0.5 0.5 0.5

EcoRlI 1 1 -

Xhol 1 1 -

dH,0 41.1 41.25 435

Total 50 50 50

Table 2.5 - Restriction Digestion reagents for CXCR4 WT and CXCR4 WHIM constructs. A control digest was performed

without restriction enzymes.
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The digest mixes were incubated at 37°C for 1 hour and 1ul of CIP was added after for 20 minutes at

37°C. concurrently, the MSCV vector (provided by the Hodson group (Caeser et al. 2019)) was

prepared for digestion. The reagents for this digest are listed in table 2.6

Reagent MSCV vector control
DNA 3 3
Buffer 5 5

BSA 0.5 0.5
EcoRl 1 -

Xhol 1 -

dH,0 38.5 37
Total 50 50

Table 2.6 - Restriction Digestion reagents for MSCV vector. A control digest was performed without restriction enzymes.

A 1% agarose gel with ethidium bromide was prepared and GLB was added to each sample. The
samples were loaded onto the gels. Bands were cut out using a scalpel and a gel purification was
completed following the manufacturer’s instructions (QIAquick® Gel Extraction Kit). Next the Ligation

of the inserts and the MSCV vector was completed. The details of the ligation mixes are included in

table 2.7

Table 2.7 - Ligation reactions for MSCV vectors and Gel purified CXCR4 (WT) and CXCR4 (WHIM) inserts.

Reagent CXCR4-WT CXCR4-WHIM Control
MSCV vector 1 1 1

Insert 4 4 -

Ligase Buffer 1 1 1

T4 Ligase 0.5 0.5 0.5
dH20 3.5 3.5 3.5

The ligation reactions were left to run for 2 hours at RT. The ligated mixes were then prepared for
transformation into competent bacteria. Stable competent E.coli (New England Biolabs) cells were
thawed on ice for 10 minutes and mixed with 5l of ligation. The control ligation was also mixed with
bacteria. The cells were then mixed, and placed on ice for 30 minutes. The cells and ligation mixed
was placed in a water bath set at 42°C for 30 seconds and then placed on ice for 5 minutes. 950ul of
NEB 10-beta/stable outgrowth medium® (New England Biolabs) was then added into the mixture. The
cells were placed in a shaking incubator at 30°C for 1 hour. 50-150ul of the cell suspension was then
spread onto ampicillin plates and grown O/N at 37°C. Colonies were then picked from each plate and
added to 3ml Ampicillin broth. These were then grown O/N at 37°C. A miniprep was then completed
from 1.5ml of each sample according to the manufacturer’s instructions (Invitrogen). Isolated plasmid

DNA was then measured on the Nanodrop. Additionally a restriction digest was performed on the

36



plasmid DNA using the same conditions detailed in table 2.5 and visualised on an agarose gel to
confirm which clones had successfully incorporated the plasmid DNA. Next, the +ve bacterial clones
were scaled up in preparation for a Midiprep. 50ml of ampicillin LB broth was added into plastic conical
flasks. 1ml of positive clones of CXCR4-WT and CXCR4-WHIM was added to broth. They were then
grown overnight at 37°C. Glycerol stocks were prepared from the O/N cultures. A Midiprep was

performed and the plasmid DNA was measured on the Nanodrop.

HEK-293T cells were cultured prior to transfection. 2x10% HEK-293T cells were seeded in 10cm petri
dishes in 6mI DMEM (high glucose, 10% HIFBS, 5ml Pen/Strep, 5ml Glutamine) 24 hours in advance of
transfection. 24 hours after seeding, cells were checked to verify attachment and viability. Existing
DMEM was removed and éml of fresh DMEM was added. Per transfection, 1ml of Opti-mem
(Thermofisher) and 18ul TransIT-293 (Mirus Bio) was prepared and mixed and incubated at RT for 10
minutes. Packaging plasmids and retroviral constructs were then prepared and incubated for 30
minutes at RT (table 2.7). Transfection mix was then mixed and gently distributed dropwise over the
HEK293T cells in 10 cm plates. The plates was then shaken gently. HEK293T cells were incubated at
37°CinaClass Il incubator for 48 hours. (Section 2.2.11 details the collection of viral supernatants and

subsequent transduction of B-cells).

Reagent WT CXCR4 HEK293T cells | WHIM CXCR4 HEK293T | Manufacturer
(ul) cells (pl)

GALV-MTR 2.5 2.5 Provided by the
Hodson group (Caeser
et al. 2019)

pHIT60 2.5 2.5 Provided by the
Hodson group (Caeser
et al. 2019)

MSCV-CXCR4-WT | 2.1 - -

MSCV-CXCR4- - 1.87 -

WHIM

Table 2.8 - reagent mix for transfecting HEK293 cells with retroviral constructs containing either CXCR4-WT or CXCR4-
WHIM. Volumes shown show mix required for transfecting one 10cm petri dish of HEK293T cells.

2.2 Cell Culture

2.2.1 Cell lines
Cell line Origin Media
HEK 293 Transformed human embryonic kidney cells | DMEM +10% HIFBS
CD40L NCTC clone 929 [L cell, L-929, derivative of IMDM media + 10% HIFBS
murine Strain L] from Mus musculus stably
Fibroblasts transfected with human CD40L

Table 2.9 - Cell lines
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Cell lines were authenticated using standard short tandem repeat (STR) DNA profiling analysis (CRUK
Cancer Centre Genomics Facility). CD40L expressing murine fibroblasts were obtained from Dr Sean
Diehl, University of Amsterdam, Netherlands. MWCL-1 and BCWM-1 cell lines were obtained from Dr
Steven Ansell, Mayo Clinic, USA. HEK 293 cell lines were obtained from ATCC and used for

transfections. Cells were maintained at 37°C in a humidified atmosphere at 5% CO..

2.2.2 Population and ethics

Peripheral blood was obtained from healthy volunteers and collected in 9ml EDTA tubes following
informed consent. Approval for this study was granted by the Leeds (East) NHS Research Ethics
Committee, REC reference number 07/Q1206/47.

2.2.3 Irradiated CD40-L expressing murine cells

Murine fibroblasts transfected with human CD40L (CD154) were irradiated twice on ice using 50 Gray
for 50 minutes in a gamma irradiator (NDT) with gentle mixing between doses. After irradiation, 100ul
of cells were stained with an a-CD154 antibody and phenotype was assessed via flow cytometry to
confirm expression. An aliquot of 2x10° pre-irradiated CD40L-L cells was then prepared for freezing in
cryovials and stored at -80°C. 24h prior to sample processing, an aliquot of CD40L cells was thawed
and added to 10ml Iscoves Modified Dulbecco’s Medium (IMDM) media + 10% HIFBS (Invitrogen) then
centrifuged at 1500rpm for 5 minutes. CD40L-L cells were re-suspended in 24ml fresh IMDM + 10%
HIFBS and 0.5 ml was plated per well of two 24-well plates (0.5ml/well; 4.16x10%/well) and incubated
overnight at 37°C.

2.2.4 In vitro differentiation of human B-cells

2.2.4.1 Isolation of PBMCs

Peripheral blood was obtained from healthy donors with informed consent. Healthy donors were
selected from the lab population and were defined as a volunteer with a good health status with no
major active illness. Age range of donors varied between 20-60 years and there was no selection based
on gender or any other category. 50ml peripheral blood mixed with an equal volume of sterile
phosphate buffered saline (PBS) at room temperature (RT). 34ml of the blood/PBS mix was layered on
top of 17ml Lymphoprep™ (Allere Ltd.). The blood/lymphoprep was centrifuged at 2400rpm/ 1114 x
g for 20 minutes at RT (acceleration 5, brake 0). The mononuclear layer was removed and divided
between two 50ml falcon tubes containing 10ml cold PBS. The volume was made up to 50ml with cold
PBS, the peripheral blood mononuclear cells (PBMCs) were centrifuged at 1800 rpm for 15 minutes at
4°C. Cells were combined into one tube, washed with 50ml cold PBS and centrifuged at 1500rpm for

10mins at 4°C. This was repeated, and then the PBS was removed, and cells were washed with 15ml
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ice-cold MACS buffer (PBS, 0.5% BSA) (Miltenyi). Cells were counted before being centrifuged at
1500rpm for 10mins at 4°C.

Due to the COVID-19 pandemic, WM patient samples were no longer available for study due to issues
obtaining said samples via colleagues with access and the lack of patients coming on site for sample
collection. The pandemic also restrained the number of volunteers available for use as healthy

controls, due to the introduction of lockdowns, partime working and social distancing measures.

2.2.4.2 Magnetic labelling of cells

B-cell selection was carried out with a Miltenyi memory B-cell isolation kit for maximum 1x102 cells.
The PBMC pellet was resuspended in 400ul of cold MACS buffer. 100ul B-cell Biotin-Antibody Cocktail
was added and the mixture was incubated for 20 minutes at 4°C. Then 300ul of cold MACS buffer and
200ul anti-Biotin Microbeads were added, and incubated for 20-30 minutes at 4°C. 10ml cold MACS
buffer was added to the cells, which were then centrifuged at 1500rpm for 10 minutes at 4°C. The cell

pellet was re-suspended in 1ml cold MACS buffer.

2.2.4.3 Magnetic separation of cells

To negatively select for memory and naive B-cells, an LD Column (Miltenyi) was placed in the magnetic
field of a MACS separator and rinsed with 2ml of cold MACS buffer. The cell suspension was added to
the column and the unlabelled cells passing through were collected in a fresh tube. The column was
washed 3 times with 1ml of cold MACS buffer and the flow through collected in the same tube. The

cells were counted and re-suspended in IMDM + 10% FBS at 5x10° cells/ml.

2.2.4.4 Culture conditions day O

B-cells were cultured in 24-well plates at 1x10° cells/ml in IMDM + 10% HIFBS with MEM amino acid
solution (1:50) (Sigma) and Lipid Mixture 1, chemically defined (1:200) (supplements) (Sigma) and the
addition of human IL-2 (20 U/ml, Roche), human IL-21 (50 ng/ml, Peprotech) and F(ab’), goat anti-

human IgM and 1gG (10 pg/ml, Jackson Immunoresearch).

2.2.4.5 Culture conditions day 3

B-cells were removed from the CD40L-L cells by gentle pipette mixing. B-cells were reseeded at 1x10°
/mlin IMDM + 10% HIFBS + supplements, with the addition of human IL-2 (20 U/ml) and human IL-21
(50 ng/ml).

2.2.4.6 Culture conditions day 6
Cells were collected and counted. Cells were seeded in a 24 well plate in IMDM + 10% HIFBS +

supplements with the addition of human IL-6 (10 ng/ml, Peprotech), human IL-21 (50 ng/ml),
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multimeric APRIL (100 U/ml, Adipogen) and gamma secretase inhibitor (GSl) inhibitor (100nm, Tocris).

Cells were seeded at 1x108/ml.

2.2.4.7 Culture conditions day 10

Cells were collected and a lymphoprep was performed to remove dead cells. Cells were layered onto
lymphoprep and centrifuged at the settings detailed in 2.2.4.1. The mononuclear layer was removed,
and cells were washed in cold PBS and centrifuged at 1800 RPM for 15 minutes, followed by a second
wash in PBS and centrifuged again at 1500 RPM for 10 minutes. B-cells/PBs were then resuspended in
fresh IMDM media containing + 10% HIFBS + supplements with the addition of human IL-6 (10 ng/ml),
human IL-21 (50 ng/ml), multimeric APRIL (100 U/ml) and GSI (100nm).

2.2.4.8 Culture conditions day 13
PCs were collected as previously and counted. Human IL-21 was removed from the media +
supplements + human IL6 + APRIL + GSI. Cells were re-fed every 3.5 days by replacing media with fresh

media + supplements + day 13 cytokines.

2.2.4.9 Culture conditions for APRIL/TGF6/IFNa

Once naive and memory B-cells were isolated, cells were cultured in normal differentiation conditions
up until day 6. Cells were then cultured in 3 different conditions: IL-6, 1I-21, supplements and either
APRIL+GSI, TGFB (Peprotech) or IFNa (Peprotech). The cells were maintained in these culture
conditions up until the plasma cell stage (day 13). Samples were taken for surface CXCR4 staining

following the staining method specified previously and analysis via flow cytometry at day 10 and 13.

2.2.5 Cytokines and growth factors for generation of human plasma cells

Cytokine/ Growth Stock Concentration Final Concentration Supplier
Factor

hiL-2 10,000 units/ml 20 units/ml Roche
hiL-21 100pg/ml 50ng/ml Peprotech
F(ab’); anti-IgM/1gG 1.2mg/ml 10ug/mi Jackson Laboratories
Amino Acids 50X 20ul/ml Sigma
Lipid Mix 200X Sul/ml Sigma
hiL-6 100,000ng/ml 10ng/ml Peprotech
APRIL 100pg/ml 100ng/ml Adipogen
y-secretase inhibitor 1mg/ml 1pg/ml Tocris
L-685,458

hIFN-a 1x107 units/ml 100 units/ml Peprotech
hTGF-B 100 pg/ml 2.5ug/ml Peprotech

Table 2.10 - Cytokines and growth factors required for in vitro B-cell differentiation
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2.2.6 Plasmid transfection

For transient transfection of HelLa and HEK 293 cells, 100 ng/ul of plasmid DNA was prepared. 10ul
(1pg) of this was added to Geneluice® transfection reagent (Milipore) and Opti-MEM serum free
media (Thermofisher). Reaction mixture was incubated for 20 minutes and then added dropwise onto
cells. Cells were incubated overnight at 37°C. Transfection efficiency was determined by GFP
expression analysed under fluorescent microscopy and flow cytometry. Lysates were then taken for

protein evaluation as described in section 2.4.1.

2.2.7 Nucleofection

18-24 hours before nucleofection, 1-2x10° cells were plated into wells. Cells were incubated overnight
at 37°C. An appropriate amount of cells were harvested and centrifuged. Cells were suspended in
Ingenio® electroporation solution (Mirus Bio). 20ug of plasmid DNA was added to the mixture. An
electrical current was applied to the cells using an Amaxa Nucleofector™ (programme X-001) and then

they were transferred to a 12 well culture dish containing RPMI media supplemented with 10% FCS.

2.2.8 G418 antibiotic kill curve

MW(CL-1 and BCWM-1 cells were seeded into wells and incubated at 37°C for 24 hours. The selection
antibiotic G418 (Geneticin) was then added dropwise at different concentrations for each well. Each
concentration was done in duplicate. Cells were left for 24 hours. Viability was determined using

trypan blue exclusion counts.

2.2.9 Cell counting

At each time point of the differentiation, cell counts were performed to determine the cell density for
reseeding into differentiation conditions and for sample collection for flow cytometry and stimulation
experiments. 10l of cells was mixed with 10ul of Trypan blue (Sigma) and counted manually using a

haemocytometer and a cover slip. Cell count per ml was determined using the following equation

ml = average cell count o
Cell number per ml = x 10* x dilution factor
number of haemocytometer squares counted

Cell number per ml was multiplied by the total volume to calculate the total cell count.

2.2.10 Cell freezing and thawing

To freeze cells, the cell suspension is centrifuged at 1500 RPM and resuspended at 1x10° cells/ml in
cold freezing mix (90% FCS and 10% DMSO). 1ml of the cell suspension is then transferred to a cryovial
and stored at -80°C for a minimum of 24 hours. Cryovials were then transferred to the liquid nitrogen
storage bank for long-term storage. To thaw cells, cryovials were removed from either the -80°C or

liquid nitrogen and warmed until thawed. Cells were then transferred to fresh media and spun by
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centrifugation to remove the freezing mix. Cells were then resuspended in fresh media at the

preferred density and seeded into flasks or wells.

2.2.11 Viral supernatants

Viral supernatants from HEK-293T cells were collected using a 10ml syringe. The supernatants were
then filtered through 0.22um filters into fresh falcon tubes. Viral supernatants were then frozen at -
80 °C for storage or prepared for transduction of B-cells by adding 25uM HEPES (Thermofisher) and

polybrene (Santa Cruz Biotechnology) (10pg/ml) to the viral titer mix and gently mixing.

2.2.12 B lymphocyte transductions

At Day 2 of the B-cell differentiation, B-cells-CD40L co-cultures were centrifuged in 24 well plates at
400g for 4 minutes at RT. 90% of the supernatant was removed leaving approximately 100ul of media
per well. 1ml of previously prepared viral supernatant was added to each well of the B-cell CD40L co-
culture. The cells were then mixed gently five times. The plates were the sealed with parafilm® (Bemis)
and spun at 1500g for 90 minutes at 32°C. After centrifugation, approximately 70% of the viral
supernatant was removed (700pl) and replaced with 800ul fresh DO cytokine mix without F(Ab’),.Cells
were left to incubate at 37°C for 24 hours before a sample was collected for flow cytometry evaluation
of transduction. Remaining cells were collected, and day 3 media was prepared. These cells were then

cultured in the in vitro differentiation system as normal.

2.3 Flow cytometry

2.3.1 Flow cytometer
Flow cytometry was performed using a CytoFLEX S or CytoFLEX LX (Beckman Coulter). Analysis was

performed using FlowJo v10 (Treestar).

2.3.2 Antibodies for Immunophenotypic analysis

Antibody Volume used (pl) Manufacturer Isotype control
CD19-PE 20 BD Pharminogen Mouse IgG1-PE
CD20-v450 25 Invitrogen Mouse 1gG2b k
CD27-FITC 20 BD Pharminogen FITC Mouse I1gG1 k
CD38-PECy7 5 BD Pharminogen Mouse 1gG1-APC
CD138-APC 20 BD Pharminogen Mouse 1gG1-APC
CD79b-PE 10 BD Pharminogen Mouse IgG1-PE
CD19-vioblue 5 Miltenyi Biotec Mouse IgG1-VioBlue
hCXCR4 10 R&D Systems Mouse I1gG2A - PE
7AAD 5 BD Pharmingen N/A

anti-Akt (pT308) 20 BD Phosflow Mouse IgG1,
CXCR4 5 R&D Systems Mouse 1gG2A-PE
CD2 1 BD Biosciences Mouse 1gG1 k
Live/dead fixable 100 Biolegend N/A
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Table 2.11 - Antibodies used for immunophenotype analysis — Normal B-cell/PC flow panel was selected for identification of
these cell populations by previous analysis completed by the Doody/Tooze group, itself based on a standard B-cell/PC
detection panel used in clinical immunological assessment of these cell populations.

2.3.3 Immunophenotypic analysis of differentiating B-cells

1x10° cells were resuspended in FACs buffer (PBS, 0.5% BSA, 0.05% sodium azide) and centrifuged.
500ul of blocking buffer containing normal mouse serum (25ul), human IgG (8.35ul) and FACs buffer
(466.65ul) was prepared and added to the cells. The cells were then incubated on ice for 15 minutes.
The appropriate primary antibodies/isotype was then added to the cells and left on ice for 15 minutes.
Cells were then centrifuged and resuspended in FACs buffer. Samples were run on a Beckman Coulter
CytoFLEX S High Throughput (13 colour laser) flow cytometer. Cells are analysed through use of various
gates including FSC/SSC, FSC/FSH (singlet/doublet discrimination), 7AAD (live/dead), CD19, CD20,
CD27, CD38 and CD138.

2.3.4 Gating strategy for flow cytometry

B-cells were first gated on their forward vs side scatter phenotype to obtain population P1 (figure 2.1).
Utilisation of this B-cell selection process reliably generates an easily detectable B-cell population that
under flow cytometry analysis is located within gate P1. Doublets were then excluded for forward
scatter by plotting forward area scatter against forward height scatter (P2). This forms a cohesive

population that allows for discrimination of clumps of cells. Doublet have double the area values of
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Figure 2.1 — Gating strategy for immunophenotype analysis. Cytexpert was used to generate the gating
strategy. Forward and side scatter were used to identify the B-cells and PCs. Following this doublet
discrimination was used via assessing forward scatter area vs forward scatter height. Finally dead cells were
excluded using 7AAD.

single cells, and an equivalent height. It was necessary to remove these, as a doublet composed of a
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fluorescent positive and negative cell will generate a false positive result. A live dead discrimination
was then performed, with living cells determined using 7AAD staining against forward scatter (P3).
Dead cells will take up the 7AADc stain, whereas live cells will exclude it, and therefore can be

identified.

Following initial analysis through Cytexpert, all flow cytometry results were further analysed using
FlowlJo software. All dot plots and histograms were generated through Flowlo using the gating
described in this section previously. Following live dead discrimination, cells were analysed using B-
cell and PCs phenotypic markers as well as CXCR4 (table 2.12). Percentage positive and MFI was
calculated. GraphPad Prism was used for quantitative analysis and creation of scatter graphs and bar

charts for displaying expression levels between sampes/donors and conditions.

2.3.5 Fluorescence compensation protocol

A compensation protocol was utilised to correct for emission spectra overlap. Compensation beads
(BD Biosciences) were individually stained with antibodies detailed in table 2.12 described in section
2.3.2. The volume of antibody added was the same as used for cell staining. One tube was left
unstained and cells were used for 7AAD staining. Cells were let to incubate for 5 minutes at RT.
Beads/cells were then resuspended in 300ul of FACs buffer. Samples were then run on the CytoFLEX

using a compensation programme.

2.4 Protein analysis

2.4.1 SDS polyacrylamide gel electrophoresis (PAGE) and immunoblotting

Cells were resuspended from well plates using a cell scraper, transferred to falcon tubes and
centrifuged. The cells were washed in ice-cold PBS and the centrifuged again to remove leftover PBS.
Ice-cold RIPA buffer with protease inhibitors was added to the cells and they were incubated for 10
minutes on ice. Cells were transferred to an Eppendorf and centrifuged at 4°C for 10 minutes. Lysates
were mixed with 5X GLB (4% SDS (Sigma), 20% glycerol (Sigma), 10% 2-mercaptoethanol (Sigma),
0.004% bromophenol blue (Sigma) and 0.125 M Tris HCI). Western images were generated using
Amersham Hyperfilm™ ECL (GE Healthcare) and processed in an X-ray developer (SRX-101A).

Alternatively, Westerns were imaged using the Chemidoc MP Imaging system (BioRad).

2.4.2 Antibodies for immunoblotting

Antibody Dilution | Manufacturer Host Secondary Antibody

P-Akt (T308) 1:1000 Cell Signalling Rabbit Goat Anti-Rabbit H+L (HRP)
P-Akt (S473) 1:1000 Cell Signalling Rabbit Goat Anti-Rabbit H+L (HRP)
Akt (Pan) 1:1000 Cell Signalling Rabbit Goat Anti-Rabbit H+L (HRP)
Anti-B-Actin 1:10000 | SigmaAldrich (Merck) Mouse Goat anti-Mouse H+L (HRP)
pERK 1:1000 Cell Signalling Rabbit Goat Anti-Rabbit H+L (HRP)
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Total ERK 1:1000 Cell Signalling Rabbit Goat Anti-Rabbit H+L (HRP)
CXCR4 1:1000 Proteintech Rabbit Goat Anti-Rabbit H+L (HRP)
CXCR4 1:500 Abcam Goat Mouse anti-Goat H+L (HRP)
ICSBP(E-9) — (IRF8) | 1:100 Santa Cruz Biotechnology | Mouse Goat anti-Mouse H+L (HRP)
p-CD19 1:1000 Cell Signalling Rabbit Goat Anti-Rabbit H+L (HRP)
CD19 1:2000 Proteintech Mouse Goat Anti-Mouse H+L (HRP)
AKT isoform 1 1:1000 Cell Signalling Rabbit Goat Anti-Rabbit H+L (HRP)
AKT isoform 2 1:1000 Cell Signalling Rabbit Goat Anti-Rabbit H+L (HRP)
AKT isoform 3 1:1000 Cell Signalling Mouse Goat Anti-Mouse H+L (HRP)

Table 2.12 - Antibodies for inmunoblotting

2.4.3 Polyacrylamide gels

Gel Tris Buffer | polyacrylamide | dH.0 10% APS | Tetramethylethylenediamine
10% 2.5ml 3.3 ml 4.1ml | 100ul 10ul

resolving

7.5% 2.5 ml 2.5ml 4.92ml | 100ul 10ul

Resolving

7.5% 2.5ml 1ml 6.5ml | 100pl 10pl

Stacking

Table 2.13 - Polyacrylamide gel recipe (for 10ml)

2.4.5 Enzyme-linked immunosorbent assay (ELISA)

Serum and conditioned media samples were obtained from healthy control and patient samples.
These samples were then diluted to an appropriate concentration (1:100). Reagents and antibodies
were prepared according to the manufacturer’s instructions (Bethyl). 1ul of purified coating antibody
was diluted in 100pl coating buffer and 100ul of diluted antibody was added to the required number
of wells. These wells were incubated for 1 hour at RT. The antibody was removed by washing with
wash buffer 5 times. 200ul of blocking solution was added to the wells and left to incubate for 30
minutes at RT or overnight at 4°C. Blocking buffer was removed, and the plate was washed five times
with wash buffer. Standards were prepared as per the manufacturer’s instructions. 100ul of sample
or standard was added to the wells and the plate was incubated at RT for 30 minutes. After incubation,
the samples/standards were removed from the wells and the plate was washed five times using wash
buffer. The HRP detection antibody was diluted in sample/conjugate diluent at a recommended
dilution of 1:150,000. 100pl of diluted detection antibody was added to each well. The plate was left
to incubate for 60 minutes at RT. Following incubation, the detection antibody was removed, and the
plate was washed five times with wash buffer. TMB substrate was prepared according to
manufacturer’s instructions (Bethyl). 100ul of TMB substrate was into each well and the enzymatic
colour reaction was allowed to develop at RT for 15 minutes in the dark. After 15 minutes, the reaction
was stopped by adding 100pl ELISA stop solution (0.18M H,SQ,). The plate was tapped gently to mix.

The plate was then run on a plate reader at 450nm (BioTek Citation 5 Imaging Reader).
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2.5 Cell signalling analysis

2.5.1 Cell preparation
Cells were washed, counted, and re-suspended at 1-2x10° in 0.5% serum IMDM containing IL-6/IL-
21/APRIL. Cells were incubated for 12-20 hours at 37°C. Following this, cells were placed in a 37°C

water bath.

2.5.2 CXCL12 stimulation of B-cells and PCs

An unstimulated sample of cells was taken and added to 2x sample buffer. Stimulus was added
(CXCL12/F(Ab’)z) and after 1 minute a sample was taken. Samples were then taken after 5 and 10 post
stimulation. Each tube was mixed thoroughly. Samples were loaded onto an SDS-polyacrylamide gel

and phosphorylated and total protein was analysed as detailed in 3.3.1.

2.5.3 aCD19 bead preparation

Anti-biotin beads were vortexed. An aliquot of biotinylated aCD19 and was added to a 2ml tube and
500ul of anti-biotin beads (1x108) was added to the aliquot. The volume was adjusted up to 1ml by
adding cold PBS (0.5% BSA, 2mM EDTA). The mixture was then incubated for 2 hours at 2-8°C under
gentle rotation. After incubation the bead mix was stored at 2-8°C. The loaded bead mix was then
resuspended and a 25ul aliquot was transferred to a separate Eppendorf. 100-200ul of culture
medium (phenol red free, 0.5% serum IMDM) was added to the beads. The mixture was centrifuged
at 300xg for 5 minutes. Following centrifugation, the supernatant was removed, and the antibody-
bead mix was resuspended in the same media at the same concentration as previously. The loaded

antibody-bead mixture was ready for stimulations.

2.5.4 aCD19 and F(Ab’), stimulation of B-cells and PCs

Cells were counted and re-suspended at 1-2x10° in 0.5% serum IMDM containing IL-6/IL-21/APRIL.
Cells were incubated for 12-20 hours at 37°C. Following this, cells were placed in a 37°C water bath.
An unstimulated sample of cells was taken and added to 2x sample buffer (for immunoblot). D6 B-
cells and D13 PCs were stimulated with aCD19 bound beads at a bead-to-cell ratio of 1:2. Sample

collection was completed as described in section 2.4.1.

2.6 Statistical Analysis

The number of repeats for each experiment is detailed in the figure legends. Comparison of means
was carried out using the student t-test. Error bars indicate standard deviation (SD). Statistical analysis
was performed through GraphPad prism software.
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3.0 — CXCR4 signal propagation changes during terminal B-cell
differentiation

3.1 Introduction

CXCR4 is a chemokine receptor present on numerous cell types, including lymphocytes. It binds to the
chemokine CXCL12 to induce the migration of target cell populations towards specific tissues and also
has been shown to promote survival through the activation of PI3K and MAPK signalling pathways,
leading to down regulation of pro-apoptotic factors and the transcription of pro-survival genes,
alongside genes involved in cell adhesion and migration (Suzuki, Rahman and Mitsuya 2001). During
the initial stages of B-cell development, CXCL12-CXCR4 maintains precursor B-cell populations in the
bone marrow, but as they mature, the cells lose responsiveness to CXCL12 and are exported to the
periphery upon completion of antigen receptor rearrangement and selection (Egawa et al. 2001).
Although circulating mature B-cells have diminished responses to CXCL12 (McHeik et al. 2019; Fedyk
et al. 1999; Honczarenko et al. 1999), once they have entered secondary lymphoid organs, B-cells can
regain sensitivity. This is best illustrated in the migration of B-cells towards the GC, and working in
opposition to the CXCR5-CXCL13 axis to bring B-cells from light zone, into the dark zone to undergo
further rounds of SHM, before cycling back into the light zone. After successful generation of high-
affinity clones during the germinal centre response, CXCR4 then aids in the migration of PBs towards

survival niches such as the BM (Biajoux et al. 2016).

CXCR4 surface expression is known to vary as B-cells differentiate from the immature and pre-B-cell
stage to the mature B-cell and PB/PC stage (Nie et al. 2004). In particular, it has previously been shown
that human naive and memory B-cells stimulated in vitro with either T-D (IL-2 + IL-10 + CD40L) or T-I
(IL-2 + IL-10 + SAC or CpG) type stimuli upregulate CXCR4 on the resulting plasmablasts (Muehlinghaus
et al. 2005) and that the potential niche signal TGFP3 can further enhance CXCR4 expression on in

vitro generated PBs (Stephenson et al. 2019).

Not only does CXCR4 vary in expression throughout B-cell ontogeny, it also possesses distinct
signalling effects at different stages. Indeed, pre- and pro- B-cells are capable of migration towards
CXCL12 and intracellular calcium mobilisation after stimulation, whereas mature B-cells fail to
generate these responses, indicating a rewiring of CXCR4 signalling as the B-cells mature. Additionally,
B-cell lines representing circulating B-cells lack essential CXCL12 mediated G protein subunit
disassociation that leads to migration seen in B-cell precursors (Neptune and Bourne 1997). Additional

investigation revealed circulating B-cell chemotaxis and calcium mobilisation is blocked despite
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detectable CXCR4 internalisation, G-protein activation and ERK1/2 phosphorylation (Palmesino et al.
2006)

It has been suggested that the external environment may modulate the functionality of CXCR4 on B-
cells at all stages of the differentiation. Indeed, TGFB can alter the expression of CXCR4 and has been
identified as a pro-survival factor for PBs. Previous work has shown that pre-treatment of TGF
generates a more sustained ERK activation in response to CXCL12 (Stephenson et al. 2019), leading to
an enhanced expression of immediate early response genes EGR1 and cFOS, EGR1 being particularly
relevant in malignant PC function (Mikulasova et al. 2017). However the effects of ligation were only
assessed in day 7 PBs, and therefore the relationship between CXCR4 expression and ERK signal

transduction in PCs and the effect of other niche signals is unknown.

3.2 In vitro B-cell differentiation model

Previous work in the lab has utilised a model of B-cell differentiation using negatively selected B-cells
isolated from PBMCs that mature in response to T-dependant stimulation (CD40L and F(ab’), anti-
IgG/M) and plasma cell maturation/survival factors such as IFNa and TGFJ3. Negative selection was
chosen to minimise the likelihood of unintended stimulation of the B-cells that can occur through
positive isolation and therefore potentially affect downstream experiments. Positive selection kits
generally yield purer samples, however a purity of >95% B-cells is often achieved with negative

selection.

From this, cells can be obtained and stimulated to understand the signal transduction events in
response to various stimuli, including CXCL12. Moreover, the model system allows the analysis of cells
at each of the key stages of differentiation and the opportunity to alter conditions. Importantly,
ongoing work in the lab has examined the impact of substituting the PC survival factor APRIL for IFNa
and TGFf as the cells transition from PBs to PCs (Stephenson et al. 2021). Therefore, the initial aim

was replicate these new conditions with the goal of studying CXCR4 signalling in these cells.

Figure 3.1 visualises the B-cell phenotype during differentiation. At day 0 the B-cells are quiescent and
express high levels of both CD19, a pan B-cell marker that is expressed on all cells belonging to the B-
cell lineage, and the marker CD20. A fraction of the B-cells also shows positivity for CD27, a marker
associated with the memory B-cell population. CD38 is used as a marker of antibody secreting cells
but is generally expressed at a low level at day 0. By day 6 the cells have been activated and most will

have reached the PB phenotype. Here CD20 begins to decrease and CD38 is homogeneously induced.
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High CD38 is maintained from this point and the PC marker CD138 begins to be expressed on a small
fraction of the cells. A gain of CD27 expression relates to the transition to mature ASCs. By day 13 the
cells have mostly reached the PC stage and the majority will express CD138, which diverges from the
previously published conditions where day 13 cells presented a more uniform expression of CD138
(Cocco et al 2012). All cells should express CD38 at this point. CD20 expression is almost completely
lost and CD19 expression is reduced slightly in some of the cells, similar to what has been observed in

IFNa. conditions, although to a lesser extent (Arumugakani et al. 2017).
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Figure 3.1 - Assessment of cell surface phenotype throughout the in vitro differentiation model via flow cytometry. B-cells
isolated from PBMCs are activated with CD40L and F(ab’), anti-IgG/M at day 0 and left until day 3 where cytokines are added
to induce differentiation. At day 6 APRIL is added to support survival signalling. By day 13 PCs have formed. At day 0, 6 and 13
samples are taken and stained with B-cell markers and the phenotype is then analysed by flow cytometry. This is a
representative plot from an individual donor.
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3.3 Cell viability during the differentiation response

As B-cells become activated, they leave the quiescent state and begin rapid proliferation and generate
a large cell population. Within the GC, B-cells undergo rounds of affinity maturation and selection,
with the population of cells dropping drastically after eliminating B-cells with an inefficient antibody
binding capability. Therefore, in a normal T-dependent immune response the cells destined for
terminal differentiation are only a small population. In the in vitro model, this effect of expansion and
contraction is also observed, despite the lack of selective pressure that would normally take place in
the light zone of a GC. Once the day O are stimulated, they proliferate rapidly and by day 6 have
reached peak numbers. Following this, the cell population begins to drop continually up to day 13.
Figure 3.2 shows the cell numbers determined by manual counting using a haemocytometer and

trypan blue live/dead exclusion.

3.3.1 Cell count during the differentiation
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Figure 3.2 - Fold change in cell numbers during the differentiation. PBMCs were isolated from donors and B-cells were
selected for. Cells were then cultured within the differentiation model. Cell numbers were determined at each time point of
the differentiation and then normalised to the input cell count at day 0 (DO) to calculate fold change. Cell numbers were
determined using a haemocytometer and trypan blue live dead exclusion N=4.

There is some variability in cell count over the time course. B-cell numbers generally increase a small
amount between day 0 and day 3 but the main effect at this point is activation and preparation for
cell division. The major proliferative stage occurs between day 3 and 6, at which point the cells are
removed from CD40L and cell count increases by a large amount with a potential fold increase of up
to 17x. There is some variability in cell counts by day, due to numerous potential factors including
donor response variability and the proportion of starting memory vs naive cells. From day 6
proliferation decreases and eventually stops, with the cells having committed to the PC programme.

By day 13 cell count reaches similar levels seen at day 0.
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3.3.2 Plasma cell phenotype attainment

Despite some variability in cell counts at day 6, the in vitro system is able to model the differentiation
of B-cells accurately, with the majority of cells reaching the PC phenotype by day 13 (figure 3.3)
indicated by the phenotypic marker CD138. CD138 begins to appear as early as day 6, but the
percentage positivity is miniscule. Significant CD138 expression appears at day 10 with between 30-
60% of cells expressing CD138. By day 13 expression increases and between 55-85% of cells are CD138

positive.

L 100A

=

° 80 2

o T @

= @

© [

(92

o 601

=) [ J

(@)

o 404

(=2}

S

= -

o 20

o

(]

o 0 T T
'\«Q '\«{b

Q Q

Figure 3.3- Percentage positivity of CD138 of healthy Day 10 and Day 13 plasmablasts/plasma cells. Day 10 and 13 cells
obtained from the differentiation model were assessed for successful differentiation of plasma cell phenotype utilising
CD138 as a marker via flow cytometry. Cells were taken at day 10 and 13, washed, blocked, and stained with antibodies
targeting CD138. Cells were then assessed for CD138 expression via flow cytometry. (Day 10 N=3, day 13 N=7).

3.4 CXCR4 expression of differentiating B-cells from healthy control donors

3.4.1 CXCR4 surface expression flow data
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Next it was necessary to determine the normal CXCR4 expression levels throughout the differentiation
response. Determining expression levels is important for subsequent interpretation of signalling
experiments. For example, an observation of lower MAPK activation may reflect either a lower degree
of receptor engagement or altered signalling capacity. Expression of CXCR4 was analysed by flow

cytometry throughout the differentiation at day 0, 6 and 13 (figure 3.4).
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Figure 3.4 — Surface CXCR4 expression during the B-cell differentiation analysed by flow cytometry. Day O, 6 and 13 B-
cells/ASCs were cultured within the differentiation model and samples from the aforementioned days were collected,
washed, blocked and finally stained with either a CXCR4 detection antibody or a mouse IgG isotype antibody and surface
expression was measured (blue) compared to isotype control (red).Associated contour plots showing CXCR4 expression are
also shown.

The expression was compared against an isotype to compensate for background staining from the
antibodies. The day 0 flow data indicate very low levels of CXCR4 expression on resting B-cells. By day
6 CXCR4 expression is at its peak, which may reflect the role of CXCR4 in directing movement of PBs
from the GC to the bone marrow. This is followed by a decrease in CXCR4 expression by day 13 despite
the importance of CXCR4 for PC retention in the BM.
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3.4.2 Quantification of CXCR4 expression

To compare the CXCR4 surface expression between samples, the surface expression was quantified as
MFI. Delta MFIl was then determined by subtracting the MFI of the isotype expression values from the
MFI of the positively stained populations (figure 3.5). This confirmed that the pattern of expression

was consistent across multiple donors.
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Figure 3.5 - AMFI of the surface CXCR4 expression of differentiating cells within the in vitro system. PBMCs were obtained
and B-cells isolated. Cells were cultured in the in vitro B-cell differentiation system until they reached the plasma cells stage
at day 13. Cells were collected at days 3, 6 and 13 for assessment of CXCR4 surface expression by flow cytometry. AMFI
obtained from cells obtained from separate donors at day 0 (n=2), 6 (n=5) and 13 (n=3) and plotted.

3.5 Expression of CXCR4 in different culture conditions

The reduction in surface CXCR4 at the later stages of culture was unexpected, given the importance
of this receptor in maintaining cells within a supportive niche. This may reflect a change in signalling
requirements since the cells cease to migrate and instead may utilise CXCR4 for positioning or
activation of survival pathways. Alternatively, it may be related to the culture conditions. To confirm
that the culture conditions do not affect CXCR4 expression this was assessed at both mRNA and

protein level.

3.5.1 CXCR4 mRNA expression using different niche culture conditions

As mentioned in the Introduction, a benefit of the system is the ability to modulate conditions that a
differentiating B-cell may encounter in vivo. Thus, PBs encountering APRIL and TGFf in the niche are

likely to be different from those generated under inflammatory conditions, mimicked by exposure to

IFNa. Previous work in the lab has shown that short-term exposure to TGF( led to a transient increase
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of CXCR4 (Stephenson et al). To determine whether these factors might influence the level of CXCR4
at later time points, available gene expression data sets were examined. Firstly, the microarray data
indicate there are no major differences in CXCR4 expression in differentiating B-cells cultured in either
TGFB, IFNa or APRIL conditions (figure 3.6). Under all conditions, CXCR4 expression follows the same

trend of peak expression at day 6, followed by a decrease until day 13.

To confirm the loss of MRNA expression of CXCR4 was not due to the increased cell death beyond day
6, MRNA expression for genes with expression that remains constant and genes that increase across
the differentiation were assessed. mMRNA levels for various housekeeping genes, such as TATA box
binding protein (TBP), stayed constant across the differentiation. However, some housekeeping
genes, such as B-actin (ACTB) and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) showed
slight decreases by day 13. mRNA for expression for PRDM1 (BLIMP1) expression increased to day 13,
as expected. Together this indicates cell death may slightly affect the mRNA expression data, but

generally indicates that the CXCR4 mRNA expression is real.
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Figure 3.6 - CXCR4 mRNA levels in B-cells differentiated in 3 different culture conditions. B-cells were cultured as normal
until day 6. From day 6 the cells were split and cultured in either IFNa, TGFB3 or APRIL survival conditions, alongside normal
cytokines and growth factors. RNA was collected at each of the specified time points and amounts quantified by microarray.
Each bar represents CXCR4 mRNA expression levels at each time point for each culture condition These results are derived
from 3 donors. Data from Sophie Stephenson and Matt Care. (N=3)

4.5.2 Surface phenotype analysis of culture conditions

Next, surface expression of CXCR4 was analysed via flow cytometry. B-cells were cultured as normal
until day 6. From day 6 cells were cultured in the three different conditions, IFNa, TGFB or APRIL

alongside normal cytokines and supplements. Flow samples were analysed at day 6 (figure 3.7) and
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day 9 (figure 3.7) for CXCR4 expression. Additionally, B-cell marker expression was determined for all
conditions. At day 6, CXCR4 expression shows the expected upregulation and is consistent between
donors. CXCR4 expression at day 6 was used to evaluate change in CXCR4 expression at day 9 under

the different culture conditions.
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Figure 3.7 — CXCR4 expression on in vitro generated plasmablasts. B-cells were obtained from two donors and differentiated
up to day 7 where CXCR4 expression was analysed to establish the starting point in surface expression as the cells differentiate
under the three different culture conditions. Surface expression determined by flow cytometry using a CXCR4 detection
antibody. N=2

Day 6 cells were then split into the three culture conditions (APRIL, IFNa and TGF) in addition to the
normal differentiation cytokines and supplements given at day 6. CXCR4 surface expression was then
analysed (figure 3.7). The day 9 CXCR4 expression data show only a small decrease in CXCR4 expression
under APRIL and TGFB conditions with a drop of less than 8% CXCR4 positive cells. Under IFNa
conditions however, CXCR4 expression reduced by 16%. For donor 2, APRIL conditions actually
maintained CXCR4 expression with only a 1.7% decrease in positive cells. TGFB did show a greater
decrease in CXCR4 expression compared to donor 1 (26.9%). Finally, IFNa conditions show a moderate
decrease in expression of 14.7% (figure 3.8) Together this data indicate that, whilst there is some
variation between donors, APRIL conditions maintained the greatest CXCR4 surface expression with
only a slight change between day 6 and 9. Meanwhile, IFNa showed a somewhat greater loss of CXCR4
but was again consistent between donors (figure 3.9). TGFB showed a much greater CXCR4 surface
expression variation between donors. This could indicate a donor specific response to TGFpB, as
previously an assessment of CXCR4 expression 24 hours after TGF exposure at day 6 showed

enhanced expression (Stephenson et al. 2019) and may reflect the degree of differentiation in the two
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cultures. Therefore B-cell and PC makers were assessed at day 9 (Badr et al. 2005; Muehlinghaus et

al. 2005).
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Figure 3.8 - CXCR4 surface expression of two donor B-cells/PBs under three culture conditions (APRIL, IFNa and TGFB).
Donor B-cells were differentiated past day 7 (figure 3.7) and CXCR4 surface expression determined by flow cytometry at
day9 and analysed using FlowJo software. Dot plots indicate spread of population and histograms are included for direct

comparison of populations (N=2).

At day 6 donor 2 had a larger percentage of CD19/CD20 double positive cells, indicative of a less

differentiated population as B-cells downregulate CD19 and CD20 as they become PCs (figure 3.10).

By day 9, this had equalised and the percentage of CD19/CD20 positive cells was similar between

donors. However, TGFB conditions showed a larger double positive population, suggesting this

condition helps retain this phenotype, despite this condition also promoting the highest percentage
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Figure 3.9 - Quantification of CXCR4 surface expression data for different culture conditions at day 9. Percentage CXCR4
positive population of cells assessed at day 9 (figure 3.8) were quantified and plotted for each culture condition (APRIL, IFNa
and TGFB). Delta MFI of CXCR4 surface expression for different culture conditions at day 9. MFl was determined using FlowlJo
software and delta MFI was calculated by subtracting the MFI of the isotype data (N=2)
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of PC generation. This would help to explain the lower level of CXCR4 expression in donor 2. APRIL
conditions generate the lowest percentage of PCs, which would match the generally higher CXCR4
percentage positivity seen in this condition. CXCR4 surface expression was mot measured beyond day
9 due to high cell death rates in these experiments. However, it is expected CXCR4 expression would

be maintained at a low level, as seen in the mRNA data.
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Figure 3.10 — Flow cytometry analysis of B-cell/PC phenotypic surface expréssion m
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3.6 CXCR4 signalling response in B-cells and ASCs

During the process of PC differentiation, the B-cell intermediates use similar signalling pathways to
integrate external information and produce potentially distinct outcomes. This can arise through
collaborations between receptors and fine-tuning of signal strength and duration. To understand how
CXCR4 signal propagation might influence developmental programs, initial investigation looked at the
signalling in different populations of ASCs. To do this, the activation of key protein kinases regulating

proliferation and survival were assessed in response to CXCL12 stimulation.

3.6.1 Impact of pre-stimulation conditions on the ability to detect pathway activation

Withdrawal of serum or survival factors can lead to the inactivation of PI3K and ERK1/2 signalling
pathways (Ley et al. 2003). Therefore, transient depletion could enhance the detection of a response
to CXCL12. Based on this reasoning, lowering the level of foetal calf serum (0.5%) either alone or
combined with removal of the various cytokines and APRIL was trialled. Day 6 cells were cultured for
24 hours in depleted media and then stimulated by the addition of CXCL12. Lysates generated after
1, 5 and 10 minutes were analysed for the presence of ERK1/2 phosphorylation by Western blotting
(figure 3.11). In the samples cultured in low serum there was no detectable pERK1/2 at time 0. Upon

stimulation there was an increase in phosphorylation at 1 minute that diminished over time.

Day 6 B-cells

0 1 5 10
+ Cytokines P42 (ERK2) .
P4a (zm)* Total ERK
P42 (ERK2)
. P44 (ERK1) pERK
-thoklnes P42 (ERK2) o
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pa2 (cnc) RN Tota! ERK

Figure 3.11 — Western blot analysis of ERK phosphorylation in day 6 B-cells stimulated with CXCL12 and cultured overnight
with or without cytokines. Protein was obtained from day 6 B-cells and serum starved overnight with or without IL-21, IL-6,
and APRIL. Amino acids and Lipids were omitted in both conditions. Protein was loaded onto SDS page gel and ran before
being transferred to a nitrocellulose membrane and probed for detection of phosphorylated and total ERK protein using
HRP-bound secondary antibodies bound to primary antibodies targeting these proteins. One representative blot shown
(N=2).
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In contrast, omission of day 6 reagents (IL-21, IL-6, APRIL) lead to a loss of inducible ERK1/2
phosphorylation. This could indicate significant stress and possibly cell death during the overnight
deprivation. Subsequent experiments were therefore performed using the low serum only pre-

incubation.

3.6.2 Impact of y-secretase inhibitor (GSI) on CXCR4 and downstream signalling

At day 6 of the B-cell differentiation, APRIL was included to promote survival of ASCs. APRIL exerts its
effect though interaction with B-cell maturation antigen (BCMA), which can upregulate expression of
anti-apoptotic proteins, such as BCL-XL. APRIL was included in the serum starve prior to stimulation to
both maintain as close to normal culture conditions as possible and to prevent excessive cell death.
It has been suggested that BCMA can be cleaved from the cell surface by y-secretase. Therefore, a y-
secretase inhibitor (GSI) was included in the in vitro model to prevent release of soluble BCMA, which
would act as a decoy to neutralise APRIL. Previous experiments have shown that this strategy
enhances the response to APRIL and leads to the production of a greater number of PCs (Belnoue et

al. 2008; Benson et al. 2008; Laurent et al. 2015; Stephenson et al. 2021).

However, treatment of both B-CLL and myeloma cells with GSI was shown to downregulate CXCR4
expression and associated CXCL12 mediated cellular migration. Conversely, robust CXCR4 activation
can overcome the cell cycle blockade and apoptosis induced by GSls (Secchiero et al. 2017; Mirandola
et al. 2013). Therefore, it was necessary to discern how best to maintain cells within low-serum
conditions whilst minimising the impact on CXCR4 expression. Initially, CXCR4 expression was assessed
from PCs taken directly from the in vitro differentiation culture when cultured with or without GSI and

the AMFI was determined (figure 3.12).
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Figure 3.12 - AMFI of CXCR4 surface expression for day 13 PCs cultured with or without GSI. B-cells were isolated from 3
donors and differentiated in vitro. At day 6 B-cells/PBs were split into two culture conditions, with or without GSI. All other
cytokines and supplements were added to both conditions. PCs were collected and stained for CXCR4 with a CXCR4
detection antibody and phenotype was assessed by flow cytometry. Surface expression was determined using FlowlJo and
AMFI was calculated by subtracting MFI values of isotypes. The data was plotted using graphpad prism software (N=3).

The data indicate that CXCR4 surface expression is unchanged by the presence of the GSI. To confirm
that GSI does not modulate CXCR4 functionality, the effect of GSI on CXCR4 signalling was assessed.
To do this, day 6 and 13 cells were serum starved overnight with or without the inclusion of GSI. The

activation of ERK1/2 and AKT in response to CXCL12 was then assessed via Western blot (figure 3.13)
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Figure 3.13 - Western blot analysis of phosphorylated and total ERK1/2, AKT T308, and AKT S473 protein in day 6 or 13
cells with or without GSI and stimulated with CXCL12. Protein was obtained from day 6 or 13 cells that had been serum
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starved overnight with or without GSI. Protein was loaded onto gels and SDS page was performed. Gels were transferred to
blots and were probed for phosphorylated and total ERK and AKT protein. (N=2).

Based on the similarity of the total ERK1/2 detected between the conditions, there is likely very little

difference in the ERK1/2 phosphorylation response. Indeed, the rate of phosphorylation is unchanged,

however it is possible ERK1/2 phosphorylation is switched off quicker without the presence of GSI. At

day 13 ERK1/2 activation is similar between both conditions. At both day 6 and 13, in both conditions,

the AKT activation pattern at the T308 and S473 residues indicates a similar level of phosphorylation.

From these data, there is reasonable evidence to confirm that GSI has a minimal effect on CXCR4

expression and signalling capabilities in this differentiation model and was therefore included in

subsequent experiments.
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3.6.3 Plasma cells generate a stronger ERK1/2 signalling response than plasmablasts

Previous work has shown CXCL12 stimulation of PBs generates a transient pulse of MAPK kinase
signalling, inducing genes related to classic growth factor responses (Stephenson et al. 2019). The
Ras/Raf/MEK/ERK1/2 pathway is important for proliferation and has been linked to cell cycle entry
(Zwang et al. 2011). MAP kinase signalling has been associated with chemotaxis in leukocytes (Cara et

al. 2001) however the effects of CXCL12 on these signalling pathways in PCs is as of yet undetermined.

Peripheral blood B-cells were isolated and cultured in APRIL conditions. At day 6, 10 and 13 a sample
of cells was collected, serum starved overnight and stimulated with CXCL12. A pre-stimulatory sample
was taken. Stimulated cells were added to sample buffer, 1, 5 and 10 minutes after stimulation. These
samples were then analysed by Western blot (figure 3.14). Stimulation with CXCL12 activates ERK1/2
phosphorylation as early as 1 minute after stimulation in all cell populations. Additionally, peak ERK1/2
phosphorylation occurs at 5 minutes post stimulation at the various stages of PC maturation. Notably,
day 6 PBs have the weakest activation of ERK1/2 signalling, whilst day 13 cells have the strongest

ERK1/2 phosphorylation, despite the decline in cell surface expression of CXCR4. Data for day 10 varies

o —— | pERK1/2
oo ) e
e s ST
=

daoe - --| pERK1/2
Day 13 ..

Figure 3.14 - Western blot analysis of phosphorylated and total ERK protein in day 6, 10 and 13 cells stimulated with CXCL12. A
pre-stimulatory sample was taken before addition of CXCL12. Cells were added to sample buffer to obtain protein and then run
on a SDS gel before being transferred to a blotting membrane and probed for phospho-ERK and total ERK. A Representative
donor is shown (n=3)

Day 10

significantly between donors. This is likely due to variation in donor differentiation rates and the
population at day 10 being a transitional time point with more of a mix of PBs and PCs. Image lab
software was used to quantify ERK1/2 phosphorylation for each donor (figure 3.15). Quantification of
ERK1/2 phosphorylation confirms at both day 6 and day 13 cells, peak phosphorylation occurs at 5
minutes post stimulation, before decreasing at 10 minutes. The data suggests that PCs generate a
stronger ERK1/2 signalling cascade compared to day 6 PBs and retain a higher signal for longer. Indeed,

at day 13 there may still me some phosphorylation after 10 minutes. This suggests altered signalling
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capabilities in response to CXCL12 as the cells mature and change from a proliferative, migratory
population to a quiescent one that takes up residence in a survival niche (Bianchi and Mezzapelle

2020).
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Figure 3.15 — Quantification of pERK signals in cells stimulated with CXCL12. ERK phosphorylation from 3 donors was
quantified using Image Lab software. Additionally, total ERK protein levels were also quantified for each time donor at all-
time points. Quantified pERK values were normalised to total ERK protein levels. The average of normalised values + SD were
then plotted for each donor. Each bar represents the pERK signal strength at the indicated time point after stimulation for
both day 6 and 13 cells. Statistical significance was determined using a student multiple t-test between day 6 and 13 at each
time point (n=3) (* = p<0.05; **=p<0.01, ***=P<0.001.)

3.6.4 AKT signalling response in PCs is enhanced compared to PBs

Alongside the MAPK signalling pathway, another notable non-receptor kinase target of CXCR4
signalling is the PI3K-AKT pathway. This signalling pathway is involved in survival mechanisms,
proliferation, and migration. Notably, at different stages of the B-cell life cycle, AKT activation may
become rewired to shift the selection of downstream targets and change the signalling response (Luo
et al. 2019). It has been reported that GC B-cells express high levels of PDK1, which catalyses the
phosphorylation of the T308 residue of AKT, whereas naive B-cells express high levels of mTORC and
PTEN which preferentially leads to the phosphorylation of AKT at the S473 residue. The balance of the
phosphorylation at these two sites is thought to determine target specificity and differential signalling.

Therefore, AKT phosphorylation was analysed at residues S473 and T308.
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Figure 3.16 — pAKT S473 Western blot analysis of Day 6, 10 and 13 cells stimulated with CXCL12. A pre-stimulatory sample
was taken before addition of CXCL12. Cells were added to sample buffer and run on a SDS gel before being transferred to a
blotting membrane and probed for phospho-AKT S473 and total AKT. A Representative donor is shown (n=3)

Similarly, to ERK1/2, CXCL12 induces a stronger pAKT response in day 13 PCs compared to day 6 cells
(figure 3.16). However, the peak phosphorylation lasts from 1 minute to 10 minutes, indicating an
extended period of pAKT at all time points, suggesting less of a feedback mechanism to turn off AKT
activation (figure 3.16). However, quantification of pAKT S473 activation normalised to total AKT
shows that peak AKT phosphorylation at S474 occurs at 5 minutes but remains activated to a greater
extent than ERK1/2. The general pattern shows that AKT phosphorylation at S473 is greater in day 13

cells, however there is a much greater variation between donors (figure 3.17).
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Figure 3.17 - Quantification of pAKT signals at residue $473 after CXCL12 stimulation. AKT phosphorylation from 3 donors
was quantified using Image Lab software. Additionally, total AKT protein levels were also quantified for each time donor at
all time points. Quantified pAKT values were normalised to total AKT protein levels. The average of normalised values + SD
were then plotted. Each bar represents the pAKT signal strength at the indicated time point after stimulation for both day 6
and 13 cells. Statistical significance was determined using a student multiple t-test between day 6 and 13 for each time point.
(N=3).

Next, AKT phosphorylation was then analysed at the T308 residue (figure 3.18). At day 6, there is a
clear activation of AKT at T308 that peaks 1 minute post stimulation. At day 13 there is a stronger
activation of AKT, however the peak activation does not occur until much later during the stimulation,
at about 5-10 minutes. Finally, in PCs AKT phosphorylation at this residue is much stronger and peak
activation seems to occur at about 1-5 minutes after stimulation. Before stimulation there is a higher

constitutive level of phosphorylation at this residue compared to day 10 and day 6.
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Figure 3.18 - pAKT T308 Western blot analysis of day 6 and 13 stimulated with CXCL12. A pre-stimulatory sample was taken
before addition of CXCL12. Cells were added to sample buffer and run on a gel before being transferred to a blotting
membrane and probed for phospho-AKT T308 and total AKT. A Representative donor is shown (n=3).

The pAKT T308 activation results were then quantified across all donors (figure 3.19). Day 6 cells
exhibit only a low level of pAKT T308 phosphorylation in response to CXCL12 but is rapidly activated
and short lived. In comparison, day 13 PCs generate a stronger, extended phosphorylation response.
Additionally, there is a high level of variation between donors at day 13.

Analysis of the CXCL12 stimulation data indicate that at day 13, the cells are more responsive to
CXCL12 signals, shown by a stronger and more sustained AKT response at both residues and a much
stronger ERK1/2 phosphorylation. This likely ties in with changing requirements for migration of PBs

to and retention of PCs within survival niches.
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Figure 3.19 - Quantification of pAKT signals at residue T308 after CXCL12 stimulation. AKT phosphorylation from 3 donors
was quantified using Image Lab software. Additionally, total AKT protein levels were also quantified for each time donor at
all time points. Quantified pAKT values were normalised to total AKT protein levels. The average of normalised values + SD
were then plotted. Each bar represents the pAKT signal strength at the indicated time point after stimulation for both day 6
and 13 cells. Statistical significance was determined using a student multiple t-test between day 6 and 13 at for time points.
N=3 (* = p<0.05; **=p<0.01, ***=P<0.001.)

3.6.5 Expression pattern of AKT isoforms

There are 3 isoforms of AKT: AKT1, AKT2 and AKT3. Structurally, they are very similar, yet they mediate
different functions, both in health and disease settings. Particularly relevant to this study is the finding
that AKT1/2 are involved in GC formation. B-cells deficient for AKT1/2 fail to survive or proliferate
upon BCR stimulation and fail to form a GC, however this can be restored through CD40 ligation.
Additionally, AKT1/2 activation inhibits FOXO1 activity, allowing upregulation of IRF4, therefore
inducing PC differentiation (Zhu et al. 2019).
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It was noted that two molecular weight AKT species were consistently detected on day 13 cells, which
may indicate another means of rewiring the signalling output in PCs. AKT isoform expression was
therefore assessed throughout the differentiation to determine to what degree AKT is expressed and
whether particular isoforms dominate at different stages. Cell lysates generated from multiple stages
of differentiation were assessed for AKT1 and AKT2 expression via Western blot (figure 3.20). Samples
were also analysed for total AKT. Both donors showed a moderate level of AKT1 expression at day O,
but a lower expression level of AKT2. By day 3 expression of AKT1 and 2 increased. By day 6 expression
of both isoforms had dropped slightly but were still highly expressed. At day 10 expression of the
60kDa form of AKT1 and had dropped notably. Instead, prominent bands were detected at a smaller
size of 50 kDa. These bands were also detected at day 6 for both isoforms and day 3 for AKT 2.
Additionally, 40 kDA bands were detected at day 10 for both isoforms. The high expression of AKT1
and 2 is likely related to the enhanced proliferation and survival signalling needed for activated B-cells.
The pattern of fragmented AKT, notably at day 10 may be indicative of caspase-mediated cleavage
(Wu et al. 2011) (Penela et al. 2019) that may accompany the high level of cell death between days 6
and 10.
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Figure 3.20 - Western blot analysis of AKT isoform expression in differentiating B-cells. Protein lysates from two donors
and positive control cell lines HeLa and HEK293 were run on a SDS gel before being transferred to a blotting membrane and
probed for AKT1, AKT2 and pan AKT expression. 3-Actin was used as a loading control. N=2
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3.7 Discussion

The work presented in this chapter was developed from the need to understand how CXCR4 signalling
is altered during the differentiation of B-cells within an in vitro culture system, in particular during the
transition from PB to mature PC. Several publications have documented how CXCL12 triggers different
responses in early B-lymphopoiesis vs mature B-cells (McHeik et al. 2019; Egawa et al. 2001; Fedyk et
al. 1999). It is also clear that PBs and PCs require CXCR4 to home to and take up residence in the bone
marrow (Cheng et al. 2018), but the details of the signalling at these later stages remains unknown.
Previous work in the lab has provided some initial insight into the signalling events downstream of
CXCR4 in PBs, particularly those that have been generated in the presence of TGF[3. However, whether

the effect of CXCL12 is the same in PCs has not been determined.

The flow cytometry analysis indicates that day 0 B-cells express the some of the lowest levels of CXCR4
surface expression, indicating that this protein in actuality may provide very little function for resting
B-cells and is in agreement with the lack of response observed elsewhere (list of ref below). Although
an intermediate time point was not assessed, by day 6, high levels of CXCR4 surface expression had
been reached. The intervening activation stage is comparable to a germinal centre reaction, which is
characterised by the cyclic movement of B-cells from the dark zone to the light zone and back again.
This level of movement requires the control of specific chemokine-chemokine receptor interactions
such as CXCR5 and CXCL13 and most importantly, CXCR4 and CXCL12. It would be of interest to
monitor the precise pattern of upregulation at the earlier time points, but the prediction is that the
high levels of CXCR4 seen at day 6 are the result of cells preparing to exit from a GC-like activation
phase. Beyond day 6, the cells are phenotypically PBs, which then quickly develop into PCs. By day 13
these ASCs have a diminished CXCR4 surface expression which is slightly higher than that seen at day
0. This potentially indicates that PCs can cope with minimal CXCR4 once they have arrived at their
survival niche, as other trophic factors may take over as the major contributors to long term PC
survival. However, there are some limitations of this model. Additional environmental cues generated
from a survival niche, such as was shown with TGF3, may influence the expression of CXCR4 in PCs

generated in vitro.

Despite this, generation of PBs and PCs of healthy donors within the differentiation model shows a
consistent pattern of surface expression of key B-cell lineage markers in response to CD40L and BCR
stimulation, with a maintenance of CD19, loss of CD20 and gradual upregulation of CD38, CD27 and
CD138. Additionally, all samples show that the B-cells, once activated, undergo rapid proliferation up

to day 6, followed by a contraction of cell numbers by day 13. Together, this is indicative of the

70



acquisition of a PC phenotype. Therefore the in vitro model is a robust and capable model sufficient

for investigation of CXCR4 signalling mechanics in ASCs.

There are several advantages of utilising an in vitro model over an in vivo model. Firstly, in this type of
study, ease of access to cells is crucial. B-cells can be isolated from PBMCs from multiple donors
quickly. The in vitro model allows for collection and analysis of cells and their responses at various
points during the differentiation without difficulty. Additionally, it allows for easy manipulation of the
culture conditions. Further work envisioned for this project was to assess BM conditions and the
signalling responses of B-cells and PCs. This flexibility provides an excellent model that cannot as easily
be replicated in animals. There are however some drawbacks to using the in vitro model. An animal
model would provide a more realistic response and is therefore more representative. A true GC does
not form in the in vitro model. Instead, the presence of AID and relevant cytokines allows for affinity
maturation without the need for a GC. Whilst this is sufficient for the generation of PCs, it does not
truly reflect what occurs naturally, whereas an animal model would provide this. Mice models also
provided a variety of tissues that can be analysed beyond PBMCs alone, including BM, spleen and

thymus.

Subsequently, some investigation into the effects of different niche conditions on CXCR4 surface
expression was completed. Microarray analysis was utilised to compare the CXCR4 mRNA expression
of differentiating B-cells cultured in with either APRIL, TGFB or IFNa culture conditions. APRIL is a
crucial survival factor that is secreted from CD68+ macrophages, which closely associate with BM
resident PCs. It binds to BCMA on cells and has been shown to induce expression of the anti-apoptotic

protein BCL-XL in CD138+ve PCs (Belnoue et al. 2008; Gabay et al. 2009).

TGFp affects B-cells in many different areas of the differentiation process, such as isotype switching
(van Vlasselaer, Punnonen and de Vries 1992). TGF has also been implicated in regulation of B-cell
survival and proliferation but is often very context dependant in its effects. TGF has anti-proliferative
effects, including inhibition of TFs associated with cell growth, such as c-MYC and the expression of
CDK inhibitors (Zhang, Alexander and Wang 2017). The effects of TGFB are less well described in PCs.
As PCs are quiescent, it is unlikely TGFB plays an anti-proliferative role. Indeed, previous work from
our group has shown that proteomic analysis of the secretome of a BM stromal cell line was highly
enriched for TGFB (Stephenson et al. 2019). Subsequent studies revealed TGFB acts as a pro-survival
factor in PCs. Additionally, PCs pre-treated with TGFB generate a sustained ERK1/2 activation signal
after CXCL12 stimulation. Interestingly, the combined treatment of these cells also maintained an
increased expression of c-FOS, which suggests a convergence of the TGFB and CXCR4 signalling

pathways. This sustained pERK1/2 signal stabilises c-FOS, which is associated with survival signalling
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(Murphy et al. 2002). Interferons have a wide range of effects in B-cells including proliferative and
anti-apoptotic roles. IFNa aids in the survival of myeloma cells (Ferlin-Bezombes et al. 1998) and has

been shown to assist in generation of short lived plasma cells (Mathian et al. 2011).

Assessment of the microarray data show that under each condition, CXCR4 mRNA expression peaks
at day 3 and day 6 before dropping. TGFB3 conditions retained CXCR4 expression to the greatest
extent after day 6 and up to day 20, followed by IFNa, but overall, the effect of each condition was
comparable. Protein analysis indicates that APRIL conditions retained the highest CXCR4 surface
expression. IFNa retained the least. TGFB conditions generated a varied response, with some cells
maintaining a high level of CXCR4 expression and some expressing much less. The variance between
the two samples may be due to donor variation, perhaps relating to the differences in differentiation
rate. Error in reagent preparation is unlikely due to both samples receiving the same TGFp stimulating
media. Additional repeats would determine if this was a random event. The average AMFI however
was again similar between each condition. It is likely that there are multiple other BM trophic factors
that can influence CXCR4 expression. To build on this data, a more faithful simulation of a BM
environment should be utilised at specific points in the differentiation. Factors to assess would include
components such as MIF, anti-CD44 and CD40L. Similar to the results obtained with TGFB3 and
CXCL12, these trophic factors may modulate the signal transduction events downstream of CXCR4 and
should be assessed. Additionally, a range of samples should be used, including MGUS, smouldering
MM, symptomatic WM, relapsed WM, and refractory WM. This would enable a more complete
understanding of the relationship between CXCR4 expression and its role in different types of ASC

populations.

In addition to CXCR4 expression, cell surface phenotype was assessed for each condition. Phenotypic
analysis indicates that cells from all three conditions generated a robust PC population, shown by
CD138 expression. However, APRIL conditions generated the smallest CD138+ve population, whereas
IFNa and TGFPB conditions generated more comparable percentages of CD138+ve cells at the day 13
time point. Together this indicates a slower rate of differentiation in APRIL stimulated cultures.
Moreover, the signalling dynamics may vary between these cell populations, further highlighting the

importance of investigating the effects of the bone marrow niche.

Evaluation the signal transduction events downstream of CXCR4 are crucial for understanding the
nature of CXCL12-induced survival mechanisms in long-lived PCs and their malignant counterparts.
PI3K and MAPK kinase signalling are major pathways utilised by both healthy and malignant B-cells
(Leleu et al. 2007) and are both activated by CXCL12. Initial analysis indicates that day 6 PBs show a

weaker phosphorylation of ERK1/2 in response to CXCL12 stimulation than in day 13 PCs. Additionally,
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PI3K/AKT signalling is amplified in PC compared to PBs, however there is some variation between
donors. Given that PBs and PCs exhibit distinct differences in cell cycle status, longevity, and location
in vivo, it is reasonable to suggest that they are potentially wired differently for downstream signalling
events. Indeed, downstream of CXCR4 there a various Ga, G and Gy proteins, PI3Ks and PLCs, and a
variety of scaffold proteins and modulators that will affect signalling cascade, kinases interactions and
post-translational modifications that could contribute to the observed patterns (Bianchi and
Mezzapelle 2020). For example, in the in vitro system, PIK3CD is highly expressed in resting and
activated B-cells, but the mRNA is repressed as the cells differentiate (Cocco et al. 2012). In contrast,
PIK3CA mRNA is maintained throughout differentiation and PIK3CG mRNA is induced at the PB stage
and maintained at high levels in PCs. Also, there is evidence that AKT signalling is rewired during
different stages of B-cell activation, with changes in the relative levels of T308 and S473
phosphorylation in GC and naive B-cells (Downward 1998; Luo et al. 2019), and the data presented
here are also consistent with such a change as the cells undergo terminal differentiation. Additionally,
analysis of AKT isoforms revealed fragmentation of AKT protein at day 10 of the differentiation,
possibly consistent with caspase-mediated degradation (Jahani-Asl, Basak and Tsang 2007). Day 10 is
characterised by a continuing contraction of the cell population. Thus, the loss of AKT signalling may
contribute to the death of PBs within the model which may be overcome by the inclusion of caspase
inhibitors. Analysis of the CXCL12 stimulation data indicate that at day 13, the cells are more
responsive to CXCL12 signals, shown by a stronger and more sustained AKT response at both residues

and a much stronger ERK1/2 phosphorylation.

Changes between a transient and a sustained signalling response likely leads to different biological
outcomes, indeed PCs by nature develop into long lived PCs within a BM niche, whereas PBs are a
transient stage and therefore short lived. Here, identification of differences in both AKT and ERK signal
intensity and duration may be key factors that define these traits. Additional studies investigating the
role of niche environment on these signal pathways may help provide clarity (Mendoza, Er and Blenis
2011). A future study could assess TGFB pre-treatment of PBs and PCs and looking to see how PI3K
and MAPK signalling impacts expression of immediate early response genes such as EGR1 and c-FOS

and also functional effects such as motility and survival (Stephenson et al. 2019; Murphy et al. 2002).
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4.0 CD19 as a signalling hub in antibody secreting cells

4.1 Introduction

CD19 is a B-cell lineage surface receptor expressed highly in B-cells and also in PCs. The primary role
of CD19 is to reduce the threshold for BCR activation, by acting as a scaffold, forming an active SH2-
recognition domain for effector molecules e.g., VAV, important for signal transduction downstream
of the BCR (Depoil et al. 2008). In B-cells, CD19 has been shown to act as a scaffold for receptor
coordination for other receptors including CXCR4 (Keppler et al. 2015). Furthermore, the authors
suggest that CXCR4 utilises CD19 as a means of recruiting PI13K as other receptors do, including BAFFR,
CD40, TLR and the BCR. The ability of CD19 to act as a central hub of PI3K signalling may be important
in instances of low signalling input requiring amplification as might occur during tonic BCR signalling.
The choice of co-receptors used by B-cells can potentially alter the types of PI3K employed and
therefore the coupling to downstream pathways. As such, the role of CD19 and CXCR4 co-stimulation
was assessed here. Furthermore, the role of CD19 as a signalling hub has been described only in B-cell
populations, where the cells possess a BCR. The relationship between the aforementioned surface

receptors on PBs and PCs has yet to be investigated.

4.2 Stimulation of antibody secreting cells by CD19 ligation

CD19 amplifies signalling downstream of the BCR through the formation of a complex with CD21 and
the BCR. Tyrosines within the cytoplasmic domain of CD19 acts as scaffold proteins that, when
phosphorylated due to BCR interaction with antigen, function as SH2 motifs that recruit regulatory
BCR associated tyrosine kinases. CD19 can then bind and amplify the activity of these tyrosine kinases
such as LYN, leading to recruitment of PI3K. PI3K can then promote activation of AKT and BTK.
Moreover, CD19 has been shown to enhance the activation of MAPK pathways in BCR-activated cells,
and in some instances CD19 ligation alone is sufficient to activate ERK activity (Li and Carter 2000;

Morbach et al. 2016; Tedder, Inaoki and Sato 1997).

Similarly, CD19 may act as a signalling hub to amplify CXCR4 related survival signalling through
association with both the BCR and CXCR4 in B-cells. To observe how CXCR4 and CD19 interaction may
modulate downstream signalling at later time points during differentiation, stimulations were to be
prepared to assess co-stimulation of CXCR4 with CXCL12 and CD19 with an anti-CD19 coupled to
beads. Initially however, direct stimulation of CD19 alone was investigated to see what intrinsic

capabilities CD19 activation has on these pathways (figure 4.1), (figure 4.2).
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4.2.1 aCD19 induced ERK signalling

Analysis of ERK signalling following CD19 ligation (figure 4.1) shows a notable absence of ERK
phosphorylation at both day 6 and day 13 for all samples. For two samples, there was no detectable
ERK activity at both day 6 and day 13. The final sample shows a faint band that looks to be non-specific.
There are variable levels of total ERK protein in each sample, likely due to the effects of stripping

buffer, however at day 13 in all samples there is a high level of ERK detected.
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Figure 4.1 - Western blot visualising phosphorylated ERK of day 6 plasmablasts and day 13 plasma cells stimulated with
aCD19 microbeads. B-cells were cultured in normal differentiation conditions. At day 6 and day 13, a sample of cells were
transferred to 0.5% serum conditions overnight. Following overnight starvation, cells are stimulated with aCD19 microbeads,
with samples taken pre-stimulation, 1, 5 and 10 minutes after stimulation and mixed with sample buffer immediately.
Samples are then analysed by gel electrophoresis, before transfer to a blotting membrane and probed for phosphorylated
and total ERK protein. Actin was used as a loading control. (N=3)

The data suggests that CD19 stimulation has a very small effect on inducing ERK signalling, especially

compared to CXCR4 activity. Therefore, it is likely that the proposed signalling hub role of CD19 does
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not involve contributions to MAPK activation, but instead is restricted to PI3K. It was important to

assess CD19 stimulation on AKT phosphorylation to confirm this theory.

5.2.2 aCD19 induced AKT activity

Following from the ERK signalling analysis, AKT phosphorylation was assessed after aCD19 stimulation
(figure 4.2). The Western blots show no visually detectable AKT phosphorylation at day 6 for all
samples at both the S473 and T308 residue, despite detectable total AKT levels. Non-specific bands
can be detected for one sample at day 13 at the T308 residue for most samples. These bands are
smaller than the expected molecular weight and do not show a clear pre-stimulatory sample band,

however they may mask the presence of a fainter band. Together this suggests there is little to no AKT

D6 D13

0 1 5 10 0 1 5 10

60 kDa pAKT S473

- - D e
60 kD
a p— Y ) pAKT T308

60 kDa [ “..n Total AKT

42kDa uesmmmane ememames (-Actin
D6 D13

0 1 5 10 0 1 5 10
60 kDa we ... PAKTS473
60 kDa S0 PAKT T308
60 kDa Fr:zc: M AR Total AKT

42 kD2 s e e B-Actin
D6 D13

0 1 5 10 0 1 5 10

60kDa . . [SEEmEmER pAKT 5473
. ,
60 kDa - pAKT T308
. i a0 WD G

60D s —~ s Total AKT
42kDa GDEDEDED J..- B-Actin

Figure 4.2 - Western blot visualising Phosphorylated AKT activity of D6 B-cells and D13 PCs Stimulated with aCD19 microbeads.
B-cells were cultured in normal differentiation conditions. At day 6 and day 13 cells are cultured in 0.5% serum conditions overnight.
Following overnight starvation, cells are stimulated with aCD19 microbeads, with samples taken pre-stimulation, 1, 5 and 10 minutes
after stimulation and mixed with sample buffer immediately. Samples are then analysed by gel electrophoresis before transfer to a
blotting membrane and probed for phosphorylated and total ERK protein. Actin was used as a loading control. (N=3)
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phosphorylation at T308. At day 13, there are bands detected indicating phosphorylation at residue

S473. These bands are clear and show convincing evidence for CD19 induced activity.

This western blot data set was then quantified (figure 4.3). Quantification of the AKT blots confirms
the failure of CD19 to activate AKT phosphorylation in day 6 cells at the S473 residue, whilst generating
a moderate phosphorylation response at day 13. A comparable level of phosphorylation can be
detected at both day 6 and 13 at the T308 residue, however this may be affected by the non-specific
bands and therefore this result should be taken with caution. Furthermore, the unusual pattern of
phosphorylation does not match that seen previously of a peak at 1 or 5 minutes, followed by a
decrease by 10 minutes, further suggesting that the bands quantified are overshadowed by the

presence of non-specific bands.
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Figure 4.3 - Quantifications of AKT phosphorylation westerns shown in figure 4.2. Day 6 and day 13 cells
were stimulated with aCD19 microbeads, with samples taken pre-stimulation, 1, 5 and 10 minutes after
stimulation and mixed with sample buffer immediately. Samples are then analysed by gel electrophoresis
before transfer to a blotting membrane and probed for phosphorylated and total AKT protein. Densitometry
was performed on the western blots of both pAKT at residue S473 (upper) and T308 (lower). Day 6 and day 13
Western data for 3 donors was quantified using the Image Lab software. Each bar represents the pAKT signal
strength at 1,5 and 10 minutes post stimulation for both day 6 and 13 cells. (N=3). Significance was determined
using multiple Wilcoxon tests.

Next, this data set was compared with the quantified Western data of cells stimulated with CXCL12
(figure 4.4). At the S473 residue, the data show a similar pattern of stimulation between day 6 and 13
of both aCD19 stimulation and CXCL12 stimulation. At day 6, both stimulations induce a weaker
phosphorylation pattern, though aCD19 stimulation induces a weaker response at both time points
compared to CXCL12 stimulation, most notably at day 13. Additionally, as seen in figure 4.3, there is
almost no phosphorylation occurring at day 6 after aCD19 stimulation. There is a high degree of
variability at day 13 for CXCL12 stimulations, shown by the large error bars, which may reflect the

variable percentage of cells that have attained a plasma cell phenotype. The error bars for the aCD19
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stimulated cells at day 13 are smaller, suggesting aCD19 stimulation may generate a more consistent

response.

At the T308 residue, CXCL12 stimulated cells generate a much stronger phosphorylation signal at both
time points. The detected phosphorylation pattern seen in figure 4.2 for aCD19 stimulation is far
smaller than that by CXCL12 stimulation, suggesting aCD19 likely does not induce significant

phosphorylation at this residue.
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Figure 4.4 - (A) Comparison of the quantifications of the AKT S473 phosphorylation western blots shown for CXCL12 and
aCD19 stimulated cells. Protein from day 6 and 13 cells stimulated with either CXCL12 or aCD19 beads was obtained and
loaded onto SDS gels before transference to a blotting membrane. Blots were assessed for phosphorylated AKT at serine
S473. The day 6 and day 13 western data of cells stimulated with either CXCL12 (figure 3.18) or aCD19 beads (figure 4.3) was
quantified using Image Lab software and compared. (B) Comparison of the quantifications of the AKT T308 phosphorylation
western blots shown for CXCL12 and aCD19 stimulated cells. Protein from day 6 and 13 cells stimulated with either CXCL12
or aCD19 beads was obtained and loaded onto SDS gels before transference to a blotting membrane. Blots were assessed
for phosphorylated AKT at serine T308. The day 6 and day 13 western data of cells stimulated with either CXCL12 (figure
3.18) or aCD19 beads (figure 4.3) was quantified using Image Lab software and compared. Each bar represents the pAKT
signal strength at the indicated time point after stimulation with either CXCL12 or aCD19 stimulating beads for both day 6
and 13 cells. (N=3)

Collectively, these data show CD19 stimulation with a CD19 cross-linking antibody generates a
weaker ERK and AKT response compared to cells stimulated by CXCL12. However, the pattern of
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phosphorylation is similar for both stimulations, with day 13 cells showing stronger AKT and ERK
activation compared to day 6 cells.

4.3 Effects of long term CD19 stimulation

Stimulation of plasmablasts with aCD19 beads did not generate a notable signalling response,
suggesting that direct ligation of CD19 is unlikely to have a biological impact at this stage of
differentiation. To test this, plasmablasts were cultured in the presence of the antibody-coupled beads

and assessed after an extended period.

4.3.1 Cell viability
Cells from 3 donors were cultured as normal up to day 6. At day 6, the cells were split between three

conditions, normal day 6 conditions including APRIL, day 6 conditions with aCD19 stimulating beads
and finally day 6 conditions without APRIL or aCD19 beads. Cells were maintained in culture from day
6 until day 10. At day 10 a cell count was performed using absolute counting beads (figure 4.5). As

expected, inclusion of APRIL enhanced cell viability. In contrast, CD19 stimulation had no effect.
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Figure 4.5 - Cell viability of D10 PB/PCs cultured in either APRIL, aCD19 or control conditions. B-cells obtained and
isolated from peripheral blood were cultured within the /n vitro model up to day 6. At day 6 cells were split into three
culture condtions; APRIL, aCD19 beads or neither (-ve) and maintained until day 10. At day 10, cell viability was
determined via cell counts using counting beads and flow cytometry (N=3)

4.3.2 B-cell and PC phenotype

The phenotype of each sample was then assessed to determine how CD19 stimulation may affect B-
cell differentiation (figure 4.6). The flow data indicate CD19 expression is maintained in all conditions,

with the majority of cells CD19+ve (>97%) (5.7.1). There are no notable differences at this level
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between the conditions, indicating that the beads do not affect surface levels after 3 days of contact.

However, there is variability in the proportion of CD19+ CD20 -ve population (figure 4.7).
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Figure 4.6 — Impact of APRIL or aCD19 on CD19/CD20 surface expression. B-cells obtained and isolated from peripheral
blood were cultured within the In vitro model up to day 6. At day 6, cells were split into three culture conditions; APRIL,
aCD19 beads or neither (negative control) and maintained until day 10. Flow samples were obtained and stained with
antibodies against CD19 and CD20 and the phenotype as assessed. Results from 3 independent donors are shown.
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Figure 4.7 - Percentage of CD19+ CD20- day 10 PB/PC from three donors cultured in either APRIL or aCD19 conditions. .
B-cells obtained and isolated from peripheral blood were cultured within the In vitro model up to day 6. At day 6, cells
were split into three culture conditions; APRIL, aCD19 beads or neither (negative control) and maintained until day 10.
Flow samples were obtained and stained with antibodies against CD19 and CD20 and the phenotype as assessed. The
percentage of cells that are positive for CD19 but negative for CD20 (Q1 from figure 4.6) was quantified and plotted in

graphpad prism.

The loss of CD20 is indicative of transitioning to the plasma cell state. To confirm this, plasma cell

generation was assessed via CD138 expression (4.8). The data show that, under all three conditions,

plasma cell differentiation is generally comparable. However, to confirm that there are no trends, the

percentage CD138 expression was assessed (figure 4.9).
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Figure 4.8 - CD38/CD138 surface expression of day 10 PB/PCs from three donors cultured in either APRIL or aCD19
conditions. B-cells obtained and isolated from peripheral blood were cultured within the In vitro model up to day 6. At day
6, cells were split into three culture conditions; APRIL, aCD19 beads or neither (negative control) and maintained until day
10. Flow samples were obtained, and stained with antibodies against CD38 and CD138 and the phenotype as assessed.
Results from 3 independent donors are shown.

The analysis of CD138 expression indicates that APRIL conditions promote the lowest attainment of

plasma cell phenotype, potentially due to the retention of proliferative cells that have survived

compared to untreated or aCD19 treated cells. The differences between each condition are small,

however.
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Figure 4.9 - Percentage of CD138 +ve day 10 PB/PC from three donors cultured in either APRIL or aCD19 conditions. B-cells
obtained and isolated from peripheral blood were cultured within the In vitro model up to day 6. At day 6, cells were split
into three culture conditions; APRIL, aCD19 beads or neither (negative control) and maintained until day 10. Flow samples
were obtained and stained with antibodies against CD138 and the phenotype as assessed. The percentage of cells that are
positive for CD138 (Q2 from figure 4.8) was quantified and plotted in graphpad prism.

Together, this data indicate that long term aCD19 stimulation has a minimal effect of PB/PC
phenotype. There are slight differences seen with PC cell generation (CD138), however the observed
differences are small and require a larger sample set to provide full confidence of any significant

differences.

4.3.3 CXCR4 expression

CXCR4 surface expression was also analysed for the long-term stimulation with CD19 bound beads. As
CD19 acts as a signalling hub for various surface receptors including CXCR4, long term stimulation may
affect subsequent CXCR4 signalling. Despite the minimal activity seen in short term stimulation with
CD19, there may be an accumulative effect seen over a long-term stimulation that may have effects
on B-cell differentiation. CXCR4 surface expression was assessed for all three conditions and showed
a comparable surface expression for all three (figure 5.7.6). BC1 showed the highest CXCR4 expression
of the 3 donors for all conditions, notably aCD19 stimulation. Despite this, figure 4.10 confirms the

similarity between the three conditions.
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Figure 4.10 — CXCR4 surface expression for D10 PBs/PCs cultured in either APRIL conditions or aCD19 conditions. . B-cells
obtained and isolated from peripheral blood were cultured within the In vitro model up to day 6. At day 6, cells were split
into three culture conditions; APRIL, aCD19 stimulating beads or neither (negative) and maintained until day 10. Flow
samples were obtained and stained with antibodies against CXCR4 and the phenotype was assessed. The percentage of cells
that are positive for CXCR4 are indicated for each condition. An isotype control is included. (N=3)

Figure 4.11 shows the AMFI values for CXCR4 surface expression for each donor and condition. The
data indicate there are no notable differences between each condition and therefore CXCR4 surface
expression is maintained at a comparable level even after stimulation with aCD19.
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Figure 4.11 —CXCR4 AMFI for ASCs cultured in APRIL or aCD19 bead conditions.

B-cells obtained and isolated from peripheral blood were cultured within the In vitro model up to day 6. At day 6, cells were
split into three culture conditions; APRIL, aCD19 stimulating beads or neither (negative) and maintained until day 10. Flow
samples were obtained and stained with antibodies against CXCR4 and the phenotype was assessed. CXCR4 MFI was
determined using the Flowjo software and the MFI of the isotype CXCR4 expression values was subtracted to determine
AMFI.
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Although the range of assays to test the ligation of CD19 at the plasmablast stage were limited, the
data support the idea that it is unlikely to play a major role through direct ligand encounter. Since
CD19 also functions to aid BCR and other surface proteins by acting as a signalling scaffold, it was
therefore necessary to investigate whether its main role in antibody secreting cells was more likely to

reflect its ability to boost signals following ligation of other receptors.

4.4 Co-stimulation of antibody secreting cells by an anti-CD19 and CXCL12

Previous work has shown that stimulation with an antibody to CD19 increases CXCL12-mediated
responses in murine B-cells (Becker et al., 2017). To determine whether a similar response could be
observed in human ASCs, plasmablasts and plasma cells were stimulated with both CXCL12 and

aCD19.
4.4.1 aCD19 and CXCL12 induced ERK signalling
Initially, ERK signalling was assessed after stimulation with CXCL12 and aCD19. Cells were serum

starved as previously prior to stimulation. Cells were collected at 1, 5 and 20 minutes after stimulation
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Figure 4.12 - Western blot visualising phosphorylated ERK from cells stimulated with aCD19 microbeads and CXCL12. B-
cells were cultured in normal differentiation conditions. At day 6 and day 13, cells were cultured in 0.5% serum conditions
overnight. Following overnight starvation, cells were stimulated with aCD19 microbeads and CXCL12, with samples taken
pre-stimulation, 1, 5 and 10 minutes after stimulation and mixed with sample buffer immediately. Samples are then loaded
on a blot for gel electrophoresis before transfer to a blotting membrane. Blots are probed for phosphorylated and total ERK
protein. Actin was used as a loading control. (N=2)
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and a pre-stimulatory sample was also taken. Protein was collected and analysed via Western blot

(figure 4.12).

After co-stimulation with CXCL12 and aCD19, day 6 cells show a stimulation response similar to that
seen from CXCL12 stimulated cells. Between day 6 and 13, the blots suggest day 6 cells generate a
stronger ERK phosphorylation. The loading varies between day 6 and day 13 for one of the samples,

therefore the samples were quantified to confirm the true phosphorylation pattern (figure 4.13).
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Figure 4.13 — Quantification of Western blots visualising phosphorylated ERK from cells stimulated with aCD19 microbeads
and CXCL12. B-cells were cultured in normal differentiation conditions. At day 6 and day 13, cells were cultured in 0.5%
serum conditions overnight. Following overnight starvation, cells were stimulated with aCD19 microbeads and CXCL12, with
samples taken pre-stimulation, 1, 5 and 10 minutes after stimulation and mixed with sample buffer immediately. Samples
are then loaded on a blot for gel electrophoresis before transfer to a blotting membrane. Blots are probed for phosphorylated
and total ERK protein. Densitometry was conducted using Image Lab software. Each bar represents the pERK signal strength
at the indicated time point after stimulation for both day 6 and 13 cells. (N=2). Significance was calculated using a student
t-test.

Quantification and normalisation of the pERK western blot data show a notable difference in ERK
phosphorylation at day 6 and 13. Compared to day 13 stimulation, day 6 cells generate a far stronger
phosphorylation pattern. To understand how this stimulation has affect ERK activity, they were

compared with CXCL12 treated cells alone (figure 4.14).
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Figure 4.14 — Comparison of pERK signal from day 6 and day 13 ASCs stimulated with either aCD19 microbeads and CXCL12
or CXCL12 only. B-cells were cultured in normal differentiation conditions. At day 6 and day 13, cells were cultured in 0.5%
serum conditions overnight. Following overnight starvation, cells were stimulated with aCD19 microbeads and CXCL12, with
samples taken pre-stimulation, 1, 5 and 10 minutes after stimulation and mixed with sample buffer immediately. Samples
are then loaded on a blot for gel electrophoresis before transfer to a blotting membrane. Blots are probed for phosphorylated
and total ERK protein. Densitometry was conducted using Image Lab software. pERK quantification values was compared
between each stimulating condtions and graphed using Graphpad Prism software. Each bar represents the pERK signal
strength at the indicated time point after stimulation with either CXCL12 or CXCL12 with aCD19 beads for both day 6 and 13
cells (N=3 CXCL12 stimulation, N=2 dual stimulation).

Quantification shows co-stimulated day 6 cells produce the strongest level of ERK phosphorylation,
closely followed by that seen from day 13 PCs stimulated by CXCL12 alone. These data suggest that
CD19 may have an effect of amplifying CXCR4 signal transduction in day 6 cells but reduces the
CXCL12-induced ERK signalling in PCs. All the stimulations on each day show a peak phosphorylation

at 1 or 5 minutes and a decreasing level by 10 minutes.

4.4.2 aCD19 and CXCL12 induced AKT signalling

Next, AKT signalling induced by co-stimulation by CXCL12 and aCD19 was analysed (figure 4.15).
Phosphorylation at the S473 residue shows variable activity for day 6 and day 13 cells, but generally
showing a strong response. Additionally, highly phosphorylated bands can be detected for up to 10
minutes in the second sample, suggesting that co-stimulation may prolong signalling. At the T308
residue, phosphorylation appears slightly less, but more comparable between day 6 and 13. Again the
second sample shows a strong response up until 10 minutes, suggesting this particular sample may
have a more sensitive reaction to these stimuli. To confirm the above analysis, the blots were

quantified (figure 4.16).
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Figure 4.15 - Western blot visualising phosphorylated AKT from cells stimulated with CXCL12 and aCD19 microbeads. B-
cells were cultured in normal differentiation conditions. At day 6 and day 13 cells were cultured in 0.5% serum conditions
overnight. Following overnight starvation, cells were stimulated with either aCD19 microbeads and CXCL12, with samples
taken pre-stimulation, 1, 5 and 10 minutes after stimulation and mixed with sample buffer immediately. Samples are then
loaded on a blot for gel electrophoresis before transfer to a blotting membrane. Blots are probed for phosphorylated (at
residues S473 and T308) and total AKT protein. Actin was used as a loading control. (N=3)
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The densitometry analysis confirms that, at the S473 residue, there is a similar level of phosphorylation
at both time points, but day 13 cells maintain activity more than day 6 cells. At the T308 residue, day

13 cells generate a greater phosphorylation signal that again is maintained to a higher degree than
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Figure 4.16 - Quantification of Western blots visualising phosphorylated AKT from cells stimulated with aCD19
microbeads and CXCL12. B-cells were cultured in normal differentiation conditions. At day 6 and day 13, cells were
cultured in 0.5% serum conditions overnight. Following overnight starvation, cells were stimulated with aCD19
microbeads and CXCL12, with samples taken pre-stimulation, 1, 5 and 10 minutes after stimulation and mixed with
sample buffer immediately. Samples are then loaded on a blot for gel electrophoresis before transfer to a blotting
membrane. Blots are probed for phosphorylated (At residues S473 and T308) and total AKT protein. Densitometry was
conducted using Image Lab software. Each bar represents the pAKT signal strength at the indicated time point after
stimulation for both dav 6 and 13 cells. (N=3). Sienificance was calculated using a Students t- test.
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day 6 cells. Together these data suggests that co-stimulation may also enhance PB signalling through
S473 to comparable levels seen at day 13. It was therefore crucial to compare with the CXCL12

stimulation alone (figure 4.17).

Comparisons of co-stimulation with CXCI12 stimulation alone reveals a similar level of activity between
both conditions. At day 6 co-stimulation may generate a marginally stronger phosphorylation pattern
compared to CXCL12 alone, however the range of variation in donor response to both stimulations
show that both generate a comparable level of activity. By day 13 CXCL12 stimulation may generate a
stronger response, but again the donor variation indicates both stimulations create a comparable
signalling pattern. Both stimulations maintain some signalling by 10 minutes. CD19 stimulation may
have a negative effect at the PC stage, reducing phosphorylation at S473, however the variation in

donor responses makes this conclusion difficult to confirm.
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Figure 4.17 - Comparison of pAKT S473 signal from day 6 and day 13 ASCs stimulated with either aCD19 microbeads and
CXCL12 or CXCL12 only. B-cells were cultured in normal differentiation conditions. At day 6 and day 13, cells were cultured
in 0.5% serum conditions overnight. Following overnight starvation, cells were stimulated with aCD19 microbeads and
CXCL12, with samples taken pre-stimulation, 1, 5 and 10 minutes after stimulation and mixed with sample buffer
immediately. Samples are then loaded on a blot for gel electrophoresis before transfer to a blotting membrane. Blots are
probed for phosphorylated (at residues S473) and total AKT protein. Densitometry was conducted using Image Lab software.
pAKT S473 quantification values were compared between each stimulating condition and graphed using Graphpad Prism
software. Each bar represents the pAKT S473 signal strength at the indicated time point after stimulation with either CXCL12
or CXCL12 with aCD19 beads for both day 6 and 13 cells (N=3).

The phosphorylation pattern at AKT reside T308 was also compared for both types of stimulations
(figure 4.18). At day 6, both stimulations generate a weaker response compared to day 13.
Additionally, the phosphorylation activity is very similar, with a comparable peak activity and rate of

decay. At the PC stage, again the two stimulations generate a comparable pattern of phosphorylation.
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CXCL12 stimulation alone may maintain activity for an extended period, however a longer assessment
would be required. Co-stimulation peak activity occurs earlier than CXCL12 stimulation alone.
Together, this data indicate that both stimulations generate a comparable phosphorylation pattern at
both time points with only minor differences in rate of activation. CD19 stimulation therefore appears

to have little effect at this residue.
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Figure 4.18 - Comparison of pAKT T308 signal from day 6 and day 13 ASCs stimulated with either aCD19 microbeads and
CXCL12 or CXCL12 only. B-cells were cultured in normal differentiation conditions. At day 6 and day 13, cells were cultured
in 0.5% serum conditions overnight. Following overnight starvation, cells were stimulated with aCD19 microbeads and
CXCL12, with samples taken pre-stimulation, 1, 5 and 10 minutes after stimulation and mixed with sample buffer
immediately. Samples are then loaded on a blot for gel electrophoresis before transfer to a blotting membrane. Blots are
probed for phosphorylated (at residue T308) and total AKT protein. Densitometry was conducted using Image Lab software.
pAKT T308 quantification values were compared between each stimulating condition and graphed using Graphpad Prism
software. Each bar represents the pAKT T308 signal strength at the indicated time point after stimulation with either CXCL12
or CXCL12 with aCD19 beads for both day 6 and 13 cells (N=3).

4.5 CD19 deficient signalling dynamics

Previous studies suggest CD19 can promote survival and proliferative signals though its function as a
signalling hub for both the BCR and CXCR4 in mature B-cells. The function of CD19 however is less
clear in ASCs. Direct ligation of CD19 alone yields very limited effects on the tested signal transduction
events, but the combined CXCL12 and anti-CD19 stimulations indicated a potential shift in response,
particularly in the degree of ERK phosphorylation. To clarify how CXCR4 signalling is impacted by
CD19, B-cells isolated from a newly identified CD19 deficient individual were assessed using the

differentiation model and signal transduction events downstream of CXCR4.
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4.5.1 Ex-vivo generation of mature CD19 deficient plasma cells

To date there have only been 10 documented cases of CD19 deficiency (Wentink et al. 2018). Previous
literature has documented a reduction in the development of B-cell numbers and an impaired
response to vaccination, however, there is notable variation in patient disease presentation and ex-
vivo B-cell function. Therefore, the ability of CD19 deficient B-cells to generate ASCs in response to T-
dependant response was assessed. Initially, PBMCs were isolated from peripheral blood and B-cells
were selected as normal. CD19-ve B-cells were cultured within the B-cell differentiation model and at

days 0, 6 and 13, the phenotype was assessed (figure 4.19)

The CD19 deficient B-cells, as expected do not express CD19 throughout the differentiation. As the
cells differentiate, the cells begin to lose CD20 expression as seen on healthy cells. By day 13 all the
cells have downregulated CD20, suggesting normal PC development. CD19 deficient cells also acquire
normal CD38 expression, suggesting normal B-cell activation and differentiation. Additionally, at day
6 the cells also begin to express CD27 and by day 13, almost all the cells are positive for CD27, a marker
highly expressed on PCs. Finally, the majority of the cells express CD138 by day 13. This suggests the

B-cells are fully capable of differentiating into plasma cells.
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Figure 4.19 - Representative flow cytometry analysis of CD19-deficient patient day 0 and 6 cells and D13 plasma cells.
PBMCs were obtained from peripheral blood and CD19 deficient B-cells were isolated via negative selection. B-cells were
maintained within the in vitro differentiation model, following T-cell dependant stimulation, up to day 13. B-cells and PCs
were collected for assessment of phenotype at day 0, 6 and 13 by flow cytometry. CD19 deficiency was assessed and
attainment of plasma cell generation by loss of surface CD20 and gain of CD38/CD138 after stimulation with T-dependent
stimulation conditions.

Next, B-cell and PC surface markers were compared between CD19-ve cells and healthy controls.
Figure 4.20 shows the percentage positive expression of CD20, CD38 and CD138 between healthy
control cells and CD19-ve cells. The data indicate both healthy and CD19-ve cells express a comparable
level of CD20 and CD138 at all time points, indicating normal attainment of a PC phenotype. CD38
expression in CD19 deficient cells also matches that of healthy controls, albeit at moderately slower
rate, i.e., at day 0, the B-cells express a lower level of CD38, indicating a slight delay, which is repeated
at both day 6 and, to a lesser degree day 13, however, the majority of the CD19-ve cells express CD38
by day 13, indicating normal acquisition. CD27 expression is more varied, however CD19-ve cells
express CD27 within the range seen in healthy controls at all timepoints, again confirming normal B-

cell differentiation.
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Figure 4.20 - Quantification of the percentage of cells expressing indicated markers at day 0, 6 and 13 of the
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differentiation. PBMCs were obtained from peripheral blood and CD19 deficient B-cells were isolated via negative
selection. B-cells were maintained within the in vitro differentiation model, following T-cell dependant stimulation, up

differentiations performed 5 months apart.

4.5.2 CD19 deficient B-cell viability

time points, indicating the B-cell differentiation in these cells is maintained.

to day 13. B-cells and PCs were collected for assessment of phenotype at day 0, 6 and 13 by flow cytometry. Cell
phenotype at DO, 6 and 13 was quantified as percentage positive for both healthy controls and CD19 deficient cells.
Black indicates healthy controls and red indicates CD19 deficient cells. Healthy Controls, n=9; CD19-ve, n=2 independent

Phenotypically, the CD19 deficient B-cells are comparable to healthy B-cells and plasma cells at all

While the CD19-ve cells appeared to acquire a normal PC phenotype, there may be defects in the

relative survival of cells following stimulation. During the differentiation of CD19-ve B-cells, the cell

viability was measured at each time point and compared to that of healthy controls (figure 4.21)
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Figure 4.21 - Evaluation of viable cell number of CD19 deficient and healthy B-cells and ASCs during the differentiation
assay. PBMCs were obtained from peripheral blood and CD19 deficient B-cells were isolated via negative selection. B-cells
were maintained within the in vitro differentiation model, following T-cell dependant stimulation, up to day 13. Cell counts
performed at day 0, 3, 6, 10 And 13 and assessed by haemocytometer and trypan blue stain. Healthy Controls, n=4; CD19-
ve, n=2.

CD19 deficient cells exhibit a typical pattern of initial expansion from day 0 and reach a maximum
cell count at day 6 during the PB stage. From day 6, the cell count diminishes as mature PCs emerge.
The deficient cell viability during the differentiation mirrors the healthy control viability, indicating
no defects. The CD19 deficient cells generated a notably high population of PBs by day 6 compared

to the healthy controls.

4.5.3 Immunoglobulin production

Data from previous studies show CD19 deficient or diminished B-cells respond poorly to BCR
stimulation, leading to a weak antibody production in response to vaccination (van Zelm et al. 2006).
Again, to analyse how this mutation affects PC function, media samples were collected from cells
during the differentiation and assessed for both IgM and IgG production (figure 4.22). Levels of IgM
and 1gG produced from CD19-ve cultures were relatively low at day 6, the levels increased to become
more comparable to those of healthy controls at day 13. This data indicate that the defects in antibody
production seen here are closer to that seen in the literature for day 6. By day 13, at the PC stage,

where CSR has already occurred, immunoglobulin production shifts to increase IgG production, and
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CD19 deficient cells are able to secrete immunoglobulin to a similar level seen in the healthy controls,

indicating that PC Ig secretion is maintained.
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Figure 4.22 - Quantification of secreted IgM and IgG at days 6 and 13. PBMCs were obtained from peripheral blood and
CD19 deficient B-cells were isolated via negative selection. B-cells were maintained within the in vitro differentiation model,
following T-cell dependant stimulation, up to day 13. Cell supernatant samples were collected at both day 6 and 13 and
immunoglobulin secretion was assessed by ELISA. Healthy Controls, n=3; CD19-ve, n=1. BD, below detection.

4.6 — Transcriptome analysis of differentiating CD19 deficient cells

To determine whether the apparently normal differentiation of CD19-ve B-cells was accompanied by
more subtle changes in the underlying gene expression programme, RNA sequencing was performed
on material collected from differentiating cells at all key phases of the differentiation model. Healthy
controls and CD19 deficient cells were collected at days 0, 3, 6, 10 and 13, allowing for assessment of
gene regulation in resting B-cells, activated B-cells, PBs and PCs. Due to the rarity of CD19 deficient

patients, only one donor was available. Cells from 3 donors were used for the healthy controls.

4.6.1 CD19 expression

Initially, CD19 expression was assessed in healthy controls and the CD19 deficient patient sample
(figure 4.23 A). RNA sequencing data indicate that, whilst the scales are not equivalent, the overall
pattern of CD19 expression is similar between the two groups. Both populations express high levels
of CD19 at day 0. As the cells differentiate, expression decreases until by day 13 and day 20, expression
has dropped to its lowest point. Firstly, this matches the pattern seen in the protein expression of
healthy differentiating cells, as CD19 decreases slightly by the time the cells reach day 13. Secondly,
despite the CD19 deficient patient expressing no surface CD19 protein throughout the differentiation,
as determined by flow cytometry, yet still shows high gene expression during the commitment and

expansion phases, suggest that at the mRNA level, there are no defects in the regulation of CD19
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expression. The defect was identified as c.622del in CD19 exon 4 and classified as pathogenic
(Appendix, data from Chris Watson). This variant results in a frameshift translation that was predicted
to result in nonsense mediated decay resulting in the loss of CD19 expression; however, preservation

of the mRNA levels would suggest another mechanism leads to loss of protein.
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Figure 4.23 — Heatmap of normalised expression of CD19 (VST) in CD19-ve and healthy differentiating B-cells (A). Loss of
CD19 is not attributable to NMD or exon skipping (B and C). PBMCs were obtained from peripheral blood and CD19 deficient
B-cells were isolated via negative selection. B-cells were maintained within the in vitro differentiation model, following T-cell
dependant stimulation, up to day 13. RNA was isolated from B-cells, PBs and PCs at the main time points during the
differentiation. RNA sequencing was performed, and CD19 expression data set was analysed. Loss of CD19 is not attributable
to NMD or exon skipping. (B) Presence of exon 4 mutation in CD19 reads from RNA-seq in differentiation samples from all
time points predicted to lead to a truncated protein lacking the transmembrane domain (highlighted by arrows). (C) Reads
for all CD19 exons were observed uniformly across the locus with normal splicing patterns, apart from some evidence for
skipping of exon 6 encoding the membrane-proximal region of the cytoplasmic domain. Representative results from day 0
sample is shown.
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Additional analysis of the CD19 deficient transcript using DEXseq analysis confirmed the presence of
the mutation in exon 4 (figure 4.23 B), resulting in the generation of an early stop codon and therefore
predicted generation of a truncated protein product lacking the transmembrane region, in day 0,6 and
13 cells. Despite this, investigation of the splicing pattern showed uniform expression of all 15 CD19
exons, however there is evidence of skipping of exon 6, which encodes the membrane-proximal region

of the cytoplasmic domain (figure 4.23 C).

4.6.2 Comparison of differentiation associated genes

The phenotype of differentiating CD19-ve cells suggested a normal pattern of differentiation. To
confirm that the underlying gene expression matched this, mRNA analysis was completed for
differentiation-associated genes to examine how this deficiency may affect genetic control of key
proteins associated with commitment of and progression through each phase of B-cell differentiation

(figure 4.24)
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Figure 4.24 — Heatmap of normalised expression of genes (VST) associated with B-cell differentiation. PBMCs were
obtained from peripheral blood and CD19 deficient B-cells were isolated via negative selection. B-cells were maintained
within the in vitro differentiation model, following T-cell dependant stimulation, up to day 13. RNA was isolated from B-
cells, PBs and PCs at the main time points during the differentiation. RNA sequencing was performed, and expression data
for several genes associated with B-cell differentiation were analysed.
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Components of the B-cell programme (B) programme such as IRF8, BACH2 and PAX5 are equally
expressed at each time point for both HCs and CD19 deficient cells, where expression is high during
day 0-3 and then decreases after this point. The CD19-ve cells show an appropriate upregulation of
the genes BATF and ZBTB32 indicative of activation at day 3 (ABC). Additionally, genes associated with
the PC programme are comparable, for example IRF4, PRDM1 and XBP1 are lowly expressed before
day 6, but from day 6 expression is high when the majority of the cells will be PBs. Together this shows
that differentiation control in the CD19 deficient B-cells is conserved, which is consistent with the flow
cytometry data that show these donor cells differentiated normally. Also included are several genes
associated with proliferation in B-cells. The deficient cells match the expression of that seen in the
healthy controls, will enhanced expression during the expansion phases during days 3-6. This implies

these cells are fully capable of rapid proliferation induced by strong T-dependent activation.

4.6.3 Comparison of signalling associated genes

Next, relevant genes associated with B-cell signalling were assessed for differential expression (figure
4.25). In this instance genes that were common between the HCs and CD19-ve were compared by
calculating the standard deviation of each gene across the time series, then ranking the genes from
highest to lowest variance. The ranking of the genes was then compared between the two groups.

Genes that changed rank by > 5000 may indicate abnormal regulation.
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Figure 4.25 - Heatmap of normalised expression of genes (VST) associated with B-cell signalling. PBMCs were obtained
from peripheral blood and CD19 deficient B-cells were isolated via negative selection. B-cells were maintained within the in
vitro differentiation model, following T-cell dependant stimulation, up to day 13. RNA was isolated from B-cells, PBs and PCs
at the main time points during the differentiation. RNA sequencing was performed, and expression data for several genes
associated with B-cell signalling were analysed. Genes highlighted indicates a significant differential rank (Analysis performed
by Matthew Care).

Overall, the expression of signalling associated genes is comparable between healthy and CD19-ve
differentiating B-cells/PCs, however highlighted are 3 genes which show an altered expression pattern
in CD19 deficient cells. The most significantly differentially expressed genes are PI3K genes, specifically
PIK3CB and PIK3R2, which have a differential rank that changed substantially between the two groups.
PI3K are signalling molecules associated with both CD19 and CXCR4. CD19 deficient cells show overall
stronger expression of PIK3CB from day 3 of the differentiation and an increase in PIK3R2 from day 0.
PIK3C2G expression is far lower throughout the differentiation in deficient cells, however the
differential ranking is greater than -5000. Other CD19 associated signalling molecules assessed include
VAV, GRB2 and LYN, however these are comparable between the two populations. Arrestins are
associated with G-protein coupled receptor regulation, including CXCR4 desensitisation. Expression of
the ARRB1 and ARRB2 genes are comparable between the controls and deficient cells, however there
is slightly lower expression in healthy PCs, suggesting there could be some potential role in deficient

cells that dampen CXCR4 signals, however further samples would be required to evidence this.
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4.6.4 CXCR4 expression

We have established that CD19 deficient B-cells are capable of undergoing differentiation to the ASC
stage and possess a typical phenotype, viability, and immunoglobulin secretion over the 13 days. Next
it was necessary to understand how the deficiency may or may not affect CXCR4 surface expression

as this may have repercussions for signalling downstream of CXCR4 (figure 4.26).
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Figure 4.26 - Expression of cell surface CXCR4 was evaluated on day 0 B-cells, day 6 plasmablasts and day 13 plasma cells.
PBMCs were obtained from peripheral blood and CD19 deficient and healthy B-cells were isolated via negative selection. B-
cells were maintained within the in vitro differentiation model, following T-cell dependant stimulation, up to day 13. B-cells
and PCs were collected for assessment of CXCR4 phenotype at day 0, 6 and 13 by flow cytometry. A representative plot is
shown. Cells were blocked and stained with aCXCR4-PE and surface expression was analysed using flow cytometry. Plots
were prepared using FlowJo software. Quantification of percentage CXCR4+ve cells in Healthy Controls (n=5) and CD19-ve
(n=2 independent differentiations). CXCR4 positive cells were quantified and plotted for both healthy controls and CD19
deficient cells.

CXCR4 expression is maximally expressed at day 6 during the plasmablast stage for both healthy
controls and CD19-ve cells. From day 6, CXCR4 surface expression decreases but is maintained at a
low level in both cell types. Notably, CXCR4 expression was very highly maintained in day 13 CD19-ve
PCs in one of the differentiations, but generally, CXCR4 expression is comparable between the

deficient and healthy cells.

4.6.5 CXCR4 signalling

CD19 forms a complex on the surface of B-cells that acts as co-stimulatory element to amplify
antigenic signalling via the B-cell receptor to promote activation of various signalling pathways,
notably PI3K signalling. To determine whether CXCR4 signal propagation is affected by the loss of
CD19, PBs and PCs were exposed to CXCL12 and the phosphorylation of PI3K and MAPK intermediates
AKT and ERK were assessed (figure 4.27).
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Figure 4.27 — Western blot analysis of pAKT $S473, pAKT T308 and pERK at total AKT or ERK protein levels from day 6 and
13 CD19 deficient cells stimulated with CXCL12. PBMCs were obtained from peripheral blood and CD19 deficient B-cells
were isolated via negative selection. B-cells were cultured in normal differentiation conditions. At day 6 and day 13 cells
were cultured in 0.5% serum conditions overnight. Following overnight starvation, cells were stimulated with CXCL12, with
samples taken pre-stimulation, 1, 5 and 10 minutes after stimulation and mixed with sample buffer immediately. Samples
are then analysed by gel electrophoresis and western blot. Blots are probed with detection antibodies for phosphorylated
ERK and AKT protein (N=2), Upper and lower figures indicate two independent differentiations from the same donor
performed 5 months apart.
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In healthy controls, both day 6 PBs and day 13 PCs showed a rapid induction of AKT and ERK
phosphorylation. The response to CXCL12, in CD19-ve PBs, signalling was generally preserved, with a
moderate day 6 ERK phosphorylation response and detectable pAKT response at both residues,
though phosphorylation at the T308 residue was only detectable at 5 and 10 minutes whereas in
control samples, phosphorylation could be detected earlier at 1 minute (figure 3.18). There is some
variation between detection in PBs at the S473 residue between the two stimulations, with signal

strength being weaker in the second differentiation, however the signalling pattern is conserved.

CD19-ve PCs exhibited striking defects, particularly in the lack of ERK phosphorylation. In the first
differentiation, ERK phosphorylation cannot be detected indicating a complete failure to activate
MAPK signalling. The second stimulation, however, shows that there is some ERK phosphorylation,
however the signal strength is comparable to that seen in day 6 PBs. In HCs, ERK signalling in PCs
consistently exhibit a far stronger response to CXCL12 stimulation (figure 3.14). Therefore, this

suggests that ERK signalling is depleted in CD19 deficient cells.

AKT signalling is also altered in CD19 deficient PCs. Phosphorylation at the S473 residue is decreased,
with phosphorylation only being detectable at one minute in the first stimulation. The second
stimulation shows a stronger signal detectable from 1 minute to 10 minutes, however the signal
strength is similar to the signal seen at day 6, suggesting some depletion in these cells. The pAKT T308
signalling at day 13 is absent in the first stimulation but detectable in the second. However, in both

circumstances, detection is lower than that seen in HCs (figure 3.18).

To fully assess how CD19 deficient cell signalling compares to healthy controls, densitometry was
performed for both stimulations. From this, the phosphorylated protein was quantified and
normalised to total protein. The quantified values were then directly compared to healthy controls
(figure 4.28). At day 6, the data show a similar yet somewhat diminished pAKT S473 response,
however, the signalling response is generally maintained in PBs. At day 13, AKT phosphorylation in
healthy cells varies between donors, with one donor with the weakest phosphorylation signal being
comparable to the CD19-ve samples. Despite this, the CD19-ve samples show a notably lower average
phosphorylation at day 13, indicating a defect in AKT signalling. This defect is more apparent at the
T308 residue. At day 6, phosphorylation is comparable between healthy donors and CD19 deficient
samples. By day 13, there is a clear loss of signalling through this residue. Together this suggest that

there is impaired AKT signalling in CD19-ve PCs.

For ERK signalling, the densitometry analysis shows ERK signalling in PBs is similar comparable,

suggesting that ERK activation remains intact. By day 13 however, it is clear the CD19-ve cells have
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failed to generate an ERK signal. Whilst HCs show a strong peak phosphorylation 5 minutes after

stimulation, CD19-ve cells maintain minimal signalling at all time points following stimulation.
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Figure 4.28 - Quantification of relative phosphorylation from Healthy Controls (n=3) and CD19-ve (n=2 - two independent differentiations from the same patient). PBMCs were obtained
from peripheral blood and CD19 deficient B-cells were isolated via negative selection. B-cells were cultured in normal differentiation conditions. At day 6 and day 13 cells were cultured in 0.5%
serum conditions overnight. Following overnight starvation, cells were stimulated with CXCL12, with samples taken pre-stimulation, 1, 5 and 10 minutes after stimulation and mixed with sample
buffer immediately. Samples are then analysed by gel electrophoresis and western blot. Blots are probed with detection antibodies for phosphorylated ERK and AKT protein. Phosphorylation
of ERK and AKT from each sample was quantified using Image Lab software. Additionally, total protein levels were also quantified for each time donor at all time points. Quantified
phosphorylated protein values were normalised to total protein levels. Normalised values were then plotted for each donor. (Red = CD19-ve, Black = HC)
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4.7 —Impact of CXCL12 stimulation of CD19-ve cells during culture

The change in proximal CXCR4 signalling in CD19-ve cells is likely to result in a change in cell behaviour.
In addition to short term CXCL12 stimulation, CD19-ve B-cells were also subject to long-term
stimulation of CXCL12 via inclusion of the cytokine within the culture media. Cells were isolated and
activated as normal and maintained until day 6. At day 6 the cells were split and either cultured with

or without CXCL12.

4.7.1 Cell viability

Long-term exposure of these cells to CXCL12 may show defects in survival compared to healthy cells

treated similarly. Initially, cell counts were carried out to assess any changes in defects in the ability
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Figure 4.29 - Cell viability of B-cells/PCs cultured in either APRIL or APRIL+CXCL12 conditions (Top). PBMCs were collected
from peripheral blood and B-cells were isolated via negative selection. B-cells were maintained in the differentiation culture
following T-cell dependant stimulation until day 6. At day 6, cells were split into either normal APRIL conditions or APRIL +
CXCL12 conditions. Cell counts were taken at day 0, 6, 10 and 13 from the different culture conditions. Cell counts were
determined using haemocytometer and trypan blue staining (upper). Fold change in cell number was determined via
normalisation to the day O count and plotted (Lower).
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to respond to CXCL12 (figure 4.29). If CXCL12 induces enhanced survival signalling, this may be
detected in the cell counts of PBs and PCs during the maintenance phase starting after day 6, where

we would expect to see an improved cell count at this stage.

The cell viability data indicate that, again the CD19-ve B-cells do not have detectable defects in
proliferation during the expansion phase of the differentiation post activation at day 3. Also, the CD19-
ve cell counts after day 6 during the maintenance phase of the differentiation are comparable to the
HC, both populations experience a rapid contraction of viable cells. Cell viability measures between
APRIL treated and APRIL with CXCL12 treated samples show, that from day 10 onwards, a comparable
cell count. This suggests that, in the presence of APRIL at least, that CXCL12 provides no measurable

benefit to PB and PC survival.

4.7.2 B-cell and PC phenotype

B-cell and PC phenotype was assessed to determine of the impact of inclusion CXCL12 (figure 4.30).
As expected, the CD19 deficient patient expressed no CD19 surface protein. This was unchanged when
CXCL12 was included in the culture media. Inclusion of CXCL12 had no impact on CD19 expression in

healthy controls. CD27 expression is comparable across all samples and conditions.

CD38 expression is slightly lower in the CD19-ve samples, however the range of the difference is small,
suggesting that CD38 acquisition is unaffected by both the CD19 deficiency and the inclusion of
CXCL12. In both samples, there are CD38+ve cells in the CXCL12 stimulated conditions, however these

variations are minute.

At day 6, both healthy controls and CD19-ve cells expressed high levels of CD20, with about 70% of
cells CD20 positive. By day 13, the two populations diverge in their expression of CD20. CD19-ve cells
more rapidly downregulate CD20. In the CXCL12 treated population, this downregulation is slightly
less than in the APRIL only treated population. The two populations of healthy control cells share a
more slightly comparable CD20 expression, but both express about 20% more CD20 than the CD19
deficient samples. The quicker downregulation of CD20 in the CD19 deficient cells suggests they more
rapidly generate a PC-like population, however as shown in figure 4.19, the CD20 expression in the
first CD19-ve differentiation is comparable to healthy controls. In addition to this, whilst the CD138
expression of the deficient cells shown here is far higher compared to the healthy controls, again figure
5.7.2 shows that attainment of a PC phenotype is comparable to that seen in HCs. It is possible then
that this HC differentiates much slower than average. CD138 expression is similar between the APRIL

and APRIL/CXCL12 conditions.
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Figure 4.30 — B-cell/PC surface phenotype of day 13 PB/PCs from CD19-ve B-cells or healthy control cultured in either
APRIL or APRIL+CXCL12 conditions. PBMCs were isolated from healthy and Cd19 deficient donors and B-cells were isolated.
B-cells were maintained within the differentiation culture system until day 6. Day 6 cells were split into either normal APRIL
conditions or APRIL with CXCL12 and maintained until day 13. At day 13, samples were taken for phenotypic analysis. Cells
were blocked and stained with antibodies targeting B-cell/PC markers (CD19, CD20, CD27, CD38 and CD138). Surface
expression was analysed using FlowJo software (N=1)

To summarise, the inclusion of CXCL12 in the culture media has a minimal effect on B-cell

differentiation, CD19-ve cells do not shown any defects in PC phenotype attainment, and CXCL12 does
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modulate any characteristics of these cells, as confirmed by the phenotype percentage positivity data

(figure 4.31).
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Figure 4.31 - Quantification of the percentage of cells expressing indicated markers at day 13 of the differentiation. PBMCs
were isolated from healthy and Cd19 deficient donors and B-cells were isolated. B-cells were maintained within the
differentiation culture system until day 6. Day 6 cells were split into either normal APRIL conditions or APRIL with CXCL12
and maintained until day 13. At day 13, samples were taken for phenotypic analysis. Cells were blocked and stained with
antibodies targeting B-cell/PC markers (CD19, CD20, CD27, CD38 and CD138). Cell phenotype at D13 (figure 4.30) was
quantified as percentage positive for both healthy controls and CD19 deficient cells cultured in either APRIL conditions or
APRIL+CXCL12 conditions. Bright red indicates Cd19 deficient cells in APRIL conditions and dark red in CXCL12 conditions.
Grey represents healthy cells in APRIL conditions and black indicates cells in CXCL12 conditions. Bars represent percentage
positivity of the indicated Cell surface marker (n=1).
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4.7.3 CXCR4 expression

To confirm that the lack of observable changes in the above assays were not due to abnormal levels
of CXCR4, its expression was monitored. CXCR4 expression followed the expected pattern of peak
expression at day 6 before decreasing between day 6 and 13 (figure 4.32). The majority of the CD19-
ve day 6 cells expressed CXCR4, whereas the healthy control had a particularly low peak CXCR4
expression in comparison. These further cements the finding that the CD19-ve cells are largely
phenotypically normal. Additionally, in this differentiation the CXCR4 surface expression was

maintained at day 13 more than seen previously.

Inclusion of CXCL12 in the culture media had little impact on CXCR4 expression. In both the CD19-ve
and HC, there is a slight decrease in surface CXCR4 expression. As both cell populations were affected
similarly, this effect is possible a result of normal reduction of CXCR4 in the presence of CXCL12. The
data here suggest that long term CXCL12 does not impact CXCR4 protein levels. AMFI was calculated

in addition to the percentage positivity to confirm the above results (figure 4.33).
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Figure 4.32 - Expression of cell surface CXCR4 was evaluated on day 6 and day 13 cells cultured in either APRIL or
APRIL+CXCL12 conditions. PBMCs were isolated from healthy and Cd19 deficient donors and B-cells were isolated. B-cells
were maintained within the differentiation culture system until day 6. Day 6 cells were split into either normal APRIL
conditions or APRIL with CXCL12 and maintained until day 13. Cells were stained with aCXCR4-PE and surface expression was
analvsed using flow cvtometry. Percentage of CXCR4 positive cells are indicated. Plots were prepared using FlowJo software
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Figure 4.33 — Calculated AMFI for surface CXCR4 expression of day 6 and day 13 cells cultured in either APRIL or
APRIL+CXCL12 conditions. PBMCs were isolated from healthy and Cd19 deficient donors and B-cells were isolated. B-cells
were maintained within the differentiation culture system until day 6. Day 6 cells were split into either normal APRIL
conditions or APRIL with CXCL12 and maintained until day 13. MFI values were determined for CXCR4 expression for each
condition and sample. AMFI was then calculated by subtraction of isotype MFI values from sample MFI values. AMFI was
then plotted using graphpad prism software. Each bar represents AMFI values for CXCR4 expression for each timepoint and
each culture condition (N=1).

As expected, the AMFI values confirm the previous results, that CXCR4 expression is mostly unaffected
by the inclusion of CXCL12 in the differentiation model. This could indicate CXCR4 signalling is not a
major driver of survival in PCs, However, removal of APRIL may reveal a role for CXCL12, as APRIL likely

provides sufficient survival signalling for these cells.

4 .8 Discussion

These analyses provide insight into the role that CD19 plays in the convergence of CXCR4 signalling on
differentiating B-cells. Previous findings indicate that CD19 can act as a signalling hub to amplify BCR
and CXCR4 receptor signalling (Depoil et al. 2008; Becker et al. 2017; Keppler et al. 2015). However,
the role of CD19 in PC signalling is less clear. CD19 surface expression is maintained throughout the
differentiation however a subset of PCs has been identified within the BM that are CD19-ve, CD38+ve

and CD138+ve. This subset possesses reactivity against viral antigens that have be stored for
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immunological memory over 40 years and a distinct PC gene expression pattern that was surmised to
reflect the long-lived nature of these cells (Halliley et al. 2015). However, subsequent studies have
shown that long-term immunity can be provided by both CD19+ and CD19- PC fractions (Groves et al.
2018; Brynjolfsson et al. 2017). Thus, the importance of the differential loss of CD19 in PCs remains
unknown. To understand how CD19 might play a role in ASCs, this chapter aimed to understand what
signalling events downstream of CD19 as well as how CXCR4 signalling is impacted by CD19 ligation

and CD19 depletion.

Evaluation of CD19 was to be completed firstly by direct stimulation of CD19. Cells were stimulated
with CD19 antibody conjugated to biotin that was mixed with avidin beads to enable cross-linking of
CD19 on the surface of cells in a manner analogous to bead-mediated crosslinking of CD28 and TCR to
activate T cells. Day 6 PBs and day 13 PCs were stimulated with aCD19 bound beads alone. It was
expected that direct stimulation of CD19 in the absence of co-stimulation may only have a moderate
effect on downstream signalling as CD19 stimulation is usually associated with BCR signalling.
Stimulation of both PBs and PCs showed a complete lack of ERK signalling indicating that CD19 requires
co-ligation with another surface receptor to generate an ERK signal, namely the BCR (Li and Carter

2000; Li and Carter 1998).

AKT signalling was assessed for phosphorylation at two residues, S473 and T308. Activation of AKT at
T308 was not clearly detected in either PBs or PCs, but this may have been hampered due to the
presence of non-specific bands. Additionally, quantification proved that in comparison to CXCL12
stimulated cells, it is likely the bands detected were due to background. Interestingly, there was
detectable phosphorylation at the S473 residue in PCs only. The quantification data show that whilst
this activity is far weaker than that seen in CXCL12 stimulated PCs, it shows that PC are responsive to
CD19 stimulation. AKT activity could not be detected at day 6, when the cells are mostly PBs, however
most PBs at day 6 are usually more CD19 positive than PCs, indicating that there is an intrinsic property

of PCs enabling sensitivity to CD19 ligation that is not present in PBs.

The low level of kinase activation could be related to the method of CD19 activation used. Therefore
an alternative mechanism for CD19 could be utilised. It is well studied that the complement system
can activate B-cell signalling, as shown by the presence of receptors for complement proteins C3b on
the surface of B-cells (Ross et al., 1973). CD19 associates with CD21 which allows binding of the
complement C3d fragment of activated C3 that is attached to targets of complement activation (e.g.
foreign or self-antigens). CD19, in complex with CD21 can co-stimulate signalling through the BCR,
thereby linking recognition of foreign antigens by complement to B-cell activation (Fearon and Carroll

2000; Eden, Miller and Nussenzweig 1973; Ross et al. 1973). From this, a new experiment could be
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developed whereby complement protein C3d is used to bind to CD21 in complex with CD19, activating
the signalosome complex. This way CD19 can be activated whilst mitigating the problem of a lack of a

natural ligand for CD19.

Co-stimulation of PBs and PCs with CXCL12 and aCD19 generated a unique signalling pattern not seen
in CXCL12 stimulation alone. Under CXCL12 conditions, day 13 PCs generate a strong ERK signalling
pattern whereas day 6 PBs show a weaker induction of ERK phosphorylation. In contrast, PBs exposed
to co-stimulation generate a far stronger phosphorylation of ERK compared to PCs. This dichotomy
implies aCD19 dampens CXCR4 mediated ERK signalling in PCs and enhances it PBs. While a potential
negative regulatory role for CD19 is unexpected, it is worth noting that multiple myeloma cells are
consistently CD19 negative. It is conceivable that a loss of CD19 is compatible with the altered

signalling found in malignant plasma cells.

There is significant variation in the AKT S473 phosphorylation responses between donors, however in
general stimulation of CXCL12 or CXCL12 with aCD19 in PBs was comparable as was stimulation in PCs.
Overall the trend indicates that either form of activation was stronger in PCs compared to PBs. AKT
signalling is an important regulator or survival in multiple cell types. At the T308 residue, this pattern
was repeated, with a starker contrast showing a weaker response to both stimuli in PBs compared to
PC. Additionally, the responses to CXCL12 or dual-stimulation in PCs was similar. PCs may be more
responsive to CXCR4 signalling due to their requirement to survive in a particular niche. Enhanced PI3K
signalling may be intrinsic for this function. CD19 ligation does not seem to amplify this and therefore,
in healthy PCs at least, does not improve PC survivability. Furthermore, the downregulation of surface

CXCR4 after stimulation may limit the ability of CD19 to function as a signalling hub.

Because CD19 itself can promote AKT signalling, it was thought that long term stimulation of
differentiating PBs may promote survival. Initially, CD19 was included in normal differentiation
conditions, however changes in cell phenotype and viability could not be detected (data not shown).
it was therefore assumed that APRIL itself may mask any effect of aCD19 beads as APRIL is a potent
survival factor. Therefore, the cells may not have required the use of CD19 induced signalling. The
experiment was repeated with three culture conditions to enable a greater understanding of CD19
activation of B-cells and PCs in the in vitro differentiation model. Despite this, aCD19 stimulating
conditions failed to promote a survival benefit. Cell viability under these conditions was comparable
to conditions without either aCD19 or APRIL indicating no improved survival signalling was generated.
Additionally, the phenotype of these cells at day 10 was similar. All conditions allowed for normal
attainment of CD38 and loss of CD20, showing normal progression towards to PC cell state. CD138

expression was different between the conditions. APRIL conditions generated the lowest proportion
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of CD138+ cells suggesting that either there was a slower generation of mature PCs or due the lower
cell viability in aCD19/untreated conditions, there was a greater proportion of CD138+ long-lived PCs

at this time point.

As short-term CD19 stimulation was only able to generate a signal in day 13 PCs, it may be that as
long-term stimulation only assessed up to day 10, where only about 20% of the cells had attained a
CD138+ phenotype, that the effect of long-term aCD19 was not yet active until more cells reached a
PC phenotype at day 13 and beyond. CXCR4 surface expression was similar between all conditions,
further supporting the idea that direct stimulation of CD19 by cross-linking generates only a weak

signal transduction pattern in PCs but not PBs.

One caveat of these studies was the lack of confirmation that the aCD19 beads were having an effect
on the cells. Whilst some AKT phosphorylation activity is detectable, additional experiments could
have been included to ascertain the efficacy of the beads. Further optimisation to fully determine the
bead-to-cell ratio could have been completed, where different bead to cell ratios would be assessed
via e.g. calcium flux. A small calcium flux can be detected in B-cells stimulated with anti-CD19 (Dasu
et al. 2009). Additional controls would include beads unconjugated to the CD19 antibody and FC
receptor control. A positive control could be F(ab)2 , as this would induce a strong calcium flux.
Additionally, stimulated and unstimulated cells could be assessed for CD19 phosphorylation via

western blot analysis.

To further assess how CD19 can affect signalling, B-cells from a CD19 deficient patient were obtained.
The patient B-cells express no surface CD19 however under optimized conditions are capable of
undergoing BCR stimulation and generating a strong proliferative response. Earlier reports describe
CD19 deficient B-cells as incapable of mounting a normal B-cell response and fail to activate, causing
an absence of class switched memory B-cells (van Zelm et al. 2006; Warnatz et al. 2002), however
additional studies have indicated a spectrum of mutation and disease severity, revealing capability of
some patients B-cells to successfully activate but fail to mount a substantial immunoglobulin response

(Kanegane et al. 2007).

The patient utilised in this study showed mild pan-hypogammaglobulinemia, particularly affecting the
IgG subclass and a detectable CD20+ CD19- B-cell population. The patient also possessed a reduced
memory B-cell population. It may also be possible that in this model, significant B-cell stimulation is
provided that may circumvent the requirement for CD19 to reduce the threshold for B-cell signalling,
therefore the CD19 deficient cells do not experience defects in differentiation and survival as seen

previously in the literature.

116



Under B-cell activating conditions, the CD19-ve cells undergo all the normal phenotypic changes seen
in healthy B-cells, including CD20 downregulation, CD27 and CD38 acquisition by day 6 and finally the
majority of cells becoming CD138+ by day 13, indicating a functional adaptation to the PC programme.
Additionally, cell viability matches the pattern seen in healthy controls. Together this indicates, that
for this mutation, B-cell activation and maturation to PC is maintained under in vitro conditions. IgM
and IgG production was relatively low at day 6 however by day 13, they were comparable to those
seen in healthy controls. This data indicate that the defects in antibody production seen here
somewhat match that seen in the literature for day 6. At the plasma cell stage, where CSR has already
occurred, immunoglobulin production shifts to increase IgG production, and CD19 deficient cells are
able to secrete immunoglobulin to a similar level seen in the healthy controls, indicating that plasma
cell Ig secretion is maintained. CXCR4 expression also followed the normal pattern, peaking at day 6
to levels comparable to HCs and reducing to low levels by day 13. Whilst CXCR4 expression was
maintained higher than normal at day 13 in one of the differentiations, the other differentiation
showed a more expected result of very low levels. Further assessment of CD19 differentiations would

be required to understand if CXCR4 expression is actually retained to this level.

CD19-ve PBs seem to be capable of generating a weak AKT and ERK signal in response to CXCL12,
however once the cells become majority PCs, ERK signalling is almost completely lost and AKT
phosphorylation is severely reduced. The signalling data suggests that CD19 on PCs does have
potential to function as a signalling element. Loss of these pathways would imply significant defects
to downstream gene transcription, leading to flaws in activation crucial pathways regulating survival,
migration, and adhesion. It could indicate that loss of CD19 in PCs cells is less to do with survival but
may be more important migration/adhesion. Alternatively, it could be that inclusion of APRIL, as a
potent survival factor maintains PC survival irrespective of ERK signalling defects. APRIL binds to BCMA
on PCs, this induces activation NF-kB signalling and MAPK signalling (Hatzoglou et al. 2000; Mackay et
al. 2003).

Inclusion of NF-kB inhibitors, such as IKK complex inhibitors or NF-kB translocation inhibitors may
reveal a potent flaw in CD19-ve PC survival, therefore an experiment could be designed, firstly
confirming that inclusion of NF-kB inhibitor induces severe defects in cell viability. Next addition of
CXCL12 and the NF-kB inhibitor may force healthy B-cells to become reliant on ERK signalling induced
by CXCL12, and therefore CD19- PCs would be unable to be rescued by CXCL12. Inclusion of ERK

inhibitors and AKT inhibitors could be included for validation.

Analysis of the RNA sequencing revealed a normal expression of CD19 throughout the differentiation

of the CD19 deficient cells. It was predicted that the introduction of a frame shift mutation seen in the
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CD19 deficient patient would induce nonsense-mediated decay (NMD) due to the generation of an
early stop codon within exon 4, and therefore there would be no translation of CD19 mRNA to
generate protein. However, RNA seq analysis indicates CD19 expression is maintained at normal
levels. Exons 2 and 4 encode the Ig like domains, exon 5 encodes the transmembrane region and exons
6-14 encode the cytoplasmic domains responsible for the signalling function of CD19 (Zhou et al.
1992). The truncation in this patient occurs within exon 4. It is possible that the extracellular
component is translated but without the membrane spanning region and cytoplasmic tail region, the
protein is not presented on the cell surface and therefore cannot be detected by flow analysis, nor
can it provide function as a signalling hub for e.g. the BCR or CXCR4. Indeed, Data from other CD19
deficient patients have also shown normal levels of CD19 transcripts despite truncations in exons
associated with the cytoplasmic domains (van Zelm et al. 2006). It has therefore been suggested that
the reduction in protein is rather a result of the instability of the truncated CD19 proteins. It has been
observed that truncated yet stable CD19 proteins, where up to 95% of the cytoplasmic domain of
CD19 is deleted, can associate with CD81 and CD225 on the B-cell surface. However deletion of the
transmembrane and cytoplasmic domain, prevents CD19 complex formation and therefore surface
expression, yet mRNA expression is normal (Bradbury, Goldmacher and Tedder 1993). How these
transcripts are able to avoid NMD however is unclear, though some mechanisms have been described

(Ge et al. 2016).

Additional analysis of the exon pattern of this patient revealed no major defects. There is some
evidence of exon skipping at exon 6, which codes for the transmembrane proximal region of the
cytoplasmic domain. However, this occurs in addition to the normal expression pattern, and therefore
could not account for the loss of CD19 expression. Indeed analysis of genetic mutations of CD19 in ALL
have shown how variants in exons 2-5 can lead to a truncated protein lacking membrane anchorage.
They also state that there was no evidence of NMD and that alternate splicing occurs at very low
frequencies (0-2.7%) and therefore accounts for an insignificant fraction of tumour cells lacking CD19
(Orlando et al. 2018) .The literature shows that even in the presence of a nonsense mutation in CD19
that leads to a truncated protein, mRNA expression is maintained and neither NMD nor alternate
splicing account for the loss of CD19 surface expression. This indicates some other mechanism controls
the loss of CD19 expression. However, it supports the data collected here, where CD19 RNA expression

is maintained despite the confirmed presence of a nonsense mutation in exon 4.

RNA sequencing analysis of differentiation genes indicate a lack of defects in the control of B-cell
differentiation, and this supports the phenotypic data that indicate the same. Assessment of signalling

related mRNA expression in these deficient cells suggest there may be some alterations in PI3K gene
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expression. Increased expression of these genes could indicate a decision by the cells to attempt to

mitigate the failure to activate ERK signalling through CXCL12 signalling.

CD19-ve cells treated with APRIL and CXCL12 within the differentiation model have comparable cell
counts to the HCs. Additionally, healthy cells cultured with APRIL or APRIL with CXCL12 also show
similar cells counts throughout the differentiation. This suggests that CXCL12 does not confer a
survival advantage in PBs and PCs in APRIL conditions as APRIL may provide sufficient survival
signalling that further CXCR4 activation cannot improve upon, implying CXCR4 surface protein is being
cycled to prevent excessive signalling. A follow up experiment should be completed assessing the
impact of either APRIL or CXCL12 or neither to fully show if long term CXCL12 stimulation can affect

PC survival.

In conclusion, these results indicate that CD19 participates in signal transduction events in fully mature
PCs. Although the significance of direct CD19 ligation on these cells remains unknown, the findings in

this chapter provide a strong basis for further investigation.
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5.0 — Signalling in CXCR4WHM antibody secreting cells

5.1 Introduction

The data presented in the previous chapters provide evidence that CXCR4 signalling changes as B-cells
differentiate, with mature PCs displaying enhanced activation as well as a greater dependence on
CD19. Waldenstrém macroglobulinemia (WM) is a unique B-cell malignancy whereby malignant
transformation is linked to the capacity to complete terminal differentiation to the immunoglobulin-
secreting PC stage (Owen et al. 2003). Whilst there is not complete understanding of the mechanisms
that drive WM, mutations in MYD88 have been identified in over 90% of patients that result in
dysregulated NF-kB signalling (Treon et al. 2012). In addition to this, there have also been CXCR4
mutations identified in about 30% of WM patients. These mutations are characterised by the inability
of afflicted cells to induce ligand mediated receptor internalisation and therefore cease signal
transduction, leading to enhanced signalling associated with proliferation, survival, and migration
(Lagane et al. 2008). Assessment of this WHIM mutation has identified an enhanced activation of AKT
and ERK signalling and an associated decrease in levels of apoptosis in WM B-cell lines. This indicates

these pathways are key regulators of WM cell survival (Cao et al. 2015).

The analysis of CXCR4 signalling in PB and PCs presented here has identified a specific pattern of
phosphorylation, showing enhanced MAPK/ERK and PI3K/AKT signalling in mature PCs compared to
PBs. PB/PCs utilise the CXCR4-CXCL12 axis for migration towards survival niches, including the BM.
WM cells are characterised by their unique ability to undergo B-cell differentiation within the BM,
implying that there is an altered chemotactic homing potential of the malignant cells. Additionally, the
presence of the CXCR4"W"M mutation likely enhances this effect (Bidkhori et al. 2021). Indeed, in mice
engineered to express CXCR4WHM PC trafficking is perturbed, as long-lived antigen specific PCs fail to
populate the BM, whereas immature proliferating PBs quickly accumulate in this niche (Biajoux et al.
2016). Data provided here has shown proliferating PBs express higher levels of CXCR4 than mature
PCs, suggesting a potentially higher response to CXCL12 signals, however in a healthy setting, the PCs
generate a stronger response. It could then be assumed that WHIM mutated PBs are a significant

driver of disease.

The impact of the loss of CD19 in these cell populations indicates a major role in its regulation of CXCR4
signalling and we have shown some evidence that crosslinking of CD19 does impact CXCR4 signalling.
However, the impact in association with the CXCR4YH™ mutation has yet to be explored. Therefore,
this chapter will detail the assessment of the expression of CXCR4WH™ utilising retroviral transduction
and the downstream signal transduction pathways generated in response to CXCR4 and CD19

stimulation.
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5.2 — Development of primary CXCR4"T and CXCR4WHM over-expressing cells

To assess the effects aberrant CXCR4 signalling in ASCs, a study was planned to introduce B-cells with
the CXCR4YHM mutation, which is created by changing $338 (TCA) in the intracellular C-terminal tail
to a stop codon (TGA). This would enable mutant CXCR4 signalling in differentiating B-cells. Retroviral
transduction of vectors containing CXCR4WH™M and CXCR4"T were to be introduced into the B-cells.
Initially however, pIRES-EGFP vectors containing either CXCR4"" or CXCR4""™ were obtained (Figure
5.1).

Ampicillin
Resistance IRES

Figure 5.1 — pIRES-EGFP CXCR4 vector map — For transient transfection, plasmids were designed to include a HA tag was added
before the CXCR4 sequence within the MCS to allow for identification of CXCR4 protein. The HAtag-CXCR4 sequence was flanked
by restriction sites for Xhol and EcoRI to allow for removal of sequence and insertion into other plasmids. eGFP is included to
visualise successful transfection using microscopy or flow cytometry. Ampicillin resistance was also included for selection.

An HA tag was included for detection of CXCR4 by Western blot analysis in transduced cells. Constructs
were transformed into competent bacteria and plasmid DNA was purified for transfection into the

relevant cells.

5.2.1 Restriction digests
Initially the CXCR4 expression constructs were checked to confirm that the CXCR4 protein could be
detected in cells. Prior to transfection, a restriction digest using Xhol and EcoRlI to liberate the insert

was performed on the vectors (figure 5.2).
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Figure 5.2 - Restriction digest confirming the presence of CXCR4 inserts in piRES-eGFP vector. Digest reactions were
performed on both the WT and WHIM constructs and a negative control digest was included with no restriction enzymes
included in the digest mix. Digests were run at 37°C for 1 hour before gel loading buffer was added and mixes were loaded
onto a 1% agarose gel. A DNA ladder was included to confirm the sizse of excised bands.

The presence of an insert of the appropriate size for CXCR4 was confirmed by gel electrophoresis.
Undigested plasmid was compared to the digested samples and showed that the digested samples

released an insert of approximately 1000bp matching the expected size of 1060bp. Both WT and

WHIM constructs released an insert of equal size.

5.2.2 Expression HA-tagged CXCR4

Next, HEK293 cells were cultured and prepared for transient transfection utilising the Gene Juice DNA
transfer method. The CXCR4YT and CXCR4™WHMtransfections were then assessed by flow cytometry to
observe the expression of GFP, to determine successful uptake of constructs (figure 5.3). CXCR4
surface expression was also assessed. First, GFP was assessed in combination with a CXCR4 isotype
antibody. This confirms the presence of GFP with the HEK293 cells for both the CXCR4"T" and
CXCR4WHM constructs, where about 40% of the cells express GFP. The untransfected sample does not
express any GFP. Next, CXCR4 expression was assessed alongside GFP expression. In the untransfected
sample, a very sample amount of CXR4 was detected (4-7% of cells). In the transfected samples, CXCR4

expression is highly detectable, indicating successful expression of CXCR4 in these samples.
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Figure 5.3 — Flow cytometry analysis for detection of GFP and CXCR4 in untransfected and transfected HEK293 cells. HEK293
cells were transiently transfected with either the CXCR4WT or CXCR4WHIM constructs using gene juice, or left untransfected. Cells
were then stained with either a CXCR4 isotype antibody or CXCR4-PE antibody for assessment of CXCR4 expression. GFP
expression generated from the eGFP gene within the construct was detected though the FITC channel. Histograms are included
(lower panels).(N=1).

Following flow analysis, protein samples were collected from the HEK293 cells and protein extraction
was performed utilising RIPA buffer lysis method. Extracted protein was prepared with sample buffer
and loaded onto gels. A Western blot was completed, and expression of HA tag was assessed (figure

5.4).
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Figure 5.4 — Western blot analysis of HA expression in untransfected and CXCR4 transfected HEK293 cells. HEK293 cells
were transiently transfected with either the CXCR4WT or CXCR4WHIM constructs using gene juice or left untransfected. Protein
was isolated from these cells and loaded onto an SDS page gel before being transferred to a blotting membrane for western
blot analysis of CXCR4 protein via detection of HA. Blots were blocked and then probed for HA using a HA detection antibody.
Actin detection was used as a loading control.

HA expression was detected in transfected cells but at size much larger than expected (>250 kDa),
suggesting that the CXCR4 protein had extensive post-translational modifications or has aggregated
during lysis. A membrane isolation buffer/kit for extracting CXCR4 may have enabled for better
isolation of CXCR4. Despite this, the lack of bands present in the untransfected sample and surface

expression detected by flow cytometry indicate successful expression of CXCRA4.

5.3 — Development of retroviral vectors

Following successfully heterologous expression from the pIRES vectors containing CXCR4"" and
CXCR4WHM  retroviral vectors were also developed to enable improved transduction of the CXCR4
constructs into differentiating B-cells (figure 5.5). CD2 was present within the viral vector to allow for

identification of successful transduction.
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Figure 5.5 — Retroviral MSCV vector map containing CXCR4 insert, antibiotic resistance gene (Ampicillin), CD2
identification and restriction sites Xhol and EcoRlI. For retroviral transfection, plasmids contained the same restriction
enzymes shown in the pIRES-eGFP vector (figure 5.1) therby allowing insertion of CXCR4 sequence into the MSC vector. A
CD2 sequence was also included as a marker for successful transduction, detectable via flow cytometry. Ampicillin
resistance was also included for selection.

5.3.1 Restriction digests

Generation of retroviral constructs required the removal of the CXCR4 inserts from the pIRES vectors
and the digestion of the MSCV viral vector (figure 5.6). The gel shows successful removal of CXCR4

inserts from the pIRES vector. Negative controls are indicated for pIRES and MSCV constructs.

(bp) WT MSCV WT WHIM MSCV
-VE -VE vector

1500

1000

500 |

Figure 5.6 — Restriction digest of pIRES-eGFP-CXCR4"T /CXCR4"WHM and MSCV retroviral vector. . pIRES and
MSCV constructs were digested with EcoRI and Xhol for 1 hour at 37°C. The digested MSCV was treated with CIP
for 20 minutes to prevent re-ligation. WT and WHIM CXCR4 and digested MSCV vector bands were excised and
later purified for ligation. Undigested negative controls for pIRES-eGFP CXCR4"T and MSCV viral vector were
included.
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Following digestion, the CXCR4 fragments and MSCV vector were gel purified and the isolated DNA
were then ligated together. Next, the ligation mixes were transformed into competent NEB C3040
bacteria and grown on ampicillin plates from which 8 colonies from the CXCR4""'™ and 7 colonies from
the CXCR4"T samples were picked. These colonies were added to LB-AMP broth mixtures and grown
at 37°C. Finally, a miniprep was completed. A digest was performed to confirm that the CXCR4 insert

had successfully ligated into the MSCV vector (figure 5.7)

CXCR4WT CXCR4WHIM

Cl C2 C3 ¢4 G C6 «C7 Cl C2 C3 C4 C5 Ce C7 cC8

1500bp <4CXCR4

Figure 5.7 — Gel images representing restriction digests confirming presence of CXCR4 inserts within MSCV vector. MSCV
vectors and CXCR4 constructs were ligated together. Following this ligated mixes were transformed into competenet bacteria
and colonies were grown. Colnies were picked and grown up in larger cutlrues ans a miniprep was completed. Isolated DNA
was digested with Xhol and EcoRI restriction enzymes and mixes wwere run on agarose gels. CXCR4 bands were detected
and are indicated, showing successful incorporation of CXCR4 inserts into retroviral vectors.

The DNA gel shows the successful ligation of the CXCR4 insert and MSCV vector for two CXCR4T and
five CXCR4AWHM clones. Selected successful clones were then chosen for amplification of DNA via
midiprep and the isolated DNA was utilised for retroviral transduction into HEK293 cells. The virus
containing media was then applied to differentiating B-cells. These data confirm the successful

acquisition of CXCR4WT/WHM retroviral constructs required to transduction of B-cells.

5.4 Transduction of differentiating B-cells

Current data suggests that the presence of the CXCR4""M mutation identifies an adverse risk group
and confers a resistance to targeted therapies. WHIM mutated CXCR4 lacks a complete C-terminal tail,
preventing receptor internalisation and ligand binding, leading to maintained CXCR4 signalling. So far,
key molecular responses downstream of CXCR4 in healthy B-cells and PCs have been defined. Building

from this, we can elucidate how these responses are modulated in the presence of CXCR4VHM, To
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assess the specific impact of CXCR4WHM 3 gain-of-function approach was developed utilising retroviral

vectors to transduce differentiating B-cells encoding both WT and WHIM mutated CXCR4.

5.4.1 CD2 expression
At day 2 of the B-cell differentiation, B-cells were inoculated with virus-containing media taken from
transduced HEK293 cells. Cells were assessed for CD2 expression throughout the differentiation to

confirm uptake of plasmid (figure 5.8).

Day 6

Isotype

Un-transduced

WT

D1802

D1919S

D0704

61.1% +ve

89.3% +ve

56% +ve

23.6% +ve

35% +ve

39.3% +ve

WHIM

Isotype

Day 10

Un-transduced

71.3% +ve| 59.5% +ve 28.6% +ve

WT

85.1% +ve 24% +ve 26.1% +ve

WHIM

Figure 5.8 — Histograms showing CD2 expression in un-transduced and CXCR4WT and CXCR4WHM transduced cells. Day 2 B-
cells were transduced with CXCR4 constructs via viral media. Cells are then maintained through to day 6 and 13. At both
these timepoints, a sample of cells was taken for flow cytometry analysis. Surface expression of CD2 was assessed by flow
cytometry and analysed by FlowJo software. Isotype controls included. Anonymised donor sample numbers are shown at
the top (N=3).

CD2 expression was variable amongst the three donors. Sample 1802 showed the strongest expression
of CD2 at day 6 and a retained high expression by day 10. Transduction of CXCR4YT was strong in
sample 1919, with about half of the cells expressing CD2. Expression of CXCR4WH™ is much less,
however, and this pattern is repeated at day 10. Finally, sample 0704 shows expression of CD2 in over
30% of cells at day 6 for both constructs, however this decreases to about a quarter of the cell

population at day 10.
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5.4.2 CXCR4 expression

CXCR4 surface expression was assessed in each sample to determine how CXCR4 protein levels were
affected by the transduction. Cells were assessed at day 6 and day 10. CXCR4 expression can be
variable in day 6 cells, however, it is usually the peak level of expression throughout the
differentiation. Transduction of CXCR4 should increase expression. By day 10 expression drops
significantly, often as low as 10% of cells retain CXCR4 by this time point, however there can be some

disparity in surface expression even at day 10.

Analysis of the N=1 sample (1802) shows strong upregulation of the CD2 marker (figure 5.8) in both
WT and WHIM transduced cells. The CXCR4 flow data (figure 5.9) show, for sample 1802, that in
untransduced cells, the base percentage of cells expressing CXCR4 is 44.5%. The CXCR4WHM cells show
an enhanced expression of CXCR4 with 76.5% expression, correlating with the high CD2 expression
seen in these cells. The WHIM mutation may have enabled these cells to maintain a much higher
CXCR4 expression due to the inability to internalise the protein for degradation. This expression

4WT expression however is

decreases by day 10 but is maintained above the control. The day 6 CXCR
much lower than the untransduced control, despite the majority of this cell population being positive
for CD2 expression. This could indicate that either there is a flaw with the WT construct or there is a
feedback mechanism controlling CXCR4 expression such as the cells may be degrading CXCR4 to
control signal transduction. CXCR4 expression increases in this cell population by day 10 to

comparative levels to that seen in the CXCR4"VHM cells.
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Figure 5.9 - Histograms showing CXCR4 expression in un-transduced and CXCR4WT and CXCR4WHM transduced cells. Day 2
B-cells were transduced with CXCR4 constructs via viral media. Cells are then maintained through to day 10. At day 6 and
10, samples are taken for flow analysis. Cells were blocked and then stained with a CXCR4 detection antibody. Surface
expression of CXCR4 was assessed by flow cytometry and analysed by FlowJo software. Isotype controls included. (N=3).

This could suggest an intrinsic difference in the regulation of CXCR4 in PB and PC populations.
Expression of CXCR4 in sample 1919 at day 6 is similar to the control, suggesting only a weak increase
in CXCR4 expression, more so in the WHIM transduced cells. By day 10 expression in these WHIM cells
has decreased to levels seen in the control, however WT expression is maintained. Together with
sample 1802, this affirms some mechanism to maintain CXCR4""in PCs. CXCR4 in the final sample
(N=3, 0704) shows a comparable level of CXCR4 expression between the three conditions. CXCR4WT
cells show the lowest expression, suggesting the cells may be degrading CXCR4 protein. The WHIM
transduced cells had a moderate level of CD2 expression, but a CXCR4 expression similar to the
untransduced cells. While this may be indicative of a failed transduction, instead the transduction may
have been successful and CXCR4VHM expression has simply peaked at 37.1%. By day 10 however, all
the cells have very low levels of CXCR4 expression. Whilst D6 and D10 transduced 0704 cells failed to
show enhanced CXCR4 expression in comparison to the control, CD2 expression indicates about 25%
of these cells have taken up the viral construct, therefore It could indicate that whilst the expression
is low, a proportion of this expression could be due to the transduction, rather than natural CXCR4
expression. CXCR4 percentage positivity was quantified and plotted to allow for easier comparison

(figure 5.10)
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Figure 5.10 — Quantification of CXCR4 surface expression for untransduced, CXCR4WT and CXCR4WHIM ASCs. Day 2 B-cells
were transduced with CXCR4 constructs via viral media. Cells are then maintained through to day 10. At day 6 and 10, samples
are taken for flow analysis. Cells were blocked and then stained with a CXCR4 detection antibody. Surface expression of
CXCR4 was assessed by flow cytometry. Percentage positivity of CXCR4 was plotted for each sample and each condition. N=3

The data confirms that CXCR4 expression was similar for each condition and transduction of CXCR4
was only partially successful. Also, despite high CXCR4 expression in some samples, CXCR4 expression

followed the usual pattern of decreasing from day 6.

5.4.3 B-cell and PC phenotype

As previously, B-cells were isolated from PBMCs and cultured with CD40L stromal cells to induce B-
cell activation. At day 2, cell media was removed and replaced with viral media before being
centrifuged and replaced with fresh media. After confirmation of transduction at day 3, cells were
maintained in culture as normal. First, B-cell and PC phenotype was assessed at day 6 and 13 (figure
4.8.1), (4.8.2) and (4.8.3). Work previously done in our lab suggests that WM cells may retain a larger
CD19+ PC population than healthy cells and can generate a population of PCs that do not express CD38
(Shrimpton et al. 2020). Although these features were not restricted to CXCR4 mutated samples, it
was important to understand how the CXCR4YMM mutation in isolation may affect the phenotype of
differentiating B-cells. Figures 5.11,5.12 and 5.13 show the flow panels for transduced day 6 and day

10 cells for each sample.

Flow analysis indicate a high level of cell death in the transduced samples at day 10, either a by-

product of the increased CXCR4 expression, or due to the transduction itself. There is also more cell
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debris as seen in the CD19-CD20 panels. Attainment of CD27 and CD38 is comparable between all

populations however, CD138 expression may be enhanced in the WHIM samples at day 6.

Phenotypic analysis shows downregulation of CD20 in all conditions for all samples, indicating normal
exit from the B-cell programme. Additionally, at day 6, all samples express high levels of CD19, but by
10, all samples show a loss of CD19 expression, again a normal pattern seen in healthy B-cells shifting
to a PC phenotype. Donor 1919 cells transduced with CXCR4"Tshow a lack of CD27 expression at day
6 (figure 4.8.2) which suggests some failure in differentiation, however expression of CD27 is detected
by 10, suggesting there is some delay in this condition in maturation, as the untransduced cells have
strong expression of CD27 at day 6 (37.5%). The WHIM cells show the opposite, with 68% of day 6 cells
showing CD27 expression. From day 6 to day 10, CD38 expression is attained and maintained in all
samples under all conditions, again indicating no defects in differentiation to the ASC stage. Donor
1919 CXCR4MT (figure 4.8.2) and donor 1802 CXCR4"M (figure 4.8.1) show higher CD138 expression
than the untransduced controls at day 6. This could indicate defects in normal differentiation
regulation. Donor 1802 (figure 4.8.1) has more cellular debris in the transduced populations, indicating
high levels of cell death, compared to the untransduced. To investigate further, percentage positivity

for each B-cell/PC marker was quantified and compared for each sample.
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Figure 5.11 — Donor 1802 —-Day 6 and 10 B-cell/PC phenotypic surface expression markers (CD19/CD20, CD38/CD27 and CD38/CD138) assessed by flow cytometry. Day 2 B-cells were
transduced with CXCR4 constructs via viral media. Cells are then maintained through to day 10. At day 6 and 10, samples are taken for flow analysis. Cells were blocked and then stained with
detection antibodies (CD19, CD20, CD27, CD38 and CD138). Surface expression of these markers was assessed by flow cytometry and analysed by FlowJo software.. (N=3, data for Donor 1802
shown).
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Figure 5.12 — Donor 1919 - Day 6 and 10 B-cell/PC phenotypic surface expression markers (CD19/CD20, CD38/CD27 and CD38/CD138) assessed by flow cytometry. Day 2 B-cells were
transduced with CXCR4 constructs via viral media. Cells are then maintained through to day 10. At day 6 and 10, samples are taken for flow analysis. Cells were blocked and then stained with
detection antibodies (CD19, CD20, CD27, CD38 and CD138). Surface expression of these markers was assessed by flow cytometry and analysed by FlowJo software.. (N=3, data for Donor 1919

shown).
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Figure 5.13 - Donor 0704 - Day 6 and 10 B-cell/PC phenotypic surface expression markers (CD19/CD20, CD38/CD27 and CD38/CD138) assessed by flow cytometry. Day 2 B-cells were
transduced with CXCR4 constructs via viral media. Cells are then maintained through to day 10. At day 6 and 10, samples are taken for flow analysis. Cells were blocked and then stained with
detection antibodies (CD19, CD20, CD27, CD38 and CD138). Surface expression of these markers was assessed by flow cytometry and analysed by Flowlo software.. (N=3, data for Donor 0704

shown).
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Figure 5.14 — Percentage positivity for each B-cell/PC surface marker for untransduced, CXCR4WT and CXCR4WHM
transduced day 6 and day 10 cells. Day 2 B-cells were transduced with CXCR4 constructs via viral media. Cells are then
maintained through to day 10. At day 6 and 10, samples are taken for flow analysis. Cells were blocked and then stained with
detection antibodies (CD19, CD20, CD27, CD38 and CD138). Surface expression of these markers was assessed by flow
cytometry and analysed by FlowJo software. Percentage positivity for each marker was then plotted using graphpad prism
software (N=3).

Inspection of cell phenotype indicates that at day 6 CD19 expression is consistent in all cell
populations. Figure 5.14 suggests an enhanced CD19- population in WT and WHIM cells, however
analysis of the flow plots for 1802 indicate it may have a greater amount of cell debris due to more
cell death. The other samples show a comparable CD19- population. CD20 levels at day 6 are high for
all samples, however as the cells transition to the day 10 stage, the transduced samples retain a larger
CD20+ population compared to HCs, highlighting a potential link between CXCR4 and CD20 in PBs
(Pavlasova et al. 2016).

CD38 expression is high at day 6 and this is retained through to day 10. The quantification highlights
the intriguing CD138 expression seen in the CXCR4" transduced 1919 and CXCR4™H™M transduced 1802

samples at day 6. CD138 expression is lowest in the untransduced cells, with sample 1802 CXCR4WHM
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showing early acquisition of CD138 at day 6, this expression is retained through to day 10, and
potentially suggesting strong expression of CXCR4""™ may enhance CD138 attainment in PBs. By day

10, CD138 expression is comparable in all cell populations.

CD27 expression is similar at day 6 for all samples, except for Sample 1919 CXCR4“Twhere there is an
almost complete loss of CD27 expression, which is recovered by day 10 to normal levels. CXCR4
expression was high as normal as was CD2 expression, however other samples did not manifest this
phenotype. This sample did however express a higher level of CD138 at day 6 in both the CD38+ and
CD38- samples. Furthermore at day 10, this sample had a much reduced CD138 expression compared
to the untransduced sample, showing a loss of PC phenotype. These early PCs may have died quickly

due to the presence of CXCR4YT whereas sample the CXCR4WH™M early CD138+ cells survived better.
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Figure 5.15 - Percentage positivity for each B-cell/PC surface marker for CD2+ and CD2- transduced day 6 and day 10 cells.
Day 2 B-cells were transduced with CXCR4 constructs via viral media. Cells are then maintained through to day 10. At day 6
and 10, samples are taken for flow analysis. Cells were blocked and then stained with a detection antibodies (CD2, CD19,
CD20, CD27, CD38 and CD138). Surface expression of these markers was assessed by flow cytometry and analysed by FlowlJo
software. Surface expression was assessed in either CD2 positive or CD2 negative cells to assess the impact of CXCR4 WT or
WHIM expression on the phenotype of the ASCs. (N=3).
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To further understand how the introduction of the CXCR4 mutation affected cell phenotype, cells were
gated based on CD2 expression and surface expression was compared between the populations

(figure 5.15).

Analysis of the CD2 positive and CD2 negative populations highlights the greater depletion of CD20 in
CD2+ cells, confirming the potential link between CD20 and CXCR4. Additionally, CD138 expression is
similar at day 6 however, itis generally greater for the CD2+ cells by day 10. This indicates an enhanced
ability of CXCR4WHM cells to attain a PC phenotype. The potential functions of earlier and more intense

CD138 expression may relate to some survival advantage (Teng, Aquino and Park 2012).

5.4.4 Viability counts

Additionally, cell viability was assessed throughout the differentiation. Introduction of the CXCR4
constructs may have variable effects on cell survival, namely due to high viral titres, production of
toxic by-products or over-expression of CXCR4 itself may have detrimental effects on cell survival.

Indeed based on the flow data, there were more viable cells generally in the untransduced cells (Figure
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Figure 5.16-fold change in cell counts of CXCR4WT and CXCR4WHM transduced cells and untransduced controls normalised
to day 3 count. Day 2 B-cells were transduced with CXCR4 constructs via viral media. Cells are then maintained through to
day 13. At day 3, 6, 10 and 13 cell counts done using a haemocytometer and trypan blue was used to exclude dead cells. Cell
number was then normalised to the day 3 count. N=3. Statistical significance was determined using a Tukey’s multiple
comparisons test. (* = p<0.05; **=p<0.01, ***=P<0.001, ****=p<0.0001).

The cell counts confirm that the untransduced cells fared much better than the transduced cells from
day through to day 10. The WT transduced cells showed the most variability in viability with some

samples reaching similar levels of proliferation seen in the untransduced samples. WHIM mutated
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samples had the worst proliferation on average. By day 10, untransduced cells maintained a slightly
higher cell count, whereas both transduced cell types showed a stronger collapse in cell viability. By
day 13, all WHIM mutated samples showed no viable cells remained. Only one WT and one

untransduced sample made it to day 13, with similar counts of viable cells.

5.5 Signal transduction events in transduced B-cells and PBs

The CXCR4 surface expression data indicate that there was limited success in CXCR4 transduction,
however CD2 expression was more successful indicating there are some transduced cells as part of
the total population. Therefore, stimulations were conducted to assess signal transduction in these
cells. Ideally, the transduced cells would be isolated for assessment, but this initial experiment was
carried out on the bulk population. Samples of the day 6 transduced cells were collected, and serum
starved as previously. By day 10, all samples had too great a reduction in cell viability that not enough
cells could be used for stimulation. Therefore, analysis on signal transduction has been limited to day

6 PBs (figure 5.17).
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Figure 5.17 — Representative Western blots showing phosphorylation of ERK and AKT at S473 and T308 residues in
response to CXCL12 stimulation. Day 2 B-cells were transduced with CXCR4 constructs via viral media. Cells are then
maintained through to day 6. Analysis of D1919 day 6 cells cultured in APRIL conditions, serum starved and stimulated with
CXCL12. A pre-stimulatory sample was taken before addition of CXCL12. Cells were added to sample buffer and run on a gel
before being transferred to a blotting membrane and probed for phospho-ERK and phospho-AKT $473/T308. Total protein
was also detected. Actin was assessed as a loading control. The analysis was performed on N=3 transduced sets of samples.

CXCL12 stimulation induces detectable phosphorylation in day 6 cells. Based on the flow data, 56% of
the CXCR4WT and 23.6% of the CXCR4WHM cells from this sample show CD2 expression. ERK activation
in both WT and WHIM cells appears moderate and similar to that seen in HC at day 6 (figure 3.14). WT
and WHIM cells show similar levels of ERK phosphorylation, and Actin detection shows comparable
loading. Bearing in mind the limitations of this experiment, together this indicates that CXCR4WHM

does not notably amplify ERK signalling compared to CXCR4WT,
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Assessment of the AKT signalling patterns shows that AKT phosphorylation at the T308 residue could
be detected in both CXCR4YT and CXCR4WHM cells, however the bands are faint. WT cells may show a
prolonged signalling compared to WHIM mutated cells. Phosphorylation at the S473 shows bands

from 1 minute after stimulation, through to 10 minutes after stimulation. Compared to HC's, the
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Figure 5.18 — Densitometry of phosphorylation events of CXCR4WT and CXCR4WHM transduced day 6 cells stimulated with
CXCL12. Day 2 B-cells were transduced with CXCR4 constructs via viral media. Cells are then maintained through to day 6.
Analysis of D1919 day 6 cells cultured in APRIL conditions, serum starved and stimulated with CXCL12. A pre-stimulatory
sample was taken before addition of CXCL12. Cells were added to sample buffer and run on a gel before being transferred
to a blotting membrane and probed for phospho-ERK and phospho-AKT $473/T308 and total ERK/AKT protein. Western
bands were quantified using Image Lab software (N=2).
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phosphorylation seems comparable (figure 3.16). The Western blot data was quantified to confirm

the signalling patterns between WT and WHIM cells (figure 5.18).

Quantification of the Western data show ERK phosphorylation is comparable between WT and WHIM
mutated cells. WHIM mutated cells however have a slightly stronger average phosphorylation. These
differences are however not statistically significant. Phosphorylation of AKT at the S473 residue is
similar for both conditions with some activation beginning one minute after stimulation, which is
generally maintained through to 10 minutes post stimulation. Phosphorylation of AKT at the T308
residue is very weak for both conditions. Activity is maintained until 10 minutes post stimulation;

however, it is a very low level of detection.

To determine how signalling in the transduced cells compares to HC, densitometry was performed
from the Western blots, and plotted against the densitometry values taken for the HCs (figure 5.19 ).
Comparison of the HCs and transduced cells shows that overall, the HCs generated a much stronger
phosphorylation response for all phosphorylation targets. To generate a detectable pAKT signal in the
transduced cells, the pAKT S473 and T308 antibody was diluted to 1:5000 rather than 1:1000, due to
excessive background and the presence of white bands suggesting the antibody concentration was
too high. This may have contributed to the poor detection. Alternatively, the transduction may have
impaired cell survival during the overnight serum starvation, reducing the number of cells capable of

responding to CXCL12.

The pERK signal in the WHIM cells is maintained to a higher degree at 10 minutes compared to HCs.
The HC signal drops after 5 minutes whereas the WHIM signal is maintained relative to the overall
signal strength, indicating signalling may be prolonged compared to HCs. This effect is also seen in the
pAKT S473 signal pattern for both WT and WHIM transduced B-cells/PBs. The pAKT T308 signal does
follow a similar pattern in all cell types, suggesting there is no prolongation of the signalling at this

residue.
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Figure 5.19 — Comparisons of phosphorylation events of CXCR4WT and CXCR4WHM transduced day 6 cells and healthy
controls stimulated with CXCL12. Day 2 B-cells were transduced with CXCR4 constructs via viral media. Cells are then
maintained through to day 6. Analysis of D1919 day 6 cells cultured in APRIL conditions, serum starved and stimulated with
CXCL12. A pre-stimulatory sample was taken before addition of CXCL12. Cells were added to sample buffer and run on a gel
before being transferred to a blotting membrane and probed for phospho-ERK and phospho-AKT S473/T308 and total
ERK/AKT protein. Western bands were quantified using Image Lab software. Densitometry calculated using Image Lab
software. Calculated values were compared to densitometry values of healthy cells stimulated with CXCL12 (HC N=3,
WT/WHIM N=2). Statistical analysis was performed using a student multiple T-tests, Only significant results are indicated. (*
= p<0.05; **=p<0.01.)
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5.6 Signalling in transduced cells stimulated with CXCL12 and aCD19

In addition to the signalling responses to CXCL12, the response to co-stimulation of CXCL12 and aCD19
stimulating beads was also assessed. WM cells have shown to retain a larger CD19+ population into
PC stage, suggesting a role in WM PC function. Combined with the role of CD19 as a signalling hub,
this could indicate CD19 stimulation may have further effects in WM cells expressing the CXCR4WHIM
mutation. Initially, transduced cells were collected at day 6 and the phosphorylation pattern at ERK

and AKT was established (figure 5.20).
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Figure 5.20 - Representative Western blots showing phosphorylation of ERK and AKT at S473 and T308 residues in
response to CXCL12 and aCD19 stimulating beads. Analysis of Donor 1919 transduced day 6 cells cultured in APRIL
conditions, serum starved and stimulated with CXCL12 and aCD19. A pre-stimulatory sample was taken before addition of
stimulants. Cells were added to sample buffer and run on a gel before being transferred to a blotting membrane and probed
for phospho-ERK and phospho-AKT S473/T308. Total protein was also detected. Actin was assessed as a loading control.
(N=3).

Comparing WT and WHIM ERK phosphorylation, the blots indicate a similar response to dual

stimulation, but WHIM mutated cells seem to generate stronger signalling earlier at 1 minute with
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Figure 5.21- Densitometry of Western blot analysis of CXCR4WT and CXCR4WHM transduced day 6 plasmablasts
signalling in response to CXCL12 and aCD19 beads. Transduced day 6 cells cultured in APRIL conditions, serum starved
and stimulated with CXCL12 and aCD19. A pre-stimulatory sample was taken before addition of stimulants. Cells were
added to sample buffer and run on a gel before being transferred to a blotting membrane and probed for phospho-ERK
and phospho-AKT S473/T308. Total protein was also detected. Image Lab software was used to quantify the Western
blot bands of transduced cells stimulated with CXCL12 and aCD19 beads. Ratio of phosphorylated ERK, AKT S473 and
AKT T308 to total protein was quantified. (N=2)

peak phosphorylation occurring at 1 and 5 minutes, suggesting there is a stronger phosphorylation
pattern for longer. WT cells which have a weaker activation 1 minute after stimulation and only reach

peak phosphorylation 5 minutes after stimulation. Loading between the two cells is comparable
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indicating that this pattern is genuine, suggesting that the WHIM mutated cells may generate a

stronger signal.

AKT phosphorylation at S473 is comparable between CXCR4%T and CXCR4"HM with both cell
populations generating a moderate response to stimulus that is maintained up to 10 minutes after
stimulation. AKT phosphorylation at the T308 residue could be detected, however, the bands are
incredibly faint at 1 and 5 minutes, potentially indicating these transduced cells are less able to signal
through this residue, whereas HCs are capable of doing so. There are strong white bands (background)
above the AKT T308 bands that obscure the bands of interest. The bands detected were then

quantified as previously (figure 5.21).

Analysis of the ERK data indicate some variation between the WT and WHIM transduced cells. One
sample of the WHIM mutated cells generates an ERK response that is comparable to the WT
transduced cells for one sample, whereas another sample shows much greater signalling through ERK
in response to co-stimulation. The most responsive sample had a greater CD2 expression, indicating a
more successful induction, so that by day 6 this cell was expressing a larger proportion WHIM mutated
CXCRA4. This could explain the dichotomy in the responses of the two samples. In any case, successful
transduction of CXCR4WHM |ooks to generate a stronger ERK signal in response to CXCR4 and CD19 co-
ligation. Additionally, AKT signalling through the S473 residue was stronger in WHIM transduced cells.
Peak activation is detected at 1 minute in the WHIM cells and 5 minutes in WT cells, suggesting
activation of this pathway occurs faster in WHIM cells. Additionally, the phosphorylation signal
remains maintained at a higher level 10 minutes post stimulation. This could indicate that the WHIM
cells can maintain a CXCR4 signal for a longer period of time. The AKT T308 signalling pattern is also
stronger in WHIM transduced cells. Signalling however is almost diminished by T=10, suggesting that
the WHIM mutation does not support extended signalling at this residue. Additional repeats would be

required to validate these results and would be improved by selective evaluation of transduced cells.

Next the signalling response to both CXCL12 and CXCL12 with aCD19 in transduced cells was compared
(figure 5.22). The ERK signalling response indicates a clear enhancement of phosphorylation strength
in WHIM mutated cells compared to WT. As shown previously, the phosphorylation pattern is similar
between WT stimulated with CXCL12 and CXCL12 + aCD19. Dual stimulated WHIM mutated cells
generate a slightly stronger response than CXCL12 stimulated WHIM mutated cells but are generally
comparable. This suggests that addition of aCD19 has a minimal effect on the generation of an ERK

signal in PBs.

The phosphorylation of AKT S473 is comparable between WT and WHIM cells stimulated with only

CXCL12, however WHIM cells may generate a prolonged signal compared with WT transduced cells.
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The dual stimulated cells however show a much stronger signalling response. CXCR4"™ cells stimulated
with both CXCL12 and aCD19 show a stronger signalling response to CXC12 stimulated cells and the
signal peaks 10 minutes after stimulation, indicating a prolonged signal. Finally, the dual stimulated
CXCR4WHIM cells generate a very strong AKT signalling pattern. This could suggest that in WHIM
mutated cells, activation of CD19 promotes enhanced signalling that may induce enhanced survival
signalling. Whilst long term CD19 stimulation did not confer a survival advantage in healthy cells,

(figure 5.16), CD19 activation in WHIM mutated cells could promote improved survival signalling.

Signalling through AKT T308 is strongest in CXCR4"T cells stimulated with CXCL12 only. There is notable
variation between the samples, however they both follow the same pattern if peak activation at 1
minute after stimulation. WT cells that are dual stimulated only generate a weak phosphorylation. The

signalling pattern is however does not peak until 10 minutes after stimulation.
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Figure 5.22 - Densitometry of Western blot analysis of CXCR4WT and CXCR4WHM transduced day 6 plasmablasts signalling
in response to CXCL12 or CXCL12 with aCD19 beads. A comparison of the densitometry values for ERK and AKT signalling in
CXCR4 WT or WHIM transduced cells stimulated with either CXCL12 or CXCL12 with aCD19 stimulating beads was conducted.
Image Lab software was used to quantify the Western blot bands of stimulated transduced cells Ratio of phosphorylated
ERK, AKT S473 and AKT T308 to total protein was quantified.

146



In WHIM cells the signalling pattern is comparable between both conditions, however signalling peaks
earlier in dual stimulated cells. There is no clear pattern of AKT phosphorylation at T308, therefore

additional repeats will be necessary to elucidate the signalling pattern here.

5.7 Discussion

Key molecular responses downstream of CXCR4 in healthy ASCs have been defined. From this we can
determine how these events are changed in the presence of CXCR4"WHM, To assess the specific impact
of CXCR4WHM "an approach was developed utilising retroviral vectors to transduce differentiating B-

cells with vectors encoding both WT and WHIM mutated CXCRA4.

Retroviral expression vectors were developed from mammalian expression vectors as initially,

4WHM axpressing B-cells and PCs.

nucleofection was the original method to be used to develop CXCR
However retroviral transfection was chosen instead due to the enhanced uptake of the viral vector
seen in our group previously. CD2 expression was an efficient method of assessing vector uptake.
There was some variability in the level of CD2 expression between the transduced samples, indicating
some transductions were more successful than others. Due to this, further repeats will be required to

build a better model of WHIM signalling.

Initial investigation of the B-cell/PC phenotypes of these transduced cells indicate a generally normal
acquisition of a PB/PC phenotype by day 10. However, the more efficiently transduced sample,
showed a somewhat lower level of CD19 expression at day 10, which is in conflict with the suggestion

that WM may retain a higher CD19+ population.

CD27 expression is comparable across all cell populations, except for the exceptional loss in sample
CXCR4WYT transduced sample 1919 at day 6. This pattern is not apparent in any other
population/sample and CD2 expression is similar to other samples. The loss of CD27 in this sample
may relate to the unusual CD38/CD138 expression pattern, where there is a similar sized population
of CD38+CD138+ and CD38-CD138+ population. Low CD27 would normal be indicative of a reduced

ability to reach the PC stage.

CD138 acquisition was detected by day 6, far earlier than expected, in a subset of day 6 cells
transduced with CXCR4 (both WT and WHIM). Earlier acquisition of a PC phenotype may confer some
survival enhancements, as seen by greater ERK and AKT signalling, however, this was not reflected in
the viability measurements, where transduced cells experienced low peak cell count at day 6

compared to untransduced controls. This however may be due to effects of the actual transduction.

Of note, a subset of the transduced cells, both WT and WHIM mutated showed a retention of CD20

expression by day 10. Healthy B-cells downregulate CD20 as they transition to the PC programme.
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Indeed CXCR4/CXCL12 signalling does play a role in the regulation of CD20 surface expression, as
shown by the increase in CD20 expression in response the CXCL12 (Pavlasova et al. 2016). Additionally,
enhanced levels of CD20 have been detected in WM cells. Together this could indicate a disease role

for CD20, mediated in part by CXCR4 signalling.

Indeed, CLL cells within the BM are CXCR4“™ and express high levels of CD20. There is evidence
showing CXCL12 can upregulate CD20 expression on chronic lymphocytic leukaemia (CLL) B-cells.
However, here we see PBs overexpressing CXCR4 upregulate CD20, therefore perhaps expression of
CXCR4 upregulates CD20 expression. This may be related to the propensity of WM to be retained

within BM, thereby contributing to WM characteristics (Kriangkum et al. 2004; Pavlasova et al. 2018).

The apparent increased expression of CD138 in transduced PBs and PCs may relate to an increased
ability to reside within the bone marrow. CD138 is important for cell-matrix interactions and
therefore, increased CD138 expression in these cell populations may allow for improved survival with
BM, and possibly relate to the ability of WM B-cells to undergo all their differentiation in the BM.
Indeed, there is evidence that high CD138 expression is associated with the MYD88 mutation, and
therefore, enhanced CXCR4 expression may contribute to this relationship (Kyrtsonis et al. 2011,

Gayet et al. 2022; Teng, Aquino and Park 2012).

Only two of the transduced samples indicated a significant increase in CXCR4 surface expression
compared to the untransduced controls. This effect was most notable in sample 0704 at day 6,
however by day 10 there was still more CXCR4 detected compared to the controls. Despite the
enhanced levels of CXCR4 detection at day 6, AKT and ERK phosphorylation events were minimal in
comparison to healthy controls. However, relative to the peak ERK and AKT S473 phosphorylation, the
drop in activity seemed reduced in the transduced cells, suggesting a prolonged level of signalling in

these cells.

Indeed, WHIM transduced lymphoblastoid cells show a greater and more prolonged calcium flux in
response to CXCL12 (Hernandez et al. 2003). Furthermore, the WHIM mutation generates an
enhanced chemotactic response to CXCL12 and again maintained for longer, compared to healthy
donor cells (Liu et al. 2012). The data obtained here may not show a stronger signalling response in
WHIM mutated cells, but it does corroborate with the literature, showing a prolongation of activity in

response to CXCL12.

The paucity of cells from the transduced samples prevented the analysis of phosphorylation events
beyond day 6 of the differentiation. Whether this was due to the effects of the transduction itself or

because of the overexpression of CXCR4 is not clear. Time constraints prevented further optimisation
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of the transduction protocol and downstream studies, notably the signalling experiments and that
selection of transduced cells was not completed. Therefore, further investigation of the effects of the

CXCR4 WHIM mutation on PC function will require follow up investigation (Biajoux et al. 2016)

These results suggest that the gain of CXCR4 function may not modify signalling through the BCR per
se but may enhance signalling through a pathway shared by both CXRC4 and the BCR converging on
AKT. As seen in chapter 4, loss of CD19 affects signalling through both ERK and AKT in response to
CXCL12, however healthy cells have a similar AKT response to both CXCL12 and CXCL12/aCD19
stimulation. The ERK response in PB is stronger in co-stimulated cells compared to CXCL12 stimulation
alone. Together this may indicate a preference of CXCR4 mediated ERK signalling in PBs. Expression of
CXCR4WHM will allow for further understanding of the signalling dynamics in these cell populations

through CXCR4 and the relationship between overexpressed CXCR4 and CD19.

As previously, PBs were stimulated with CXCL12 and aCD19 bound to beads. Stronger ERK signal in co-
stimulated transduced cells seems linked to level of CD2 expression and therefore CXCR4%HM
expression, providing reasonable evidence that in PBs, the WHIM mutation may induce a stronger ERK
phosphorylation compared to CXCR4W". Additionally there is evidence indicating an enhanced ERK
signal in WHIM transduced cells. However, additional repeats are required to confirm these results.
Comparing WT and WHIM CXCR4 cells treated with either CXCL12 or CXCL12 with aCD19 indicates,
firstly that stimulation by either induces a similar response in WT cells and secondly that co-stimulated
WHIM mutated cells generated the strongest ERK and AKT (S473) phosphorylation response. Together
these results suggest that WHIM mutated PBs are especially responsive to CD19 activation, possess a
larger CD19+ population at day 10 and utilise a unique and enhanced signalling pattern. Despite this
there were no detectable functional effects determined through the analysis performed here.
Additionally, effects on viability were likely clouded by the stresses induced by the transduction itself.
Furthermore, assessment of this mutation outside of the WM context is unlikely to mirror what

happens without the presence of the associated MYD88 mutations or BM niche conditions.

Further assessment would require repeats of the conditions and simulations performed here, followed
by inclusion of BM factors. As WM differentiation occurs primarily within the BM, the cells are exposed
to a specific set of stimulating factors secreted from a variety of support cells (Chu and Berek 2013).
Therefore, it is crucial for the impact of CXCR4 signalling in the context of the WHIM mutation to be
investigated in a BM niche setting. Factors to assess alone or in combination include CXCL12, TGFp,

macrophage inhibitory factor (MIF), anti-CD44 and the reintroduction of CD40L.

Data from our group has indicated that stimulation of PBs with CXCL12 and TGFB can modulate ERK

signalling and enhance survival (Stephenson et al. 2019). Here we show that CXCL12 and CD19
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stimulation also enhances ERK signalling, however there were no detectable improvements to
survival. Therefore, inclusion of TGFB may introduce measurable improvement in cell viability. It is

expected that this effect would likely be repeated in PCs.

CXCR4 can interact with the membrane receptor CD44, which can mediate improved myeloma PC
growth/survival through adhesion interactions. CD44 forms a membrane receptor complex with CD74
which can promote PC survival. Additionally, this complex is a receptor for MIF, produced from
perivascular dendritic cells in the bone marrow has been shown to play a role in mature B-cell survival.
Indeed, CD74 forms functional complexes with CXCR4 to mediate MIF signalling. It is thought that
long-lived PCs may also respond to MIF (Cassese et al. 2003; Van Driel et al. 2002; Sapoznikov et al.
2008)

Finally, assessment of signalling in confirmed CXCR4WHM mutated WM patient samples in response to
CXCL12 and aCD19 will be necessary to understand how these pathways interact in a disease setting.
Functional assays would then be completed to fully assess survival capabilities and migration.
Eventually, functional analysis of CXCR4 signalling with the inclusion of inhibitors could be utilised.
Inhibitors for AKT/PI3K and ERK would enable clear understanding of how loss of these pathways

affect both healthy and WM PB/PCs.

Ibrutinib and idelalisib have shown promise as treatment of WM, however there are some patients or
do not respond to either effectively and additionally, may relapse after treatment (Treon et al. 2015;
Dimopoulos et al. 2017). New therapeutic strategies will require the ability to overcome resistance
and restore sensitivity to other drugs. To do this understanding how signalling pathways in WM are
interconnected. In addition, these strategies must take into account the signalling rewiring that occurs
as the WM B-cells mature towards the PC like phenotype. Next steps for assessment of vulnerabilities
would involve the evaluation of inhibitors targeting the key signalling pathways. Inhibitors to assess
include PI3K inhibitors, Ibrutinib and MEK inhibitors. These experiments would evaluate how these
inhibitors affect signal transduction dynamics, cell death, differentiation, and secretory capability of
ASCs (Immunoglobulin production). Combinations of various different inhibitors and modulation as
the cells differentiate may be the key to overcoming the development of a CXCR4Y"™ mutation and
the associated changes to survival signalling. From this, treatments could be developed that are
tailored for targeting the different populations of WM B-cells and PCs, based on the different signalling
mechanisms and used in combination with therapeutics already used to treat WM e.g. rituximab or
BTK inhibitors. Further treatment could be developed targeting CD19 to disrupt ERK survival signalling.
By targeting several different pathways , the WM cells may be unable to rely on any survival signals

and therefore may be more susceptible to traditional cancer therapeutics, e.g. chemotherapy.
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6.0 - Final Discussion

6.1 Overview

Antibody mediated immunity relies on the development of B-cells and their subsequent
differentiation into memory B-cells and PCs to secrete antibody against antigens and provide long-
term immunological memory. To improve this response, B-cells must undergo a processes of affinity
maturation, including formation of a GC, antibody class switching and somatic hypermutation, thereby

increasing specificity for a unique antigen (Mesin, Ersching and Victora 2016).

Following a GC reaction, the fate of a B-cell may be to become a memory B-cell, which is able to recall
the encounter with a familiar antigen and mount a rapid response upon secondary recognition.
Alternatively, a B-cell is driven towards the PC programme, whereby they may migrate towards a
survival niche as short-lived antibody secreting PBs, and once they arrive at their destination, mature
into a PC and secrete a continuous high level of antibody, providing constant protection without the

need for antigen re-stimulation. (Akkaya, Kwak and Pierce 2020; Suan, Sundling and Brink 2017)

The migration of B-cells and PBs requires the use of chemokine signals. Movement of B-cells within
the GC, from the DZ towards to LZ and back, requires the finely tuned secretion of CXCL12 and CXCL13
from resident reticular cells and follicular dendritic cells (De Silva and Klein 2015; Allen et al. 2004).
Immature PBs localise, most often, within the BM following the CXCR4/CXCL12 axis secreted by BM
stromal cells (Cheng et al. 2018). It is crucial for PBs to reach the BM where they are supported by the

niche environment and develop into LLPCs (Tokoyoda et al. 2004).

CXCR4 signalling provides more than migratory signals, however, and there is evidence that the linked
transduction pathways are variable depending on the differentiation stage of the cells. In both pre-B-
cells and mature B-cells, CXCL12 activates MAP kinase signalling leading to ERK1/2 activation.
However, the pan-PI3K inhibitor Wortmanin more profoundly blocked ERK activation in mature B-
cells, indicating that CXCR4 is capable of differentially coupling to downstream signalling pathways

depending on stage of maturation (Palmesino et al. 2006)

Additionally, CXCR4 may associate with other B-cell surface receptors to alter the signalling response
and therefore the downstream events. Recent publications have suggested that CXCR4 interacts with
CD19 to generate signalling associated with survival and chemotaxis. Indeed, the disruption of CD19
motility and prevention of association with the BCR, CXCR4 and other surface receptors, reduced CD19
phosphorylation after stimulation of these receptors, placing CD19 as a crucial signalling hub for PI3K

signalling (Keppler et al. 2015; Becker et al. 2017)
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PI3K activity is essential for B-cell survival, migration and activation. In particular, class | PI3Ks play an
important role in B-cells. These are comprised of a regulatory subunit and a catalytic subunit. There
are four isoforms of class | PI3K catalytic subunits that have non-redundant functions. Both p1103 and
p1l10a are used to relay signals from the antigen receptor (Okkenhaug et al. 2002; Ramadani et al.
2010), whereas P110y is generally employed by GPCRs (Andrews, Stephens and Hawkins 2007).

However, in B-cells p1100 can also be activated downstream of chemokine receptors (Reif et al. 2004).

Within the in vitro differentiation model, the PIK3CD isoform is expressed in resting and activated B-
cells, but the mRNA is repressed at the later stages of differentiation. Conversely, PIK3CA mRNA is
maintained at all stages of the differentiation and PIK3CG mRNA is induced at the PB stage and
maintained at high levels in PCs. Inhibition of PIK3CG during in vitro culture severely affects PC survival,
suggesting a major role of this isoform in signalling events relating to survival in PBs and PCs
(unpublished data, Sophie Stephenson). Together, this indicates a dynamic and unique role of CXCR4
signalling and CD19 association to enhance PI3K signalling in PB/PCs. Understanding the signalling

patterns in response to these stimuli is crucial to fully describe their role in LLPCs.

Juxtaposed with healthy B-cell differentiation is the aberrant signal transduction events associated
with B-cell and PC malignancies. The development of the in vitro differentiation model allows for
robust analysis of B-cell differentiation and understanding of what factors drive PC maturation and
maintain this long-lived effector population. Indeed mutations in CXCR4 are present in WHIM
syndrome, a rare immunodeficiency, characterised by warts, hypogammaglobulinemia, repeat
infections and myelokathexis. The mutation results in the loss of the intracellular carboxyl tail of the
protein and therefore prevention of CXCL12 induced receptor internalisation, leading to a
maintenance of an activated state. A similar mutation is present in about 30% of WM patients, in
addition to MYD88 mutations. These patients exhibit enhanced chemotaxis in response to CXCL12,
increased ERK and AKT activation and relative resistance to therapeutics e.g. BTK inhibitors such as
Ibrutinib (Cao et al. 2015). WM B-cells possess the unique ability to undergo the complete B-cell
differentiation to the PC stage and unusually, undergo the entire maturation process within the BM
(Treon et al. 2014). This perturbed localisation indicates there are defects in the migratory potential
WM cells, and this is likely enhanced by the presence of the CXCR4YM™ mutation. Indeed, CXCR4WHM
mice show perturbed B-cell trafficking and a failure of retention of LLPC within the BM. Instead
proliferating PB rapidly accumulate in the niches. This would suggest a unique signalling profile found
in CXCR4WHM pBs and PCs (Biajoux et al. 2016). The majority of studies investigating mutant CXCR4
signalling in WM has focused on the B-cells. Successful treatment of WM requires the targeting of
both the B-cell and PC components. Further understanding of the signalling pathways controlling PB

and PC survival is therefore key.
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The initial aims of this study were to understand how the CXCR4 signal transduction events are
different amongst the cell populations that arise during the differentiation process, how CD19 can
modulate signalling in these populations and finally, how the CXCR4WHM mutation can affect these
pathways. To investigate these aims, the B-cell differentiation model was used to generate a reliable
population of B-cells, PBs and PCs, and a range of techniques were utilised, but focused on flow
cytometry analysis of surface protein expression to establish the effects of CD19 depletion/stimulation
and CXCR4WH™ on B-cell/PC phenotype and CXCR4 expression. Additionally, signalling experiments
were performed to define the signalling pathways in response to the aforementioned stimuli. The role
of CD19 was assessed through investigation of direct CD19 stimulation and CD19 depleted B-cell
patient samples. Finally, the effect of CXCR4"HM™ mutation was assessed through retroviral

transduction of the S338 WHIM mutation.

6.2 Establishment of pattern of CXCR4 expression in differentiating B-cells

The understanding how CXCR4 signal transduction in early B-cell lymphopoiesis and mature B-cells
has been documented, however the signal dynamics in PBs and PCs are unknown. Therefore initially,
it was prudent to understand how CXCR4 expression is modulated through the differentiation model
for subsequent interpretation of signalling responses, as lower level of signal pathway activation may
reflect either lower receptor engagement or change in signalling capacity. CXCR4 expression is low
prior to B-cell activation, however by day 6 post activation, CXCR4 expression peaks, before decreasing
to very low levels as the cells reach the PC stage. About 60-90% of the cells reach the PC stage at day
13 showing this model is sufficient for studying PCs, however attainment of a larger proportion of PC
could have been achieved through memory B-cell selection following the initial B-cell isolation step. It
is unlikely assessment of CXCR4 expression would vary substantially as memory B-cells are, once
differentiated into PCs, phenotypically similar to PC generated from the naive B-cell population.
However, selection of the memory B-cell component would have enabled, firstly a purer PC population
after day 13 and secondly, assessment of any potential differences in CXCR4 signalling characteristics
for comparison to PB/PCs from naive B-cells. Regardless, PB and PC phenotype attainment is
significant in the differentiations performed here, and therefore there is reasonable assurance that
these cell types of the main drivers of the expression and signalling results obtained. Peak CXCR4
expression at day 6 likely reflects the role of CXCR4 in driving PB chemotaxis towards the BM, as
travelling this considerable distance requires a high sensitivity to CXCL12. Confirmation of a lower
CXCR4 expression in PCs allowed for reasonable assumption that the enhanced signalling seen in PCs
was due to a change in signalling capacity. It is interesting that, despite the importance of CXCR4 in PC
retention in the BM, CXCR4 expression is so low. This likely reflects the fact that the cells no longer

need to sense CXCL12 remotely to migrate and instead there may be rewiring of signal pathways to
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prioritise localisation within the BM or activation of survival signalling. On the other hand, the culture
conditions may modulate CXCR4 expression similar to what might be experienced in the context of
the BM microenvironment. Therefore, an assessment of different culture conditions was completed.
APRIL and TGFB are molecules that a PC may encounter under normal conditions, whereas IFNa is
secreted during an inflammatory response. Previous work has demonstrated that PBs will react
according to their culture conditions, and this may alter CXCR4 expression (Stephenson et al. 2019).
However, gene expression analysis indicated no differences in CXCR4 and surface protein levels were
largely comparable at day 9, despite some differences in loss of CXCR4. As previous experiments found
that the change in CXCR4 was acute, additional investigation should assess this. Furthermore,
combinations of different BM trophic factors may show more pronounced or sustained changes in

CXCRA4.

As WM B-cell differentiation occurs mainly within the BM, this highlights the importance of assessing
the impact of BM niche factors on CXCR4 expression. As evidence suggests that CXCR4 aids in the
survival of LLPC within the BM (Tokoyoda et al. 2004; Cassese et al. 2003) , this effect may be amplified

in WM cells. Additionally, the presence if the CXCR4“"™ mutation may further build on this.

6.3 CXCR4 signal integration in ASCs

Evaluation the signal transduction events downstream of CXCR4 are crucial for understanding the
nature of CXCL12-induced survival mechanisms in long-lived PCs and their malignant counterparts.
Investigation of healthy PBs and PCs was done initially. As these two cell types vary in their
proliferative capability, longevity, and tissue specificity, it can be assumed there is a rewiring in signal
transduction associated with these aspects. It is thought that CXCR4 signalling is programmed for

migration in PBs and survival in PCs (Benet, Jing and Fooksman 2021; Tokoyoda et al. 2004).

PBs and PCs were stimulated with CXCR4 show additional variation in their ERK response. PCs seem
to maintain ERK phosphorylation to a higher level for an extended period. Changes to intensity or
duration of a signalling pathway can be due to differences in stimulation strength by feedback loops

(Mendoza, Er and Blenis 2011).

One potential effect of the difference seen between PBs and PCs is that the prolonged ERK signalling
in PCs may affect immediate early gene (IEG) product expression, thereby affecting outcomes of
signalling related to survival mechanisms. Prolonged ERK activation can induce stabilisation of c-FOS,
whereas more transient ERK activation means less ERK activity, preventing accumulation of c-FOS,
leading to instability. c-FOS is a driver of various cellular functions, including proliferation, survival,

and differentiation (Murphy et al. 2002).
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Counterintuitively, enhanced ERK activation is normally associated with increased activity of positive
cell cycle regulators and downregulation of anti-proliferative genes. One notable characteristic of PCs
is the inability to proliferate and a shift to a state of quiescence. Unusually, here we see a heightened
ERK phosphorylation pattern in PCs, whereas PBs, which retain some proliferative capability, show a

lower ERK activity (Khodadadi et al. 2019). This is clear evidence of a rewiring of CXCR4 signals.

Furthermore, hyper-activation of RAS-ERK signalling can induce expression of CDK inhibitors, leading
to cell cycle arrest. Specifically, moderate ERK signalling generates a transient production of p21 and
accumulation of cyclin D1 leading the G1 phase cell proliferation, however prolonged signalling
induces long-term p21 induction, activating CDK inhibitors p16ink4a and p15Ink4b. Therefore, the
enhanced ERK signalling in PCs in response to CXCL12 stimulation may have been rewired to
contribute to an anti-proliferative phenotype, which may pair with increased AKT signalling, often
associated with survival signalling. The trigger for this switch of a migratory to a survival signal from
CXCL12 likely is due to environmental cues specific to survival niches (Pumiglia and Decker 1997;

Sewing et al. 1997; Malumbres et al. 2000).

AKT integrates signals originating from cell surface receptors that are associated with PI3K, such as
CXCR4, leading to gene expression relating to cell cycle control and survival. The AKT signalling through
CXCR4/CXCL12 interaction demonstrates an enhanced activation in PCs compared to PBs.
Additionally, in PCs, AKT phosphorylation at the S473 residue showed activity that spanned from 1
minute to 10 minutes and maintained to a much higher degree than ERK signalling. Phosphorylation
at the T308 residue was similarly prolonged, however signal intensity was weaker than at the S473
residue. AKT phosphorylation can be detected up to 120 minutes after stimulation with insulin.
Compared with CXCR4 stimulation, detection of phosphorylation at both residues was variably
detected for up to 10 minutes in PC but phosphorylation begins to decrease after one minute in PBs
(Kubota et al. 2012). It may be necessary to extend the signalling studies, to fully confirm any

differences in duration of signal transduction.

AKT dephosphorylation is rate limited by its disassociation with PIP3 at the plasma membrane.
Investigation into the activity of PIP3 may aid in understanding AKT signalling dynamics in B-cells vs
ASCs and potentially in WM cells (Ebner et al. 2017). Fine tuning of AKT signalling duration can
modulate its downstream effects. Indeed, feedforward loops can regulate the duration of AKT
signalling, for example, GAB1 recruitment if PI3K can generate PIP3. PIP3 may then recruit additional
GAB1, repeating the cycle and leads to additional PI3K signalling (Mendoza, Er and Blenis 2011). In this
context, CXCL12 may induce stronger AKT phosphorylation, promoting these feedforward loops,

thereby maintaining enhanced survival signalling even after CXCR4 desensitisation has occurred.
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Additionally, activation of AKT via phosphorylation at the S473 residue stabilises phosphorylation at
the T308 residue, thereby enabling maximal AKT activation. AKT deficient for S473 is capable of some

activity, but it is severely diminished (Alessi et al. 1996; Manning and Toker 2017).

6.4 Role of CD19 signalling hub in CXCR4 signalling

During B-cell differentiation, the fate of the cells is dependent on the strength and fine tuning of the
initiating signal. Furthermore, B-cells utilise a collaboration of different surface receptors to modulate
the signal strength and optimise activation. Co-ligation of the BCR and CD19 can occur through C3d
bound antigen, via association of CD19 and complement receptor type 2 (CR2/CD21) which can bind
to fragments of C3, thereby reducing the quantity of BCR ligation necessary to initiate B-cell activation

(Fearon and Carter 1995).

There is variation in the signalling events downstream of the BCR when CD19 itself is co-ligated
compared to BCR stimulation alone. Indeed, the choice of the stimulation can affect the isoform of
the catalytic subunit of PI3K utilised. Stimulation through the BCR alone can promote recruitment of
p110a, whereas BCR and CD19 co-ligation largely requires the p85a and p1106 subunits of PI3K
(Vigorito et al. 2004). Additionally, constitutive BCR signalling in the absence of any exogenous antigen

interaction, or ‘tonic signalling’ principally acts through p110a (Ramadani et al. 2010).

Together, this evidence suggests that the manner of B-cell stimulation can qualitatively change the
signalling output. In line with this, CXCR4 receptor may also interact with additional surface receptors
to generate a varied signal output. CXCR4, and other B-cell surface receptors, have been shown to
associate with CD19 to recruit PI3K via CD19 phosphorylation, implicating CD19 as a signalling hub for
B-cells (Keppler et al. 2015). Due to the presence of CD19+ and CD19-ve PC subsets, it is uncertain
what role CD19 plays in these cells, especially now that they have switched to an antibody secreting

phenotype. Therefore, CXCR4 signalling was assessed in association with CD19 ligation.

Initially, we looked to see if intrinsic CD19 stimulation may modulate downstream signalling events in
ASCs. CD19 stimulation of ASCs failed to activate ERK phosphorylation, indicating that CD19
stimulation does not feed into the MAPK signalling pathway. The same experiments were conducted
to assess if CD19 stimulation is linked to the PI3K pathway. PBs do not seem to respond to CD19
ligation however, in PCs at AKT S473, there is detectable phosphorylation but no clear activity at the
T308 residue. This indicates that CD19 may contribute to PI3K signalling in terminally differentiated

cells.

As there is minimal activity after both long-term and short-term direct CD19 ligation, it was necessary

to understand how activation of CD19 in the context of its association with surface receptors impacts
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signalling. Therefore, we next sought to understand how CXCR4 and CD19 interaction may modulate
downstream signalling events in ASCs, as it has been shown to in murine B-cells (Becker et al., 2017).
Despite initially seeing no association of the MAPK signalling pathway and CD19 ligation, co-
stimulation however seems to amplify ERK phosphorylation in PBs. In PCs, CXCL12 stimulation alone
generated a stronger signal than co-stimulation. Together this clearly shows a rewiring of signalling in
response to CXCL12 and CD19 between PBs and PCs. Specifically, it may imply a negative regulatory
role of CD19 for CXCR4 in PCs. CD19 has not been shown to have an effect like this, however multiple
myeloma cells are consistently negative for CD19. It could be that a loss of CD19, evidence of which is
detectable in healthy PCs populations, is compatible with altered signalling seen in malignant cells.
Additionally, this negative control of ERK may be related to the transition from a proliferative
phenotype to quiescent phenotype, focussing instead on AKT-driven survival signalling, and CD19 may

be one mechanism controlling this shift.

AKT signalling at both residues is similar between stimulations, but again AKT phosphorylation was
stronger in PCs. This suggests that CD19 ligation has limited effect on AKT signalling. CD19 ligation
through this method may not have been sufficient to enhance survival in ASCs through enhanced AKT
signal activation. Repeats of this experiment could be conducted firstly, with an increased number of
aCD19 bound beads. Alternatively, as mentioned previously, CD19 associates with CD21 which can
bind the complement C3d fragment of activated C3 that is attached to antigen. CD19, in complex with
CD21 can co-stimulate signalling through the BCR. Therefore, multimerised C3d could be used to bind
to CD21, therefore activating CD19 in a method more likely to induce CD19 ligation seen in vivo.
Additionally, because the BCR ligation is required for B-cell activation, there may occasions when BCR

ligation may be limited due to e.g., monovalent antigen or tonic signalling (Keppler et al. 2015).

CD19 can compensate for this through reducing the threshold required for BCR activation. Similarly,
this balance could be applied to CXCR4 and CD19. CD19 signal amplification may be important when
CXCL12 is limiting. An experiment could be designed whereby the amount if CXCL12 is reduced and

then assess if CD19 stimulation can compensate for this via analysis of phosphorylated AKT/ERK.

The effects of CD19 deficiency are apparent in the signalling experiments. Loss of CD19 weakens the
ability of PCs to generate a strong ERK or AKT signal. Despite this apparent defect in signalling there
were no detectable flaws in cell viability, differentiation capability, CXCR4 expression or expression of
B-cell and PC makers. Within this experiment, it may be that sufficient BCR stimulation is provided by
ideal culture conditions and thus CD19’s role of threshold reduction is not required by these cells to
become activated. Utilising lower levels of F(Ab’), anti-lg and CD40L cells in both healthy and CD19-ve

cells would likely show the defects of CD19 deficiency.
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CD19-ve PBs are capable of weak AKT and ERK phosphorylation, however by day 13, the PCs are almost
completely unable to generate an ERK signal in response to CXCL12 and AKT signalling is dramatically
depleted. This confirms the involvement of CD19 as a signalling element in ASCs. ERK signalling in
plasma cells induced by co-stimulation appears reduced compared to CXCL12 alone, yet depletion of
CD19 prevents strong ERK signalling. This could indicate that the effects of direct ligation of CD19 in
B-cells becomes uncoupled once the cells mature to the PC stage. Indeed, the presence of surface BCR
may be crucial for integration of signals induced from CD19 ligation. As PCs no longer express a BCR,
the main role of CD19 mainly becomes the integration of signals, rather than a driver of signals. CD19-

ve PBs may retain some capability to activate ERK/AKT signals as they are in a transitional state.

AKT signalling in co-stimulated PCs is comparable to that seen in CXCL12 stimulated PCs and AKT
signalling is reduced in CD19-ve PCs. Again, this supports the notion that CD19 ligation, through this
method at least, is ineffective for activation of AKT signalling in PCs, yet CD19 is necessary to drive AKT
signalling in response to CXCL12. This further supports the use of complement activation of CD19 to

confirm if CD19 stimulation has minimal effects for AKT signalling in this context.

The RNA sequencing analysis of CD19-ve cells reveals a normal expression of CD19 mRNA confirming
the defects are at a protein level. Furthermore, it confirms the maintenance of differentiation and lack
of defects seen in the phenotypic data, as differentiation related mRNA expression is unaffected by
CD19 depletion. Observation of the signalling-related mRNA expression reveals that the CD19-ve cells
possess some variation in PI3K gene expression. There is a higher expression of PIK3CB and PIK3R2
mRNA, potentially indicating the cells are attempting to mitigate the loss of ERK signalling by
increasing PI3K signalling. Whilst AKT signalling is dampened by the loss of CD19, there is some

signalling remaining, which would support this.

Finally, the defects in CXCR4 signalling would suggest changes to cell behaviour. Therefore, a long-
term response to CXCL12 may reveal flaws in viability and phenotype. CD19-ve cells exposed to
CXCL12 in culture revealed no major defects in cell survival and were comparable to APRIL conditions
alone. CD20 downregulation is slightly slower in CXCL12 treated CD19-ve cells, however this effect is
minimal. CD20 has been shown to become upregulated within the cell membrane through interactions
of CXCL12 and CXCR4 (Pavlasova et al. 2016). The inclusion of CXCL12 did not induce upregulation of
CD20 in HC, and whilst the difference is small, the CD19-ve cells show a higher retention of CD20 at
day 13. CD19 may play a role in regulating CD20 expression, which could be affected by CD19
deficiency. However additional experiments would be required to confirm this. Additionally, repeats
of this experiment could be improved through removal of APRIL conditions and forcing the cells to

become reliant on CXCL12 to enhance survival signalling
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Whilst this study has not identified the significance of CD19 ligation in ASCs, initial steps have
confirmed the participation of CD19 in PB and PC CXCR4 signalling. The work completed here provide

a strong basis for further investigation and additional experiments have been suggested to pursue.

6.5 Dysregulation of CXCR4 signalling

Having established the CXCR4 signalling pattern in key downstream kinase pathways and identifying
CD19 as a key player in these pathways, the next step was to assess the role of dysregulated CXCR4
signalling. This was accomplished through the development of retroviral expression vectors and
subsequent transduction of HEK293 cells before treatment of differentiating B-cells at day two with

viral supernatant.

Firstly, successful transfer of CXCR4 encoding fragments from mammalian expression vectors to
retroviral vectors through restriction digest and ligation was accomplished. The transduction protocol
shows variable but efficient uptake of CXCR4 constructs into differentiating B-cells. Additional

optimisation would have allowed for improved transduction efficiency.

Additionally, no selection via antibiotic kill curve was completed due to time constraints, selection of
CD2+ cells would have provided a much clearer analysis of the effects of the WHIM mutation in ASCs.
Antibiotic selection in a differentiating B-cell population would have likely been complex as clearly the
cells were sensitive to the transduction process, indicated by the high levels of cell death compared
to the un-transduced samples. As the cells transition between B-cell, PB and PC phenotype within a
few days of each other, it may not provide enough time for total elimination of un-transduced cells.
The cells are transduced at day 2 and once reaching day 3, the media is changed again to push the
cells towards a PB phenotype. Antibiotic could have been included at each media change to provide

the best opportunity for selection.

Phenotypic assessment shows an earlier acquisition of CD138 expression at day 6 in one population
of WT and WHIM transduced cells. PB attainment of CD138 may confer some enhanced survival
characteristics, such as greater AKT and ERK signalling, however this was not detected in the viability
assessment, perhaps due to the effects of transfection. One of the roles of CD138 is to mediate cell-
cell and cell-ECM interactions and is therefore crucial for cell adhesion (McCarron, Park and Fooksman
2017). In myeloma cells, it has also been shown to interact with APRIL to enhance cell survival
(Moreaux et al. 2009). Furthermore, CD138 acts as a co-receptor for growth factors such as hepatocyte
growth factor and epidermal growth factor, both heavily involved in MM survival within the BM
(Derksen et al. 2003; Mahtouk et al. 2006). Perhaps the enhanced CXCR4 contributes to the
attainment of CD138 expression, by some as yet unknown means, leading to improved survival of WM

PBs within the BM by enabling improved adhesion and survival signalling.
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In addition to this, CD20 expression is slightly altered in transduced samples. At day 10, some samples
retain a higher CD20 level by day 10. Perhaps CXCR4 upregulation enhances CD20 expression due to
the increased ability of these cells to maintain CXCR4 expression and therefore CXCL12 interaction,
leading to enhanced signalling events, similar to its role of interacting with the BCR in B-cells and
supporting BCR signal transduction. This may indicate that CXCR4 high PBs and PCs could be
particularly sensitive to therapeutics that target CD20, e.g., rituximab (Pavlasova et al. 2016; Petrie

and Deans 2002; Polyak et al. 2008; Pavlasova et al. 2018)

Despite the variable transduction efficiency, the data indicate that AKT and ERK signalling in response
to CXCL12 is maintained to a higher signal intensity, relative to the peak phosphorylation, compared
to the controls. This may be indicative of successful CXCR4WH'™ expression as prolonged receptor
residence on the cell surface contributes to both amplification and extended duration of signalling
(Milanesi, Locati and Borroni 2020). Indeed, this likely matches evidence from the literature, which
details prolongation of both calcium flux and motility in WHIM mutated cells stimulated with CXCL12
(Hernandez et al. 2003; Liu et al. 2012)

CD2 expression was included in the same flow panel as B-cell/PC markers but not the CXCR4 panel.
Compensation issues prevented a clear analysis of CXCR4 and CD2 together, both within the normal
CXCR4 panel and when looking assessing only these two stains. It is unclear why this issue was

persisting and time constraints and cell viability at the later stages prevented further investigation.

Assessment of the role of CD19 in CXCR4"WHM expressing ASCs revealed that co-stimulated PBs
generated a stronger ERK and AKT signalling compared to PBs stimulated with CXCL12 alone, indicating
that CXCR4WHM expressing PBs are more responsive to CD19 stimulation. They also retain a larger
CD19+ population. Whilst the changes to signalling provided no detectable functional changes, it
provides strong evidence to further investigate this stimulation in these cells, perhaps through
complement activation of CD19 and specific selection of CD2+ cells, a stronger signal may be detected
that may provide a functional effect. Migration assays should also be conducted to assess how these

varying stimulations modulate this key CXCR4-mediated activity.

CD19-ve cells showed no defects in survival, which may be due to an intact APRIL/BCL-XL or BTK
signalling priority that drives survival signals in B-cells and ASCs (Belnhoue et al. 2008; de Weers et al.
1994). Potentially assessment of signal transduction events could be completed in conjunction with
ibrutinib, a BTK inhibitor. A study could be designed to assess how selective inhibition of BTK may
cause ASCs to become more reliant on CXCR4 signals induced by wither CXCL12 alone or CXCL12 with
CD19. It would be expected that co-stimulated cells would generate a much stronger AKT and ERK

phosphorylation pattern. CD19-ve cells treated with BTK inhibitors may have a flawed signalling
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pattern and long-term treatment in culture could cause a collapse of viable cells. Additional inclusion
of AKT/ERK inhibitors with BTK inhibitors in transduced cells would be expected to induce catastrophic

cell death.

Ideally, acquisition of WM patient samples would have been the next step to assess these signalling
mechanisms. These experiments conducted here have started the initial investigations into CXCR4
signalling and have enabled some understanding of the effects of CXCR4YHM in isolation of other
mutations, such as the MYD88 L265P mutation. The next step would be to assess CXCR4 signalling
events within the context of WM, by running the differentiations on patient samples. The MYD88
L265P mutation is considered the activating mutation for WM, therefore, samples are described as
WM because of this mutation, however as only 30% of WM patients present with a CXCR4 mutation,
and even then, there are several different potential mutations of CXCR4 recorded in WM aetiology, it
would be difficult to confirm the presence of a CXCR4 mutation unless current identifications for
patient samples are assessed for CXCR4 mutations. Hence transductions were chosen as a viable

alternative to patient samples.

Further investigation of CXCR4""'M signalling dynamics will aid in the understanding of CXCR4 signal
integration in ASCs. Truncation of the C-terminal tail of CXCR4 in patients expressing CXCR4WHIM
prevents B-arrestin binding, however there is evidence that in addition to the enhanced signalling
caused by the lack of receptor internalisation, there is also a augmentation of ERK signalling
dependant on B-arrestin downstream of the truncated receptor. A study by Lagane at colleagues
(Lagane et al. 2008) show an augmented responsiveness of WHIM mutated T-cells and CXCR4
transduced HEK cells to CXCL12 is partially mediated by enhanced B-arrestin2 dependant signalling
downstream of the truncated CXCR4. Despite the loss of the regions required for B-arrestin to instigate

4AWHM and generates B-

receptor desensitisation, B-arrestin still maintains association with CXCR
arrestin dependant ERK signalling. It would be interesting to see how B-arrestin interactions vary in
WHIM mutated B-cells, PBs and PCs and also if CD19 interaction plays a role in this mechanism. It
would be expected that the enhanced ERK activation due to B-arrestin would likely be detectable in
B-cell/PBc and PCs, however the differences in the level of importance of B-arrestin at each stage is
unknown. CXCR4""M may also form heterodimers with CXCR4"™, It would be interesting to investigate

to what degree these heterodimers exist in B-cells, PBs and PCs and how much they contribute

towards an enhanced signalling pattern.

6.6 Concluding remarks

In summary, the data presented here partially confirms the hypotheses set out. PBs follow the

CXCR4/CXCL12 axis to migrate to survival niches (Cheng et al. 2018; Hargreaves et al. 2001) and PCs

161



likely utilise CXCR4, in coordination with other factors, mainly for survival signalling through retention
within the BM (Cheng et al. 2018; Benet, Jing and Fooksman 2021; Tokoyoda et al. 2004). Here the
data indicate a downregulation of CXCR4 expression as the cells reach the PC stage. This change in

expression provides some indication of a rewiring of the role of CXCR4 as the cells transition.

Further evidence of a re-wiring of CXCR4 function in these two cell populations is shown by the
changes to ERK activity in response to CXCL12 (Becker et al. 2017). PCs show a prolonged and stronger
ERK phosphorylation pattern compared to PBs. This prolonged ERK activity may be associated with
immediate early gene (IEG) product expression, thereby affecting outcomes of signalling related to
survival mechanisms (Murphy et al. 2002). The enhanced AKT phosphorylation in PC may be

associated with survival signalling required by PCs (van Spriel et al. 2012).

This study also assessed the role of CD19 in the modulation of CXCR4 signals (Becker et al. 2017). The
literature suggests a role of CD19 as a signalling hub to bring together the activity of B-cell surface
receptors to promote CXCR4 signalling (Keppler et al. 2015) however the role of CD19 in ASCs is less
clear, especially due to the development of both CD19+ and CD19-ve fractions (Halliley et al. 2015;
Mei et al. 2015; Groves et al. 2018). We show that CD19 stimulation alone can induce a weak AKT
activity, but not ERK signalling. Whilst a superior method of CD19 stimulation would possibly yield
some ERK stimulation (Mei et al. 2015), we have shown that some property of PCs enables sensitivity
to CD19 that is not apparent in PBs. We see that co-stimulation with CXCL12 amplifies ERK
phosphorylation in PBs. In PCs, CXCL12 stimulation alone generated a stronger signal than co-
stimulation. Together this clearly shows a rewiring of signalling in response to CXCL12 and CD19

between PBs and PCs.

Most profoundly, we show significant defects in ERK and AKT signalling in CD19-ve PBs and a near
total failure to activate these pathways in CD19-ve PCs, indicating a requirement of CD19 on the

surface of these cell populations.

It is difficult to draw clear conclusions from the transduction experiments due to the variability of
transduction efficiency and absence of any selection of transduced cells. However, we can infer some
ideas about the effects of the CXCR4"WMM mutation. Firstly, there is an indication that the presence of
enhanced CXCR4 expression induces an earlier acquisition of CD138. This may mediate enhanced
survival in PBs by taking advantage of the supportive BM niche and improving their association with
BM resident cells/matrix (McCarron, Park and Fooksman 2017; Moreaux et al. 2009) and could be a
contributing factor to the ability of proliferative WM PBs to colonise the BM niche successfully (Biajoux
et al. 2016). Assessment of signalling in these transduced cells failed to show clear evidence of

enhanced signalling compared to HCs, likely due to the heterogeneous population of cells utilised. We
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do show however that PCs transduced with CXCR4WHM gppear to generate a stronger AKT/ERK signal

compared to PBs.

Together this data provides evidence of CXCR4 signal rewiring in PBs and PCs, which is further
modulated by CD19 and the presence of the CXCR4WHM mutation. Elucidating the nature of the
signalling mechanisms that enable this rewiring to occur and the functional output of these signals will

provide new and important insights into the biology of ASCs and their malignant counterparts.
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8.0 Appendix

Sex / Age at diagnosis

Recurrent infections
Autoimmunity
Lymphoproliferation

Malignancy

1gM [g/l]
1gG [g/1]
IgA [g/1]

Functional antibodies post-

vaccination

(Pneum/Haem/Tet)

F/30 years

++

0.59 (0.4-2.5)
3.50 (6-16)

1.34 (0.8-3)

N2

Appendix 1 — Major clinical features of CD19-

deficient patient.
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Appendix 2 — Flow Cytometry data showing Loss of CD19 surface expression and reduced memory B-cells. The
peripheral blood B-cells from a healthy control, the patient, her mother and sister were evaluated by flow cytometry
using antibodies against (A) CD20 and CD19 (B) CD19 and CD81 or (C) CD27 and IgD. Sw, switched memory B-cells and
Non-Sw, non-switched memory B-cells.
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Appendix 3 - Long-read sequencing showing representative reads supporting the identification of the homozygous
c.622del (NM_001770.5) (p.Ser208Profs*19) variant in CD19 exon 4. (A) Deletion-spanning gapped alignments are
depicted by black lines in alignment track. The cumulative read count is displayed per nucleotide (y-axis scale is 0-3500).
To aid visualization the IGV’s “quick-consensus mode” was used. Transcript and genomic coordinates are provided
according to NM_001770.5 and human genome build hgl9 respectively. IGV: Integrative Genomics Viewer. (B) Pedigree
of patient and unaffected family members. Affected patient with homozygous variant is indicated by filled black symbol,
heterozygous family members are indicated by gray symbols. The CD19 variant status of the father was not tested. (C)
Schematic diagram of CD19 structure in cell surface co-receptor complex with highlighted mutated residue.
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