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ABSTRACT

Multiple myeloma (MM) is a haematological malignancy of antibody secreting
monoclonal plasma cells (PCs) in the bone marrow (BM). MM PC growth and
survival is supported by other cells within the BM microenvironment including
osteoblasts, osteoclasts, bone marrow stromal cells and immune cells. Paracrine
signalling between MM PCs and these other cell types is mediated by an array of
cytokines, receptors and adhesion molecules. The TAM receptor family, Tyro3, Axl
and Mer represent a distinct family of tyrosine kinase cell surface receptors, which
have been implicated in the pathogenesis of cancers including MM. The studies
presented in this thesis utilised single TAM receptor expressing 5TGM1 murine
myeloma cell lines to further elucidate the roles of Axl and Mer in MM. The CRISPR
Cas9 system and retroviral transduction were used to generate a 5TGML1 cell line
expressing no TAM receptors (5TGM1 EV), a 5TGML1 cell line expressing only Axl
(5TGM1 Axl) and a 5TGM1 cell line expressing only Mer (5TGM1 Mer).

Dormant MM PCs that reside long term in the bone marrow of patients can be
reactivated following therapy, giving rise to disease relapse. Given that Axl was
highly expressed by dormant 5TGM1 MM cells in previous studies, the present study
sought to determine whether high Axl expression alone was sufficient to initiate and
maintain 5TGM1 MM cell dormancy. Features of dormancy in 5TGM1 Axl compared
to 5TGM1 EV cells were assessed in vitro using cell cycle analysis and labelling
with the heritable dye, DID. 5TGM1 Axl and 5TGM1 EV cells were also inoculated
into the C57BL/KaLwRij murine model of MM, and tumour burden was assessed.
These studies provided no evidence that high Axl expression in 5TGM1 cells
promote features of dormancy in vitro or in vivo when compared to the 5TGM1 EV

cell line that does not express Axl.

Studies in this thesis revealed that 5TGM1 Mer cells produce significantly greater
myeloma tumour burden in vivo in comparison to 5TGM1 EV cells following
intravenous inoculation into the C57BL/KaLwRij mouse model. However, following
inoculation of cells directly into the bone marrow, Mer expression did not produce

an increase in tumour burden. Additionally, when 5TGM1 Mer cells and 5TGM1 EV
Vi



cells were inoculated into the immune compromised NSG mouse model, Mer
expression had no effect on tumour burden. Immune checkpoint proteins PD-L1,
Galectin 9 and PVR were upregulated in 5TGM1 Mer cells compared to 5TGM1 EV
cells at the mRNA level. These findings indicate that the mechanism of action of Mer
in potentiating MM tumour burden may be through increased 5TGM1 BM homing

and regulating expression levels of immune checkpoint molecules in myeloma cells.

Future studies should aim to fully characterise the possible role of Mer in MM
immune suppression. Given that Mer and its ligand Gas6 are widely expressed by
MM PCs of myeloma patients, Mer represents an attractive therapeutic target to limit

MM disease progression.
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1. Introduction



1.1 Multiple myeloma

Multiple myeloma (MM) is a haematological malignancy characterised by the
uncontrolled proliferation of plasma cells (PCs) in the bone marrow (BM). PCs are
terminally differentiated B cells that secrete non-functional monoclonal
immunoglobulins known as paraprotein, or M-protein, which can be detected in
blood serum?®. In most instances, MM is preceded by premalignant PC proliferative
disorders, and in its later stages, MM can undergo a leukemic progression leading
to development of plasma cell leukaemia (PCL), which displays an inferior
prognosis?. MM exhibits significant inter-patient genetic heterogeneity, which can
impact treatment response3. Despite the development of new therapeutic options,
most patients relapse and do not achieve long term treatment-free remission®. The
discovery of novel precision medicine targets is necessary to achieve durable
treatment response and better patient outcomes.

1.1.1 Epidemiology

MM is the second most common haematological malignancy, accounting for ~10%
of all haematological malignancies and ~1% of all cancers®. In Australia, 2,515 new
cases of MM were diagnosed in 2021, with an age standardised incidence rate of
7.9 cases per 100,000 people®. The highest incidence rates of MM have been
identified in New Zealand, Australia, the UK, Israel and Norway’. MM is diagnosed
primarily in older adults, with the median age at diagnosis being 71.1 years®. The
prevalence of MM is higher in males (9.8 cases per 100,000) compared to females
(6.2 cases per 100,000). In addition to older age and male gender, ethnicity is a risk
factor for developing MM. To this end, the incidence is increased in people of African
American®, Hispanic® and Maoril® descent compared to those of European descent.
MM contributes to the global burden of disease, being responsible for over 2.1
million disability adjusted life years globally*!. In Australia, the current 5-year survival
rate from date of MM diagnosis is 54.9%, which remains lower than other common

cancers such as colorectal, breast and prostate cancers®.

1.1.2 Clinical features

MM patients face significant diagnostic delays compared to other cancers??, and at

the time of diagnosis, end organ damage is already evident in most patients. One
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of the most significant causes of morbidity in MM patients arises from skeletal
related events (SRES) such as bone pain, pathological fractures, vertebral collapse,
and spinal cord compression®® 4, SREs develop due to osteolytic lesions, which are
present in up to 90% of patients at some point during the course of disease®.
Osteolysis occurs in MM due to PC production of factors that both activate bone-
resorbing osteoclasts, including RANKL'%17, and inhibit bone-forming osteoblasts,
including Dickkopfl (DKK1) and interleukin 7 (IL-7)* 19, Osteolytic bone resorption
can result in excess released calcium, or hypercalcaemia, defined as corrected
serum calcium 211 mg/dL, which is observed in ~15-20% of MM patients?.
Hypercalcemia and excess nephrotoxic serum free light chain production by PCs
can result in renal insufficiency, observed in 25-75% of MM patients?'. Anaemia is
seen in almost all MM patients and is caused by cancerous PC infiltration in the
bone marrow leading to inhibition of erythropoietic differentiation of haematopoietic
stem and progenitor cells?2. Together these clinical manifestations are known as the
CRAB features (hypercalcaemia, renal insufficiency, anaemia, and bone lesions),
which are recognised as key myeloma defining events (MDEs) leading to
diagnosis®. Another clinical feature of MM contributing greatly to morbidity is a high
frequency of viral and bacterial infections owing to global immune suppression,
including immunoparesis (the suppression of polyclonal immunoglobulins), reduced
T cell diversity, and dysfunction of B cells, dendritic cells and NK (natural killer)

cells?3,

1.1.3 Disease stages
1.1.3.1 Monoclonal gammopathy of undetermined significance

MM is preceded by the premalignant PC proliferative disorder known as monoclonal
gammopathy of undetermined significance (MGUS). Three criteria must be met for
a diagnosis of MGUS: (1) Detectable serum monoclonal protein <3gm/dL, (2)
Detectable clonal BM PC <10%, and (3) No evidence of end-organ damage such
as CRAB features®. It is estimated that approximately 3% of the population aged
over 50 has MGUS?4, with a risk of progression to MM of 1% per year?®. The size
and type of M protein, number of BM PCs and serum free light chain ratio can help
to identify patients at risk of progression?®:27. The current standard of care for MGUS
patients is clinical monitoring for progression. Although treatment for MGUS is not
warranted, close monitoring can enable early detection of progression to MM?8,
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1.1.3.2 Smouldering multiple myeloma

Smouldering multiple myeloma (SMM) is an intermediate stage of disease between
MGUS and MM that is observed in some patients. For diagnosis with SMM, both of
the following criteria must be met: (1) Serum monoclonal protein (IgG or IgA)
=3gm/dL, or urinary monoclonal protein 2500 mg per 24h and/or clonal bone marrow
plasma cells 10-60%, and (2) absence of MDEs®. Progression from SMM to MM
occurs at a rate of approximately 10% per year over the first 5 years following
diagnosis, 3% per year over the next 5 years, and 1.5% per year thereafter. The
time to progression is influenced by cytogenetic subtype, and patients with
immunoglobulin heavy chain (IgH) translocation t(4;14) or deletions involving
chromosome 17p (del(17p)) are classed as high-risk and are likely to progress within
2 years?®. Recent studies have shown that treatment for high risk SMM patients can
significantly increase both progression free survival and overall survival3%-32,
However, a consensus decision on an approved treatment for SMM requires further
clinical studies. New recommendations suggest that high-risk patients should
participate in Phase Il randomised clinical trials to identify treatments that offer the

best overall survival advantage33-25.

1.1.3.3 Multiple myeloma

For a diagnosis of MM, both of the following criteria must be met: (1) Clonal bone
marrow plasma cells 210% or biopsy-proven bony or extramedullary plasmacytoma
and (2) Any one or more of the following MDEs: (a) Evidence of CRAB features, (b)
clonal bone marrow plasma cell percentage 260%, (c) involved: uninvolved serum
free light chain (FLC) ratio 2100 (involved free light chain level must be 2100 mg/L),
or (d) >1 focal lesions on magnetic resonance imaging (MRI) studies (at least 5mm
in size)®. MM patients at diagnosis are risk stratified according to the Revised
International Staging System (RISS), which combines tumour burden and disease
biology (cytogenetic abnormalities, lactate dehydrogenase levels and serum (32
microglobulin levels) to construct a unified prognostic staging system for clinical
decision making?. In addition to the RISS, the Mayo Stratification of Myeloma and

Risk-Adapted Therapy (nSMART) staging system (www.msmart.org) can be used

to stratify patients into high, intermediate and low risk groups to determine

therapeutic approach®’. The mMSMART staging system utilises cytogenetic


http://www.msmart.org/

abnormalities, RISS stage, plasma cell S-phase proportion and gene expression

profiling to define risk groups.

1.1.3.4 Plasma cell leukaemia and extramedullary disease

MM continues to evolve over both its disease course and in response to treatment.
In later stages of disease, malignant PCs can lose dependency on bone marrow
residency for growth and survival®®. MM PCs become detectable in blood, known as
plasma cell leukaemia (PCL), or in other soft tissues, known as extramedullary
disease (EMD). PCL was previously diagnosed based on the following diagnostic
criteria: 220% circulating plasma cells (CPCs) on peripheral blood smear and
plasma cell count=>2 x 10%/L3°. However, a recent study indicated no differences in
survival outcomes in patients with 5-19% CPCs compared to those with 220%
CPCs?. This has led to the revision of diagnostic criteria to 25% CPCs in peripheral
blood smears in patients otherwise diagnosed with symptomatic MM*1. When EMD
is suspected, a diagnosis can be achieved through whole-body X-ray or MRI, or
Bfluorodeoxyglucose (*¥F-FDG) PET/CT#2. EMD can be either paraskeletal, where
tumours protrude through cortical bone, or can have organ involvement, where
tumours develop at a distant soft tissue or organ site*3. A diagnosis of PCL and/or
EMD results in significantly worse prognosis for MM patients, and as such can affect

treatment decisions according to mMSMART4%: 43,

1.1.4 Treatment modalities

Over the past 20 years, the 5-year survival rate of MM patients has markedly
increased owing to the availability of novel therapeutic options#*. The two main
categories of drugs used to treat MM encompass immunomodulatory imide drugs
(IMiDs; thalidomide, lenalidomide and pomalidomide) and proteasome inhibitors
(bortezomib, carfilzomib and ixazomib)*®. Thalidomide and its derivatives bind to
cereblon (CRBN), resulting in degradation of transcription factors Ikaros family zinc
finger proteins, lkaros and Aoilos*®. This drives the anti-myeloma effects of IMiDs,
namely inducing MM PC apoptosis,*’ as well as promoting interleukin (IL)-2 and
interferon (IFN)-y secretion, which enhances T cell and NK cell activation®.
Proteasome inhibitors work by inhibiting NF-kB signalling, the accumulation of
unfolded proteins, endoplasmic reticulum stress, and the unfolded protein response,
resulting in apoptosis*®. Other drugs used for the treatment of MM include DNA
5



alkylating agents (melphalan and cyclophosphamide) and corticosteroids
(dexamethasone and prednisone)*°. Autologous stem cell transplant (ASCT) is also
part of MM standard of care, and its use has been expanded to encompass not only
younger patients but also elderly patients without significant co-morbidities®®.
Numerous treatment strategies have been developed combining these novel drugs

and ASCT to form induction, consolidation and maintenance regimens.

Treatment decisions for MM patients vary geographically and are constantly
evolving, but typical decisions for patients in the US are provided here. For newly
diagnosed MM patients, initial treatment decisions are based on eligibility for ASCT
and risk stratification*>. Transplant-eligible patients typically undergo 3-4 cycles of
induction therapy with bortezomib, lenalidomide and dexamethasone followed by
stem cell harvest*® 51, Patients can either then undergo ASCT or delay until first
relapse, however upfront ASCT is favoured in high-risk patients and patients with
advanced age, other co-morbidities and frailty>°. Fit older patients >65 years or
younger patients with co-morbidities can opt to undergo a reduced intensity
autologous transplantation using low dose melphalan prior to transplant®?. In
patients who are not candidates for ASCT, initial therapy typically involves 8-12
cycles of bortezomib, lenalidomide and dexamethasone®3. Following this, patients
typically undergo lenalidomide maintenance therapy, which results in significant
improvements in progression free survival®*. Due to the optimisation of these front-
line therapies, patients typically achieve a complete response and minimal residual

disease (MRD) negativity>®> 56,

Despite these improvements in MM patient response to treatment and survival rates
using modern combination therapies, almost all patients will inevitably relapse. A
panel of six expert physicians have defined the following criteria for biochemical
relapse: (1) increase of at least 25% in serum paraprotein, (2) increase of at least
25% in urine paraprotein, (3) increase of >25% in the difference between involved
and uninvolved FLC, or (4) increase in BM PCs by =210%, in patients affected by
non-secretory MM®’. Alternatively, relapse can be clinical, with evidence of at least
one CRAB feature. At the time of relapse, treatment choice is affected by many
patient-specific factors including patient age, cytogenetic profile, comorbidities,

aggressiveness of the relapse and most importantly, response to frontline
6



therapies®®. One of the most important considerations for the second line of therapy
is whether the patient is refractory to lenalidomide®®. At this point in the disease
history, that the use of emerging agents may be considered. These include the
second generation IMiD pomalidomide®®, and monoclonal antibodies targeting
SLAMF7 (elotuzumab)®' and CD38 (daratumumab and isatuximab)®® 62, For
patients not refractory to lenalidomide, preferred treatment is either daratumumab
or carfilzomib, plus lenalidomide and dexamethasone. For patient’s refractory to
lenalidomide, preferred treatments are pomalidomide, bortezomib and
dexamethasone or alternatively daratumumab or isatuximab, carfilzomib and
dexamethasone®®. At the time of first relapse, salvage ASCT should be considered
in combination with the use of multiple agents, particularly for patients who did not
receive ASCT as part of frontline therapy®3. Throughout the course of disease, MM
patients acquire resistance to treatments necessitating a third line, or more, of
therapy. Patients refractory to IMiDs, proteasome inhibitors and CD38 targeted

monoclonal antibody therapy have been shown to have a very poor prognosis®*.

In addition to therapy to treat MM itself, supportive care is also offered to treat the
clinical manifestations of the CRAB features as well as frequent infections.
Osteolytic bone lesions represent one of the most common complications of MM,
resulting in SREs. Bisphosphonates work by inhibiting osteoclast activity and are
used to limit osteolysis and minimise SREs®®. Hypercalcemia resulting from
osteolytic lesions can be treated by aggressive hydration, corticosteroids,
bisphosphonates and calcitonin®. Renal disease presents in many MM patients due
to light chains being filtered through the glomerulus, causing nephropathy. Early
reduction in FLC burden is associated with improved renal function, and therefore
the treatment for renal disease in MM is rapid initiation of chemotherapy, or in severe
cases, removal of FLCs through plasma exchange®’. MM patients experience
anaemia caused by BM PC expansion and chemotherapy, which disrupts
erythropoiesis®®. Anaemia is treated through the use of iron replacement, red blood
cell transfusions, and in some cases, erythropoietin-stimulating agents, although
these present an increased risk of thromboembolism®. MM patients suffer frequent
life-threatening infections, particularly during the first 3 months post-diagnosis and
upon relapse®. To mitigate the risks of infection, recommendations suggest that

MM patients should undergo vaccinations against common pathogens (e.g.,



influenza) either while in the MGUS stage or prior to therapy, as well as 6-12 months
after ASCT?3, Risk-adopted antimicrobial prophylaxis should also be considered. At
the first sign of infection, such as fever, a broad-spectrum antibiotic should be

administered while diagnostic tests are being performed.

1.1.5 Genetic aetiology

Myeloma is a genetic disease in which each patient displays a unique combination
of primary and secondary genetic events’®. These events drive the initiation of MM

and disease progression.

1.1.5.1 Primary genetic events

The initiation and progression of MM occurs due to genetic events that result in
changes to the intrinsic biology of PCs. PCs are terminally differentiated B-cells that
originate as pre-B-cells in the bone marrow, where their immunoglobulin heavy
chain (IgH) and light chain (IgL) genes are rearranged to generate a functional B-
cell precursor receptor’®. Following this, PCs migrate to the germinal centre of the
peripheral lymphoid organs, where they undergo affinity maturation in response to
antigens expressed by antigen presenting cells. After the initial contact of a B-cell
with its antigen, low affinity IgM is produced, and class switch recombination (CSR)
changes that isotype to IgG, IgA or IgE generating specific antibodies’. Together
with CSR, somatic hypermutation (SHM) induces point mutations in the rearranged
Ig genes of the B-cell precursor receptor, producing high affinity antibodies that bind
to specific antigens. CSR and SHM require activation induced deaminase (AID) and
are mediated by the introduction of double stranded breaks (DSBs) at the Ig loci’?.
In normal B-cells, DSBs are repaired locally through non-homologous end joining
(NHEJ). However, they can sometimes be joined to other DSBs occurring elsewhere
in the genome. MM PCs display heavily mutated Ig loci and aberrant chromosomal
translocations of IgH genes located at chromosome 14g3273 4. Some of these
translocations result in the juxtaposition of oncogenes and strong IgH promoters,
resulting in oncogene upregulation’®. The most common translocations, which occur
in more than 80% of MM patients and are used for risk stratification, are
t(11;14)(q13;q932), t(4;14)(p15;932), t(14;16)(q32;923) and t(14;20)(g32;q11)**. The

translocation t(11;14), occurs in 15-21% of newly diagnosed MM patients and



involves IgH and the proto-oncogene cyclin D1 (CCND1) on chromosome 1175 78,
This results in cyclin D1 upregulation, cell cycle progression from G1 to S phase,
and increased proliferation’’. t(11;14) MM has other unique biological features such
as an increased dependency on BCL-2 for survival, making MM PCs harbouring a
t(11;14) translocation more susceptible to targeting with the BCL-2 inhibitor
Venetoclax’®. The second most common translocation, t(4;14), results in aggressive
disease, and as such, the 11-15% of newly diagnosed MM patients harbouring this
translocation are stratified as high-risk?. The t(4;14) translocation results in
overexpression of nuclear SET domain—containing 2 (NSD2, also known as
WHSC1/MMSET) genes and fibroblast growth factor receptor 3 (FGFR3)7°. NSD2
overexpression results in epigenetic reprogramming of t(4;14) MM PCs and alters
cellular adhesion, proliferation and survival®®. Furthermore, a recent study suggests
that epigenetic reprogramming conferred by NSG2 overexpression contributes to
bortezomib resistance mechanisms in MM PCs harbouring the t(4;14)
translocation’®. Two common translocations present in <5% of newly diagnosed MM
patients, t(14;16) and t(14;20) result in upregulation of the MAF transcription factors
(MAF or MAFB)®&L. This in turn drives the overexpression of cyclin D2 (CCND2) and
APOBEC cytidine deaminases®.

Hyperdiploidy is another early genetic event affecting 50% of MM patients,
characterised by trisomies in one or more of the odd numbered chromosomes 3, 5,
7,9,11,13, 15,19, and 218L. Previous studies report that patients with hyperdiploidy
have better outcomes compared to those without®3 8, However, patients typically
present with overlapping cytogenetic abnormalities®®, and hyperdiploidy does not
abrogate the poor prognosis associated with other high risk cytogenetics®. IgH
translocations and hyperdiploidy are present from the stage of MGUS in most cases,
indicating that they are disease initiating events that are not sufficient on their own

to drive progression to MM®.

1.1.5.2 Secondary genetic events

MM patients also display several secondary genetic events, including MYC
translocations, copy number abnormalities (CNAs) and genetic mutations. While
translocations involving IgH are considered to be initiating genetic events, MYC

translocations are considered secondary owing to their presence in only 3% of
9



MGUS compared to 15% of MM patients®. MYC translocations lead to
overexpression of MYC, resulting in poor patient outcomes®. CNAs are
characterised by the gains and losses of genomic regions, and gain of the odd
numbered chromosomes is characteristic of hyperdiploidy8!. Although numerous
CNAs can be observed in MM patients at diagnosis not all are of prognostic
importance, with del(8p), del(11q), del(12p) and del(16q) being prognostically
neutral®. CNAs that confer adverse overall survival are del(1p), gain 1g, and
del(17p)®°. At diagnosis, approximately 10% of MM patients present with del(17p)°?,
which commonly confers mutations in the tumour suppressor gene p53 and results
in poor prognosis and extramedullary disease® %2, Gain 1qg occurs in 30-40% of MM
patients at diagnosis, and numerous oncogenes map to this genomic loci, however
no single gene has been implicated in 1q myeloma pathogenesis®3. Although gain
1q is not currently considered a cytogenetic risk factor, a recent study suggests that

patients stratified at RISS stage 3 with gain 1g21 have a very poor prognosis®.

Malignant changes to PC biology also arise due to the acquisition of single
nucleotide variants (SNVs) and insertion deletion mutations (in/dels). MM patients
have a high mutational load with over 400 somatic mutations documented on
average per patient®. Whole exome and whole genome sequencing studies have
identified significant inter-patient heterogeneity in mutated genes and a lack of
unifying driver mutations®: . RAS/MAP kinase pathway is the most frequently
mutated pathway in MM, as 21.2% of patients have mutations of KRAS, 19.4% of
NRAS and 6.7% of BRAF. KRAS and NRAS mutations are usually mutually
exclusive and do not influence prognosis®’. Other genes are mutated at lower
frequencies such as TP53 (3%), DIS3 (8.6%) and FAM46C (5.6%), and numerous

other genes are mutated at frequencies of <5% of MM patients.

Over the course of disease, MM PCs rapidly proliferate and continue to mutate,
giving rise to multiple generations of genetically distinct cellular populations, or
subclones®. Next generation sequencing studies of MM tumour samples provide
evidence of this, showing the existence of multiple genetically heterogeneous
subclones within each tumour®: 1%, Individual PC subclones harbour primary and
secondary genetic events as well as mutations in oncogenic driver genes, which are

believed to confer subclonal fitness, contributing to the subclones survival and
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outgrowth'%%, Genetic changes also deregulate many aspects of PC biology,
including expression of cell surface receptors and adhesion molecules, which
facilitate communication with the BM microenvironment’™. Clonal evolution is
thought to occur in a ‘Darwinian’ manner, with selection pressures from the BM
microenvironment driving subclonal competition for survival and resources!®2. This
highlights the importance of the bone marrow microenvironment in supporting MM

disease progression.

1.2 The bone marrow microenvironment

MM PCs reside almost exclusively in the bone marrow, where they rely on extrinsic
factors within their microenvironment to support PC proliferation and survival®. The
bone marrow is a complex microenvironment composed of cellular and non-cellular
components including endothelial cells, stromal cells, adipocytes, haematopoietic
cells, osteoblasts, osteoclasts, immune cells and extracellular matrix proteins©4,
The interaction of MM PCs with these different cell types is mediated by cell surface
receptors and ligands as well as cytokine signalling (Figure 1.1)1°5-107. MM PCs are
believed to reside within specialised niches in the bone marrow, where they take
advantage of the specific niche microenvironment to support disease

progression.

1.2.1 Bone marrow niches

The bone marrow microenvironment contains distinct regions termed “niches” that
differentially support the growth and differentiation of numerous cell types%® 119, The
two main bone marrow niches are the vascular niche, located close to the BM
vasculature, and the endosteal niche, located close to the endosteal bone
surface'®® 11 The vascular niche is a site with rich blood supply, where
hematopoietic stem cell (HSC) growth, differentiation and mobilisation to the blood
stream occurs''?, The endosteal niche is an extremely hypoxic environment,
populated by osteoblasts on the bone surface, which are able to maintain HSCs in
a quiescent or dormant state'!3. Results of a previous study found that when U266
human MM PCs were inoculated into immunodeficient mice, they preferentially

engrafted at the metaphyseal region of the endosteal bone surface, where they
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Figure 1.1: Interaction of MM PCs with other cell types in their bone marrow
niche. MM PC interacts with cellular and non-cellular components of the BM.
Arrows indicate secretion and/or effect on target cell. Key cell types, signalling
cascades and transmembrane proteins are represented. MM PC adhesion to
BMSC:s is facilitated by the CXCL12/CXCR4 axis. Adhesion stimulates BMSC
secretion of IL-6, IGF-1, VEGF and HGF, which support MM PC growth. MM PCs
inhibit osteoblast differentiation through secretion of DKK1, IL-7 and sFRP. MM
PCs also stimulate osteoclastogenesis resulting in excess bone resorption and
the formation of osteolytic lesions. Osteoclasts secrete OPN, IL-6, APRIL and
IGF-1, which promote MM PC proliferation. Tumour associated macrophages
also support MM PC growth through secretion of IL-6 and IL-10. T-helper 17 cells
are stimulated in the tumour microenvironment to produce IL-17, which promotes
MM PC proliferation. NK cell and cytotoxic T-cell function is suppressed by MM
PCs. MM PCs promote cytotoxic T-cell exhaustion through immune checkpoint
inhibitory pathways PD-L1/PD-1 and CD80/CTLA-4.
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initiated cell-cell interactions with osteoclasts and osteoblasts!'#. In addition to
osteoclasts and osteoblasts, other cell types such as bone marrow stromal cells
(BMSCs) and immune cells as well as extracellular matrix proteins form a MM
permissive microenvironment termed the “MM niche”%, Paracrine signalling
between MM PCs and these other cell types is mediated by an array of cytokines,
receptors and adhesion molecules'®>. However, further study is required to fully
elucidate the cell-cell signalling mechanisms that contribute to the initiation and

progression of MM.

1.2.2 Bone marrow stromal cells MM PCs interactions

Bone marrow stromal cells (BMSCs) are multipotent progenitors of skeletal tissue
components such as bone, cartilage, the haematopoiesis-supporting stroma, and
adipocytes®, BMSCs play an important role in the bone marrow homing and
retention of HSCs via upregulation of the chemoattractant CXCL121’. Notably,
evidence suggests that malignant PCs hijack this mechanism to support their own
BM homing, adhesion, and therapeutic resistance!'®. Expression of CXCL12 is
upregulated in MM patient BMSCs compared to healthy control cells, and its
corresponding receptor, CXCR4, is expressed by PCs of MM patients and human
MM cell lines!!® 120, Previous studies indicate that use of a CXCL12 inhibitor in vivo
reduced MM PC dissemination and engraftment at bone marrow sites??!, and that

use of a CXCR4 inhibitor in vivo increased circulating MM PCs122,

MM remains incurable owing to acquired resistance to therapy, which is, in part,
thought to be mediated by PC adhesion to BMSCs'?3. Studies have shown that
inhibition of either CXCR4 or CXCL12 can sensitise MM PCs to multiple
chemotherapeutic agents in vitro'?% 122,124 MM PCs are also known to express other
adhesion molecules that support their contact with BMSCs including ICAM-1, LFA-
1, VLA-4, LAM-1, and CD44'?5 126 |mportantly, adhesion of MM PCs to BMSCs
triggers NF-kB-dependent stromal cell secretion of interleukin-6 (IL-6), a potent
myeloma cell growth factor, resulting in MM PC proliferation°®. When co-cultured
with MM PCs, BMSCs also produce other growth and anti-apoptotic factors for MM
cells such as IGF-1, VEGF and HGF%3,

13



1.2.3 Osteoblast MM PC interactions

In normal physiology, osteoblasts and osteoclasts maintain homeostasis of bone
resorption and new bone formation. This process is dysregulated in MM, where MM
PCs suppress osteoblast function whilst simultaneously enhancing osteoclast
function, resulting in osteolysis!®. MM PCs inhibit bone-forming osteoblasts through
secretion of Dickkopfl (DKK1), interleukin 7 (IL-7) and Frizzled-related protein
(sFRP) 18 19, Additionally, transforming growth factor-g (TGF-B) is released from
bone matrices when bone is resorbed during osteolysis, and thus high levels of
TGF-B is present within MM osteolytic lesions'?’. TGF-B inhibits later phases of
osteoblast differentiation, preventing bone formation by mature osteoblasts. Results
from previous studies showed that inhibition of TGF- resulted in the differentiation
of mature osteoblasts, suppressed MM PC growth in a murine model of MM and
suppressed bone destruction'?®, Another study showed that contact with
osteoblasts can maintain murine MM PCs in a long term dormant state, and that
osteoclast remodelling of the endosteal niche is able to ‘release’ MM PCs from

dormancy in vivo'?°.

1.2.4 Osteoclast MM PC interactions

Osteoclastogenesis and resultant osteolytic lesions occur in parallel to MM disease
progression. MM PCs secrete the chemokines macrophage inflammatory protein
(MIP) -1a and -18, which stimulate osteoclastogenesis and bone resorption resulting
in osteolysis'®® 131, The MM bone marrow microenvironment displays a high level of
receptor activator of NF-kB ligand (RANKL) expression, which is secreted by MM
PCs themselves, as well as BMSCs and osteocytes. RANKL binds to RANK on
osteoclasts, increasing osteoclastogenesis and osteoclast activity*3?. Yaccoby, et
al., found that co-culture of osteoclast precursor cells with MM PCs from MM patient
bone marrow resulted in osteoclastogenesis as well as enhanced MM PC
proliferation and survival'®’. Osteoclasts secrete CCR2 chemokines and growth

factors that directly support MM PC growth, including OPN, IL-6, APRIL and IGF-
1133, 134_

1.2.5 The immune microenvironment in MM
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MM PC evasion of the host immune system enables their unchecked proliferation
and survival within the bone marrow. The bone marrow immune microenvironment
is composed of cytotoxic CD8+ T-cells, T-helper cells, regulatory T-cells, regulatory
B-cells, NK cells, dendritic cells and tumour-associated macrophages?!3> 136, MM
PCs nurture an MM permissive immune microenvironment characterised by
widespread immune cell dysfunction, the progressive exhaustion and dysfunction of
T-cells and NK cells, which prevents their anti-tumour cytotoxicity*3"-139, Other
immune cell types, including T-helper cells and tumour associated macrophages,
are reprogrammed by MM PCs to directly support tumourigenesis. Abundant IL-6
and TGF-f in the MM tumour microenvironment stimulate the production of T-helper
17 (Th17) cells, which produce the pro-inflammatory cytokine interleukin 17 (IL-
17)140, IL-17 is expressed in the peripheral blood of MM patients and has been
shown to promote the proliferation of human MM cell lines in vitro, as well as
promote  osteoclastogenesis and osteolysis'*® 141, Tumour-associated
macrophages support MM PC growth through secretion of the pro-tumourigenic
cytokines IL-6 and IL-10 and are also able to promote MM angiogenesis when
exposed to VEGF#2 143, Importantly, CD4+ regulatory T-cells (Tregs) and CD8+
cytotoxic T-cells have been identified as cell types that play a significant role in MM

immune suppression!37 144,

1.2.6 T-cells in MM

Results from a previous study indicate that immune cell populations are
heterogeneous between MM patients and dynamic across disease stages, with
greater proportions of Tregs and cytotoxic CD8+ T-cells identified during MM
disease progression®®. Furthermore, the ratio of Th17 cells to Tregs has been
shown to impact patient survival. To this end, newly diagnosed patients with a higher
frequency of Tregs showed reduced progression free survival'#® 146, Although the
function of Tregs in MM requires further elucidation, studies have shown that a
skewed Th17/Treg ratio, defined by increased Treg populations, resulted in CD8+
T cell suppression, particularly in response to an IMID treatment regime'4’. In
addition, a recent study showed that Treg depletion, prior to MM PC administration,
prevented tumour engraftment'*®. Immune checkpoint proteins, expressed by
cancer cells, are commonly upregulated as a mechanism of immune subversion,

enabling cancer cells to escape detection by the host immune system#°. PD-1 is an
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immune checkpoint receptor expressed by CD4+ and CD8+ T cells, and its ligand
PD-L1 is expressed by macrophages, dendritic cells and many types of cancer cells
150 The PD-1/PD-L1 interaction inhibits T cell proliferation, promotes T cell
apoptosis and thereby prevents the cytotoxic ability of T cells *°1. PD-L1 and another
immune checkpoint protein, cytotoxic lymphocyte antigen 4 (CTLA-4), have been
identified as attractive therapeutic targets to stimulate an anti-myeloma immune

responsel®2 153,

1.2.7 Cellular dormancy in MM

Dormancy in cancer can be defined either by overall tumour growth arrest, called
tumour dormancy, or by the growth arrest of a single cancer cell, called cellular
dormancy*>4. Cellular dormancy in myeloma occurs when MM PCs do not progress
through the cell cycle, do not divide and reside long term within specialised bone
marrow niches. Dormant MM PCs are thought to reside at the endosteal niche
where they are maintained in a dormant state whilst in contact with osteoblasts'?°.
Populations of dormant MM PCs residing in the bone marrow following a therapeutic
response is clinically recognised as minimal residual disease (MRD), which is
monitored to evaluate remission status?®®. Cancer cell dormancy enables MM PCs
to evade targeting by the immune system and chemotherapy, and subsequently
become reactivated, resulting in the frequent incidence of clinical disease relapse in
myeloma patients'®8. Therapeutic targeting of dormant MM PCs may be an effective
way to control MM patient relapse. This could be achieved by understanding the
mechanisms of dormancy to either maintain dormancy long term or reactivate cells

prior to conventional therapy to target actively dividing cells.

1.3 The TAM receptors
1.3.1 TAM receptor biology

The TAM receptors, Tyro3, Axl and Mer represent a distinct tyrosine kinase cell
surface receptor family*®’. The extracellular domains of the TAM receptors are
composed of two structural modules that are configured in a defining two-plus-two
combination (Figure 1.2)!%8. The amino-terminus regions of these domains carry
tandem immunoglobulin-related domains that mediate ligand binding, followed by

tandem fibronectin type Il repeats?®®. TAM receptors have a single pass trans-
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membrane domain and carry a catalytically competent tyrosine kinase domain,
which is activated following ligand binding'°8 169, The TAM receptors have multiple
known ligands, including growth arrest specific-6 (Gas6), Protein S (Pros1) %8
Tubby, Tubby-like protein (TULP1) and Galectin-316% 162, The most well
characterised TAM receptor ligands are Gas6 and Prosl. As these ligands are both
secreted by osteoblasts, an important component of the MM niche 163 164 and are
both implicated in cancer 165168, they will be the focus of this study. Gas6 and Pros1
are structurally homologous proteins that bind phosphatidylserine on the external
membrane of apoptotic cells!®®. The glutamate-rich Gla domains of Gas6 and Pros1
are post-translationally y-carboxylated in a vitamin K dependent reaction, which
enables them to bind phosphatidylserine and subsequently bind and activate TAM
receptors. Of note, phosphatidylserine is expressed on the surface of cancer cells
including MM PCs due to uncontrolled cell division, dysregulated membrane
trafficking pathways and increased cell death pathway signalling’% 71, Activation of
a TAM receptor is coupled with activation of a downstream signalling pathway,
commonly the phosphoinositide 3 kinase (PI3K)/Akt pathway or alternatively the
JAK/STAT pathway!®® 172, TAM receptor activation results in binding and
phosphorylation of growth factor receptor bound protein 2 (Grb2), which acts as an
adaptor protein, coupling the activated receptor to other signalling proteins'’3. TAM
receptors can also directly bind to the p85 subunit of PI3K or recruit the p85 subunit
of PI3K through an SH3 (Grb2)-proline-rich domain (p85) interaction'’. Mobilization
of the p85/p110 PI3K complex then results in the downstream phosphorylation and
activation of Akt!®®. These pathways are required for TAM receptor-mediated
regulation of cell survival and proliferation, and engulfment of apoptotic cells by

phagocytes?3 175,176

1.3.2 TAM receptors in normal physiology

Early knowledge about TAM receptor function in normal physiology can be attributed
to studies on TAM receptor knockout mice. TAM receptor triple knockout mice
develop broad spectrum autoimmune disease in the first 3 weeks of life, which is
thought to be the result of an uncontrolled inflammatory response and a build-up of
apoptotic cells resulting in tissue necrosis’’. This is thought to be due to the
necessity of TAM receptor expression by dendritic cells and macrophages for

phagocytic clearance of apoptotic cells 178 179,
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Figure 1.2. TAM receptor and ligand structure. The N-terminal Gla domain of
Gas6/Pros1 (blue) is y-carboxylated and binds phosphatidylserine on the surface
of an apoptotic cell, photoreceptor (PR), virus or MM cancer cell. Gas6/Pros1
binds the TAM receptor (red) through its C-terminal sex-hormone binding globulin
(SHBG) domain, inducing dimerization of the TAM receptor immunoglobulin (1g)
domain followed by tandem fibronectin type Ill repeats (FNIII repeats). Activation
of the tyrosine kinase domain of the TAM receptor is coupled with activation of

downstream signalling pathways (modified from Lemke, G., 20131%8).
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These triple TAM knockout mice also developed male infertility resulting from the
loss of TAM receptor function in Sertoli cells. Male infertility is thought to be the
result of the progressive death of differentiating germ cells in the testes, which are
normally supported by Sertoli cells, as well as an inability of Sertoli cells to clear
apoptotic germ cells generated during meiosis'®. Mer knockout mice develop
blindness in the first few months of life as most of their photoreceptors are lost due
to cell death'8l. Mer expressed by retinal pigment epithelial (RPE) cells is essential
for the maintenance of photoreceptors by facilitating the phagocytosis of
photoreceptor outer segments by RPEs. A recent study of skeletal muscle
regeneration, following injury, in Mer knockout mice revealed a reduced capacity for
phagocytic clearance of apoptotic cells by infiltrating macrophages, resulting in
delayed tissue repair'®?. Together, these studies indicate that the main functions of
TAM receptors expressed by a number of different cell types is to facilitate
phagocytosis and inhibit inflammation as part of the innate immune system?&3,
Phagocytic clearance, mediated by TAM receptors, is facilitated by Gas6 or Pros1,
which serve as bridging molecules that physically link a TAM receptor to
phosphatidylserine, simultaneously activating the TAM receptor'8. PISK/AKT
pathway signalling is then initiated, which is involved in mitogenic signalling,
intracellular vesicle trafficking and cytoskeleton remodelling, essential for
phagocytosis of apoptotic cells by macrophages'’?. Although TAM receptor
functions are essential for normal physiology, TAM receptors and ligands are also
expressed by many types of cancer cells'® 184187 where their functions are

exploited by the tumour to support cancer development and disease progression.

1.3.3 Gas6 and Pros1 signalling in cancer

Gasb6 has been shown to regulate cancer cell proliferation and enhance cancer cell
survival in many cancers, including myeloma, acute myeloid leukaemia (AML) and
prostate cancer 164 166,188,189 Cancer cells within the bone marrow can secrete and
utilise their own Gas6 through autocrine signalling mechanisms as well as respond
in a paracrine manner to Gas6 produced from accessory cells such as bone marrow
stromal cells and osteoblasts. Co-culture of AML cells with bone marrow stromal
OP-9 cells promoted the upregulation of Gas6 in the stromal cell line. This stromal
cell-derived Gas6 was found to contribute to the chemoprotective and proliferative

effects of bone marrow stromal cells on AML cells **°. Elevated Gas6 expression in

19



whole patient blood or bone marrow samples is also a marker of poor clinical
outcomes in adult AML patients, with most patients = 60 years of age, which display
elevated Gas6 expression being unable to achieve complete remission!ot.
Exogenous Gas6 induced Gi cell cycle arrest, reduced cell proliferation and
enhanced survival of human prostate cancer cell lines treated with a
chemotherapeutic agent!®. Interestingly, knockdown of Gas6 in human myeloma
cell lines RPMI-8226 and U266 resulted in rapid cell death, showing that these
myeloma cell lines are reliant on Gas6 for survival'®®, Exogenous Gas6 increased
the proliferation of RPMI-8226 cells in vitro'®, and transgene-mediated
overexpression of Gas6 in U266 cells also significantly increased growth of the cell
line in vivo'®. As Gas6 mRNA expression is upregulated in bone marrow PCs of
both MGUS and MM patients, compared to healthy controls, Gasé may be an
attractive therapeutic target to limit PC growth and improve outcomes for the

majority of MM patients 166 188,

Prosl is overexpressed in human papillary thyroid cancer cell lines and human lung
cancer cell lines, compared to healthy control cell lines!®% 193, In human lung cancer
cell lines, Prosl signals through Mer or Tyro3 to promote migration and colony
formation in vitro193, Prosl1 has not yet been studied in MM, and its expression by
MM patient PCs is currently unknown. Further study is required to fully elucidate the

functional roles of TAM receptor and ligand signalling in MM cells.

1.3.4 Role of Axl in cancer

Elevated Axl expression in several cancer types has been identified as a marker of
poor prognosis. A recent study found that liver cancer patients with high Axl
expressing-tumours have significantly reduced overall survival in comparison with
those that have low Axl expression®®*. Analysis of Axl expression in tumours from
head and neck cancer patients revealed an inferior prognosis for patients with high
Axl expression who are treated with surgery alone!%. Furthermore, high Axl
expression in BM or peripheral blood from acute myeloid leukaemia patients was
also associated with poor overall survival*®. Given that Axl expression can confer
poor prognosis in some cancers, numerous studies have made efforts to understand
the functional role of Axl in cancer. Studies in several different cancer types indicate
that Axl expression is associated with cancer cell metastasis, therapeutic resistance
and dormancy.
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Axl has been shown to promote the migration of prostate and breast cancer cells,
both of which commonly metastasise from the primary site of tumour to secondary
sites within the bone marrow 19619 Axl knockdown in human prostate cancer cell
lines PC3 and Dul45 significantly reduced cell migration across transwells in
vitro'®® 197 Similarly, recent studies have found that treatment with Axl monoclonal
antibodies attenuated the in vitro migration of breast cancer?°, ovarian cancer and
non-small-cell lung cancer cell lines?®t. Treatment with Axl inhibitors in murine
models of triple negative breast cancer suppressed the metastasis of breast cancer
cells, particularly to sites within the bone marrow!%: 199, Metastasis of MM PCs to
new bone marrow sites involves processes similar to the bone metastasis of solid
tumour cells?%2, Therefore, investigating the role of Axl in MM PC migration,

particularly to secondary sites in vivo, is warranted.

Numerous previous studies have identified that Axl expression, by cancer cells,
confers resistance to therapy. A previous study found that Axl is phosphorylated in
epidermal growth factor receptor (EGFR) mutant non-small-cell lung cancer cells
when they are treated with an EGFR inhibitor?®3, AxlI knockdown in these EGFR
mutant non-small-cell lung cancer cells sensitised them to EGFR inhibitor treatment,
indicating that Axl expression may be responsible for EGFR inhibitor resistance.
Additionally, activation of Axl and the tyrosine kinase receptor, RON, promoted
prostate cancer resistance to androgen deprivation therapy (ADT)?%4. Findings of
this study indicated that RON was able to recruit Gas6-expressing macrophages to
the tumour microenvironment, resulting in Gas6/Axl signalling and ADT resistance.
Another recent study found that a dual Axl and FLT3 inhibitor was more effective
than a FLT3 inhibitor alone to limit the growth of FLT3-mutant acute myeloid
leukaemia (AML) cell lines in vitro and AML patient xenografts in vivo?%®, These
studies suggest that the use of Axl inhibitors, in combination with other existing
therapies, may offer clinical benefit to cancer patients and should be explored in

further studies.

Axl expression has been shown to regulate dormancy in metastatic human prostate

cancer and melanoma cell lines in vitro and in vivo 164 185, 206, 207 pProstate cancer
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cells commonly disseminate from the primary site of tumour to the bone marrow,
where they enter into a state of long term cellular dormancy 22, The ability of the
Gas6/Axl axis to regulate prostate cancer dormancy may be mediated by
interactions with other ligands and receptors. Co-culture with osteoblasts induces
prostate cancer cell dormancy and upregulation of both TGF- ligands (TGF-1 and
TGF-B2) and their receptors (TGF-BR2 and TGF-BR3) in prostate cancer cells, and
these effects were abrogated by shRNA mediated Axl knockdown?%. Taken
together, these data suggest that Axl expression may regulate TGF-B-induced
dormancy in human metastatic prostate cancer. Interestingly, Axl overexpression in
the PC3 human prostate cancer cell line was shown to significantly delay, but not
prevent, tumorigenesis in an in vivo model of disseminated prostate cancer®,
Melanoma cells commonly metastasise to the lungs in later stages of disease,
where cells undergo short periods of dormancy prior to disease progression?°8, A
recent study found that the non-canonical WNT5A signalling pathway is required for
dissemination of melanoma cells and dormancy induction in the lungs of mice?°. It
was found that WNT5A and Axl are commonly co-expressed in melanoma cell lines,
and that Axl expression may be regulated by WNT5A signalling. Furthermore,
inducible overexpression of Axl in melanoma cells in vivo resulted in the formation
of small non-proliferative micrometastases in the lungs compared to the control,
which developed larger proliferative metastases. The first evidence of the
association of Axl with myeloma dormancy was presented by Lawson, et al.,*?® who
identified Axl as one of the most highly upregulated genes in a bone marrow resident
dormant subpopulation of 5TGM1 murine MM cells.

1.3.5 Role of Axl in MM PC dormancy

Although novel therapeutic agents have improved outcomes for MM patients in the
last two decades, MM remains an incurable malignancy and patients experience
frequent disease relapse?'°. Relapse has been attributed, in part, to a subpopulation
of dormant malignant PCs that do not divide and reside long term within specialised
niches in the bone marrow!®¢ 122, As these cells do not undergo cell division, they
evade conventional therapies, which target rapidly dividing cells, and their
persistence results in MRD?!1, Dormant MM PCs can be selectively reactivated
following stochastic changes within the bone marrow such as osteoclast mediated

bone turnover 2% 212, These cells then re-enter the cell cycle and undergo rapid cell
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division, contributing to new tumours throughout the skeleton giving rise to what is
clinically recognised as relapse. Factors that initiate and sustain myeloma
dormancy, as well as regulate the molecular switch between cellular dormancy and

reactivation, are not well characterised.

Axl has been identified as one of the most upregulated genes in dormant
subpopulations of 5TGM1 murine myeloma cells in vivo 12° 213, GFP+ 5TGML1 cells
were labelled with DID, a heritable dye that is shared between daughter cells, and
cells were intravenously administered to C57BL/KaLwRijHsd (KaLwRij) mice?!3,
The 5TGM1 cells subsequently home to the bone marrow where they form multiple
myelomatous tumours, recapitulating many aspects of human MM disease. The
bone marrow of mice was harvested after 21 days, cells were assessed by flow
cytometry, and cells that had retained the DID label and therefore had not divided
were considered 5TGM1 GFP+ DiD" dormant cells. As well as Axl, the other genes
that were highly upregulated in this dormant cell subset were the transcription
factors Irf7 and Spic, and the adhesion molecules and receptors Fcerlg, Mpegl,
Sirpa and Vcaml. Of note, Axl is expressed at low levels by human MM PCs, with
an increased level of Axl expression identified in MM PCs of patients with MGUS
compared to MM or relapsed MM166: 213, This is consistent with Ax| being expressed
by a subpopulation of dormant human MM PCs rather than by the proliferative PCs
making up most of the tumour mass. From the panel of dormancy associated genes
identified by Khoo, et al.,?*® Axl was chosen for targeting with a small molecule
inhibitor, BMS-777607. However, BMS-777607 is not Axl specific, and also targets
Met?'4, Tyro3, Mer?*®, and Ron?!6, Therefore, treatment with BMS-777607 in vivo
has the ability to target Axl, Tyro3, Mer, Met and Ron on 5TGML1 cells, in addition
to, for example, Axl expressed by macrophages?!’, and Met expressed by
osteoblasts?!8, cells which form part of myeloma supportive niches in the bone
marrow. Targeting Axl with BMS-777607 in the KaLwRij model of MM reduced the
proportion of dormant 5TGM1 DiD" dormant cells and increased MM PC burden in
the bone marrow. This observation is consistent with Axl expression by 5TGML1 cells
being necessary for dormancy maintenance. However, these data have not yet been

supported by a more Axl- specific genetic knockdown or knockout studies.
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1.3.6 Role of Mer in cancer

Mer expression has been identified in numerous cancers®® 186 215 219 gnd its
expression is associated with poor prognosis in hepatocellular carcinoma??°. Mer
inhibition using either siRNA or a small molecule inhibitor, UNC2250, reduced cell
proliferation of mantle cell lymphoma cell lines in vitro??1, Treating mice with
UNC2250 slowed disease progression in a xenograft model of mantle cell
lymphoma. Furthermore, the use of UNC2250 sensitised mantle cell ymphoma cells
to the chemotherapeutic agents, vincristine and doxorubicin in vivo, resulting in
significant reductions in tumour size. In a xenograft model of acute myeloid
leukaemia, treatment with a Mer inhibitor reduced leukemic burden and increased
survival time??2. When this treatment was combined with the chemotherapeutic
agent methotrexate, the effects on tumour burden and survival were even more
pronounced. Similarly, knockdown of Mer in non-small cell lung cancer xenografts
promoted apoptosis and improved chemotherapeutic efficacy??3. Other studies in
hepatocellular carcinoma??® and pancreatic cancer??* have also noted reduced cell
proliferation in vitro when cancer cells were treated with Mer small molecule
inhibitors. These studies establish that Mer promotes cancer cell proliferation,
survival and chemotherapy resistance. In addition, these studies demonstrate the
efficacy of Mer small molecule inhibitors in limiting in vivo tumour burden both alone

and in combination with chemotherapeutic agents.

1.3.7 Mer in cancer cell escape from immune surveillance

Recent studies implicate Mer in the promotion of an immune-suppressive tumour
microenvironment by regulation of immune checkpoint signalling through the PD-
1/PD-L1 axis "> 18 Immune checkpoint proteins are negative regulators of the
immune system, which maintain self-tolerance and minimise damage to tissues
during an immune response to pathogens 22° 226, Immune checkpoint proteins are
commonly upregulated in cancer as a mechanism of immune subversion, enabling
cancer cells to escape detection by the host immune system 14°. PD-1 is expressed
on T cells, and is the receptor for the ligand PD-L1, which is expressed by
macrophages, dendritic cells and many types of cancer cells *°. The PD-1/PD-L1
interaction inhibits T cell proliferation, promotes T cell apoptosis and thereby
prevents the cytotoxic ability of T cells 1. The PD-1/PD-L1 pathway is commonly
upregulated in cancer, where it inhibits the activity of tumour reactive T cells,
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preventing tumour rejection 225 227 228 MM patients, stratified as high risk and
patients with advanced disease, have high T cell expression of PD-1 22°
Furthermore, human and murine MM PCs express high levels of PD-L1 230, PD-
1/PD-L1 inhibitors have been successful in a number of cancers, but clinical trials
involving these inhibitors have been put on hold in MM due to high toxicities of PD-
1 and PD-L1 inhibitors in combination with other immunomodulatory IMIiD drugs
used for MM treatment, such as lenalidomide?3!. As there is evidence that the PD-
1/PD-L1 axis may be facilitating MM PC escape from immune surveillance, the
exploration of alternative strategies to exploit this pathway in MM may bypass the

toxicities associated with direct PD-1/PD-L1 inhibitors.

Interestingly, Mer expression has been shown to upregulate PD-L1 on the cell
surface of cancer cells themselves 175 186. 232 The combined use of a pan-TAM
kinase inhibitor and an anti-PD-1 antibody in a murine model of breast cancer
showed increased tumour infiltration of effector T cells and decreased tumour
burden and lung metastasis compared to either monotherapy treatment 232, Mer
inhibition in a murine model of acute lymphoblastic leukaemia (ALL) decreased PD-
L1 expression on the cell surface of bone marrow macrophages and monocytes?!2,
Mer inhibition also decreased PD-1 expression on T cells and increased both CD4+
and CD8+ T cell activation. Mer inhibition in vivo in an immune competent C57BL/6
model of AML inoculated with Mer-negative ALL cells also significantly prolonged
survival time, but had no effect in an immune compromised NSG model inoculated
with the same Mer-negative cells 8. These data demonstrate an immune-mediated
therapeutic effect of Mer inhibition in ALL. Furthermore, results of a previous study
indicated that in murine models of non-small cell lung cancer and pancreatic cancer,
triple therapy, using radiation therapy, a Mer inhibitor and a PD-1 inhibitor produced
the longest overall survival and reduced tumour burden?33. Triple therapy increased
cytotoxic T-cell and NK cell populations, and it was found that these cell types were

essential for treatment efficacy.

1.3.8 Role of Mer in MM pathogenesis

The uncontrolled proliferation of clonal PCs is a process central to MM tumour
development. Previous studies identified that the Gas6/Mer axis promotes the

proliferation of human MM PCs'66 188 Malignant PCs from most MM patients
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express both Gas6 and Mer at the mRNA level, with Gas6 expression increased
compared to that seen in healthy control PCs 166. 188 The RPMI-8226 human
myeloma cell line, which expresses Gas6 and Mer, shows an increase in cell
proliferation in vitro upon Gas6 overexpression'%6, as well as when supplied with a
source of exogenous Gas6 . Mer knockdown in human myeloma cell lines RPMI-
8226 and U266 reduced cell proliferation, even in the presence of stromal cell
conditioned media rich in Gas6® 18 Furthermore, in the orthotopic U266 in vivo
model of MM, knockdown of Mer or therapeutic blockade of Gas6 using Warfarin
significantly reduced tumour burden and increased survival time in vivo'®6, Taken
together, these data suggest that both Gas6 and Mer are drivers of myeloma cell

proliferation both in vitro and in vivo.

Recent studies identify a potential role for the Gas6/Mer axis in potentiating MM PC
resistance to bortezomib. One study utilised scRNAseq analyses to evaluate the
molecular features of an optimal vs. sub-optimal response to bortezomib?34.
Communication patterns analysis indicated that a source of Gas6 from MM PCs is
predicted to signal through Mer expressed by macrophages in the tumour
microenvironment. Of note, this signalling pathway was enriched in both the MM
microenvironment compared to the healthy microenvironment, as well as in patients
with a sub-optimal response to bortezomib. Another study found that heme-
oxygenase 1 (HO-1) upregulates Gas6 expression in Gas6 and Mer expressing
human MM cell lines RPMI8226 and U2662°. HO-1 inhibition or siRNA knockdown
in these human myeloma cell lines downregulated Gas6 expression. Furthermore,
combined treatment of RPMI8226 cells or primary human MM PCs with a HO-1
inhibitor and bortezomib significantly reduced cell viability in comparison to

bortezomib treatment alone.

Gas6 and TAM receptor signalling, mainly through Mer, has recently been
implicated in regulating the immunosurveillance of MM. Natural killer (NK) cell
function is commonly supressed in late stage MM, contributing to MM PC immune
escape?3. The NK cell stimulatory receptor NGKD2 is activated by binding of its
ligand MICA, which is expressed by MM cells. Interestingly, Gas6/Mer signalling
was found to downregulate MICA expression in human MM cell lines SKO-007(J3),

U266 and ARPL1, identifying a potential mechanism of NK cell suppression by MM
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PCs?%’. Thus, Mer expressed by MM PCs may function not only as a pro-proliferative
receptor stimulated by Gas6, but also as a regulator of MM immune evasion. Further
characterisation of the potential role of Mer in facilitating MM PC immune evasion

through regulation of T-cell or NK-cell inhibitory pathways is warranted.

1.4 Summary and aims

MM is a haematological malignancy characterised by the uncontrolled proliferation
of antibody-secreting plasma cells in the bone marrow?. Although treatment options
and overall survival of patients has improved over the past 20 years, almost all
patients will inevitably relapse. Significant inter-patient genetic heterogeneity is
observed in MM, with few unifying clinically actionable genetic events®: %7102 There
is a pressing need to fully elucidate the molecular mechanisms underlying MM PC
proliferation and dormancy to identify novel drug targets. Expression of the TAM
tyrosine kinase receptors Axl and Mer by cancer cells has been implicated in the
pathogenesis of lung cancer??® 238 preast cancer® 2 prostate cancer!® 23° and
leukaemia?®> 240, |In the 5TGM1/ KaLwRij murine model of MM, Axl is expressed by
a subpopulation of dormant 5TGM1 MM cells'?® 213, When KalLwRij mice were
treated with a small molecule inhibitor with targets including Axl, 5TGM1 cells were
released from dormancy, resulting in increased BM tumour burden?3. The role of
AXxl in initiating and maintaining MM PC dormancy will be investigated in this study
using Axl-positive and Axl-negative 5TGML1 cell lines. The Mer/Gas6 axis has been
shown to promote human MM PC proliferation in vitro and increased tumour burden
in vivo'®8. In other cancers, Mer has been shown to play a role in immune checkpoint
inhibition through modulation of PD-L1 expression®. This study will investigate the
role of Mer in both MM PC proliferation and immune evasion using Mer-positive and
Mer-negative 5TGML1 cell lines in immune competent and immune compromised

mouse models.
The studies in this thesis were designed to address the following aims:

(1) To generate, using CRISPR Cas9 and retroviral transduction, single Axl and Mer

receptor expressing 5TGM1 MM cell lines as well as a ‘TAM null’ cell line.

(2) To investigate the role of Axl expression by 5TGM1 MM cells in the induction of
cellular dormancy.
(3) To investigate the role of Mer expression by 5TGM1 MM cells on cell

proliferation and MM disease progression.
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2. Materials and Methods
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2.1 Molecular biology

2.1.1 RNA techniques

2.1.1.1 RNA isolation

For isolating total RNA from 5TGM1, OP9 and MC3T3-E1 cell lines, 5 x 10° cells
were lysed in 0.5 mL of TRIzol™ Reagent (Invitrogen) and 0.1 mL of chloroform was
added. Following vigorous shaking and a 3 minute incubation, the mixture was
centrifuged at 12,000 x g and 4°C for 5 minutes, and the agueous phase was
collected. RNA was precipitated by adding 0.25 mL of isopropanol and incubating
at room temperature for 10 minutes. The RNA was pelleted by centrifugation at
12,000 x g and 4°C for 15 minutes and then washed with 75% (v/v) ethanol. The
RNA was resuspended in UltraPure™ DNase/RNase-Free Distilled Water (nuclease
free (NF) water; Invitrogen). The concentration of RNA in solution was determined
by measuring the absorbance at 260 nm on a NanoDrop™ 8000 Spectrophotometer
(Thermo Fisher Scientific). RNA was stored at -80°C.

2.1.1.2. RNA isolation from bone marrow and compact bone

For isolating RNA from bone marrow and compact bone of C57BL/KaLwRij and
NSG mice (section 2.3.1) femora and tibiae from both hind limbs were cleaned and
crushed in PFE buffer (Phosphate Buffered Saline (PBS), 2% FCS, 2mM
ethylenediamine tetraacetic acid (EDTA) pH 7.4) using a mortar and pestle. The
bone marrow containing cell suspension was then passed through a 70um filter and
RNA was isolated as described in section 2.1.1.1. Bone fragments were transferred
to a petri dish, covered with 4-5 drops of 3 mg/mL collagenase Type Il (Gibco), 0.2%
(w/v) DNase | (Sigma) in PFE buffer for 5 minutes. Bone fragments were manually
chopped into smaller fragments with the use of a scalpel and then transferred to a
50 mL falcon tube and 2 mL collagenase/Dnasel was added. Bone fragments were
then incubated for 45 minutes at 37°C with gentle shaking. 30 mL ice cold PFE
buffer was added to bone fragments and released cells and centrifuged for 10
minutes at 400 x g. Bone fragments were resuspended in 1 mL TRIzol™ Reagent

and incubated on ice for 15 minutes. RNA was isolated according to 2.1.1.1.
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2.1.1.3. RNA DNase Treatment

RNA underwent DNase treatment with RQ1 DNase (Promega) as per

manufacturer’s instructions prior to cONA manufacture.

2.1.1.4 cDNA synthesis and quantitative Reverse Transcription polymerase

chain reaction

To quantitatively assess messenger RNA (mRNA) levels, quantitative reverse
transcription polymerase chain reaction (q-RTPCR) was performed. Firstly, total
RNA (2 pg) was reverse transcribed into single-stranded complementary DNA
(cDNA) using SuperScript™ |V Reverse Transcriptase (Invitrogen). The RNA
sample was resuspended in a total volume of 12 uL of NF water and 1 uL each of
random hexamers (50uM), and deoxyribonucleotide triphosphate (ANTP) mix (10
mM) were added. The solution was incubated at 65°C for 5 minutes and immediately
chilled on ice for at least 2 minutes. A mix containing 4 pL of 5x RT buffer, 1 yL of
0.1 M DTT and 1 pL of SuperScript™ IV enzyme (200 U) was then added to the
denatured RNA. This reaction mixture was incubated for 10 minutes at 23°C, 10
minutes at 55°C and 10 minutes at 80°C. It was then diluted to a total volume of 0.1
mL with NF water and either used immediately for downstream applications or
stored at —80°C. Negative control minus reverse transcriptase reactions were

performed concurrently for all samples.

Secondly, qPCR was performed, with each 15 L reaction containing 2 uL of cDNA,
1x RT? SYBR® Green gPCR Mastermix (QIAGEN), 0.5 uM forward primer, 0.5 uM
reverse primer in NF water in a 96-well clear PCR plate (Bio-Rad). Primer
sequences are listed in Table 2.1. All cDNA samples were analysed in triplicate.
Minus reverse transcriptase and no template control (NTC) reactions were included
for each sample and target gene, respectively. Reactions were performed on the
QuantStudio™ 3 Real-Time PCR System (Thermo Fisher Scientific) using the
following cycling parameters: 50°C for 2 minutes; 95°C for 15 minutes; 40 cycles of
95°C for 15 seconds, 60°C for 25 seconds and 72°C for 10 seconds; and 72°C for
3 minutes. A melt curve was then performed in which there was an incremental
increase of 0.5°C/5 seconds from 65°C to 95°C. Relative changes in gene

expression were assessed using the 2*2Ct method.?*!
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Table 2.1: g-RTPCR primer sequences

_ Forward/reverse primer sequences (5’ -

Gene Species

3)

AAGATGTGGACGAGTGCCAG/
Gas6 Mouse

GCGTAGTCTAATCACGGGGG

TCCAAAGAGCGTGCTTCACA/
Prosl Mouse

TGGAATGAGCCAACACGGAA

. GGAGCTTATCCTGGCCCAAC/

Galectin-3 Mouse

GGCATGACTCCTCCAGGCAA

ACCCAGAAGACTGTGGATGG/
GAPDH Mouse

CAGTGAGCTTCCCGTTCAG

TGACACTGGCAAAACAATGCA/
Hprt Mouse

GGTCCTTTTCACCAGCAAGCT

TCCGTGGATCCAGCCACTTC/
PD-L1 Mouse

TTGCCCTGGCTGTGATCTCC

GAAGTGTACACCGTAGACGT/
PD-L2 Mouse

ACTTGGACACTAGGGATGTG

GACTTCAGGTGACCCTCCAG/
Galectin-9 Mouse

ACTCTGACCTCTGCACCAGG

TCCGTGGATCCAGCCACTTC/
TNFSF-9 Mouse

TTGCCCTGGCTGTGATCTCC

CAGGCAGCCTGTTTGGAAGA/
ICOS-L Mouse

TCCCTGGAGACTTGTAAGGC

CTCTTGTGGCTGTCTTCCAC/
PVR Mouse

GCCTCTGCAGTGTTCTTAGG

2.1.2 DNA techniques

2.1.2.1 Genomic DNA extraction

Genomic DNA was extracted from clonal 5TGM1 Axl and Tyro3 knockout cell lines
using the DNEasy Blood and Tissue Kit (QIAGEN) according to manufacturer’s
instructions. The concentration of DNA in solution was determined by measuring the
absorbance at 260 nm on a NanoDrop™ 8000 Spectrophotometer (Thermo Fisher
Scientific). DNA was stored at -20°C.
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2.1.2.2 Polymerase chain reaction

PCR was performed using Phusion™ DNA Polymerase (New England Biolabs), with
each 50 pL reaction containing 100-200 ng genomic DNA, 0.2 mM dNTPs, 0.5 uM
forward primer, 0.5 uM reverse primer, 1x HF Buffer and 1.25 U DNA polymerase
in NF water. NTC reactions were performed for each target gene and primer
sequences are listed in table 2.2. Reactions were performed on a Veriti™ Thermal
Cycler (Thermo Fisher Scientific) using the following cycling parameters: 98°C for
30 seconds; 35 cycles of 98°C for 10 seconds, 55°C for 30 seconds and 72°C for
30 seconds; and 72°C for 10 minutes. The PCR products were then visualised by
agarose gel electrophoresis. A gel was cast containing 2 % (w/v) agarose in TAE
buffer (40 mM Tris base, 20 mM acetic acid and 1 mM ethylenediamine tetraacetic
acid (EDTA) pH 8.2) and 1:10,000 RedSafe™ (Intron Biotechnology) for DNA
visualisation. The PCR products (10 pL) were mixed with 6x Gel Loading Dye (New
England BioLabs), loaded into the gel, resolved by electrophoresis and visualised
using a Gel Doc™ XR+ Imager (Bio-Rad).

Table 2.2 PCR primer sequences

_ Amplico
Gene Forward/reverse primer sequences (5’ - 3’) )
n size
AxI (mutation | CGTACTCTTCACTCCTAGTT/ 616bp
screening) CTGAGTTGCTTTCCCTAACT
Tyro3 (mutation | AACAGAATCCTGCCTCTTGC/ 560bp
screening) AGAAAGGGTGAGCTAGAAGC

TGGTGAATTCAGGATGGGCAGGGTCCCGCT | 1273bp
/
CCTGGGCGCCAGGGCTCTAGGGGCACAGG
A
GCCCTGGCGCCCAGGGCAAGGACAGCCAC | 1424bp
Axl -3’ (cloning) | T/
GAAGCCGCGGTCAGGCTCCGTCCTCCTGCC
GCACGAATTCCACCATGCCGCCACCGCCCG | 2046bp
Gas6 (cloning) GG/
GCTCCATATGGGGGGTGGCATGCTCCACAG

Axl - 5’ (cloning)
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CATCGAATTCGCAATGAGGGTCCTGAGC/ 2045bp
GAGTCCGCGGATTCTTCTGGATCTTCCT
GGCCACATGTTGAGCAAGGGCGAGGAGG/ 700bp
mPlum (cloning) | GATCGCGGCCGCTCTAGGCGCCGGTGGAG
T

Pros1 (cloning)

2.1.2.3 Restriction enzyme digest

Restriction digests of DNA were routinely performed by digesting 1 ug of DNA with
10 units of restriction enzyme (New England BioLabs) in the supplied digestion
buffer and in a total reaction volume of 50 uL. The reaction was incubated at the
optimum temperature for 1 hour. The restriction enzyme was then inactivated by
heat, where applicable, or the products were immediately resolved by agarose gel
electrophoresis, as described in section 2.1.2.2, and gel purified using the
UltraClean® 15 DNA Purification Kit (MO BIO Laboratories), according to the

manufacturer’s instructions.

2.1.2.4 Ligation

Ligations were routinely carried out in a total volume of 10 pL, containing insert and
vector DNA at an insert:vector molar ratio of 3:1, 1x T4 DNA Ligase Reaction Buffer
and 1 pL (400 U) of T4 DNA ligase (New England BioLabs). The ligation reaction
mix was incubated at 4°C overnight. A negative control reaction containing no insert

was also performed to assess the levels of vector re-ligation.

2.1.2.5 Preparation of chemically competent E. coli JIM109 cells

Frozen Escherichia coli IM109 cells were streaked onto a LB agar plate, made using
Difco LB Broth Lennox and Bacto™ Agar (BD Biosciences), and incubated at 37°C
overnight. A single colony was inoculated into 2 mL of LB (Luria-Bertani) broth and
grown in a 37°C shaking incubator overnight. This starter culture was used to
inoculate 40 mL of LB broth and was grown in a 37°C shaking incubator until the
culture reached ODesoo = 0.6. The bacteria were incubated on ice for 15 minutes,
then pelleted at 4,000 x g and 4°C for 5 minutes. The cell pellet was then
resuspended in 40 mL of ice-cold Tfbl buffer?*> (KOAc 30mM, KCI 100mM,
CaCl22H20 10mM, MnCl24H20, Glycerol 15%, pH 5.8), incubated on ice for 5

minutes and pelleted again. The bacteria were resuspended in 4 mL of ice-cold Tfbll
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buffer?42 (MOPS 10mM, CaCl22H20 75 mM, KCI 10mM, Glycerol 15%, pH 6.5) and
incubated on ice for 15 minutes. Aliquots were frozen and stored at -80°C until

required.

2.1.2.6 Transformation of competent cells

A 100 L frozen aliquot of chemically competent E. coli JIM109 cells per ligation was
thawed on ice for 5 minutes. The ligation reaction was added to a 100 pL aliquot of
bacterial cells, mixed gently and incubated on ice for 30 minutes. The cells were
then heat-shocked at 42°C for 90 seconds and placed back on ice for 5 minutes.
Following this, 200 pyL of LB broth was added to the cells and incubated for 30
minutes in a 37°C shaking incubator. The cells were then spread onto a LB agar
plate containing 100 pg/mL ampicillin (Sigma-Aldrich) and incubated at 37°C
overnight. Transformed colonies were picked and used to inoculate LB broth for

subsequent plasmid purification.

2.1.2.7 Purification of plasmid DNA from bacteria

For small scale plasmid DNA extractions from bacteria, buffers P1, P2 and P3
(QIAGEN) were used to perform alkaline lysis-based mini-preps. Transformed
colonies (section 2.1.2.6) were inoculated into 2 mL LB media and incubated
overnight at 37°C in a shaking incubator. 1.5 mL bacteria was then centrifuged for
1 minute at 17,000 x g. The media was discarded and the bacterial pellet
resuspended in 300 ul buffer P1. 300 pl buffer P2 was added and samples were
incubated for 5 minutes at room temperature. 300 ul ice-cold buffer P3 was then
added to each sample followed by a 5 minute incubation on ice. Samples were
centrifuged for 10 minutes at 17,000 x g, 4°C and clear supernatant containing
plasmid DNA was transferred to a fresh tube containing 700 ul isopropanol and
samples were incubated for 10 minutes on ice. Samples were centrifuged at 17,000
x g for 10 minutes at 4°C, and supernatant was discarded. The plasmid DNA pellet
was then washed with 70% (v/v) ethanol and resuspended in NF water. For medium
scale plasmid DNA extractions from bacteria, the PureLink™ HiPure Plasmid Filter
Midiprep Kit (Invitrogen) and PureLink™ HiPure Precipitator Modules (Invitrogen)

were used to perform midi-preps, according to the manufacturer’s instructions.
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2.1.2.8 Sanger sequencing

Plasmids/linear DNA fragments, PCR products and appropriate primers were
provided to the Australian Genome Research Facility (AGRF), which undertook the
Sanger sequencing reactions and generated sequencing chromatograms. Analysis
of the sequencing data was performed using the publicly available A plasmid Editor

software (https://jorgensen.biology.utah.edu/wayned/ape/).

2.1.2.9 Generation of expression vectors

Ax| and Tyro3 sgRNA expression vectors

The MIT CRISPR design tool (http://crispr.mit.edu) was used to select Axl and Tyro3

single guide RNAs (sgRNAs). Two sgRNAs targeting exon 1 of Axl were designed
and one sgRNA for exon 2 of Tyro3 was designed (Table 2.3). The top and bottom
strands of sgRNA oligonucleotides were phosphorylated and reannealed in a
mixture with a total volume of 10 pL containing 100 uM of each top and bottom
sgRNA oligonucleotide, 1x T4 DNA Ligase Reaction Buffer and 1 pL (400 U) of T4
Polynucleotide Kinase (PNK; New England BioLabs). The reaction was performed
in a Veriti™ Thermal Cycler (Thermo Fisher Scientific) using the following cycling
parameters: 37°C for 30 minutes; 95°C for 5 minutes; ramp down to 25°C at 5°C
per minute. Oligonucleotide duplexes with Bbsl overhangs were diluted 1:200 in NF
water and then ligated into the Bbsl digested px458.SFFV.cer2 vector, a derivative
of pSpCas9(BB)-2A-GFP2%3, Ligations were performed as described in section
2.1.2.4.

Table 2.3 Axl and Tyro3 sgRNA sequences

G Forward/reverse primer sequences (5’ -
ene

3’), sgRNA underlined

CACCGGTGGTTGGCGCTGTGCTGC/
Axl sgRNA #1

AAACGCAGCACAGCGCCAACCACC

CACCCTGGGGGTGTGCAGCCCATA/
Axl sgRNA #2

AAACTATGGGCTGCACACCCCCAG

CACCTGGACACCTGGCTTGCATTC/
Tyro3 sgRNA

AAACGAATGCAAGCCAGGTGTCCA
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HA-tagged Gas6 pRufiG2 expression vector

The murine Gas6 coding sequence was amplified from a 1:1 mixture of OP9 cell
line-derived and MC3T3-E1 cell line-derived cDNA by PCR (Table 2.2) such that the
product contained the Gas6 open reading frame with the start codon forming part of
an EcoRI site and the stop codon being replaced by an Ndel site. The EcoRI and
Ndel flanked Gas6 insert and the HA-tag-containing pRufiG2 retroviral vector?4
were then EcoRI and Ndel digested and ligated to generate the pRufiG2.Gas6-HA
vector, which encodes Gas6 with an in-frame C-terminal HA tag.

HA-tagged Prosl pRufiG2 expression vector

The murine Prosl coding sequence was amplified from a 1:1 mixture of OP9 cell
line-derived and MC3T3-E1 cell line-derived cDNA by PCR (Table 2.2) such that the
product contained the Prosl open reading frame with the start codon forming part
of an EcoRl site and the stop codon being replaced by a Sacll site. The EcoRI and
Sacll flanked Prosl insert and the HA-tag-containing pRufiG2 vector were then
EcoRI and Sacll digested and ligated to generate the pRufiG2.Pros1-HA vector,
which encodes Pros1 with an in-frame C-terminal HA tag.

Ax| pRufimCh?2 overexpression vector

The murine Axl coding sequence was amplified from 5TGM1 cell line-derived cDNA
by PCR (Table 2.2) in two 5 and 3’ segments overlapping at a natural Kasl
restriction site. The 5’ product contained the Axl open reading frame with the start
codon forming part of an EcoRlI site and ending at the Kasl restriction site. The 3’
product contained the Axl open reading frame starting at the Kasl restriction site and
ending with a Sacll site replacing the stop codon. The 5’ segment of Axl was blunt
ligated into the pGEM-T vector (Promega) according to manufacturer instructions.
The 5’ Axl containing pGEM-T vector and the 3’ Axl segment were Kasl and Sacll
digested and ligated to generate a pGEM-T vector encoding full length Axl. The
EcoRI and Sacll flanked full length Axl encoded in the pGEM-T vector and the
pRufimCh2 vector were then EcoRI and Sacll digested and ligated to generate the

pRufimCh2.AxI vector.

Mer pRufimCh2 overexpression vector

A pRufimCh2.Mer vector previously generated by Dr. Duncan Hewett was provided

for this study.
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Gas6 pRufimPlum overexpression vector

GFP was removed from the pRufiG2.Gas6 vector by digestion with Ncol and Notl
followed by gel purification of the vector away from the GFP insert using the
PureLink™ Gel Extraction Kit (Invitrogen). mPlum was amplified using PCR (Table
2.2) from the FgH1tUTP vector (Addgene; #70183) such that the product contained
the mPlum open reading frame with the start codon forming part of a Pcil site and a
natural Notl site following the stop codon. Pcil and Notl digested mPlum, and Ncol
and Notl digested pRufi.Gas6 were ligated to generate the pRufimPlum.Gas6

vector.

2.1.3 Protein Techniques

2.1.3.1 Western blotting

An appropriate amount of protein lysate was mixed with reducing buffer (50 mM
Tris-HCI pH 7.4, 10% glycerol (v/v), 2% sodium dodecyl sulphate (SDS) (w/v),
0.02% bromophenol blue (w/v) and 5% B-mercaptoethanol (v/v)) and denatured by
boiling for 4 minutes. Proteins were loaded into 10% SDS-polyacrylamide gel
electrophoresis (PAGE) gels in Tris-Glycine-SDS running buffer (0.3% (w/v) Tris-
HCI, 1.44% (w/v) glycine and 0.1% (w/v) SDS, pH 8.3). To resolve the proteins, gel
electrophoresis was performed using the Mini-PROTEAN™ [lI System (Bio-Rad).
Proteins were transferred from the gel to a nitrocellulose 0.45 um membrane (Bio-
Rad) using the Mini Trans-Blot® Electrophoretic Transfer Cell (Bio-Rad). The
transfer was performed in transfer buffer (10% (v/v) Tris-Glycine Buffer (Biorad),
20% methanol (v/v) and 0.02% (w/v) SDS, pH 8.3) at 100 V and 4°C for 1 hour.
Following the transfer, the membrane was incubated with membrane blocking buffer
(5% (w/v) skim milk powder in 1x TBST buffer (50 mM Tris-HCI pH 7.5, 150 mM
NaCl and 0.1% TWEEN 20) at room temperature for 1 hour. The blocked membrane
was then probed with primary antibody (Table 2.4) at an optimised concentration in
membrane blocking buffer with rocking and at 4°C overnight. For blots expected to
have low signal intensity, the primary antibody was diluted in Solution 1 from the
SignalBoost™ Immunoreaction Enhancer Kit (Merck). Following 4 washes in TBST,
the blot was incubated with an appropriate DyLight-680/800-conjugated secondary
antibody (Thermo Fisher Scientific) diluted 1:10,000 in TBST, or Solution 2 from the

enhancer kit, with rocking and at room temperature in the dark for 1 hour. The blot
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was again washed 4 times in TBST and then imaged using the Odyssey® CLXx
Imager (LI-COR).

Table 2.4 Primary antibodies used for western blotting

Target | Source Concentration | Company ﬁgtalogue
HA-tag | Monoclonal 1:1,000 Merk Millipore 05-904
mouse
Monoclonal _ Cell Signalling
Tyro3 rabbit 1:500 Technology D38C6
B-Actin | Monoclonal 1:2,500 Sigma-Aldrich A1978
mouse

2.1.3.2 Immunoprecipitation

Conditioned media from NIH3T3 cells overexpressing HA-Gas6 or HA-Pros1 was
collected as described in section 2.2.2. 10 mL of conditioned media was pre-cleared
by adding 50 pL Protein G Sepharose™ 50% slurry (GE Healthcare) in PBS and
incubated under rotation and at 4°C for 2 hours before being transferred to a new
tube. 10 yL HA-tag antibody (Table 2.4) was added and the conditioned media was
incubated under rotation overnight at 4°C. The antibody/antigen complex was then
captured by adding 50 pL Protein G Sepharose™ 50% slurry in PBS and incubated
under rotation for 2 hours at 4°C. The Sepharose was pelleted by centrifugation at
1000 x g for 2 minutes at 4°C, the depleted media was discarded and the pellet was
washed twice in ice cold Hanks Buffered Salt Solution (HBSS; Sigma) 40 uL of 2x
reducing buffer (section 2.1.3.1) was added and the mixture was denatured at 100°C
for 3 minutes. The Sepharose was pelleted by centrifugation at 200 x g for 1 minute
at 4°C and the eluates were resolved in a SDS-Page gel and subjected to western

blotting using an anti-HA-tag primary antibody as described in section 2.1.3.1.

2.1.3.3 Enzyme linked immunosorbent assay (ELISA)

ELISAs to assess Gas6 secretion in NIH3T3 HA-Gas6 conditioned media and
mouse serum were performed using a Mouse Gas6 ELISA Kit (Abcam; ab155447)
according to manufacturer’s instructions. Conditioned media was added to the
ELISA plate undiluted. Mouse serum was collected as described in section 2.3.3
and was diluted 1:100 prior to use.

38



2.2 Cell culture techniques

2.2.1 Maintenance of cells in culture

All cell lines were maintained in a humidified environment at 37°C in the presence
of 5% CO2 and were manipulated within a class Il biological safety cabinet. Unless
otherwise specified, all cell culture reagents were sourced from Sigma-Aldrich and
all media were supplemented with 2 mM L-glutamine, 100 U/mL penicillin, 100
pg/mL streptomycin, 1 mM sodium pyruvate, and 10 mM HEPES buffer. All cell lines
were tested for mycoplasma infection using a MycoAlert™ Mycoplasma Detection

Kit (Lonza) prior to use and were maintained in culture for a maximum of 3.5 weeks.

2.2.1.1 Mouse myeloma 5TGML1 cell line

The murine MM 5TGM1 PC line was originally kindly provided by Assoc Prof Claire
Edwards (University of Oxford, UK). 5TGM1 cells expressing both GFP and
luciferase were previously generated using the retroviral expression vector NES-
TGL?*, To generate a basal 5TGM1 cell line with enhanced BM tropism, 5TGM1
cells were previously injected i.v. into C57BL/KaLwRij (KaLwRij) mice (section
2.3.1.1) and those present 4 weeks later in the long bones of the hind limbs were
purified by flow cytometry and expanded. 5TGM1 cells were maintained in Iscove’s
Modified Dulbecco’s Medium (IMDM) with 20% fetal bovine serum (FBS, Thermo
Fisher Scientific), which is termed complete IMDM. The cells were sub-cultured

every 2-3 days to maintain a concentration of 0.2-2 x 108 cells/mL.

2.2.1.2 Mouse adherent cell lines

The mouse BM stromal cell (BMSC) line OP9 and the mouse fibroblastic cell line
NIH3T3 were maintained in Dulbecco's Modified Eagle Medium (DMEM) with 10%
FBS (complete DMEM). The pre-osteoblastic cell line MC3T3-E1 was maintained in
Roswell Park Memorial Institute 1640 (RPMI) medium with 10% FBS. Medium was
renewed every 2-3 days and confluent monolayers were split at a sub-cultivation
ratio of 1:5. Briefly, cells were harvested by rinsing with sterile HBSS followed by
addition of 0.05% (v/v) trypsin-EDTA. Cells were incubated at 37°C for 1-5 minutes,
depending on the time taken to detach from the culture flask. Trypsin activity was

then neutralised by the addition of FBS-containing medium and detached cells were
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pelleted at 400 x g for 5 minutes. The cell pellet was resuspended in fresh complete
DMEM and an appropriate aliquot of the cell suspension was added to a new culture
flask.

2.2.1.3 Human embryonic kidney HEK293T cell line

HEK293T cells were cultured in complete DMEM and cells were sub-cultured every
2-3 days by trypsinisation, as described in section 2.2.1.2.

2.2.1.4 Co-culture of 5TGML1 cells with MC3T3-E1 cells

MC3T3-E1 cells were seeded into complete IMDM as described in section 2.2.1.2
and allowed to adhere to the flask. 5TGML1 cells were seeded onto the sub confluent
MC3T3-E1 monolayer at a density of 2 x 10° cells/mL. Every 2 days 5TGM1 cells
were harvested and placed onto a fresh subconfluent monolayer of MC3T3-E1 cells
by repeated washing with complete IMDM and vigorous agitation of the flask until
<5% of 5TGM1 cells remained adhered to the MC3T3-E1 monolayer by visual

inspection under a microscope.

2.2.2 Generating NIH3T3 and MC3T3-E1 conditioned medium

NIH3T3 HA-EV, NIH3T3 HA-Gas6 or NIH3T3 HA-Pros1 cell lines were cultured in
complete IMDM with the addition of 10 uM Vitamin K2 (V9378; Sigma Aldrich) and
1 mM Calcium Chloride (Merck) for 72 hours. When conditioned media was to be
used in WST-1 assays (section 2.2.5.2) cells were cultured in phenol-red free IMDM.
Media was collected and passed through a 0.22 um filter before being aliquoted and
stored at -80°C or used immediately. MC3T3-E1 cells were cultured in complete
IMDM for 48 hours, and media was collected and passed through a 0.22 um filter

before being used immediately.

2.2.3 Generating apoptotic cells
Apoptotic cells were generated by resuspension of GFP negative parental 5TGM1
cells at a density of 1x108 cells/mL in serum free IMDM containing 20% DMSO

followed by a 2 hour incubation at room temperature. Cells were centrifuged at
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400 x g for 5 minutes and the cell pellet was washed once in serum free IMDM
before being centrifuged again and resuspended in serum free IMDM. Cells were
then stained for Annexin V as described in section (2.2.5.5).

2.2.4 Generating genetically modified cell lines

2.2.4.1 Generation of Axl and Tyro3 knockout 5TGML1 cell lines using CRISPR-
Cas9

5TGML1 cells were seeded in 6-well plates at a density of 2 x 10° cells/mL in 4 mL
complete IMDM. 4 ug of Axl- or Tyro3-sgRNA containing px458.SFFV.cer2, 100 pyL
IMDM and 20 pL Polyfect™ Transfection Reagent (QIAGEN) were mixed gently and
incubated at room temperature for 10 minutes, followed by the addition of 600 pL
IMDM. The mixture was added dropwise to 5TGM1 cells before the cells were
incubated at 37°C with 5% COz2 for 48 hours and then washed with complete IMDM.
Successfully transduced GFP*Cer* cells were isolated by FACS on a FACSAria™
Fusion (BD Biosciences) and single cells were deposited into 96-well plates. Clonal

cell lines were propagated as described in section 2.2.1.1.

2.2.4.2 Generation of NIH3T3 cells overexpressing Gas6 or Prosl

HEK?293T cells (2 x 106 cells/transfection) were seeded into 6 cm culture dishes in
complete DMEM 24 hours prior to transfection. The cells were then transfected with
5 ug of either Gas6- or Prosl- encoding pRufiG2 vector or the empty vector and 5
Mg each of the murine packaging plasmids pGP (Takata Bio Inc.) and pCMV-ECO-
ENV?246 using Lipofectamine 3000 (Invitrogen), according to the manufacturer’s
instructions. After 48 hours, medium containing retrovirus was collected from the
transfected HEK293T cells and filtered through a 0.45 um surfactant-free cellulose
acetate membrane filter (Thermo Scientific). NIH3T3 cells were seeded into T75
flasks at 1 x 10* cells/cm? and allowed to adhere to the flask before virus-containing
media was added and cells were incubated at 37°C with 5% CO:2 overnight. The
cells were washed with complete DMEM and expanded in culture. Following another
wash, the NIH3T3 cells underwent fluorescence activated cell sorting (FACS) for
GFP protein expression, which indicated successful transduction with the pRufiG2
viruses, on a FACSAria™ Fusion (BD Biosciences). Subsequent sorts were
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conducted, where appropriate, until a pooled cell line consisting of > 90% GFP*
NIH3T3 cells was obtained.

2.2.4.3 Generation of Axl and Mer expressing 5TGM1 cell lines

Infectious viral particles for either Axl- or Mer- encoding pRufimCh2 or the empty
vector were generated according to section 2.2.4.2. 5TGM1 TAM null cells were
seeded at a density of 2x10° cells/mL in 2.5 mL in complete IMDM containing
polybrene (16 pg/mL; Sigma Aldrich) into in a 6-well plate, and 2.5 mL virus-
containing media was added dropwise. The 5TGM1 TAM null cell-virus mixtures
were centrifuged in the 6-well plate at 1,000 x g at room temperature for 1 hour and
then incubated at 37°C with 5% CO2 overnight. The cells were washed with
complete IMDM and expanded in culture. The 5TGM1 TAM null cells were sorted

for GFP and mCherry expression as described in section 2.2.4.2.

2.2.4.4 Generation of differential Mer and Gas6 expressing 5TGM1 cell lines

Infectious viral particles for either Gas6 encoding pRufimPlum or the empty vector
were generated according to section 2.2.4.2. Transfection of 5TGM1 Mer only or
5TGM1 EV cells with the pRufimPlum retroviruses was conducted as described in
section 2.2.4.3. The modified 5TGM1 TAM null cells were sorted for GFP, mCherry

and mPlum expression as described in section 2.2.4.2.

2.2.5 In vitro assays
2.2.5.1 Luciferase assay

Basal bioluminescence of cell lines was quantitated by assessing the luciferase
activity of clonal 5TGM1 Axl-, Tyro3- or double- knock out cell lines. 100 pL of
5TGM1 cells were seeded at 5x107 cells/mL in triplicate in complete IMDM in
opaque black walled clear bottomed 96-well plates. Firefly D-Luciferin substrate (30
mg/mL in PBS, Biosynth) was diluted 1:100 in complete IMDM, and 100 pL per well
was added 20 minutes prior to imaging the plates using the IVIS® Spectrum In Vivo
Imaging System and Living Image® Software v4.5.5 (PerkinElmer). The background
total flux (photons per second) of media only wells were subtracted from that of the

wells containing 5TGML1 cells.
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2.2.5.2 WST-1 proliferation assay

5TGM1 cell lines were plated at 1 x 10° cells/mL in triplicate in 100 pL of complete
phenol-red free IMDM supplemented with 10mM Vitamin K and 1mM calcium, or
50% NIH3T3 ligand enriched conditioned IMDM (section 2.2.2) in 96-well plates and
incubated at 37°C with 5% CO.. Every 24 hours from 0 to 72 hours, 10 yL of WST-
1 Reagent (Roche) was added to all the relevant wells of one plate, which was then
returned to the incubator for 2 hours. Following the incubation, the absorbance of
each well at 450 nm was measured using the iMark™ Microplate Absorbance
Reader (Bio-Rad) and the plate discarded. The background was subtracted from
the absorbance values and the fold-change in absorbance was calculated relative
to day 0.

2.2.5.3 Migration assay

Transwell and migration assays were performed in 24-well plates with 8 pum pore
transwells (Corning). For transwell assays, 5 x 10° 5TGM1 cells in 1% FBS IMDM
were seeded into the upper chamber of transwells in triplicate. The cells were
allowed to migrate towards the lower chamber containing 20% IMDM only or 20%
IMDM with the addition of 100 ng/mL recombinant mouse Gas6 (R&D
Systems,8310-GS) or 100 ng/mL recombinant mouse Prosl (R&D Systems, 9740-
PS) for 24 hours. The contents of the bottom chamber were then transferred to
FACS tubes and CountBright™ Absolute Counting Beads (ThermoFisher) were
added. GFP+ events per 1000 bead events were measured for each sample on a
BD FACS Symphony™ flow cytometer using FACSDiva™ software v8.0 (BD
Biosciences), and absolute GFP+ cell number per well were calculated according to

manufacturer’s instructions.

2.2.5.45TGM1 single colour immunofluorescence staining and flow cytometry

5TGM1 cells were harvested from culture, washed and resuspended in ice-cold PFE
buffer. 5TGM1 cells at 1 x 107 cells/mL were incubated with flow cytometry (FC)
blocking buffer (1:100 mouse gamma globulin (Jackson ImmunoResearch) in PFE
buffer) on ice for 30 minutes. Aliquots of 1 x 10° cells in 0.1 mL of FC blocking buffer
were then incubated with the appropriate amount of primary antibody (Table 2.5) on
ice for 30 minutes. Cells were washed twice with 2 mL of chilled PFE buffer and

43



then resuspended in 0.1 mL of 1:100 biotinylated rabbit anti-rat IgG (#BA-4001,
Vector Laboratories) in PFE buffer. Following a 30 minute incubation cells were
washed twice more with 2 mL of chilled PFE buffer and then resuspended in 0.1 mL
of 1:100 Streptavidin-BV421 secondary antibody (#563259, BD Biosciences) in PFE
buffer. Following a 15 minute incubation on ice and in the dark, cells were washed
twice with 2 mL of chilled PFE and then resuspended in 0.2mL PFE. The percentage
of BV421+ GFP+ cells were assessed for a minimum of 50,000 cells per sample on
a BD FACS Symphony™ flow cytometer using FACSDiva™ software v8.0 (BD
Biosciences) and the data was analysed using FlowJo v10.0.8 software (FlowJo,
LLC).

Table 2.5 Primary antibodies used for 5TGM1 cell immunostaining

Target | Source Conjugate Concentration | Company | Cat no.
Axl Monoclonal | ;. iugated | 1:20 R&D MAB8541
rat Systems
Mer Monoclonal | ;. niugated | 1:20 R&D MAB5912
rat Systems
PD-L1 'r\gl?”oc'ona' Unconjugated | 1:100 Biolegend | 124301

Thermo
Isotype | Rat 19G2a Unconjugated | 1:20 Fisher 13472485
control | (kappa) o

Scientific
Isotype Rat IgG2b | Unconjugated | 1:20 Biolegend | 400602
control

2.2.5.5 Annexin V and 7-AAD viability staining

5TGML1 cells were centrifuged at 400 x g for 5 minutes and resuspended in 200 pL
Annexin V binding buffer (HBSS, 1% HEPES, 5mM CacClz buffer). Annexin V-PE
(BD Pharminogen) and 7-AAD Viability Dye (Beckman Coulter) both diluted 1:10 in
Annexin V binding buffer were added to cells in suspension. Cells were incubated
for 20 minutes on ice in the dark before being centrifuged and resuspended in 0.2
mL binding buffer. Unstained, single stained and double stained controls were
prepared for gating cell populations. Cells were analysed on an LSRFortessa™ ||
flow cytometer using FACSDiva™ software v8.0 (BD Biosciences) and the data was

analysed using FlowJo v10.0.8 software (FlowJo, LLC).
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2.2.5.6 DID labelling assay

5TGM1 cells were harvested from culture and resuspended at 1x10° cells/mL in
PBS. 5 ul Vybrant™ DiD Cell-Labeling Solution (Molecular Probes) per 1 mL of cell
suspension was added and cells were incubated at 37°C with 5% CO:2 for 20
minutes. 5TGM1 cells were then washed in PBS and cultured as described in
section 2.2.1.1. 5TGM1 cells were assessed for GFP+ DiDhi cell populations at day
0 and day 10 on a BD FACS Symphony™ flow cytometer using FACSDiva™
software v8.0 (BD Biosciences). For MC3T3-E1 co-culture assays, DiD labelled
5TGM1 cells were seeded at 2x10° cells/mL onto a subconfluent monolayer of
MC3T3-E1 cells. At day 0 and day 7 non-adherent 5TGM1 cells were removed by
washing twice with IMDM and agitation, and GFP+ DiDhi cells were assessed. For
assays using MC3T3-E1 conditioned media, media was collected as described in
section 2.2.2. DiD-labelled 5TGM1 cells were then seeded at 2x10° cells/mL into
50% conditioned media, and GFP+ DiDhi cells were assessed at day 0 and day 7.

2.2.5.7 Cell cycle analysis

5TGM1 cells were cultured overnight in normal media, or NIH3T3 conditioned media
collected as described in section 2.2.2. 5TGM1 cells were harvested from culture
and resuspended at 1x10° cells/mL in complete IMDM. Hoescht and Pyronin Y
double staining was used to identify cell cycle phases GO, G1, S, and G2/M by
cellular DNA and RNA content.?*” Hoescht 33342 (Sigma) was added to a final
concentration of 10 pg/mL and samples were incubated at 37°C for 45 minutes in
the dark. Pyronin Y (Sigma) was then added directly to cells at a final concentration
of 2ug/mL and samples were incubated at 37°C for 45 minutes in the dark. 5TGM1
cells were then washed with ice cold PFE and resuspended in 0.3 mL PFE. The
proportion of cells in cell cycle phases GO, G1, G2 and M were then assessed
according to cellular DNA and RNA content on a BD FACS Symphony™ flow
cytometer using FACSDiva™ software v8.0 (BD Biosciences) and the data was

analysed using FlowJo v10.0.8 software (FlowJo, LLC).

45



2.3 Animal techniques

2.3.1 In vivo models of MM tumour growth
C57BL/KaLwRij.Hsd (“KaLwRij”) mice, originally kindly provided by Prof Andrew

Spencer (Monash University, Australia) were rederived, bred and housed at the
SAHMRI Bioresources Facility. NOD.CgPrkdcscd|12rg™Wil/SzJ (“NSG”) mice were
purchased from the SAHMRI Bioresources Facility. All procedures were performed
with the approval of the SAHMRI Animal Ethics Committee. In all studies, the mice

in different experimental groups were age- and sex-matched as far as was possible.

2.3.1.1 5TGM1 cells in KaLwRij and NSG mice intravenous and intratibial

models

For intravenous (i.v.) delivery, 5TGM1 cells were washed and resuspended in sterile
PBS at a concentration of 5 x 10° cells/mL. KaLwRij or NSG mice between 6 and 8
weeks old were injected with 0.1 mL of 5TGM1 cell suspension (5 x 10° cells) via
the tail vein. The mice underwent in vivo bioluminescence imaging (BLI, section
2.3.2) 2, 3 and 4 weeks post-tumour cell injection and were humanely euthanised
after 4 weeks. For intratibial (i.t.) delivery, 5TGM1 cells were washed and
resuspended in sterile PBS at a concentration of 1 x 107 cells/mL. KaLwRij or NSG
mice between 5 and 6 weeks old were anaesthetised by isoflurane inhalation for the
duration of the procedure. A gas-sterilised 25 uL Hamilton syringe with a 27-gauge
needle and containing 10 pL of cell suspension was inserted through the cortex of
the anterior tuberosity of the left tibia. Once the bone cortex was traversed, the
needle was inserted 3 to 5 mm down the diaphysis of the tibia, and the cell
suspension (1 x 10° cells per inoculum) was injected into the marrow space. The
injected mice underwent weekly in vivo BLI 1, 2 and 3 weeks after tumour cell
injection and were humanely euthanised after 3.5 weeks. Mice with extensive
extramedullary tumour growth in the injected leg, which indicated that the injection

was misdirected, were excluded from the experimental analysis.

2.3.1.2 5TGM1 24 hour BM homing assay in KaLwRij mice

5TGML1 cells (5 x 10%in 0.1 mL of PBS) were injected i.v. into 6-8-week-old KaLwRij
mice via the tail vein. After 24 hours the mice were humanely euthanised and GFP+

tumour cells were analysed by flow cytometry as described in section 2.3.4.
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2.3.2 In vivo bioluminescence imaging

Mice injected with luciferase-expressing 5TGM1 cells were shaved under
anaesthesia prior to in vivo BLlI. To measure tumour burden, the mice were
administered firefly D-Luciferin substrate (30 mg/mL in PBS, Biosynth) by
intraperitoneal (i.p.) injection at a concentration of 150 mg/kg. After 10 minutes,
during which time the mice were anaesthetised by isoflurane inhalation, the dorsal
and ventral aspects of the mice were scanned using the IVIS® Spectrum In Vivo
Imaging System and Living Image® Software v4.5.5 (PerkinElmer), which was also

used to quantitate the bioluminescence signal in the mice.

2.3.3 Serum Paraprotein Electrophoresis (SPEP)

At the experimental endpoint, peripheral blood was collected from the 5TGML1-
injected mice via tail vein bleed. The blood was allowed to clot at room temperature
and then centrifuged at 2,000 x g and 4°C for 10 minutes. The serum supernatant
was collected and stored at -20°C. Subsequently, the serum samples were thawed
and the levels of M protein/paraprotein were assessed by performing serum protein
electrophoresis (SPEP) using the Hydragel Protein(E) Kit (Sebia), according to the
manufacturer’s instructions. The stained SPEP gels were imaged on a Gel Doc™
XR+ Imager (Bio-Rad), and the intensity of the paraprotein band/M-spike was
guantitated and normalised to the albumin band using Image Lab Software v6.0.1
(Bio-Rad).

2.3.4 Detection of GFP* tumour cells in mouse bone marrow by

flow cytometry

At the experimental endpoint, mice were humanely euthanised and both femora and
tibiae from each mouse were collected and cleaned. For i.t. injected mice only the
tibia from the injected leg was used, and was kept separate from the femur and tibia
of the non-injected leg. These bones were crushed in PFE buffer and the marrow
was collected. All the cells were then filtered through a 70 um cell strainer, pelleted
(400 x g, 5 minutes) and resuspended in PFE buffer. Cells from a tumour naive
mouse were also analysed to act as a negative control for gating cell populations.

The samples were immediately analysed for the presence of GFP* tumour cells by
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flow cytometry on a LSRFortessa™ Il (BD Biosciences) using FACSDiva™ software
v8.0 (BD Biosciences), and a minimum of 1 million events were collected per
sample. Bone marrow cells were subjected to red blood cell lysis (section 2.3.5) if
they were to be analysed for mCherry expression or undergo immunofluorescence

staining (section 2.2.5.4).

2.3.5 Red blood cell lysis

Mouse bone marrow cells in single cell suspension were centrifuged at 500 x g for
5 minutes and resuspended in 1 mL PFE. 7.5 mL red blood cell lysis buffer (308.8
mM ammonium chloride, 20 mM potassium bicarbonate, 2.2 mM disodium EDTA,
pH 7.2) was added, mixed by inversion and incubated at room temperature for 10
minutes. Cells were then centrifuged at 500 x g for 5 minutes, washed in PFE,

repelleted and then resuspended in 1mL PFE and stored on ice.

2.3.6 In vivo EdU incorporation assay

Mice were intravenously inoculated with 5TGM1 cells and allowed to develop
tumours over 4 weeks. At this timepoint mice were i.p. injected with 50 mg/kg EdU
(Invitrogen) in 0.1 mL PBS and 24 hours later were humanely euthanised. Mouse
bone marrow cells were then harvested from the hind limbs as described in section
(2.3.1.5). A ‘click’ chemistry reaction was performed to conjugate EdU to Alexa
Fluor™ 350 using the Click-iT™ Plus EdU Flow Cytometry Kit (Invitrogen; C10645)
according to manufacturer’s instructions. The percentage of EdU+ GFP+ cells were
assessed for a minimum of 1 million events per sample on a LSRFortessa™ Il flow
cytometer using FACSDiva™ software v8.0 (BD Biosciences) and the data was
analysed using FlowJo v10.0.8 software (FlowJo, LLC).

2.4 In silico analyses, scRNAseq analyses and statistics

2.4.1 Analysis of COMMPass dataset

RNA-sequencing data was obtained from the Multiple Myeloma Research
Foundation (MMRF) CoMMpass (MMRF-COMMPASS) dataset, accessed via the
NIH NCI GDC Data Portal (9 August 2019). Gene expression data (FPKM) for
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CD138-selected BM PC was included from all MM patients (n=764) who had RNA-
sequencing performed from a sample taken at diagnosis. Gene expression data was
presented as fragments per kilobase of exon per million mapped reads (FPKM).

Data analysis was performed by Dr. Kate Vandyke.

2.4.2 Statistics

Unless otherwise described, statistical analysis was performed using GraphPad
Prism v9 (GraphPad Software). When two groups were being compared for a single
variable, a parametric paired or unpaired t test were used. When three or more
groups were being compared for a single variable, a parametric one-way ANOVA
with Tukey’s post-hoc multiple comparisons test was used. For time-course
experiments, groups were compared using a two-way ANOVA with Sidak’s or
Tukey’s multiple comparisons test. When two categorical variables were being
compared, a Fisher’s exact test was used. Differences were statistically significant
when P < 0.05.
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3. Generation of single TAM receptor
expressing 5TGM1 murine multiple
myeloma cell lines
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3.1 Introduction

Multiple myeloma is the second most common haematological malignancy, with
~2000 patients diagnosed per year in Australia®. Myeloma progression is dependent
on malignant plasma cell proliferation'®®, migration to distal sites?*®, escape from
immune surveillance?#?, and the ability to enter a reversible dormant state!?®. These
processes are often driven by cell surface receptor signalling between MM PCs and
other cells within the BM microenvironment such as stromal cells, osteoblasts,
macrophages and immune cells?®°. Investigating the biological function and role of
MM PC surface receptors in MM disease pathogenesis may identify novel
therapeutic targets to limit MM disease progression. The study described herein,
utilised CRISPR-Cas9 to genetically engineer 5TGM1 murine myeloma cell lines to

uniquely express the TAM tyrosine kinase cell surface receptors, Axl and Mer.

The TAM receptor family of tyrosine kinase receptors, Tyro3, Axl and Mer, are
expressed by cancer cells in prostate cancer!® 207 preast cancer?®, and blood
cancers including MM166. 186, 188 The TAM receptors have multiple known ligands,
including growth arrest specific-6 (Gas6), Protein S (Pros1)®8, Tubby-like protein
and Galectin-3%61 162, As Gas6 and Prosl are both secreted by osteoblasts, an
important component of the MM niche®3 164 and are both implicated in cancer
pathogenesis!®® 166. 191 they were used to stimulate TAM receptor signalling in this
study. Gas6 and Prosl are structurally homologous proteins that bind
phosphatidylserine on the external membrane of apoptotic cells!®®. The Gla domains
of Gas6 and Pros1 are post-translationally y-carboxylated in a vitamin K-dependent
reaction, which enables them to bind phosphatidylserine and subsequently bind and
activate TAM receptors. Despite sharing common ligands, Tyro3, Axl and Mer are
functionally distinct and play diverse, context-dependent roles in many different

cancers.

Previous studies have shown that Axl expression is associated with MM PC
dormancy!?® 213 while Mer expression has been shown to promote MM PC
proliferation'® 188 Ax| was shown to be one of the genes most highly expressed by
dormant murine 5TGML1 cells in previous studies'?® 213, Blockade of Axl using a
small molecule inhibitor ‘released’ 5TGM1 cells from dormancy in vivo, resulting in

increased tumour burden. Axl expression has also been shown to initiate, but not
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maintain, prostate cancer cell dormancy!®. One study suggested that a molecular
switch between dominant Axl and Tyro3 expression regulates prostate cancer cell
dormancy. When Axl is highly expressed, prostate cancer cells become dormant,
but when Tyro3 is highly expressed, cells are reactivated?®’. Conversely, other
studies have shown that knockdown or knockout of Axl decreases tumour burden in
vivo in models of lung cancer?®® and breast cancer'®’. Although Mer expression in
MM PCs promotes their proliferation'®® 88 recent studies attribute the tumourigenic
effects of Mer expression in other cancers to immune suppression. These studies
suggested a role for Mer in promoting an immune suppressive tumour
microenvironment®’: 238 with some studies suggesting that Mer may regulate
immune checkpoint signalling through the PD-1/PD-L1 axis?'® 251 252, A role for
Tyro3 in myeloma has not been established, and due to negligible Tyro3 expression
by MM PCs'%, the main focus of this study will be Axl and Mer. To further
characterise their specific functions in myeloma, single TAM receptor expressing
cell lines and a control TAM receptor null cell line were generated.

The 5TGM1/KaLwRij model of MM and in vitro assays were used to assess the
function of Axl and Mer in myeloma pathogenesis. The GFP and firefly luciferase
expressing-5TGML1 cell line, when intravenously inoculated into C57BL/KaLwRij
mice, homes to the axial and appendicular skeleton and forms multiple tumours over
the course of 4 weeks. Tumour burden can be monitored weekly by
bioluminescence imaging and at the end point by enumeration of GFP+ cells in the
bone marrow and assessment of 5TGM1-secreted serum paraprotein levels. As
previous studies on Mer in myeloma were conducted using human myeloma cell
lines'%8, it was only possible to observe the effects of Mer on MM tumour burden in
xenografts in immunodeficient mice. The advantage of the 5TGM1 cell line is that it
can be inoculated into both the immune competent syngeneic KaLwRij mice as well
as immune compromised NSG mice. Therefore, the generation of Mer positive and
Mer negative 5TGML1 cell lines enabled, for the first time, the evaluation of the
immune-mediated effects of Mer expression on tumour burden in myeloma.
Previous studies?'® showed that Axl inhibition in the 5TGM1/KaLwRij model of MM,
resulted in increased numbers of GFP+ 5TGM1 cells in the bone marrow at the
experimental endpoint, and reduced numbers of dormant 5TGM1 cells. However, it

should be noted that the Axl inhibitor would also target Axl expressed by cells in the
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BM microenvironment, including macrophages?!’ and osteoclasts!®4. Furthermore,
the results observed in these studies?3, could be, in part, attributed to off target
effects of the Axl inhibitor which could target multiple receptor tyrosine kinases
including other TAM receptors?!3, Therefore, utilising a model of 5TGM1 Ax| positive
and Axl negative cell lines enabled us to identify whether Axl, expressed specifically

by MM PCs, can initiate and maintain cellular dormancy in vivo.

In this chapter, the CRISPR-Cas9 system and retroviral mediated transduction were
used to generate single TAM receptor expressing 5TGM1 murine myeloma cell
lines. Parental 5TGML1 cells, which express both Axl and Tyro, were targeted with
Axl and/or Tyro3 single guide RNAs (sgRNASs) to generate 5TGM1 Axl or Tyro3
clonal knockout cell lines and 5TGM1 TAM null cell lines. Sanger sequencing was
used to identify homozygous or heterozygous putative frameshift mutations. Tyro3
protein expression and Axl cell surface expression in knockout cell lines were then
assessed compared to the unaltered 5TGM1 cell line. Baseline proliferation and
bioluminescence levels of 5TGM1 Tyro3 knockout, Axl knockout and TAM null cell
lines compared to the unaltered 5TGML1 cell line were then examined. To provide a
source of ligand for in vitro experiments, NIH3T3 cells expressing HA-tagged-Gas6
or Pros1 were generated. Proliferation of 5TGM1 Tyro3 knockout, Axl knockout and
TAM null cell lines was assessed in response to ligand enriched NIH3T3 conditioned
media. Multiple 5TGM1 Axl knockout, Tyro3 knockout and TAM null cell lines were
then inoculated i.v. into the KaLwRij model of MM to determine whether independent
clones with the same genetic knockout status produced a similar effect on MM
disease development in vivo. Following this, a 5TGM1 Mer cell line and a 5TGM1
Axl cell line were generated by retroviral transduction of a candidate 5TGM1 TAM

null cell line with Mer or Axl.

3.2 Results

3.2.1 Mer and Gas6 are expressed by MM patient PCs.

Previous studies showed that the MM PCs of the majority of myeloma patients
express Mer and Gas61%¢, whereas Axl is either not expressed, or expressed at low
levels?3, To confirm this in an independent analysis, TAM receptor and ligand

expression in CD-138 selected BM PCs of newly diagnosed myeloma patients was
53



assessed in the publicly available CoMMpass RNA seq datasets

(https://reqistry.opendata.aws/mmrf-commpass/). As shown in Figure 3.1, MM PCs

from the majority of myeloma patients express Mer and Gas6, while only a subset
of patients display Axl expression. Tyro3 and Pros1 showed little to no expression
in MM PCs (Figure 3.1).

3.2.2 CRISPR-Cas9 mediated gene targeting and retroviral transduction were
utilised to generate 5TGM1 single TAM receptor expressing cell lines.

The CRISPR-Cas9 system and retroviral transduction were utilised to generate
5TGM1 MM cell lines expressing a single TAM receptor. As the 5TGM1 cell line
expresses both Axl and Tyro3, it was initially necessary to knock out Axl, Tyro3 or
both receptors. The CRISPR Cas9 system functions by targeting the Cas9 nuclease
to a specific genomic DNA locus using a single guide RNA (sgRNA), where Cas9
mediates a double stranded break (DSB) in the DNA helix?*3. DSBs are re-ligated
through homology-directed repair (HDR) or non-homologous end joining (NHEJ),
with the latter occurring at higher frequencies creating random insertion/deletion
mutations (in/dels). Some in/dels result in frameshift mutations and the generation
of premature termination codons (PTCs) in the targeted gene. The mRNA that
encodes PTCs is commonly targeted for degradation via nonsense mediated decay
(NMD)?%3, Therefore, PTCs generated through CRISPR-Cas9 gene targeting result
in either NMD of mRNA and subsequently little to no full-length protein production,
or the production of truncated and non-functional proteins. CRISPR-Cas9-mediated
knockout of Axl and Tyro3 was performed by targeting 5TGM1 cells using either Axl
or Tyro3 sgRNAs. 5TGM1 Tyro3 knockout cell lines were subsequently targeted
with Axl sgRNA to generate 5TGM1 double knockout cell lines, or “TAM null” cell
lines, that do not express any TAM receptors. 5TGM1 Mer cell lines were generated
by retroviral transduction of 5TGM1 TAM null cell lines with pRufimCh2.Mer (Figure
3.2a). To target Tyro3 and Axl in 5TGML1 cells, Tyro3 and Axl sgRNAs were cloned
into the px458.SFFV.cer2 CRISPR plasmid vector. This vector encodes the SpCas9
nuclease/cerulean reporter fusion protein, the SFFV murine haematopoietic
promoter?>* from pLEGO vectors, and the U6 ubiquitous promoter for small RNA
expression?®® (Figure 3.2b). After transfection with the Tyro3 or Axl sgRNA encoding

px458.SFFV.cer2 CRISPR vector, 5TGML1 cells were sorted for cerulean expression
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Figure 3.1. Mer and Gas6 are highly expressed by newly diagnosed MM
patient PCs. /n silico analysis of newly diagnosed MM patients from the
CoMMPass dataset assessed TAM receptor and ligand RNA expression in CD-
138 selected BM PCs of newly diagnosed myeloma patients (n=764). Gene
expression data is presented as fragments per kilobase of exon per million

mapped reads (FPKM), with a gene expression cut off of 1 FPKM.
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Figure 3.2. CRISPR-Cas9 mediated gene targeting and retroviral
transduction were utilised to generate 5TGM1 single TAM receptor
expressing cell lines. (A) 5TGM1 cells initially expressing Axl and Tyro3 were
targeted using either Axl or Tyro3 sgRNAs to generate 5TGM1 Axl knockout and
5TGM1 Tyro3 knockout clonal cell lines. 5TGM1 Tyro3 knockout cell lines were
retargeted with Axl sgRNA to generate 5TGM1 double knockout cell lines that do
not express any TAM receptors. 5TGM1 Mer cell lines were generated by
retroviral transduction of 5TGM1 double knockout cell lines with pRufimCh2.Mer.
(B) sgRNA guide sequences were cloned into an expression plasmid bearing a
sgRNA scaffold backbone, Cas9, the U6 promoter, the SFFV promoter and the
cerulean reporter (Cer2), figure adapted from Ran, et al., 2013242, (C) 5TGM1
cells were transiently transfected with the px458.SFFV.cer2 vector encoding AxI
or Tyro3 sgRNA (middle) compared to untransfected 5TGM1 cells (left) Single
GFP+ cerulean+ cells were deposited into 96-well plates. 5TGM1 clonal knockout

cell lines were then expanded from single cells.
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and single cells were deposited into 96-well plates and clonal cell lines were

expanded (Figure 3.2¢).

3.2.3 Exon maps depicting sgRNA targeting of Axl and Tyro3.

Tyro3 and Axl sgRNAs were designed to target the portion of the Axl and Tyro3
genes encoding the signal peptide and/or Gas6 binding domain. Targeting these
regions would ideally generate truncated and non-functional proteins that are
missing essential domains. A sgRNA was designed to target the first wholly protein
coding exon of Tyro3 (Ensembl.org Transcript ID: ENSMUST00000110783.8) exon
2 at nucleotides 498 to 517 of the cDNA sequence (Figure 3.3a). Due to targeting
inefficiencies of Axl sgRNAS, two separate SgRNAs were designed to target the first
exon of Axl (Ensembl.org Transcript ID: ENSMUSTO00000002677.11) at nucleotides
232 to 251, and nucleotides 251 to 270 of the cDNA sequence respectively. (Figure
3.3b). PCR primers to Tyro3 and Axl were designed to screen entire exons targeted
by sgRNA, exon 2 of Tyro3 and exon 1 of Axl.

3.2.4 Confirmation of CRISPR-Cas9 mediated Tyro3 knockout in clonal 5TGM1

cell lines.

Clonal 5TGML1 cell lines were assessed for in/del mutations in Tyro3 induced by
CRISPR-Cas9 targeting with a Tyro3 sgRNA. To identify potential in/dels
surrounding the sgRNA binding site, PCR products amplifying Tyro3 exon 2 of
genomic DNA from clonal 5TGM1 cell lines were subjected to Sanger sequencing.
This revealed compound heterozygous frameshift in/del mutations in clones #1, #3
and #5 compared to the Tyro3 reference sequence (Figure 3.4a, Supplementary
Figure 1). Larger, overtly homozygous deletions were detected in clones #2 and #4,
with a 130bp deletion at the exon 2/intron 2 boundary identified in clone #2, and a
581bp deletion including complete deletion of the 184 bp exon 2 detected in clone
#4. PCR products from candidate Tyro3 KO cell lines #1, #3 and #5 were also cloned
into a plasmid vector. Individual cloned PCR products were sequenced to confirm
the exact sequences of the two mutant alleles inferred from the original Sanger
sequence chromatogram (Supplementary figure 2). RT-PCR analysis of the large
deletions in 5TGM1 potential knockout clones #2 and #4 revealed alternative exon
splicing events (Supplementary Figure 3). To predict the consequences of these
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Figure 3.3. Exon maps depicting sgRNA targeting of Axl and Tyro3. Exon

maps depicting nucleotide binding locations of (A) Tyro3 sgRNA and (B) Axl

sgRNAs. Also shown are regions encoding the signal peptide and Gas6 binding

domain, as well as PCR primers used to amplify regions of Axl and Tyro3 to be

screened for mutations using Sanger sequencing. Lengths of exons, PCR

products, are displayed in base pairs (b.p.) Gas6 binding domains and signal

peptides and sgRNA binding sites are shown in bases/nucleotides. The

nucleotide location of the initiating methionine (ATG) of Tyro3 and Axl are shown

within exon 1.
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in/dels on Tyro3 protein production compared to the unmutated Tyro3 gene, mutant
allele DNA sequences were translated into amino acids using the ExPASy Translate
tool (https://web.expasy.org/translate/). As a consequence of the frameshift

mutations/exon deletions, it was anticipated that all of the Tyro3 mutant alleles
would likely produce either severely truncated proteins ranging from 32aa to 98aa
in length or be subject to NMD of Tyro3 mRNA (Figure 3.4b, Supplementary Figure
4). The predicted severely truncated Tyro3 receptor would lack virtually all functional
domains and was predicted to be non-functional. There also remained a possibility
that each mutant allele could potentially utilise an alternative downstream initiating
methionine. Whilst there is no evidence that these alternative translational start sites
are ever utilised, if the next downstream methionine codon was used as a translation
start site, then N-terminal truncated proteins ranging from 518aa to 812aa in length
would be generated. The Tyro3 proteins produced using these internal initiating
methionines would have no, or incomplete, Gas6 binding domains as well as no
signal peptide. Lack of a signal peptide would prevent trafficking to the plasma

membrane?°¢, rendering Tyro3 non-functional.

Whole cell protein lysates from 5TGM1 clonal cell lines with frameshift
mutations/exon deletions of Tyro3 were subjected to western blotting with an
antibody to Tyro3. This revealed complete lack of detectable Tyro3 protein
expression in clones #1, #3 and #5, highlighted in red boxes in Figure 3.4c,
compared to wild type Tyro3 expression in the unaltered 5TGM1 cell line. Clone #2
produced a band at ~48kDa, and clone #4 produced a band at ~110-120kDA, which
were not as predicted (Figure 3.3c). If clones #2 and #4 had produced the predicted
518aa truncated proteins, this would result in a ~58kDa band. As Sanger
sequencing detected apparent homozygous deletions in clones #2 and #4, it was
conceivable that the other allele of Tyro3 was refractory to the sequencing method
utilised in this study. This could be due to in/dels of PCR primer binding sites of one
allele of clone #2 and #4, preventing primer binding and sequencing. As clone #4
produces almost full length Tyro3 protein, potentially due to one allele of Tyro3 being
largely intact, this clone was excluded from all future studies. Subsequent functional
studies were restricted to clones #1, #3 and #5 for which both mutant alleles had
been fully characterised at the genomic DNA level.
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Figure 3.4. Confirmation of CRISPR-Cas9 mediated Tyro3 knockout in
clonal 5TGM1 cell lines. (A) Sanger sequencing results of PCR products
amplifying Tyro3 exon 2 genomic DNA from clonal 5TGM1 cell lines targeted with
Tyro3 sgRNA was compared to wild type Tyro3 sequence. The Tyro3 sgRNA
binding site (underlined) and 5° PAM sequence (bold) are shown in the wild type
Tyro3 sequence. Insertion (in) and deletion (del) mutations in individual clones
are shown as red text (N) and dashes (-), respectively. Mutations were either
heterozygous (clones 1, 3 and 5) or homozygous (clones 2 and 4). Larger
deletions in clones #2 and #4 are depicted below sequences, with deletions
shown by red boxes. (B) Predicted consequences of mutant Tyro3 alleles on
encoded Tyro3 protein. Unmutated, wild type Tyro3 is indicated in grey at the top,
with a green band overlain to indicate the Gas6 binding domain and red to
indicate the signal peptide. Sizes of potential Tyro3 proteins that could be
produced by mutant alleles are indicated. Orange bars start at the established
initiating methionine, blue bars start at putative alternative downstream
methionines. (C) Proteins from clonal Tyro3 knockout cell lines were subjected to
western blotting using an anti-Tyro3 primary antibody. B-actin was used as a
loading control. Red boxes identify 5TGM1 Tyro3 knockout clones that do not

produce any detectable Tyro3 protein.
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3.2.5 Confirmation of CRISPR-Cas9 mediated Axl knockout in clonal 5TGM1
cell lines.

Putative clonal 5TGM1 Axl knockout cell lines were assessed for in/del mutations
induced by CRISPR-Cas9 mediated targeting with an Axl sgRNA. To identify in/dels
surrounding the sgRNA binding site, PCR products amplifying genomic DNA from
Axl exon 1 of putative 5TGM1 Axl knockout cell lines were subjected to Sanger
sequencing. This revealed homozygous frameshift mutations in these Axl knockout
clones targeted with sgRNA 1 (clones KO1#1 and KO1#2), or sgRNA 2 (clone
KO2#3) compared to the Axl wild type reference sequence (Figure 3.5a,
Supplementary Figure 5). Compound heterozygous frameshift deletion mutations
were identified in clone KO2#4. PCR products from clone 2#4 were also cloned into
a plasmid vector and sequencing performed on each of the two mutated alleles that
were inferred from the original Sanger sequence trace (Supplementary Figure 6).
To predict the consequences of these deletions on Axl protein production, DNA
sequences were translated into amino acids using the ExPASy Translate tool

(https://web.expasy.org/translate/). As a consequence of the frameshift

mutations/exon deletions, it was predicted that all of the Axl mutant alleles would
likely produce either severely truncated proteins ranging from 18aa to 68aa in length
or be subject to NMD of Axl mRNA (Figure 3.5b, Supplementary Figure 7).
Furthermore, the predicted amino acid lengths of these severely truncated AxI
proteins only display partially conserved wild type amino acid sequences ranging
from 8 to 18aa (Supplementary Figure 7), suggesting that the Gas6 binding domain
would not be intact and would be unable to facilitate functional Gas6/Axl| signalling.
Furthermore, these truncated Axl proteins would be missing their tyrosine kinase
domains. Like the predicted Tyro3 proteins described in section 3.2.3, there remains
the potential that internal initiating methionines could be utilised to generate N-
terminal truncated Axl proteins of 777aa in length. However, these proteins would
be missing the signal peptide and entire Gas6 binding domain and would be non-
functional. AxI cell surface expression in the putative 5TGM1 Axl knockout cell lines
was assessed by flow cytometry compared to the unaltered 5TGML1 cell line. All
5TGM1 Axl knockout cell lines expressed no Axl on the cell surface compared to
the unaltered 5TGML1 cell line (Figure 3.5c).
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Figure 3.5. Confirmation of CRISPR-Cas9 mediated Axl knockout in clonal
5TGM1 cell lines. (A) Sanger sequencing results of PCR products amplifying Axl
exon 1 genomic DNA from clonal 5TGM1 cell lines targeted with Axl sgRNA was
compared to wild type Axl sequence. The Axl sgRNA 1 binding site (green box)
and Axl sgRNA 2 binding site (blue box) and 5’ PAM sequence (bold) are shown
in the wild type Axl sequence. Deletion (del) mutations in individual clones are
shown as dashes (-). Mutations were either homozygous (clones 1, 2 and 3) or
heterozygous (clone 4). (B) Axl protein produced by wild type Axl gene is
indicated in grey, with a green band overlayed to indicate the Gas6 binding
domain and red to indicate the signal peptide. Sizes of potential Axl proteins that
could be produced by mutant alleles are indicated. Orange bars start at the
established initiating methionine, blue bars start at a putative alternative
downstream methionine. (C) 5TGM1 Axl knockout cell lines were subjected to
antibody staining for Axl expression and analysis by flow cytometry. Axl
expression was compared to unaltered 5TGM1 cells and unstained and isotype

controls.
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3.2.6 Confirmation of CRISPR-Cas9 mediated Axl knockout in clonal 5TGM1

Tyro3 knockout cell lines.

To generate 5TGM1 double Tyro3 and Axl knockout cell lines, or 5TGM1 “TAM null”’
cell lines, 5TGM1 Tyro3 knockout clone #5 was retargeted with Axl sgRNAL. To
identify in/dels surrounding the sgRNA binding site, PCR products amplifying
genomic DNA from Axl exon 1 of putative 5TGM1 TAM null cell lines were subjected
to Sanger sequencing. This identified heterozygous frameshift mutations of Axl in
5TGM1 potential TAM null cell lines #1, #2, #3, #4 and #5 compared to the AxI wild
type reference sequence (Figure 3.6a, Supplementary Figure 8). For two of the
putative TAM null clonal cell lines, #3 and #5, PCR products were cloned into a
plasmid vector and both mutant alleles inferred from the original Sanger sequencing
chromatogram were confirmed by the sequencing of multiple cloned PCR products
(Supplementary Figure 9). To predict the consequences of these in/dels on Axl
protein production compared to wild type Axl, DNA sequences were translated into

amino acids using the ExPASy Translate tool (https://web.expasy.org/translate/).

Because of the frameshift mutations/exon deletions, it was predicted that all of the
AxI mutant alleles would likely produce either severely truncated proteins ranging
from 18aa to 68aa in length or be subject to NMD of Axl mRNA (Figure 3.6b,
Supplementary Figure 10). These truncated Axl proteins only display 7-10aa
conserved from wild type Axl protein and would therefore lack any functional
domains. There remains the potential that internal initiating methionines could be
utilised to generate N-terminal truncated Axl proteins of 777aa in length. However,
these proteins would be missing the signal peptide and entire Gas6 binding domain
and would be non-functional. Axl cell surface expression in the potential 5TGM1 Axl
knockout cell lines was assessed by flow cytometry compared to the unaltered
5TGML1 cell line. All 5TGM1 Axl knockout cell lines expressed no Axl on the cell
surface compared to the unaltered 5TGM1 cell line (Figure 3.6d). The lack of
detectable Tyro3 expression by Western blot was also confirmed in all 5 TAM null

clonal cell lines (Figure 3.6c).

3.2.7 Screening of clonal 5TGM1 Axl knockout, Tyro3 knockout and TAM null

cell lines for differences in baseline proliferation rates and bioluminescence.

To select at least two 5TGM1 Axl knockout, two 5TGM1 Tyro3 knockout and two

5TGM1 TAM null cell lines for in vitro and in vivo studies, baseline proliferation and
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Figure 3.6. Confirmation of CRISPR-Cas9 mediated Axl knockout in clonal
5TGM1 Tyro3 knockout cell lines. (A) Sanger sequencing results of PCR
products amplifying Axl exon 1 genomic DNA from clonal 5TGM1 Tyro3 knockout
cell lines targeted with Axl sgRNA1 was compared to wild type Axl sequence. The
Axl sgRNA1 binding site (underlined) and 5’ PAM sequence (bold) are shown in
the wild type Axl sequence. Insertion (In) and deletion (del) mutations in individual
mutant alleles are shown as red text (N) and dashes (-) respectively. Mutations
were all heterozygous. (B) Axl protein produced by unmutated, wild type Axl gene
is indicated in grey, with a green band overlayed to indicate the Gas6 binding
domain and red to indicate the signal peptides. Sizes of potential Axl proteins that
could be produced by mutant alleles are indicated. Orange bars start at the
established initiating methionine, blue bars start at a putative alternative
downstream methionine. (C) Proteins from 5TGM1 TAM null cell lines were
subjected to western blotting using an anti-Tyro3 primary antibody. B-actin was
used as a loading control. (D) 5TGM1 double knockout cell lines were subjected
to antibody staining for cell surface Axl expression and analysis by flow cytometry.
Axl expression was compared to unaltered 5TGM1 cells and unstained and

istotype controls.
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bioluminescence levels were assessed compared to the unaltered 5TGML1 cell line.
Outlier clonal knockout cell lines that displayed significantly different proliferation
rates or bioluminescence levels relative to each other and to the unaltered 5TGM1
cell line were then excluded from further studies. After 72 hours of culture in IMDM
media, no significant differences in cell proliferation were observed between the
unaltered 5TGML1 cell line and the 5TGM1 Axl knockout cell lines (Figure 3.7a), the
5TGM1 Tyro3 knockout cell lines (Figure 3.7b), or the 5TGM1 TAM null cell lines
(Figure 3.7c). However, with the exception of clone #3 (Figure 3.7d), the 5TGM1
Tyro3 knockout cell lines (Figure 3.7e) and in all 5TGM1 TAM null cell lines (Figure
3.7f), significant decreases in bioluminescence levels compared to the unaltered
5TGML1 cell line were identified in all 5TGM1 Axl knockout cell lines (Figure 3.7d.
Accordingly, the decreased bioluminescence levels in all clonal knockout cell lines
needed to be considered when interpreting in vivo BLI results, particularly when
tumour burden of clonal knockout cell lines was compared to that of the unaltered
5TGM1 cell line.

3.2.8 Retroviral mediated generation of NIH3T3 cells overexpressing Gas6 or

Pros1.

To generate a source of TAM ligands for in vitro experiments, NIH3T3 murine
fibroblasts overexpressing Gas6 or Prosl were generated, as well as an empty
vector control cell line. NIH3T3 cells express low levels of Gas6 and Pros1, making
this cell line an ideal candidate for Gas6 and Prosl1 overexpression. NIH3T3 cells
were transduced with a pRufiG2.Gas6-HA, pRufiG2.Pros1-HA or an empty pRufiG2
vector. To select for transduced NIH3T3 cells, GFP+ cells were sorted by flow
cytometry and expanded in culture (Figure 3.8a). Importantly, as described in
previous studies?®”- 258, the HA-tags located at the C-terminal should not interfere
with ligand functionality. HA-tagged ligand expression was assessed by Western
blot in NIH3T3 Gas6 (left) and NIH3T3 Pros1 (right) cell lines compared to NIH3T3
EV cells (Figure 3.8b). Increased ligand secretion into conditioned media (CM) was
confirmed by immunoprecipitation of HA-tagged ligands and revealed the presence
of HA-tagged ligand in NIH3T3 Gas6 CM and NIH3T3 Pros1 CM but not in NIH3T3
EV CM (Figure 3.8c). Gas6 expression in conditioned media of NIH3T3 Gas6 cells
and NIH3T3 EV cell was also assessed by ELISA with an anti-Gas6 antibody,

identifying a significant increase in Gas6 expression in the NIH3T3 Gas6
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Figure 3.7. Screening of clonal 5TGM1 Axl knockout, Tyro3 knockout and
TAM null cell lines for differences in baseline proliferation rates and
bioluminescence. Clonal knockout cell lines were assessed for baseline
proliferation and bioluminescence compared to the unaltered 5TGM1 cell line to
identify any significant outliers. Proliferation of (A) 5TGM1 Axl knockout, (B) Tyro3
knockout and (C) TAM null cell lines were compared to the unaltered 5TGM1 cell
line after 72 hours by a WST-1 assay. Results were displayed as absorbance
(450nm) at 72 hours. Bioluminescence of (D) 5TGM1 Axl knockout, (E) Tyro3
knockout and (F) TAM null cell lines were compared to the unaltered 5TGM1 cell
line using an in vitro luciferase assay. Graphs depict mean + SEM, n=3, One-way
ANOVA with Tukey’s multiple comparisons, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 3.8. Retroviral mediated generation of NIH3T3 cells overexpressing
Gas6 or Pros1 transgenes. (A) NIH3T3 cells were transduced with the
pRufiG2.Gas6-HA, pRufiG2.Pros1-HA or empty vector retroviruses and GFP+
cells were sorted and expanded. Representative FAC plots with sort gate is
shown. (B) Protein lysates from NIH3T3 EV compared to NIH3T3 Gas6 (left) and
NIH3T3 Pros1 (right) cell lines were subjected to western blot using an anti-HA-
tag primary antibody with B-actin used as a loading control. (C) Conditioned
media was collected from the NIH3T3 cell lines and subjected to
immunoprecipitation using an anti-HA-tag antibody. Purified proteins were then
subjected to immunoblotting with anti-HA-tag antibody. (D) Conditioned media
from the NIH3T3 EV and NIH3T3 Gasb6 cell lines was used in an ELISA for Gas6,

data presented as mean + SEM, n=3, Student’s t-test **p<0.01.
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conditioned media (Figure 3.8d). A working ELISA kit for Pros1l was not available

and accordingly, was not performed in this study.

3.2.9 There is no difference in the proliferation rates of 5TGM1 Ax| knockout,
Tyro3 knockout or TAM null cell lines compared to the unaltered 5TGML1 cell

line.

The proliferation rates of 5TGM1 Axl knockout, 5TGM1 Tyro3 knockout and 5TGM1
TAM null cell lines, compared to the unaltered 5TGM1 cell line, was assessed by
WST-1 assays. Given that Axl expression is associated with 5TGM1 cell
dormancy'?® 213, and Tyro3 overexpression is associated with prostate cancer cells
reactivation, it was hypothesised that 5TGM1 Axl knockout cells would display
increased proliferation compared to the unaltered 5TGM1 cell line. Conversely,
when Axl is the sole TAM receptor expressed, it was hypothesised that a dormant
phenotype would be observed as evidenced by a decrease in cell proliferation.
However no significant differences in proliferation between 5TGM1 Axl knockout cell
lines (Figure 3.9a) or 5TGM1 Tyro3 knockout cell lines (Figure 3.9b) and the
unaltered 5TGM1 cell line were identified when cells were cultured in NIH3T3 EV
CM, NIH3T3 Gas6 CM or NIH3T3 Pros1l CM. Although 5TGM1 TAM null cell lines
displayed slightly decreased cell proliferation compared to the unaltered 5TGML1 cell

line in all three types of media, this did not reach statistical significance (Figure 3.9c).

3.2.10 Clonal 5TGML1 cell lines with the same Axl or Tyro3 knockout status

display extreme heterogeneity in tumour burden in the KaLwRij model of MM.

To assess whether Axl and Tyro3 expression influences tumour burden in vivo, the
unaltered 5TGML1 cell line, as well as 5TGM1 Axl knockout and 5TGM1 Tyro3
knockout cell lines, were i.v. inoculated into KaLwRij mice and tumour burden was
monitored at weeks 2, 3 and 4 using BLI. Given that in a previous study?'3, AxI
inhibition using a small molecule inhibitor resulted in increased tumour burden in
vivo, it was anticipated that 5STGM1 Axl knockout cells would produce increased
tumour burden in comparison to the unaltered 5TGM1 cell line. However, the Axl
knockout cell line #1 produced similar tumour burden in comparison to the unaltered
5TGM1 cell line, while Axl knockout cell line #4 produced no detectable tumour

burden (Figure 3.10a-b). When Axl is the sole TAM receptor expressed in Tyro3
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Figure 3.9. There is no difference in proliferation rates of 5TGM1 AxI

knockout, Tyro3 knockout or TAM null cell lines compared to the unaltered
5TGM1 cell line. Proliferation of (A) 5TGM1 Axl knockout cell lines, (B) Tyro3

knockout cell lines and (C) TAM null cell lines were compared to unaltered 5TGM1

cells over 72 hours by a WST-1 assay. Cells were cultured in either NIH3T3 empty
vector conditioned media (CM) (left), NIH3T3 Gas6 conditioned media (middle)
or NIH3T3 Pros1 conditioned media (right). Results were displayed as fold

change in absorbance (450nm) over 72 hours. Graphs depict mean £ SEM, n=3,

two-way ANOVA with Tukey’s multiple comparisons.
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Figure 3.10. Clonal 5TGM1 cell lines with the same Axl or Tyro3 knockout
status produce very different tumour burden after 4 weeks in the
C57BL/KaLwRij model of MM. KaLwRij mice were inoculated with 5x10° 5TGM1
Axl knockout clonal cell lines #1 and #4 or 5TGM1 Tyro3 clonal knockout cell lines
#1 and #3 and disease burden was subsequently monitored by whole animal BLI
and flow cytometry.(A) Ventral BLI scans depict tumour burden at week 4. (B)
Graphs of the bioluminescence/total flux at week 4 from ventral scans are shown.
(C) GFP+ % of live cells from the hind limbs of mice at week 4 is shown. Graphs
depict the mean £ SD of n=3-5 mice per cell line. One-way ANOVA with Tukey’s

multiple comparisons.
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knockout cell lines, it was anticipated that a dormancy phenotype may be initiated
in 5TGML1 cells, resulting in decreased tumour burden. The Tyro3 knockout cell line
#1 produced significantly increased tumour burden compared to the unaltered
5TGM1 cell line, whereas the Tyro3 knockout cell line #3 displayed similar levels of
tumour burden to the unaltered 5TGM1 cell line (Figure 3.10a,b). This was
supported by enumeration of GFP+ 5TGML1 cells in the BM of mice (Figure 3.10c-
e). These data suggest significant heterogeneity in tumour burden between different
clonal cell lines with the same Axl or Tyro3 knockout status. Therefore, the in vivo
phenotypes identified using these cells lines may be artefacts of clonal expansion,
rather than the biological product of specific receptor expression. In view of these
results, it was decided that 5TGM1 single TAM receptor expressing cell lines should
be generated from a candidate 5TGM1 TAM null cell line that would be retrovirally

transduced with Axl or Mer transgenes.

3.2.11 Identification of a candidate 5TGM1 TAM null cell line to use as a basis
for re-expressing the TAM receptors.

5TGM1 Axl or Tyro3 knockout clones, with the same genetic knockout status,
produced heterogeneous disease burden in vivo, likely due to the effects of clonal
expansion. To ensure that the functional studies were not influenced by the effects
of clonal expansion, a candidate 5TGM1 TAM null cell line that produced good
bilateral tumour burden in vivo was identified. This cell line would be used as a basis
for generating single TAM receptor expressing 5TGML1 cell lines. 5TGM1 TAM null
cell lines #3 and #5 were i.v. inoculated into KaLwRij mice and tumour burden was
monitored at weeks 2, 3 and 4 using BLI. Analysis of whole-body ventral BLI scans
revealed that 5TGM1 TAM null cell line #3 produced consistent bilateral tumour
burden compared to 5TGM1 TAM null cell line #5 (Figure 3.11a-b). This was
supported by enumeration of GFP+ cells in the bone marrow of mice (Figure 3.11c).

3.2.12 Generation of single TAM receptor expressing cell lines through
retroviral transduction of 5TGM1 TAM null cell line #3 with Axl and Mer

transgenes.

To generate a model of single TAM receptor expressing cell lines that was not
affected by interclonal heterogeneity in relation to in vivo tumour burden, 5TGM1
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Figure 3.11. Identification of a candidate 5TGM1 TAM null cell line to use as
a basis for re-expressing the TAM receptors. KaLwRij mice were inoculated
with 5x10° 5TGM1 TAM null clonal cell lines #3 and #5 and subsequent disease
burden was monitored by whole animal BLI and flow cytometry. (A) Ventral BLI
scans depict tumour burden at week 4. (B) A graph of the total flux at week 4 from
ventral scans is shown. (C) GFP+ % of live cells from the hind limbs of mice at
week 4 is shown. Graphs depict the mean = SD of n=3 mice per cell line, Student’s
t-test.
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TAM null cell line #3 was used as a target for retroviral mediated expression of either
Axl or Mer. The 5TGM1 TAM null cell line was transduced with pRufimCh2 encoding
Axl, Mer or the empty vector to generate the 5TGM1 Axl cell line, 5TGM1 Mer cell
line and 5TGM1 EV cell line (Figure 3.12a). The 5TGM1 Axl, 5TGM1 Mer and
5TGM1 EV cell lines were sorted for mCherry expression, and double mCherry and
GFP expression was confirmed compared to untransfected cells (Figure 3.12b).
Flow cytometry was used to assess Axl and Mer expression on the cell surface of
5TGM1 Axl cells and 5TGM1 Mer cells, respectively. Results of staining with an AxI
antibody showed that 5TGM1 Axl cells express Axl on the cell surface compared to
the 5TGM1 EV cell line (Figure 3.12c). Results of staining with a Mer antibody show
that 5TGM1 Mer cells express Mer on the cell surface compared to 5TGM1 EV cells,

which display a small amount of background staining (Figure 3.12d).

3.3 Discussion

The TAM family of tyrosine kinase cell surface receptors have been studied in the
context of numerous cancers and have been the subject of therapeutic targeting?'*
215 To this end, a number of Axl, Mer and pan-TAM tyrosine kinase inhibitors and
monoclonal antibodies are currently undergoing clinical trials?>°. However, the
context-dependent functions of Axl and Mer in myeloma remain poorly understood.
Myeloma patient PCs express Mer and Gas6, indicating that the Mer/Gas6 pathway
may be important in MM pathogenesis. In contrast, MM patient-derived plasma cells
express low or no Axl, Tyro3 and Pros1. This is consistent with Axl being expressed
by only a subset of dormant myeloma cells?'® as a proportion of the bulk tumour.
Analysis of patient samples using sScCRNA seq may be more useful to identify subsets
of Axl-expressing myeloma cells at single cell resolution. To further understand the
role of Axl and Mer expression by MM PCs in promoting myeloma disease
progression, a model of single TAM receptor expressing 5TGM1 murine myeloma

cell lines was generated.

Initially, CRISPR Cas9 was utilised to generate clonal 5TGM1 Axl and Tyro3
knockout cell lines. A 5TGM1 Tyro3 knockout cell line was then retargeted with an
Axl sgRNA-directed CRISPR Cas9 nuclease to generate clonal 5TGM1 TAM null
cell lines. Sanger sequencing of clonal cell lines identified insertion/deletion
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Figure 3.12. Generation of single TAM receptor expressing cell lines
through retroviral transduction of 5TGM1 TAM null cell line #3 with Axl and
Mer transgenes. (A) Single Axl and Mer expressing cell lines were generated by
retroviral transduction of a candidate 5TGM1 TAM null cell line with gene
encoding pRufimCh2 vectors. (B) 5TGM1 TAM null cells were transduced with
the pRufimCh2.Axl, pRufimCh2.Mer or the empty vector and cells were assessed
for GFP and mCherry expression post-sort. (C) 5TGM1 Axl and 5TGM1 EV cells
were stained with an anti-Axl antibody and analysed by flow cytometry compared
to unstained and isotype controls. (D) 5TGM1 Mer and 5TGM1 EV cells were
stained with an anti-Mer antibody and analysed by flow cytometry compared to

unstained and isotype controls.
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mutations of Axl or Tyro3 respectively. Many of the mutations produced frameshifts
which were associated premature termination codons. Several clones harboured
only alleles that would encode severely truncated proteins or mMRNA species that
may be subject to nonsense-mediated decay. Clonal cell lines expressing no Axl-
encoding or Tyro3-encoding protein were identified using either flow cytometry or
Western blotting. When 5TGM1 Axl knockout and 5TGM1 Tyro3 knockout cell lines
were inoculated into the KaLwRij mouse model, significant heterogeneity in tumour
burden was observed in clones with the same genetic Axl or Tyro3 knockout. It was
decided that this model could not provide evidence of the true phenotype of TAM
receptor knockout. Therefore, a candidate 5TGM1 TAM null cell line that provided
consistent bilateral tumour burden in vivo was chosen as a basis for expressing Axl
and Mer using retroviral transduction. This 5TGM1 TAM null cell line was transduced
with Axl, Mer or an empty retroviral vector to generate single TAM receptor
expressing cell lines, 5TGM1 Axl and 5TGM1 Mer, and a control cell line expressing
no TAM receptors, 5TGM1 EV. NIH3T3 cell lines overexpressing TAM receptor
ligands Gas6 and Prosl, and an EV cell line expressing low levels of Gas6é and
Prosl were also generated to provide a source of TAM ligand for in vitro
experiments. The 5TGM1 Axl, 5TGM1 Mer and 5TGML1 EV cell lines, as well as the
Gas6 and Prosl-overexpressing NIH3T3 cell lines, represent the tools that will be

utilised throughout this study to explore the specific roles of Axl and Mer in myeloma.

Investigating the biological functions of Axl in cancer using CRISPR-Cas9 mediated
Ax| knockout cell lines has been performed in recent studies!®® 87, CRISPR-Cas9
offers complete receptor knockout compared to targeting with ShRNA or siRNA243,
and greater specificity in ablating genes of interest in MM PCs compared to the
systemic use of an inhibitor. Therefore, in the current study it was decided to use
the CRISPR Cas9 system to generate a model of single TAM receptor expressing
5TGML1 cell lines. However, significant interclonal heterogeneity in in vivo tumour
burden between 5TGM1 Axl and Tyro3 knockout clones was identified. This result
emphasises the potential variability that can arise from the process of clonal
expansion of a cell line from a single progenitor cell. This process is subject to
selection pressures that may produce undesired genetic and epigenetic alterations
in the cell line, resulting in a biological phenotype independent of the gene of

interest?®, Future studies using single-cell clonal expansion of CRISPR-Cas9

81



knockout clones should derive multiple independent knockout clones to ensure that
the result are not reflective of artefacts of clonal expansion. An alternative to the
isolation of single cells to generate clones is the use of a pooled population of cells
that have been successfully transfected with the CRISPR vector?*3, Provided that
SgRNA targeting is efficient, gene expression can be significantly reduced in the
pooled cell line. However, due to the inefficient targeting of the two Axl sgRNAs
designed for this study, sgRNA targeting of Axl would need to be revised. Rescue
experiments could have also been conducted in which Axl was re-expressed in a
clonal Axl knockout cell line using retroviral transduction?®*. This should reverse the
phenotype observed when Axl is knocked out, showing that the Axl knockout is the

true cause of the phenotype, rather than an artefact of clonal expansion.

The 5TGM1 Axl, 5TGM1 Mer and 5TGM1 EV cell lines produced in this chapter are
novel resources that will complement the findings of previous studies. Firstly,
5TGML1 cell lines can be inoculated into both the KaLwRij immune competent murine
model of MM and the NSG immune compromised model. Therefore, the immune
mediated effects of Mer expression on myeloma tumour burden can be investigated
for the first time using 5TGM1 Mer and 5TGML1 EV cell lines. Secondly, the 5TGM1
Axl and the 5TGM1 EV cell line should enable the identification of whether high AxI
expression alone is sufficient to initiate features of myeloma dormancy in vitro and
in vivo. The studies in the following chapters will utilise 5TGM1 Mer, 5TGM1 Axl and
5TGM1 EV cell lines to understand the functions of Axl and Mer expression in
myeloma. These studies will identify whether there may be therapeutic benefit in

targeting Axl or Mer expressed by MM patient PCs.
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4. Axl expression does not drive
multiple myeloma cellular dormancy
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4.1 Introduction

Multiple myeloma (MM) is a fatal haematological malignancy with a 5-year survival
rate of 54.9%°. Despite the success of treatments such as proteasome inhibitors,
immunomodulatory imide drugs (IMiDs), autologous stem cell transplant (ASCT),
and monoclonal antibodies targeting SLAMF7 and CD38%3, almost all MM patients
will inevitably relapse. Disease relapse is common in many cancers, notably breast
and prostate cancer patients are known to experience relapse up to decades
following removal of the primary tumour. This is indicative of cancer cells
disseminating early in the disease course from the primary site to secondary sites,
often within the bone marrow, where they reside long term in a ‘dormant’ state?62
263, MM relapse is also thought to arise from dormant subpopulations of MM PCs
that evade targeting by the immune system and therapeutics, and persist long term
in specialised BM niches as Minimal Residual Disease (MRD)?!? 264, Dormant MM
PCs can become reactivated, giving rise to clinical relapse?®® that can be driven the
expansion of a single clonal initiating cell?®®, or by the expansion of PCs at multiple
skeletal sites. Dormant MM PCs are difficult to detect and target clinically, and the
mechanisms of MM PC dormancy and reactivation remain poorly understood.
Despite the advent of novel targeted therapies, frequent relapses in myeloma
patients threaten the potential to achieve long term remission. Therefore, identifying
the mechanisms of MM PC dormancy initiation and subsequent reactivation is
essential to therapeutic targeting of dormant cells to prevent disease relapse.

Dormant cells are niche dependant, and in MM, and metastatic prostate cancer and
breast cancer, cells disseminate to multiple sites throughout the skeleton, engage
with specialised niches, and become dormant?® 267. 268 After arriving at the niche,
dormant cancer cells are typically growth arrested in the GO phase of the cell cycle,
and enter a state of mitotic and metabolic quiescence and do not proliferate?'2. They
are able to evade cytotoxic chemotherapy'?® as well as the host immune system?6°,
allowing them to persist long term in a dormant state. However, cellular dormancy
is reversible, and cells can become reactivated, re-enter the cell cycle, and begin
actively proliferating. Studying dormant myeloma cells and their interactions with the
bone marrow microenvironment in vivo is technically challenging, however the
5TGM1/KaLwRij murine model of myeloma has proven to be an invaluable
resource. To this end, Lawson, et. al., labelled 5TGM1 mouse myeloma cells with a

lipophilic membrane DiID label, identifying non-proliferative cells that retained the
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DiD label as a DiD" dormant population??®. DID labelled 5TGM1 cells were i.v.
inoculated into C57BL/KaLwRij mice and their colonisation of bone marrow niches
was monitored using intravital two-photon microscopy. 5TGM1 cells colonised the
endosteal niche, where they underwent growth arrest and retained the DiD label
long term. Subsequent treatment of the mice with osteoclast activation factor
SRANKL increased osteoclast activity and remodelling of the endosteal niche,
displacing 5TGM1 DiD" cells from the niche. This process effectively released
5TGM1 cells from dormancy, resulting in increased bone marrow tumour burden
and a reduced proportion of DiD" 5TGM1 cells as assessed by flow cytometry.
Furthermore, 5TGML1 cells co-cultured with the MC3T3 pre-osteoblastic cell line
retained the DiD label compared to 5TGML1 cells in monoculture. Taken together,
these suggest that crosstalk between 5TGML1 cells and cells of the endosteal niche,

such as osteoblasts, support tumour cell dormancy.

Using scRNAseq technologies to compare the transcriptome of dormant 5TGM1
DiDM cells and reactivated 5TGM1 DiD"9 cells revealed a specific dormancy
transcriptome signature?'3. Genes highly expressed by dormant 5TGM1 cells
harvested from the BM of mice included transcription factors Irf7 and Spic, and
adhesion molecules and receptors Vcaml, Axl, Fcergl, Mpegl, and Sirpa. 5TGM1
cell dormancy was induced in vitro by contact co-culture with MC3T3 cells, which
also resulted in the induction of, and increased mRNA expression of these
dormancy-associated genes. As Axl was one of the most highly upregulated genes
expressed by dormant 5TGM1 cells, it was selected for targeting in vivo using a
small molecule inhibitor, BMS-777607. Treatment with BMS-777607 in the
KaLwRij/5TGM1 model of myeloma significantly reduced the proportion of 5TGM1
DiD" cells and increased tumour burden. Notably, BMS-777607 was initially
marketed as a Met kinase inhibitor?'4, and has recently shown efficacy in targeting
other TAM receptors Tyro3 and Mer?'5, and the receptor tyrosine kinase Ron?6,
Therefore, treatment with BMS-777607 in vivo has the ability to target Axl, Tyro3,
Mer, Met and Ron on 5TGM1 cells, in addition to Axl expressed by macrophages?’,
and Met expressed by osteoblasts?18, cells that form part of the myeloma supportive
tumour microenvironment. Interestingly, high Axl expression in prostate cancer cell
lines was sufficient to induce dormancy of disseminated prostate cancer cells in the

bone marrow of micel8s 206, 207 warranting the investigation of whether Axl
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expressed by MM PCs promotes myeloma dormancy. Consequently, the aim of the
studies detailed in this chapter was to determine whether high Axl expression in MM
cancer cells is sufficient to drive MM cellular dormancy.

To investigate whether Axl expression alone, was sufficient to initiate MM dormancy,
this study utilised 5TGM1 Axl positive (5TGM1 Axl) and 5TGM1 Axl negative
(5TGML1 EV) cell lines. Notably, these cells were engineered to express no other
TAM receptors. If Axl expression was able to induce MM PC dormancy, it would be
anticipated that 5TGM1 Axl cells would exhibit the hallmarks of dormancy compared
to 5TGM1 EV cells. It was hypothesised that 5TGM1 Axl cells would exhibit
decreased cell proliferation, accumulation in the GO/G1 phases of the cell cycle,
increased DiD dye retention and reduced tumour burden in vivo compared to the
5TGM1 EV cell line. In this chapter, 5TGM1 Axl and 5TGM1 EV cell lines were
evaluated for their in vitro proliferation and cell cycle distribution in response to TAM-
ligand enriched conditioned media. Additionally, 5TGM1 Axl and 5TGM1 EV cell
lines were DiD labelled and dye retention was monitored when cells were cultured
in MC3T3 conditioned media or in direct contact co-culture. The 5TGM1 Axl and
5TGM1 EV cell lines were inoculated both i.v. and i.t. into the KaLwRij model of MM,

and the effects of Axl expression on tumour burden was assessed.

4.2 Results

4.2.1 Axl expression has no effect on 5TGM1 cell proliferation.

Given that reduced cell proliferation is a feature of cellular dormancy?’, it was
hypothesised that Axl expression may confer a reduction in 5TGML1 cell proliferation
in short term proliferation assays. As shown in Figure 4.1a, no difference in
proliferation between 5TGM1 Axl and 5TGM1 EV cells was observed when cultured
in serum-supplemented IMDM media. Similarly, 5TGM1 Axl and 5TGM1 EV cells
also displayed no difference in proliferation when cultured in NIH3T3 EV control
conditioned IMDM media (Figure 4.1b), which contains low levels of Gas6 and Pros1
(see Chapter 2, section 2.2.4.2 for NIH3T3 cell line construction). 5TGM1 Axl and
5TGM1 EV cells were then cultured in NIH3T3 Gas6 or NIH3T3 Pros1 conditioned
IMDM media enriched for TAM-ligands Gas6 (Figure 4.1c) or Prosl (Figure 4.1d),

and no difference in cell proliferation was detected.
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Figure 4.1. Axl expression has no effect on 5TGM1 cell proliferation.

Proliferation of 5TGM1 Axl cells was compared to that of 5TGM1 EV cells over
72 hours by WST-1 assay. Cells were cultured in either (A) IMDM media, (B)
NIH3T3 EV conditioned media (CM) or NIH3T3 CM enriched for TAM ligands (C)

Gas6, or (D) Pros1. Results were displayed as fold change in absorbance

(450nm) over 72 hours. Results are shown as the mean + SEM of three

independent experiments performed in triplicate, two-way ANOVA with Tukey’s

multiple comparisons.
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4.2.2 Axl expression has no effect on 5TGM1 cell cycle distribution.

Cell cycle arrest in GO is another hallmark feature of cancer cell dormancy?*?® 271, in
which cells exit the cell cycle and remain in a state of metabolic and mitotic
quiescence. It was hypothesised that 5TGM1 Axl cells would have a significantly
increased proportion of cells in phase GO compared to 5TGM1 EV cells. Cells in GO
have low DNA and RNA content, which can be identified using double Hoechst and
Pyronin Y staining (Figure 4.2a). Cell cycle analysis was performed in IMDM
complete media (Figure 4.2b), or in response to NIH3T3 Gas6 (Figure 4.2c) or
NIH3T3 Prosl (Figure 4.2d) ligand enriched conditioned media. Under all media
conditions no significant differences were seen in the proportions of cells in any of
the phases of the cell cycle between 5TGM1 Axl and 5TGML1 EV cells.

4.2.3 Axl expression has no effect on 5TGML1 cell DID dye retention.

Labelling cells using the heritable membrane dye DIiD can be used as a method to
identify dormant, non-proliferating cells, which retain the DiD label (DiD"), compared
to actively proliferating cells, which undergo membrane dye dilution (DiD"e9)12°,
5TGM1 Axl and 5TGM1 EV cell lines were labelled with DIiD, and it was
hypothesised that there would be a significantly higher proportion of GFP+ DiD"
5TGM1 Axl cells compared to GFP+ DiD" 5TGM1 EV cells over time. However,
when cells were cultured in IMDM media, there were no differences in DID dye
retention over 10 days (Figure 4.3a). To simulate 5TGM1 cell engagement with
endosteal niche cells in vivo such as Gas6-expressing osteoblasts 5TGM1 Axl and
5TGM1 EV cells were DID labelled and co-cultured with the pre-osteoblastic MC3T3
cell line, recapitulating experiments conducted by Lawson, et al.,'?® and Khoo,
et.al.,?13. It was hypothesised that Gas6 signalling through Axl under direct co-
culture conditions would suppress the growth of 5TGM1 Axl cells, resulting in a
significantly increased GFP+ DiDM population compared to 5TGM1 EV cells.
However, under direct co-culture conditions, 5TGM1 cell growth was suppressed
completely, regardless of Axl expression, and all cells retained the DiD dye over 7
days (Figure 4.3b). Therefore, it was not possible to compare DID dye retention in
5TGM1 Axl cells and 5TGM1 EV cells in direct co-culture with MC3T3 cells. As an
alternative to direct co-culture, the 5TGM1 cell lines were cultured in MC3T3

conditioned media. However, there were no differences in DiD dye retention
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Figure 4.2. Axl expression has no effect on 5TGM1 cell cycle distribution.
Cell cycle analysis was conducted using 5TGM1 Axl compared to 5TGM1 EV
cells, including isolation of the GO population. (A) A representative plot of GFP+
mCherry+ 5TGM1 EV cells (left), and the gating strategy for cell cycle analysis of
the Hoechst and Pyronin Y stained GFP+ mCherry+ population (right). Cell cycle
analysis was performed, comparing 5TGM1 Axl and 5TGM1 EV cells following
overnight culture in (B) IMDM media, or NIH3T3 conditioned media (CM)
enriched for TAM ligands (C) Gas6 and (D) Pros1. . Results are shown as the

mean + SEM of three independent experiments, Students t-test.
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Figure 4.3. Axl expression has no effect on 5TGM1 cell DiD dye retention.
5TGM1 Axl cells and 5TGM1 EV cells were DiD labelled and DiD dye retention
was monitored using flow cytometry. 5TGM1 cells were either maintained in
monoculture, contact co-culture with MC3T3 pre-osteoblastic cells, or in MC3T3
conditioned media. (A) Representative flow cytometry plots of DiD retention in
GFP+ 5TGM1 EV and 5TGM1 Axl cells on Day 1 and Day 10 when cultured in
IMDM media are shown (left). Graphs depict the percentages of GFP+ DID+ cells
(right), from three independent biological replicates. (B) Flow cytometry plots of
DiD retention in GFP+ 5TGM1 EV and 5TGM1 Axl cells in contact co-culture with
MC3T3 cells on Day 1 and Day 7 are shown, n=1. (C) Representative flow
cytometry plots of DiD retention in GFP+ 5TGM1 Axl and 5TGM1 EV cells when
cultured in MC3T3 conditioned media on Day 1 and Day 7 (left). Graphs depict
the percentages of GFP+ DiD+ cells (right), from three independent biological

replicates. All data was presented as mean £ SD, Student’s t-test.
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between 5TGM1 Axl and 5TGM1 EV cells cultured in MC3T3 conditioned media
over 7 days (Figure 4.3c).

4.2.4 Axl expression has no effect on tumour burden in the KaLwRij model of
MM.

To assess whether Axl expression induces a dormancy phenotype in vivo, 5TGM1
Axl and 5TGM1 EV cell lines were i.v. inoculated into KaLwRij mice and tumour
burden was monitored at weeks 2, 3 and 4 using BLI. It was hypothesised that if
high Axl expression could initiate features of cellular dormancy in vivo, such as cell
cycle arrest and reduced cell proliferation, mice inoculated with 5TGM1 Axl cells
would have reduced tumour burden compared to mice inoculated with 5TGM1 EV
cells. Analysis of whole body ventral BLI scans from week 4 (Figure 4.4a-b), as well
as hind limb only scans (Figure 4.4c) revealed that 5TGM1 Axl cells displayed a
trend towards greater tumour burden in vivo compared to 5TGM1 EV cells, however
this effect did not reach statistical significance (p=0.095, unpaired t-test). This was
confirmed by flow cytometric analysis of GFP+ tumour cells as a percentage of total
bone marrow cells (Figure 4.4d). SPEP results supported results from BLI scans
and flow cytometric analysis of GFP (Figure 4.4e). These results indicate that Axl
expression does not reduce in vivo tumour burden by promoting features of cellular

dormancy.

4.2.5 AxI cell surface expression is maintained by the majority of GFP+ BM

cells 4 weeks post i.v. inoculation with 5TGM1 AxI cells.

AXxI cell surface expression, assessed by flow cytometry in the unaltered 5TGML1 cell
line, was found to fluctuate at different cell culture densities (data not shown).
Therefore, it was hypothesised that Axl cell surface expression may be lost after 4
weeks in vivo, preventing dormancy initiation. To investigate this, 5TGM1 Axl cells
were analysed for Axl cell surface expression at the time of injection after being
cultured in vitro, and after 4 weeks in vivo, with 5TGML1 EV cells used as a negative
control (Figure 4.5a-c). Results indicated that Axl expression was significantly higher
in 5TGM1 Axl cells cultured in vitro compared to 5TGM1 Axl cells harvested from
mouse hind limbs after 4 weeks (****p<0.0001, One-way ANOVA with Tukey’s
multiple comparisons). However, Axl expression was maintained in the majority of
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Figure 4.4. Axl expression has no effect on tumour burden in the KaLwRij
model of MM. KaLwRij mice were inoculated with 5x10° 5TGM1 EV cells or
5TGM1 Axl only cells and disease burden was monitored by whole animal BLI,
serum paraprotein electrophoresis and flow cytometry. (A) Ventral BLI scans
depict tumour burden at week 4. A graph of the total flux at week 4 from (B)
ventral and (C) hind limb only scans are shown. (D) GFP+ % of live cells from the
hind limbs of mice at week 4 is shown (n=7 mice/group) (F) Serum was collected
from the mice after four weeks and the M-spikes were measured by SPEP. M-
spikes (*) on the SPEP gel (left) and the quantitated Globulin/Albumin ratio (right)
are shown. Black lines indicate separation between different gels. Graphs depict

the mean £ SD of n=14-15 mice per cell line, Student’s t-test.
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Figure 4.5. Axl cell surface expression is maintained by the majority of
GFP+ BM cells 4 weeks post i.v. inoculation with 5TGM1 AxIl cells. Cell
surface expression of Axl was evaluated in 5TGM1 Axl cells cultured in IMDM
media and in 5TGM1 AxI cells harvested from the hind limb BM of KaLwRij mice
after 4 weeks of tumour growth. (A) A representative FACS plot depicts GFP+
5TGM1 Axl cells cultured in IMDM media (left). A histogram depicts Axl
expression in 5TGM1 Axl cells compared to 5TGM1 EV cells and unstained cells
cultured in IMDM media (right). C57BL/KaLwRij mice were inoculated with 5x10°
5TGM1 EV cells or 5TGM1 Axl only cells. Plots are representative of three
independent biological replicates. (B) A representative FACS plot depicts GFP+
5TGM1 Axl cells harvested from the BM of KaLwRij mice 4 weeks after injection
(left). At the week 4 experimental endpoint Axl expression in GFP+ BM cells from
a single mouse (ID 85.3b) was assessed compared to GFP+ cells from a 5TGM1
EV inoculated mouse and unstained controls. (C) Graph depicts the percentage
of GFP+ cells that are Axl+, either directly from in vitro cultures (left), or harvested
from the hind limbs of mice inoculated with 5TGM1 AxI cells (n=8) or 5TGM1 EV
cells (n=3). Data was presented as mean + SD, One-way ANOVA with Tukey’s

multiple comparisons, ****p<0.0001.
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5TGM1 Axl cells harvested from mouse hind limbs after 4 weeks, with a mean
percentage of Axl+ cells 61.41+6.37 (SD). Therefore, the loss of Axl expression did
not account for the lack of dormancy induction in the i.v. KaLwRij model of MM.

4.2.6 Axl expression has no effect on BM homing of 5TGML1 cells in vivo.

It was hypothesised that the trend towards increased tumour burden when 5TGM1
Axl cells were inoculated into the KaLwRij model may be due to enhanced BM
homing ability of 5TGM1 Axl cells compared to 5TGM1 EV cells. This enhanced
ability to home to the bone marrow may increase rates of successful tumour
engraftment and overall tumour burden. To determine whether the KalwRij tumour
model results could be explained by a BM homing advantage in 5TGM1 Axl cells
compared to 5TGM1 EV cells, a 24 hour BM homing assay was conducted. 5TGM1
Axl and 5TGML1 EV cells were i.v. inoculated into mice, and GFP+ cells from the
hind limb BM were enumerated by flow cytometry compared to a GFP ‘spiked’ BM
control (Figure 4.6a). Results indicated that there was no difference in the
percentage of GFP+ cells detected in BM from mice inoculated with 5TGM1 Axl cells
compared with BM from mice inoculated with 5TGM1 EV cells (Figure 4.6b).

4.2.7 Axl expression has no effect on the growth of primary or secondary

tumours following i.t. injection of cells.

Rather than intravenously inoculating KaLwRij mice with 5TGM1 Axl and 5TGM1
EV cells, cells were injected directly into the tibiae of KaLwRij mice, bypassing the
BM homing mechanism. Analysis of ventral BLI scans of the injected leg after 3
weeks revealed no difference in tumour burden between mice inoculated with
5TGM1 Axl cells and mice inoculated with 5TGM1 EV cells (Figure 4.7a-b).
Moreover, there was no difference in metastatic tumour burden in the non-injected
leg between mice inoculated with 5TGM1 Axl cells and mice inoculated with 5TGM1
EV cells (Figure 4.7a,c). These findings were confirmed by flow cytometric analysis
of GFP+ tumour cells as a percentage of total bone marrow cells in the injected and
non-injected legs (Figure 4.7d-e). SPEP results also supported results from BLI

scans and flow cytometric analysis of GFP (Figure 4.7f).
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GFP+ cells
(per million BM cells)

Figure 4.6. Axl expression has no effect on the BM homing of 5TGM1 cells
in vivo. C57BL/KaLwRij mice were inoculated with 5x10° 5TGM1 Axl or 5TGM1
EV cells, and 24 hours later were humanely culled, and GFP+ cells were
assessed in hind limb BM. (A) Representative FACS plots showing GFP+ % of
live cells from the hind limbs of a single mouse inoculated with 5TGM1 EV cells
(right) compared to mouse BM ‘spiked’ with GFP+ cells (left). (B) The number of
GFP+ cells was compared between mice inoculated with 5TGM1 Axl only and EV
cells. Graphs depict the mean = SEM of n=6 mice per cell line, Student’s t-test.
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Figure 4.7. Axl expression has no effect on the growth of primary or
secondary tumours following i.t. injection of cells. C57BL/KaLwRij mice were
inoculated intratibially with 1x10° 5TGM1 EV cells or 5TGM1 Axl cells and disease
burden was monitored by whole animal BLI, serum paraprotein electrophoresis
and flow cytometry. (A) Ventral BLI scans depict tumour burden at 3 weeks. A
graph of the total flux at 3 weeks from (B) the injected leg and (C) the non-injected
leg are shown. GFP+ % of live cells from the (D) injected tibiae and (E) non-
injected leg of mice after 3.5 weeks is shown. (F) Serum was collected from the
mice after 3 weeks and the M-spikes were measured by SPEP. M-spikes (*) on
the SPEP gel (left) and the quantitated Globulin/Albumin ratio (right), are shown.
Graphs depict the mean £ SEM of n=8-9 mice per cell line from three independent

experiments, Student’s t-test.
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4.3 Discussion

Dormant MM PCs are thought to stably reside long term within specialised bone
marrow niches, evading conventional therapeutic targeting, whilst retaining the
ability to become reactivated!?®. Reactivated MM PCs re-enter the cell cycle and
begin proliferating, forming new tumours and giving rise to clinical relapse.
Understanding the mechanisms of MM PC dormancy could lead to therapeutic
targeting of dormant PCs to either maintain long term dormancy or enable
reactivation prior to targeting by conventional therapy. Axl was previously identified
as one of the genes most highly expressed by dormant 5TGM1 murine MM PCs12%
213 and targeting Axl using the small molecule inhibitor BMS-777607 released
5TGM1 cells from dormancy?'®. However, as BMS-777607 also targets Met,2!4
Tyro3, Mer?'®, and Ron?8, the aim of this chapter was to use a model of AxI positive
and Axl negative 5TGM1 cell lines to investigate whether high 5TGM1 Axl

expression alone was sufficient to initiate MM dormancy.

Firstly, some of the hallmark features of cellular dormancy, reduced cell proliferation
and cell cycle arrest were investigated in 5TGM1 Axl and 5TGM1 EV cell lines.
Previous studies of Axl expressing- prostate cancer cell lines PC3 and DU145
showed that cell proliferation was reduced in vitro when cells were exposed to
Gas6'%* 185 Therefore it was hypothesised that 5TGM1 Axl cells may display
reduced cell proliferation compared to 5TGM1 EV cells, particularly in response to
ligand signalling. However no differences in cell proliferation were observed in short
term proliferation assays. Interestingly, all the types of NIH3T3 conditioned IMDM
media slowed the growth of both 5TGM1 Axl and 5TGM1 EV cells, but this effect
does not appear to be due to Gas6 or Prosl ligands. Cell cycle arrest in GO has
previously been detected in dormant 5TGM1 cells harvested from mouse BM*?°,
and in Axl expressing-PC3 prostate cancer cells in vitro after exposure to Gas6'%4.
Therefore it was anticipated that 5TGM1 Axl cells would have a greater distribution
of total cells in GO compared to 5TGML1 EV cells, particularly in response to ligand
signalling. However no differences in the distribution of cells in the GO phase of the
cell cycle were observed, nor any differences in any other cell cycle phases.
Although proliferation assays and cell cycle analysis failed to identify any features
of dormancy in 5TGM1 Axl expressing cells, these short term assays may lack the
sensitivity to identify non-proliferative sub-populations of cells.
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Labelling cells with heritable dyes is a reliable method for identifying long-term non-
proliferating cells, which retain the label over time. To assess whether more 5TGM1
Axl cells retained the DID label compared to 5TGM1 EV cells, these two cell lines
were DiD labelled and cultured in IMDM media. No differences in the proportions of
each cell line remaining DiD" were observed over 10 days. However, previous
studies in both MM and prostate cancer found that DiD™ cell populations were
significantly increased when cells were in contact co-culture with pre-osteoblastic
MC3T3 cells??® 206, Furthermore, 5TGM1 cells overexpress dormancy associated
genes, including Axl, when in contact co-culture with MC3T3 cells?'3. 5TGM1 Axl
cells and 5TGM1 EV cells were DID labelled and placed in contact co-culture with
MC3T3 cells, and after 7 days both 5TGM1 Axl cells and 5TGM1 EV cells completely
retained the DiD label. Therefore contact with MC3T3 cells provided 5TGM1 cells
with potent growth suppression signals, and this growth suppression was not
dependent on Axl signalling. As a complement to direct co-culture with MC3T3 cells,
5TGM1 Axl cells and 5TGM1 EV cells were cultured in MC3T3 conditioned media,
however no differences in DiD dye retention were observed. This is unsurprising, as
it has previously been shown that increases in Axl expression and expression of
other dormancy genes was only induced in 5TGM1 cells in direct co-culture with
MC3T3 cells, not when they were cultured with MC3T3 conditioned media?'3. Future
studies should include the assessment of dormancy signature genes in 5TGM1 Axl
and 5TGML1 EV cell lines following co-culture with MC3T3 cells, to identify whether

any of these genes are specifically co-expressed with Axl.

Engagement of 5TGML1 cells with endosteal niche cells is important for the initiation
and maintenance of dormancy. In vitro studies lack the complexity of the BM
microenvironment and 5TGM1 Axl cells may require contact with the endosteal
niche in vivo to induce features of dormancy. Inhibition of Axl using BMS-777607
released 5TGM1 cells from dormancy and increased BM tumour burden?!3, It was
hypothesised that 5TGM1 Axl cells would result in significantly reduced tumour
burden in KaLwRij mice compared to 5TGM1 EV cells. However there was no
statistically significant difference in tumour burden between mice inoculated with
5TGML1 Axl cells and mice inoculated with 5TGM1 EV cells. Although DiD labelling
of 5TGM1 Axl and 5TGM1 EV cells was performed prior to i.v. inoculation into
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KaLwRij mice in this study, no DiD+ cells were recovered from BM of mice after 28
days (data not shown). To identify differences in DiD" populations between 5TGM1
Axl and 5TGM1 EV inoculated mice, future studies should optimise in vivo DiD
labelling at time points of 7, 14 and 21 days. As Axl cell surface expression assessed
by flow cytometry in the unaltered 5TGM1 cell line has been shown to fluctuate at
different cell culture densities, it was hypothesised that a loss of Axl expression over
4 weeks in vivo may be responsible for the lack of in vivo difference in tumour
burden. However, in vivo Axl expression was maintained in the majority of 5TGM1
Axl cells, indicating that loss of Axl expression was not responsible for the lack of in

vivo difference in tumour burden.

Knockdown of Axl in PC3 and DU145 prostate cancer cell lines significantly impaired
their ability to migrate towards Gas6 in vitro?’2. Furthermore Axl knockdown reduced
migration of triple negative breast cancer cells from the primary tumour to secondary
sites in the lungs in vivo?’3. Given the results of the KaLwRij model in which cells
are injected intravenously and must home to the bone marrow, it was hypothesised
that 5TGM1 Axl cells had a migration or bone marrow homing advantage over
5TGM1 EV cells. Therefore, a 24 hour BM homing assay was conducted, revealing
no differences in homing ability between 5TGM1 Axl and 5TGM1 EV cells. However
it should be noted that this assay lacks sensitivity, with only small numbers of GFP+
cells being detected. The 5TGM1 Axl and 5TGML1 EV cell lines were then inoculated
directly into the bone marrow microenvironment of KaLwRij mice via the tibia,
bypassing the BM homing mechanism in the i.v. model. When cells were injected
intratibially, there was a slight but not statistically significant decrease in tumour
burden in the injected legs of mice inoculated with 5TGM1 Axl cells compared to
5TGM1 EV cells by GFP and SPEP. This was not supported by the whole body BLI
data displaying no differences between groups, indicating that there is no reduction
in tumour burden with Axl expression in either the KaLwRij i.v. or i.t. models. There
were also no differences in metastasis to the non-injected leg in 5TGM1 Axl
compared to 5TGM1 EV inoculated mice. Therefore, these data provide no evidence
that Axl expression promotes 5TGM1 cell migration. The process of 5TGM1 cells
forming tumours within the BM following i.v. injection into KaLwRij mice involves not

only migration but also successful engraftment. It is possible that Axl promotes
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engraftment and establishment of tumours in the BM, resulting in the modest

increase in tumour burden in the i.v. KaLwRij model.

Axl expression has been associated with 5TGM1 cell dormancy in previous
studies?®, and use of a small molecule inhibitor with targets including Axl released
5TGM1 cells from dormancy in vivo?13. The studies in this chapter provide no
evidence that high Axl expression in 5TGM1 cells promotes features of dormancy
when compared to a control 5TGM1 cell line that does not express Axl. A recent
study in prostate cancer found that Axl expression was not necessary for dormancy
in vivo and without AxlI expression prostate cancer cells were still able to
disseminate to secondary sites, undergo a period of dormancy, become reactivated
and form new tumours!®. It is possible that Axl is a ‘passenger’ expressed highly by
dormant cells, whereas one of the other genes identified by Khoo, et.al.,?*3 Irf7, Spic,
Vcaml, Fcergl, Mpegl, or Sirpa may be a ‘driver of dormancy induction and
maintenance in myeloma. Furthermore, BMS-777607 also targets Met?'4, Tyro3,
Mer?'5, and Ron?%¢, meaning that these targets either expressed by 5TGM1 cells or
other cells within the BM microenvironment could be responsible for the ‘release’ of
5TGM1 cells from dormancy in vivo identified by Khoo, et.al.,?'® Therefore, previous
studies have identified a total of 10 candidate genes other than Axl that can be
investigated in further studies as potential drivers of dormancy in myeloma. In a
recent study Irf7-expressing MR20 breast cancer cells were inoculated into mice
and the resulting tumours were treated with chemotherapy, leading to long periods
of dormancy?’4. Interestingly, shRNA-mediated knockdown of Irf7 abrogated
dormancy, instead resulting in significantly increased tumour burden and metastatic
disease following chemotherapy cessation. Given that the proteasome inhibitor
bortezomib can be successfully utilised in the 5TGM1/KaLwRij model of MM?75,
further studies should also incorporate bortezomib treatment of 5TGM1 tumours in
KaLwRij mice and monitoring of subsequent relapse by BLI. Using a panel of
5TGML1 cell lines expressing individual candidate genes and a 5TGM1/KalLwRij
model monitoring relapse post-bortezomib treatment, it may be possible to identify

one of these genes as a novel drug target to limit MM relapse.
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5. Mer expression promotes multiple
myeloma disease progression
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5.1 Introduction

Multiple myeloma is a haematological malignancy characterised by the unchecked
clonal proliferation of malignant plasma cells in the bone marrow?. MM PCs, situated
in specialised BM niches, establish paracrine interactions with stromal, immune and
osteolineage cells that are mediated by cell surface receptor signalling®>°. Early in
the disease course, MM PCs rely on interactions with BM microenvironment cells,
via both direct cell-cell interactions, soluble factors and cytokines, which support
clonal expansion?’®. As MM tumours develop, interactions between cell surface
receptor signalling and stromal cell-derived ligands enables MM PCs to ‘reprogram’
the BM microenvironment to favour PC proliferation and immune evasion, leading
to further disease progression®: 277 Disrupting cell surface receptor — ligand
interactions through the use of novel targeted therapeutics, such as small molecule
inhibitors, represents an opportunity to limit MM disease burden?’8, However, the
roles of many cell surface receptors and ligands expressed by patient MM PCs in

supporting tumour development remain ill-defined.

The TAM receptor, Mer, and its ligand, Gas6, have previously been proposed as
important factors for MM PC growth and survival'®® 188 Both Mer and Gas6 are
expressed by MM patient-derived PCs, with Gas6 being expressed at higher levels
in MM patient-derived PCs compared to healthy control PCs'%, Our own RNAseq
analysis has demonstrated that PCs express abundant Gas6 and Mer, but negligible
Axl and Tyro3 (Chapter 3, Figure 3.1). sShRNA mediated silencing of Mer (shMer) in
the human myeloma cell lines, RPMI8226 and U266, reduced cell proliferation in
vitro166, Inoculation of mice with the shMer U266 cells resulted in reduced myeloma
burden and increased survival time compared to control shRNA-transduced cells.
Furthermore, shRNA-mediated knockdown of Gas6 resulted in RPMI8226 and
U266 cell death, whereas overexpression of Gas6 increased cell proliferation in
vitro. Waizenegger et al.,'%6 also showed that mice administered with Gas6
overexpressing U266 cells also had reduced survival times compared to mice
administered control U266 cells. Treatment of mice, inoculated with U266 cells, with
the Vitamin K antagonist Warfarin, which inhibits important post-translational
modification of Gas6, reduced myeloma burden and increased survival time. These
data suggest that Gas6 and Mer expression promotes MM cell proliferation and

survival in vitro and blockade of either Gas6 or Mer reduces myeloma burden in
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vivo. Given the expression of Gas6 and Mer by MM patient PCs, they may represent
clinically relevant proteins, and therapeutic targeting of this receptor-ligand axis may
limit disease burden.

Furukawa, et al., showed that both autocrine and paracrine Gas6 signalling
promoted human myeloma cell line survival and proliferation through activation of
Mer in vitro®, The authors also showed that Gas6 is secreted not only by the
RPMI8226 human myeloma cells but also from the HS-5 human BM stromal cells.
Furthermore, Gas6 neutralising antibody treatments reduced RPMI8226 cell
proliferation and increased apoptosis under standard cell culture conditions and
when cells were cultured with HS-5 cell conditioned media. Findings from this study
indicated that recombinant Gas6, or HS-5 conditioned media, resulted in the
phosphorylation of Mer and downstream signalling pathway intermediates.
Therefore, both autocrine and paracrine Gas6 signalling, mediates RPMI18226 cell
proliferation and survival in vitro, likely through activation of Mer. Waizenegger, et
al., showed that Gas6 overexpressing U266 cells produce greater myeloma tumour
burden in vivo compared to control cells, suggesting that autocrine Gas6 signalling
also promotes the survival and proliferation of human MM PCs in vivol%6. However,
the effects of myeloma cell lines differentially expressing Mer and Gas6 has not
been fully assessed in vivo. Therefore, it remains unknown whether there is an

additive effect of both Mer and Gas6 expression in promoting MM tumour burden.

Although it is possible that Mer and Gas6 are simply pro-proliferative in MM PCs,
the exact mechanism responsible for the increased myeloma burden, identified in
vivo when Gas6 and Mer are both expressed?®®, is yet to be established. In other
cancers Mer and Gas6 have been shown to promote disease progression through
increased cancer cell migration?”® 280, acquisition of drug resistance?8!, and the
promotion of an immune-suppressive tumour microenvironment 175 186
Interestingly, previous studies have shown that both Mer and Axl are able to regulate
the expression of the immune checkpoint protein PD-L1 in breast cancer and
cervical cancer cell lines in vitrol”® 232, Expression of cell surface PD-L1 was
upregulated when cells were stimulated with Gas6 and a source of
phosphatidylserine to maximise Gas6 signalling. Furthermore, Mer inhibition in a

murine model of acute lymphoblastic leukaemia (ALL) decreased PD-1 expression
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on T cells and increased both CD4+ and CD8+ T cell activation'®, The authors
showed that Mer inhibition increased survival time and decreased leukaemia burden
in immune compromised mice bearing Mer-positive human ALL xenografts,
suggesting a direct effect of Mer expressed by leukaemia cells in promoting disease
progression. Mer inhibition in immune competent C57BL/6 mice, inoculated with
Mer-negative ALL cells, also significantly prolonged survival time, but had no effect
in an immune compromised NSG model inoculated with the same Mer-negative
cells. These findings suggest that Mer can also have indirect anti-cancer effects
mediated through the adaptive immune system. PD-1/PD-L1 inhibitors have been
successful used in a number of cancers, but clinical trials involving these inhibitors
have been put on hold in MM due to high toxicities?3*. Therefore, studying the
Mer/PD-L1 axis in MM may provide an alternative strategy for targeting both Mer
and, indirectly, the PD-1/PD-L1 pathway. Additionally, there are other immune
checkpoint pathways that may promote MM immune escape such as
Galectin9/Tim3282 and PVR/TIGIT?8, To date, the effects of Mer expression on MM
tumour burden in vivo have yet to be compared between immune competent and

immune compromised murine models of MM.

To investigate the function of Mer in promoting myeloma disease progression, this
study utilised 5TGM1 Mer positive (5TGM1 Mer) and 5TGM1 Mer negative (5TGM1
EV) cell lines. To generate these cell lines, CRISPR Cas9 mediated knockout of
Tyro3 and Axl in 5TGM1 cells was performed, and these 5TGM1 TAM null cells
were then retrovirally transduced to express Mer (Chapter 3, Figure 3.11). If Mer
expression was able to promote MM PC proliferation, it was hypothesised that
5TGM1 Mer cells would display increased cell proliferation in vitro, display evidence
of accumulation in the S phase of the cell cycle, and produce increased tumour
burden in vivo, compared to 5TGM1 EV cells. If Mer expression promoted myeloma
tumour burden through immune subversion, it was hypothesised that no differences
in tumour burden would be observed between mice inoculated with 5TGM1 Mer or
5TGM1 EV cells in an immune compromised mouse model. Further to this, it was
hypothesised that immune checkpoint protein expression, of PD-L1 or other immune
checkpoint proteins, would be increased in 5TGM1 Mer cells compared to 5TGM1
EV cells. To identify whether Mer expression plays a role in MM PC migration, this
study was designed to compare different modes of 5TGML1 cell delivery to mice. To

investigate the relative effects of paracrine versus autocrine Gas6-Mer signalling, a
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panel of four 5TGM1 cell lines were generated from the 5TGM1 Mer and 5TGM1
EV cell lines with differential Mer and Gas6 expression. It was hypothesised that if
having both a source of paracrine and autocrine Gas6 signalling, like myeloma
patient PCs, stimulated MM disease progression, 5TGML1 cells expressing both Mer
and Gas6 would produce increased tumour burden in vivo in comparison to 5TGM1

cells expressing only Mer or Gasé6 alone.

5.2 Results

5.2.1 Mer expression increases 5TGM1 cell proliferation when cells are
cultured in IMDM media and NIH3T3 conditioned media.

Given that Mer knockdown in human myeloma cell lines RPMI-8226 and U266 was
previously shown to reduce cell proliferation in vitro'®®, it was hypothesised that
5TGM1 Mer cells would display increased cell proliferation compared to 5TGM1
empty vector (EV) cells. Proliferation assays performed in IMDM media showed that
5TGM1 Mer cells displayed increased proliferation at the 72 hour time point
compared to 5TGM1 EV cells (Figure 5.1a). This effect was reproduced when cells
were cultured in NIH3T3 empty vector (EV) control conditioned media, which
contains low levels of Gas6 and Pros1 (Figure 5.1b). However, no differences in cell
proliferation were detected when 5TGM1 Mer and 5TGM1 EV cells were culture in
either NIH3T3 Gas6 (Figure 5.1c) or NIH3T3 Pros1 (Figure 5.1d) conditioned media
enriched for TAM ligands through retroviral mediated transgene expression. In
contrast to results obtained from proliferation assays, in which cells were cultured in
IMDM media or NIH3T3 EV media, assays in which cells were cultured in ligand

enriched conditioned media produced significant variability between replicates.

5.2.2 Mer expression has no effect on cell cycle distribution.

As 5TGM1 Mer cells displayed increased cell proliferation in IMDM media and
NIH3T3 EV media compared to 5TGM1 EV cells, it was hypothesised that 5TGM1
Mer cells would have a significantly increased proportion of cells in the S phase of
the cell cycle compared to 5TGM1 EV cells. Cells in GO, G1, S and G2/M phases of
the cell cycle were identified by their differential DNA and RNA content using double
Hoechst (RNA) and Pyronin Y (DNA) staining (Figure 5.2a). Cell cycle analysis was
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Figure 5.1. Mer expression increases 5TGM1 cell proliferation when
cultured in IMDM media and NIH3T3 conditioned media. Proliferation of
5TGM1 Mer expressing cells was compared to that of 5TGM1 EV cells over 72
hours by a WST-1 assay. Cells were cultured in either (A) IMDM media, (B)
NIH3T3 EV conditioned media, (C) NIH3T3 Gas6 CM or (D) NIH3T3 Pros1 CM.
Results were displayed as fold change in absorbance (450nm) over 72 hours.
Results are shown as the mean + SEM of three independent experiments
performed in triplicate, two-way ANOVA with Tukey’s multiple comparisons,
****p<.0001, ***p<.0001, n.s. p> .05.
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Figure 5.2. Mer expression has no effect on cell cycle distribution. Cell cycle
analysis was conducted using 5TGM1 Mer compared to 5TGM1 EV cells,
including isolation of the GO population. (A) A representative plot of GFP+
mCherry+ 5TGM1 EV cells (left), and the gating strategy for cell cycle analysis of
the Hoechst and Pyronin Y stained GFP+ mCherry+ population (right). Cell cycle
analysis was performed, comparing 5TGM1 Mer and 5TGM1 EV cells following
overnight culture in (B) IMDM media, (C) NIH3T3 Gas6 CM and (D) NIH3T3
Pros1 CM. Percentages of cells in each phase of the cell cycle are indicated.
Results are shown as the mean + SEM of three independent experiments,

Students t-test, n.s. p>.05.

112



performed in IMDM media (Figure 5.2b), or in response to NIH3T3 Gas6 (Figure
5.2c) or NIH3T3 Prosl (Figure 5.2d) ligand enriched conditioned media. Under all
media conditions no significant differences were identified in the proportions of
5TGM1 Mer and 5TGML1 EV cells in any of the phases of the cell cycle. In both the
5TGM1 Mer and 5TGM1 EV cell lines, there was an increased proportion of cells in
the S phase of the cell cycle when cultured in IMDM media (EV: mean 15.9% = s.d.
4.16%, Mer: mean 19.53% + s.d. 6.21%) compared to NIH3T3 Gas6 enriched media
(EV: mean 6.69% =* s.d. 1.26%, Mer: mean 7.26% * s.d.1.42%) or NIH3T3 Prosl
enriched media (EV: mean 10.11% + s.d. 2.14%, Mer: mean 8.72% = s.d. 0.71%).
Therefore, when cells are cultured in IMDM media they proliferate at an increased
rate compared to when they are cultured in NIH3T3 conditioned media, shown by
both increased proportion of cells in S-phase and increased WST-1 absorbance
(Figure 5.1).

5.2.3 Mer expression increases tumour burden in the KaLwRij model of MM.

To assess whether Mer expression promotes tumour burden in vivo, 5TGM1 Mer
and 5TGM1 EV cell lines were i.v. inoculated into KaLwRij mice and tumour burden
was monitored at week 4 using BLI. Previous studies showed that shRNA
knockdown of Mer in U266 human myeloma cells inoculated into mice produced a
significant reduction in myeloma burden'®®. Therefore, it was hypothesised that
5TGM1 Mer cells would produce significantly increased tumour burden in the
KaLwRij model of MM compared to 5TGM1 EV cells. Analysis of whole-body ventral
BLI scans from week 4 (Figure 5.3a-b), as well as hind limb only scans (Figure 5.3c),
revealed that 5TGM1 Mer cells produce greater in vivo tumour burden (mean
5.68x10° + s.d. 4.31x10° photons/s) compared to 5TGM1 EV cells (mean 2.44x10°
+ s.d. 2.56x106 photons/s). GFP+ cells were enumerated from the hind limb bone
marrow of tumour bearing mice, and showed a slight but not statistically significant
increase in the percentage of GFP+ cells in 5TGM1 Mer inoculated mice compared
to 5TGM1 EV inoculated mice (Figure 5.3d). There was also a small but statistically
non-significant increase in M-spike intensity in the 5TGM1 Mer inoculated mice
compared to 5TGM1 EV inoculated mice (Figure 5.3e). However, significantly
increased numbers of mice inoculated with 5TGM1 Mer cells compared to 5TGM1
EV cells had detectable tumour burden by SPEP (Figure 5.3f). To assess whether,

at the week 4 time point, 5TGM1 Mer cells were proliferating more rapidly in
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Figure 5.3. Mer expression increases tumour burden in the KaLwRij model
of MM. KalLwRij mice were inoculated with either 5x10° 5TGM1 EV cells or
5TGM1 Mer cells via the tail vein, and subsequent disease burden was monitored
by whole animal BLI, SPEP and flow cytometry. (A) Ventral BLI scans depicting
tumour burden at week 4. A graph of the total flux at week 4 from (B) ventral and
(C) hind limb only scans are shown. (D) GFP+ % of live cells from the hind limbs
of n=10 mice/group at week 4 is shown. (E) Serum was collected from the mice
after four weeks and the M-spikes were measured by SPEP. M-spikes (*) on the
SPEP gel (left) and the quantitated Globulin/Albumin ratio (right), are shown.
Black lines indicate separation between gels. (F)The number of mice with
detectable tumour burden by SPEP were compared between groups, Fisher
exact test. (G) n=6 mice/group were inoculated with 50mg/kg EdU 24 hours
before the endpoint (left) to assess the proportion of 5TGM1 EV cells compared
to 5TGM1 Mer cells that were actively dividing. EdU+% of GFP+ cells from the
hind limbs of mice were compared between groups using flow cytometry (right).
Graphs depict the mean + SD of n=17 mice per cell line, Students t-test, unless

otherwise indicated. *p<0.05, **p<0.01, n.s. p>.05.
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comparison to 5TGM1 EV cells, in vivo measurement of the rates of DNA synthesis
in tumour cells was performed. Mice were i.p. inoculated with the nucleotide
analogue EdU 24 hours prior to being humanely euthanised. BM cells were
harvested from mouse hind limbs and EdU incorporation into newly synthesised
DNA was detected via conjugation to a fluorescent reporter. EAU+ GFP+ 5TGM1
cells were enumerated by flow cytometry, revealing no difference in the proportions
of actively proliferating EdU+ cells between 5TGM1 Mer and 5TGM1 EV tumours
(Figure 5.39).

5.2.4 Mer expression has no effect on tumour burden in the immune

compromised NSG model.

To assess whether Mer expression promotes tumour burden in an immune
compromised mouse model, 5TGM1 Mer and 5TGM1 EV cell lines were i.v.
inoculated into NSG mice and tumour burden was monitored at week 4 using BLI.
NSG mice carry two mutations on the NOD/ShiLtJ genetic background: severe
combined immune deficiency (scid) and a complete null allele of the IL2 receptor
common gamma chain (IL2rg™"). These mutations render the mice B, T and NK cell
deficient, with defective macrophages and dendritic cells. Previous studies have
identified that Mer may play a role in tumour cell escape from immune surveillance
through modulation of the PD-1/PD-L1 axis'’> 186215 |f the presence of an adaptive
immune system was important for the increased myeloma burden identified in
KaLwRij mice inoculated with 5TGM1 Mer cells compared to 5TGM1 EV cells, it was
hypothesised that there would be no difference in tumour burden based on Mer
expression in the NSG model. Analysis of whole-body ventral BLI scans from week
4 did indeed reveal no difference in tumour burden between mice inoculated with
5TGM1 Mer cells compared to 5TGM1 EV cells (Figure 5.4a-b). Enumeration of
GFP+ 5TGM1 cells in the bone marrow of the hind legs by flow cytometry at week
4 showed no significant difference between mice inoculated with 5TGM1 Mer cells
and mice inoculated with 5TGM1 EV cells (Figure 5.4c). However, this analysis was
only performed in a subset of the total number of mice shown in BLI and SPEP data.
In keeping with the results obtained by BLI, SPEP analysis revealed no difference
in whole animal tumour burden between mice inoculated with 5TGM1 Mer compared
to mice inoculated with 5TGM1 EV cells (Figure 5.4d).
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Figure 5.4. Mer expression has no effect on tumour burden in the immune
compromised NSG model. NSG mice were inoculated with either 5x10° 5TGM1
EV cells or 5TGM1 Mer cells via the tail vein and disease burden was
subsequently monitored by whole animal BLI, SPEP and flow cytometry. (A)
Ventral BLI scans depict tumour burden at week 4. (B) A graph of the total flux at
week 4 from ventral scans are shown. (C) GFP+ % of live cells from the hind
limbs of n=8-9 mice/group at week 4 is shown. (D) Serum was collected from the
mice after 4 weeks and the M-spikes were measured by SPEP. M-spikes (*) on
the SPEP gel (left) and the quantitated Globulin/Albumin ratio (right), are shown.
Black lines indicate separation between gels. Graphs depict the mean £ SD of

n=16-17 mice per cell line, Students t-test, n.s. p>.05.
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5.2.5 NSG mice have increased mRNA expression of TAM ligands Pros1 and

Galectin 3 in compact bone compared to KaLwRij mice.

To identify whether any differences in ligand expression in the bone marrow
microenvironment may be responsible for the results observed in the KaLwRij model
compared to the NSG model, mRNA expression of TAM ligands were compared
between tumour naive mice of the two strains. It was hypothesised that if there is
increased ligand expression in the bone marrow or compact bone of KaLwRij mice
compared to NSG mice, then increased ligand signalling through Mer could be
responsible for the tumour-promoting effects of Mer seen only in KaLwRij mice.
Relative mRNA expression levels of the TAM ligands Gas6, Pros1, and Galectin 3
were compared in compact bone and bone marrow extracted from KaLwRij and
NSG mice. This showed no significant difference in Gas6 expression levels between
compact bone of KaLwRij and NSG mice (Figure 5.5a). In contrast, we observed a
significant increase in mMRNA expression of Pros1 in NSG compact bone compared
to KaLwRij compact bone (Figure 5.5b, NSG: mean 0.003  s.d. 0.0002, KaLwRij:
mean 0.0002 = s.d. 0.00004). There was also a significant increase in mMRNA
expression of Galectin 3 in NSG compact bone compared to KaLwRij compact bone
(Figure 5.5c, NSG: mean 0.04 * s.d. 0.008, KaLwRij: mean 0.021 + s.d. 0.005).
Notably, Gas6 and Pros1 expression were not detectable in bone marrow of either
mouse strain (data not shown), and there was no significant difference in Galectin 3
MRNA expression between KaLwRij and NSG bone marrow samples (Figure 5.5d).
Therefore, the KaLwRij-specific effects of Mer on 5TGM1 tumour growth are not due
to increased expression levels of any of the TAM ligands in the bone

microenvironment of this mouse strain.

5.2.6 Mer expression increases mMRNA expression of immune checkpoint
proteins Galectin 9, PD-L1 and PVR.

Previous studies identified that Mer expression could increase cancer cell
expression of PD-L1'7> 232, Therefore, it was hypothesised that if Mer plays an
immune suppressive role in MM, expression of Mer may similarly produce an
increase in MRNA expression of PD-L1. MM patient PCs are known to express
ligands of other immune checkpoints?®*, and therefore in this study mRNA
expression of Galectin 9, PVR and TNFSF9 were also evaluated. Indeed, compared

to 5TGM1 EV cells, 5TGM1 Mer cells cultured in IMDM media displayed a 2.6 fold
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Figure 5.5. NSG mice have increased mRNA expression of TAM ligands
Pros1 and Galectin 3 in compact bone compared to KaLwRij mice. RT-gPCR
was performed on cDNA generated from compact bone and bone marrow of
KaLwRij and NSG mice to compare ligand expression in the bone marrow
microenvironment between mouse models. mMRNA expression of (A) Gas6, (B)
Pros1, (C&D) Galectin 3 were assessed. Gene expression levels are shown as
relative to GAPDH. Graphs depict mean + SD of n=6 mice/group, Student’s t-test,
*p<.05, ***p<.001, n.s. p>.05.
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increase in Galectin 9 (Figure 5.6a), a 3.04 fold increase in PD-L1 (Figure 5.6b) and
a 1.61 fold increase in PVR (Figure 5.6¢). There was no significant difference in
MRNA expression of TNFSF9 between the 5TGM1 Mer and 5TGM1 EV cell lines
(Figure 5.6d). Of note, TNFSF9 differs from the other ligands investigated as it is a
positive regulator of the immune system, expression of which, is commonly

downregulated, allowing cancer cells to evade the immune system?8°,

5.2.7 PD-L1 cell surface expression does not change in response to Mer

expression or Gas6 stimulation.

As PD-L1 mRNA expression was upregulated in 5TGM1 Mer cells compared to
5TGM1 EV cells, it was hypothesised that PD-L1 expression at the cell surface
would also be increased with Mer expression. Previous studies have shown
increased cell surface PD-L1 expression when cancer cells were stimulated with
Gas6 and a source of phosphatidylserine from apoptotic cells'’® 232, To mimic these
studies, 5TGM1 Mer cells and 5TGM1 EV cells were either cultured in IMDM media,
NIH3T3 Gas6 conditioned media (CM), IMDM media with apoptotic cells or NIH3T3
Gas6 CM with apoptotic cells. Although PD-L1 expression was robust, no significant
differences in cell surface expression were observed between the 5TGM1 Mer and
5TGM1 EV cell lines under any of the four media conditions (Figure 5.7a). Small
differences in mean fluorescence intensity (MFI) of PD-L1 antibody staining were
identified between 5TGM1 Mer (mean 4464 + s.d. 226.1) and 5TGM1 EV (mean
3765 £ s.d. 642.7) cells cultured in IMDM media alone (“untreated”, Figure 5.7a),
however this failed to reach statistical significance (Figure 5.7b).

5.2.8 Mer expression has no effect on the growth of primary or secondary

tumours following i.t. injection.

Another possible explanation for the significantly increased tumour burden in
KaLwRij mice intravenously inoculated with 5TGM1 Mer cells compared to 5TGM1
EV cells is that Mer expression confers a KalLwRij strain-specific advantage in
5TGML1 cell BM homing and establishment. To investigate this, the 5TGM1 Mer and
5TGM1 EV cell lines were inoculated intratibially into KaLwRij mice and tumour
burden was monitored at week 3 using BLI. When 5TGM1 Mer and 5TGM1 EV cells
are inoculated i.t. into KaLwRij mice, any differences in the abilities of these two cell
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Figure 5.6. Mer expression increases mRNA expression levels of immune
checkpoint proteins Galectin 9, PD-L1 and PVR. To identify changes in
immune checkpoint mMRNA expression with Mer expression, RT-gPCR was
performed on cDNA generated from 5TGM1 Mer and 5TGM1 EV cells cultured in
IMDM media. mRNA expression levels of (A) Galectin 9, (B) PD-L1, (C) PVR and
(D) TNFSF9 were assessed in both 5TGM1 EV cells and 5TGM1 Mer cells. Gene
expression levels are shown as normalised to Hprt and relative to 5TGM1 EV.
Graphs depict mean + SEM of four independent biological replicates performed
in triplicate, Student’s t-test. *p<0.05, **p<0.01, n.s. p>.05.
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Figure 5.7. PD-L1 expression does not change in response to Mer
expression or Gas6 stimulation. Cell surface PD-L1 expression was compared
between GFP+ 5TGM1 EV cells and 5TGM1 Mer cells in response to a source of
Gasb6 and a source of phosphatidylserine using flow cytometry and an anti-PD-
L1 antibody. (A) Representative histograms of PD-L1 cell surface expression of
PD-L1 assessed when cells were cultured in IMDM media, 50% NIH3T3 Gas6
conditioned media, IMDM media with apoptotic cells, or both NIH3T3 Gas6 CM
and apoptotic cells. Histograms are representative of three independent
biological replicates. (B) Mean fluorescence intensity of PD-L1 was compared
between GFP+ 5TGM1 Mer and 5TGM1 EV cells cultured in IMDM media. Graph
depicts mean = SD of three independent biological replicates, Student’s t-test,
n.s. p>.05.
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lines to migrate to and become established in the BM will be bypassed. Intratibial
injection also provides a means of directly determining whether Mer expression
confers a cellular growth advantage when inoculated directly into the bone marrow
microenvironment. Analysis of whole-body ventral BLI scans from week 3 revealed
no significant differences in tumour burden in the injected leg between mice
inoculated with 5TGM1 Mer cells and mice inoculated with 5TGM1 EV cells (Figure
5.8a-b). Additionally, a modest increase in the number of mice with substantial
metastasis to the non-injected leg was identified in mice inoculated with 5TGM1 Mer
cells (n=5 >250,000 photons/s) compared to mice inoculated with 5TGM1 EV cells
(n = 3 >250,000 photons/s), however, a statistically significant difference in mean
BLI signal between the two groups of mice was not observed (Figure 5.8c). Flow
cytometric enumeration of the numbers of GFP+ tumour cells in the bone marrow
showed similar results, with no difference in tumour burden between 5TGM1 Mer
and 5TGM1 EV inoculated mice in the injected tibiae (Figure 5.8d), and a modest
but not statistically significant increase in metastasis to the non-injected leg in mice
inoculated with 5TGM1 Mer cells compared to 5TGM1 EV cells (Figure 5.8e). SPEP
analysis also revealed no difference in whole animal tumour burden between mice
inoculated with 5TGM1 Mer cells and 5TGM1 EV cells (Figure 5.8f). Although, it
should be noted that the intensity of the paraprotein band is typically weak in such
a localised tumour growth model and SPEP analysis may lack sensitivity in this
instance. A previous study found that soluble recombinant Axl ectodomains could
act as a Gas6 “sponge” and block Mer activation on breast cancer cell lines??°. It
was hypothesised that 5TGM1 Mer tumours may produce sMer, which would also
have the potential to act as a Gas6 “sponge” and reduce systemic Gas6. Therefore,
serum Gasb6 levels were assessed by ELISA. These investigations revealed no
difference in serum Gas6 levels between mice inoculated with 5TGM1 EV cells and
mice inoculated with 5TGM1 Mer cells (Figure 5.89).

5.2.9 Mer expression has no effect on the migration of 5TGM1 cells towards

media or recombinant TAM ligands.

A modest but not statistically significant increase in metastasis to the non-injected
legs of KaLwRij mice inoculated with 5TGM1 Mer compared to 5TGM1 EV cells was
identified. To further investigate a potential pro-migratory phenotype conferred by

Mer expression in vitro transwell migration assays were conducted. In a previous
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Figure 5.8. Mer expression has no effect on the growth of primary or
secondary tumours following i.t. injection. C57BL/KaLwRij mice were i.t.
inoculated with 1x10° 5TGM1 EV cells or 5TGM1 Mer cells and disease burden
was subsequently monitored by whole animal BLI, SPEP and flow cytometry. (A)
Ventral BLI scans depict tumour burden at 3 weeks. A graph of the total flux after
3 weeks from (B) the injected leg and (C) the non-injected leg are shown. GFP+
% of live cells from the (D) injected tibiae and (E) non-injected leg of mice at 3.5
weeks is shown. (F) Serum was collected from the mice after 3 weeks and the
M-spikes were measured by SPEP. M-spikes (*) on the SPEP gel and the
quantitated Globulin/Albumin ratio are shown. Black lines indicate separation
between gels. (G) Gas6 ng/mL in mouse serum from mice inoculated with 5TGM1
EV cells was compared to 5TGM1 Mer cells, n=9 mice/group. Graphs depict the
mean = SD of n=20-23 mice per cell line unless otherwise stated, Student’s t-test,

n.s. p>.05.
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study, Mer expressing-B cell precursor ALL cell line RCH-ACYV displayed increased
migration in a transwell migration assay towards a source of Gas6 compared to
media alone?’®. Therefore, it was hypothesised that 5TGM1 Mer cells may display
an enhanced ability to migrate towards a source of ligand. 5TGM1 EV and 5TGM1
Mer cells were seeded into the top well of a transwell plate and allowed to migrate
to the bottom well containing IMDM media or IMDM media containing a source of
recombinant Gas6 or Prosl over 24 hours. GFP+ cells were then enumerated by
flow cytometry and absolute cells/well were calculated using counting beads (Figure
5.9a). Modest, but not statistically significant increases in migration of 5TGM1 Mer
cells, compared to 5TGML1 EV cells, were observed in IMDM media alone (Figure
5.9b), IMDM media with the addition of recombinant Gas6 (Figure 5.9c), and IMDM

media with the addition of recombinant Pros1 (Figure 5.9d).

5.2.10 Retroviral mediated generation of a panel of 5TGM1 Mer and Gas6
differentially expressing cells.

Previous studies showed that myeloma patient-derived MM PCs express Mer and
Gas6 at the mRNA level.1%% To investigate the effects of paracrine versus autocrine
Gasb6 signalling, a panel of 5TGM1 cells, differentially expressing Mer and Gas6
were generated. 5TGM1 Mer and 5TGM1 EV cells were transduced with a novel
pRufimPlum retroviral vector encoding Gas6, or the empty vector, to generate four
cell lines expressing different combinations of Mer and Gas6 (Supplementary Figure
11, Figure 5.10a). Expression of the mPlum reporter was confirmed using flow
cytometry in all four cell lines (Figure 5.10b). Expression of HA-tagged Gas6 was
assessed by western blot, showing HA-tagged transgene expression in 5TGM1 Mer
Gasb6 cells and 5TGM1 EV Gas6 cells compared to 5TGM1 Mer EV cells and
5TGM1 EV EV cells (Figure 5.10c).

5.2.11 Differential Mer and Gas6 expression have no effect on cell proliferation

in vitro or tumour burden in vivo.

It was anticipated that 5TGM1 Mer Gas6 cells would display increased in vitro

proliferation compared to 5TGM1 Mer EV, 5TGM1 EV Gas6 and 5TGM1 EV EV cell

lines. Proliferation assays performed in IMDM media showed no differences in rates

of proliferation between any of the four cell lines at the 72-hour time point (Figure
126
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Figure 5.9. Mer expression has no effect on the migration of 5TGM1 cells
towards media or recombinant TAM ligands. 5x10° 5TGM1 Mer or 5TGM1 EV
cells were seeded into the upper chamber of transwell plates and allowed to
migrate to the bottom chamber over 24 hours. (A) Representative plots showing
counting bead events (left) used to calculate the absolute number of GFP+
cells/well, and GFP+ events from the bottom chamber of transwells (right).
5TGM1 EV and 5TGM1 Mer cell migration towards (B) IMDM media, (C) IMDM
media with rGas6 and (D) IMDM media with rPros1 was compared. Graphs are
presented as mean £ SEM of 5 independent biological replicates, performed in

triplicate, Students t-test, n.s. p>.05.
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Figure 5.10. Retroviral mediated generation of a panel of 5TGM1 Mer and
Gas6 differentially expressing cells. To further elucidate the importance of
autocrine vs. paracrine Gasb6 signalling in MM pathogenesis, a panel of 5TGM1
Mer and Gas6 differentially expressing cell lines were generated. (A) 5TGM1 Mer
and 5TGM1 EV cells were retrovirally transduced with pRufimPlum EV or
pRufimPlum encoding HA-tagged Gas6 to generate four cell lines expressing
different combinations of Mer and Gas6. (B) Double GFP and mPlum reporter
expression is shown in successfully transfected 5TGM1 Mer Gas6 cells, 5TGM1
Mer EV cells, 5TGM1 EV Gasb6 cells and 5TGM1 EV EV cells. (C) The panel of
5TGM1 cell lines differentially expressing Mer and Gas6 was subjected to
western blotting using an anti-HA-tag antibody. B-actin was used as a loading

control.
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5.11a). To assess whether concomitant expression of both Mer and Gas6 promoted
tumour burden in vivo, 5TGM1 Mer Gas6, 5TGM1 Mer EV, 5TGM1 EV Gas6 and
5TGM1 EV EV cell lines were i.v. inoculated into KaLwRij mice and tumour burden
was subsequently monitored at week 5 using BLI. It was hypothesised that a source
of autocrine Gas6 in vivo, when KaLwRij mice are inoculated with 5TGM1 Mer Gas6
cells, would promote an increase in MM tumour burden compared to other
combinations of Mer and Gas6 expression. Analysis of whole-body ventral BLI
scans from week 5 revealed no differences in tumour burden between groups of
mice inoculated with the four different cell lines (Figure 5.11b-c). Although it did not
reach statistical significance, there was an increase in mean BLI signal in mice
injected with 5TGM1 Mer EV cells (mean 1.28x107 + s.d. 3.67x10° photons/s)
compared to that detected in mice injected with 5TGM1 EV cells (mean 3.1x10° +
s.d. 1.11x10°% photons/s). Therefore, this does not contradict previous results
indicating that 5TGM1 Mer cells produce greater in vivo tumour burden compared
to 5TGML1 EV cells (Figure 5.3). The GFP+ tumour cell percentage of total BM cells
was assessed in mice that had detectable tumour burden by BLI, which provided
similar results to BLI (Figure 5.11d). SPEP analysis from all mice again showed no
differences in myeloma burden between any of the groups of mice inoculated with
any of the four 5TGM1 cell lines differentially expressing Mer and Gas6 (5.11e).

5.3 Discussion

MM PC growth and disease progression is supported by the communication
between the PCs and the BM microenvironment facilitated by cell surface receptor-
ligand signalling. The tyrosine kinase receptor Mer, and its ligand Gas6, have
previously been shown to promote MM PC survival and proliferation in vitro and in
vivo® 7. Due to the widespread expression of Mer and Gas6 by MM patient PCs®,
this receptor-ligand axis represents a clinically targetable pathway. In other cancers,
Mer and Gas6 signalling have also been implicated in cancer cell escape from
immune surveillance!® 2 15 and increased cancer cell migration to distal sites®.
Therefore, in addition to providing MM PCs with a proliferative or survival advantage,
Mer receptor expression may also promote MM disease progression through these
other mechanisms. In this chapter, a model of Mer positive and Mer negative
5TGM1 murine myeloma cell lines was utilised to further investigate the function of
the Mer/Gasé6 signalling pathway in MM.
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Figure 5.11. Differential Mer and Gas6 expression have no effect on cell
proliferation in vitro or tumour burden in vivo. (A) Proliferation of a panel of
differential Mer and Gas6 expressing cell lines was monitored over 72 hours by
a WST-1 assay in IMDM media. Results were displayed as fold change in
absorbance (450nm) over 72 hours. Graphs depict mean + SEM of three
independent biological replicates performed in triplicate, Two-way ANOVA with
Tukey’s multiple comparisons. (B-E) KaLwRij mice were inoculated with 5x10°
5TGM1 EV EV, 5TGM1 EV Gas6, 5TGM1 Mer EV or 5TGM1 Mer Gasb6 cells and
disease burden was subsequently monitored by whole animal BLI, SPEP and
flow cytometry. (B) Ventral BLI scans depict tumour burden at week 5. (C) Agraph
of the total flux at week 5 from ventral scans is shown. (D) GFP+ tumour cell %
of live cells from the bone marrow of the hind limbs of tumour bearing mice was
assessed. Serum was collected from the mice after 5 weeks and the M-spikes
were measured by SPEP. (E) M-spikes (*) on the SPEP gel (left) and the
quantitated Globulin/Albumin ratio (right), are shown. Black lines indicate
separation between different gels. Graphs depict the mean + SD of n=10-12 mice

per cell line, One way ANOVA with Tukey’s multiple comparisons, n.s. p>.05.
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Previous studies identified that Mer and Gas6 expression provides MM PCs with a
proliferative advantage'®® 188 and Mer has been shown to promote the proliferation
of lung cancer and leukaemia cell lines?>% 285, Therefore, it was anticipated that Mer-
expressing 5TGML1 cells would provide a proliferative advantage in vitro and in vivo
compared to control 5TGM1 cells. Mer expression did, in fact, increase proliferation
of 5TGM1 cells cultured in IMDM media and NIH3T3 EV media, the latter containing
low levels of the Mer ligands Gas6 and Prosl. Although statistically significant, the
fold changes in proliferation rates were modest. At the 72-hour time point, 5TGM1
Mer cells displayed a 1.3-fold increase in mean cell number compared to 5TGM1
EV cells when cultured in IMDM media, and a 1.27-fold increase when cultured in
NIH3T3 EV media. Previous studies identified a greater magnitude of change in
proliferation rates due to Mer expression in human myeloma cell lines%% 188 Given
that the human myeloma cell lines utilised in these other studies express Gasé,
whereas 5TGML1 cells do not, this suggests that autocrine Mer/Gas6 signalling may
support MM PC proliferation. The results of cell cycle analysis performed in the
present study, showed a slight increase in proportions of 5TGM1 Mer cells in S
phase compared to 5TGM1 EV cells when cultured in IMDM media, although this
did not reach statistical significance. These data suggest that Mer expression
promotes a modest increase in 5TGM1 cell proliferation in vitro, although this was
not observed when cells were cultured in NIH3T3 conditioned media enriched for
Mer ligands. The 5TGM1 Mer and 5TGM1 EV cell lines were inoculated
intravenously into KaLwRij mice, and consistent with results from a previous studys,
Mer expression did confer greater in vivo myeloma burden. Assessment of cell
proliferation at the experimental endpoint using the nucleotide analogue EdU
revealed no differences in tumour cell proliferation in mice inoculated with 5TGM1
Mer cells compared to mice inoculated with 5TGM1 EV cells. Therefore, the
increased proliferation rates of 5TGM1 Mer compared to 5TGML1 EV cells observed
in vitro were not evident in the complex cellular milieu of the BM microenvironment
in vivo. Future studies should conduct the in vivo EdU assay at earlier time points
such as 7, 14 and 21 days, as it is possible that differences in cell proliferation may
occur at an earlier stage in tumour establishment. To further investigate the
mechanism by which Mer promotes MM tumour burden, 5TGM1 Mer and 5TGM1
EV cells were evaluated in alternative in vivo models. When cells were injected
intratibially into the KaLwRij BM microenvironment, bypassing the BM homing

mechanism, no differences in tumour burden due to Mer expression were identified.
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5TGM1 Mer and 5TGM1 EV cells were also inoculated intravenously into the
immune compromised NSG mouse model, again resulting in no differences in
tumour burden with Mer expression. Therefore, Mer expression does not confer a
proliferation advantage to MM PCs in vivo. These data suggest that enhanced BM
homing and the presence of an adaptive immune system are important for the role

of Mer in promoting MM tumour burden in these model systems.

Previous studies suggested that Mer promotes cancer cell evasion of immune
surveillance through modulation of the PD-1/PD-L1 axis! 12, In the current study,
using the immune competent KaLwRij mouse model, we found that Mer expression
promoted 5TGM1 tumour burden when cells were administered intravenously but
not when administered intratibially. Results from a previous study indicate that when
5TGM1 cells are intratibially inoculated directly into the BM of KaLwRij mice, a state
of immune tolerance can occur as the large number of tumour cells overwhelm the
immune system?®’. This did not occur in micro metastases, where only small
numbers of cells colonise the BM. Therefore, when 5TGM1 Mer and 5TGM1 EV
cells are inoculated intratibially into KaLwRij mice it is possible that immune
tolerance occurs regardless of Mer expression. Like previous studies, immune
checkpoint pathways that function by signalling through T-cell receptors, such as
PD-L1/PD-1, may be modulated by 5TGM1 Mer expression in KaLwRij mice,
resulting in immune suppression and increased tumour burden'” 186 However,
future studies should include a broader analysis of immune cell subsets in KaLwRij
mice bearing 5TGM1 Mer tumours compared to 5TGM1 EV tumours using mass
cytometry or sScCRNA seq analysis. Mass cytometry enables single cell analysis of
immune cell subsets including T-cells, B-cells and NK cells?%8, and has been used
successfully in previous studies to identify changes in T-cell populations in acute
myeloid leukaemia?®®. A recent study was performed in which scRNA seq on MM
patient samples was used to investigate the transcriptome profile of PCs and their
immune microenvironment throughout MM disease development?®. In this study,
the authors found that the composition of the immune microenvironment was
dynamic across disease stages and across patients. Therefore, mass cytometry or
SCRNA seq could be used to identify whether Mer expression in MM PCs can alter

immune cell subsets in the BM microenvironment of KaLwRij mice, providing a
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greater understanding of the mechanism by which Mer potentially promotes immune

suppression.

In a previous study, immune checkpoint profiling performed on BM PCs from MM
patients and healthy controls identified 10 immune checkpoint pairs that have
dysregulated expression in MM2%4. The immune checkpoint axes identified in this
study included PD-L1/PD-1, Galectin9/Tim3, PVR/TIGIT and TNFSF9/TNFRSF9. In
the present study, significantly increased mRNA expression of PD-L1, Galectin 9
and PVR in 5TGM1 Mer compared to 5TGM1 EV cells was observed. However, this
was not associated with an increase in cell surface expression of PD-L1. Cell
surface expression of Galectin 9 and PVR was not investigated in this study due to
time constraints. This result contrasts the results from a previous study, which
showed increased cell surface expression of PD-L1 in TAM receptor expressing-
breast and cervical cancer cell lines following exposure to Gas6 and
phosphatidylserine’”>. These data indicate that the proposed immune suppression
facilitated by Mer expression in the 5TGM1/KaLwRij model of MM is occurring via
mechanisms outside of these three T-cell immune checkpoint axes. Future studies
should assess the potential co-expression of Mer, PD-L1 and other immune
checkpoint proteins in MM patient PCs using the freely available COMMpass
dataset (https://portal.gdc.cancer.gov/projects/ MMRF-COMMPASS). Cell surface

expression of PD-L1 and other immune checkpoint proteins should also be

assessed by flow cytometry in human myeloma cell lines with differential Mer
expression levels. In addition to changes in T-cell function, NK cell function is
commonly supressed in late stage MM, contributing to MM PC immune escape?°.
The NK cell stimulatory receptor NGKD2 is activated by binding of its ligand MICA,
which is expressed by human MM cells. A recent study found that Gas6/Mer
signalling can downregulate MICA expression in human MM cell lines SKO-007(J3),
U266 and ARP1, identifying a potential mechanism of NK cell suppression by MM
PCs?37. MICA expression was not assessed in the current study as expression of its
ligand, NKG2DL, is not conserved in mice and thus is not a potential mechanism of
immune evasion in murine cancer models?®’. However, numerous potential
mechanisms of immune evasion have recently been identified at the gene-
expression level in MM patient PCs?%2. MM PCs expressed classic and non-classic

MHC class | molecules, and genes such as LILRB1 and LILRB4, which may deliver
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inhibitory signals to NK cells, as well as TNFSF10, which can trigger aberrant T-cell
activation. Therefore, RNA seq should be performed on 5TGM1 Mer tumours
compared to 5TGM1 EV tumours from KaLwRij mice to assess broader differences
in genes that may be associated with immune suppression in this model.
Investigating whether Mer expressed by MM PCs can promote an immune
suppressive tumour microenvironment may identify Mer as a potential therapeutic

target to limit immune suppression in MM.

In the current study, 5TGM1 Mer cells produced greater tumour burden compared
to 5TGM1 EV cells when inoculated intravenously into the KalLwRij model. In
contrast, no difference in tumour burden was detected in primary tumours when cells
were inoculated intratibially. However, in the latter experiments, a slightly increased
incidence of tumours in the non-injected leg was detected in 5TGM1 Mer inoculated
mice compared with 5TGM1 EV inoculated mice. Given that the BM homing
mechanism is bypassed in the intratibial model, it was hypothesised that it is by this
mechanism that Mer promotes MM tumour burden when cells are delivered
intravenously. A previous study showed that Mer expressing-B cell precursor ALL
cell line RCH-ACYV displayed increased migration towards a source of Gasb6 in vitro
compared to media alone®. Therefore in vitro migration assays were performed,
revealing that 5TGM1 Mer cells display a modest, but not statistically significant
increase in migration compared to 5TGM1 EV cells regardless of the presence of
ligand. This was consistent with the small increase in the incidence of metastasis of
5TGM1 Mer cells compared to 5TGM1 EV cells to the non-injected leg in the i.t.
KaLwRij model. As cells within the KaLwRij BM microenvironment express Gas6, it
was hypothesised that Gas6 may act as a chemokine in the KaLwRij model,
promoting the BM homing of Mer expressing cells. However, results of a 24-hour
BM homing assay showed no difference in the number of GFP+ cells detected in
the BM of mice inoculated with 5TGM1 Mer cells compared with 5TGM1 EV cells
(data not shown). Notably, this assay lacks sensitivity, with only 0.5-1 GFP+ cells
detected per million BM cells. The 24-hour time point utilised in this assay also does
not directly compare to the metastases that are established over 2-3 weeks in the

i.t. model.

The dissemination of myeloma cells is a multi-step process that is subject to
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selection pressures within the BM microenvironment?®3, DNA barcoding studies
have tracked the fates of MM PC clones in vivo, revealing that primary tumours
result from the clonal expansion of only a small number of individual clonal cells?4®
294 Shen, et. al.,?*® found that both circulating cells and sites of secondary tumours
displayed even less clonal diversity, suggesting multiple bottlenecks exist in the
migration, bone marrow establishment, and growth of MM PCs. Due to these in vivo
selection pressures, the i.v. injection of 5STGM1 cells into KaLwRij mice is highly
inefficient, with less than 0.01% of injected cells contributing to the final tumour
burdent?® 293. 294 |n the present study, the combined immunosuppressive and
migration advantages conferred by Mer expression could enable 5TGM1 cells to
overcome selection pressures, disseminate and establish within the BM of KaLwRij
mice more readily. Further studies are warranted to identify whether targeting Mer
in MM PCs prior to the progression to metastatic disease may have therapeutic

efficacy in limiting the selective outgrowth of Mer-expressing PC clones.

Myeloma patient PCs express both Mer and Gas6, and a previous study identified
that autocrine Gas6 signalling supported MM PC growth in vitro and in vivo'®®, To
identify which combination of Mer and Gas6 expression supports MM pathogenesis
in the 5TGM1/KaLwRij model, four 5TGM1 cell lines differentially expressing Mer
and Gas6 were generated. It was anticipated that the 5TGM1 Mer Gas6 cell line
would produce the greatest tumour burden in vivo as there would be the potential
for both autocrine and paracrine Gas6 signalling to support MM disease
progression. However results showed no statistically significant differences in
tumour burden based on Mer and Gas6 expression, which contradicts the results of
a previous study'®. The numbers of mice inoculated with each cell line in this
experiment were significantly lower (Figure 5.11, n=10-12 mice/group) compared to
the i.v. KaLwRij model using 5TGM1 Mer cells and 5TGM1 EV cells (Figure 5.3,
n=17 mice/group). Thus, there may be insufficient power to detect differences in
tumour burden between 5TGML1 cell lines differentially expressing Mer and Gasé.
Due to consecutive rounds of genetic manipulation of these cell lines, their ability to
engraft within the bone marrow may be impaired in comparison to 5TGM1 Mer and
5TGM1 EV cell lines. Therefore, future studies utilising these cell lines should
consider an additional passage through the bone marrow of KaLwRij mice prior to

their use. Results from this chapter suggest that in the KaLwRij model, cells in the
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BM microenvironment, such as osteoblasts, produce sufficient Gas6 to support
5TGM1 Mer EV cell growth and disease progression, and an additional source of
autocrine Gas6 in 5TGM1 Mer Gasé cells is not required for optimal tumour growth.
Interestingly, mice inoculated with 5TGM1 EV Gasb6 cells displayed similar levels of
tumour burden compared with mice inoculated with 5TGM1 Mer EV or 5TGM1 Mer
Gasb cell lines. Gas6 expressed and secreted by 5TGM1 cells could signal through
TAM receptors expressed by other BM microenvironment cells, such as tumour
associated macrophages, which may support MM PC growth and tumour
development. A previous study, examining oral squamous carcinoma, provides
evidence of this, with results suggesting that Gas6-expressing cancer cells polarised
tumour-associated macrophages towards a pro-tumoural M2 phenotype through
Gas6/Axl signalling, thus supporting cancer cell growth?®®. Further to this,
macrophage depletion, via clodronate liposome pre-treatment, abrogated 5TGM1
tumour development in the KaLwRij model of MM, indicating that in this model
macrophages support disease progression2%. However, further studies are required
to understand the role of Gas6 paracrine signalling between MM PCs and BM

microenvironment cells.

In this study, Mer expression in the murine 5TGM1 cell line was found to increase
5TGM1 tumour burden in the KaLwRij model of myeloma. Our findings indicate that
the mechanism of action of Mer in potentiating MM tumour burden may be through
increased 5TGM1 BM homing and promotion of an immune suppressive tumour
microenvironment. It is possible that Mer expression may promote engraftment of
5TGM1 cells and tumour establishment in specialised BM niches, rather than
promoting migration per se, leading to increased tumour burden. This could be due
to factors such as engagement with Gas6-expressing BM cells, such as osteoblasts,
and immune suppression through immune checkpoint inhibition, however, further
investigation is warranted to fully elucidate these mechanisms. Further studies to
explore the possible role of Mer in promoting immune suppression in human MM
are also needed. Mer inhibitors and Pan-TAM tyrosine kinase inhibitors have been
used with success to limit in vivo tumour burden in pre-clinical models!86: 222, 232, 297,
Therefore, understanding the specific roles of the Mer/Gas6 axis in MM will identify
whether using these Mer small molecule inhibitors will have therapeutic efficacy in

MM patients.
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6. Final Discussion
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MM is a haematological malignancy characterised by the uncontrolled clonal
expansion of MM PCs within the bone marrow!. The current 5-year survival rate
from date of MM diagnosis is 54.9% in Australia, which remains lower than other
common cancers such as colorectal, breast and prostate cancers®. Myeloma is a
genetic disease in which each patient displays a unique combination of primary and
secondary genetic events that contribute to disease initiation and progression?.
Despite constant improvements in treatment options for MM patients, which include
autologous stem cell transplants, immunomodulatory imide drugs, proteasome
inhibitors and biological agents, almost all patients will inevitably relapse*. MM PCs
manipulate the bone marrow microenvironment to support their proliferation and
tumour formation, immune evasion, and eventual disease relapse'®®. MM relapse is
thought to arise from dormant subpopulations of MM PCs that evade the immune
system and therapeutic targeting and persist long term in the bone marrow until they
are reactivated to form new tumours 22 264, The molecular mechanisms that govern
dormant cell reactivation and MM disease progression is the subject of intense
investigation. Interactions between MM PCs and other cells that comprise the bone
marrow microenvironment are facilitated by adhesion molecules, cytokine signalling
and cell surface receptor and ligand signalling'®®. Therefore, cell surface receptors
and ligands expressed by MM PCs represent potential therapeutic targets to limit

MM disease progression.

MM PC dormancy occurs when cells enter a state of growth arrest, which is thought
to be maintained by contact with osteoblasts at the endosteal bone surface!?.
Dormant MM PCs reside long term within the endosteal niche, evading targeting by
conventional therapies, which target rapidly dividing cells?!'. Dormant MM PCs can
become reactivated when favourable conditions arise and can re-enter the cell
cycle, begin proliferating, and contribute to disease relapse?'?. However, the
mechanisms controling MM PC dormancy and reactivation remain poorly
understood. Previous studies using the 5TGM1/ KaLwRij murine model of MM
showed that expression of the TAM tyrosine kinase cell surface receptor Axl was
associated with 5TGM1 MM cell dormancy?® 213, |nitial studies indicated that
osteoclast-mediated bone turnover ‘released’ 5TGM1 cells from dormancy in vivo
by ceasing their contact with osteoblasts!3!. Therapeutic blockade of Axl by Khoo,

et al.,222 in vivo in tumour-bearing mice also ‘released’ 5TGM1 cells from dormancy
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and resulted in increased tumour burden compared to untreated mice. These
studies suggest that cell-cell interactions between osteoblasts and MM PCs such as
the Gas6/Ax| axis may be important for MM PC dormancy. The role of Axl in initiating
and maintaining MM PC dormancy was further investigated in the current study
using genetically modified Axl-positive (5TGM1 Axl) and Axl-negative (5TGM1 EV)
5TGM1 cell lines. It was hypothesised that inoculation of KaLwRij mice with 5TGM1
Axl cells would result in significantly reduced tumour burden compared to mice
inoculated with 5TGML1 EV cells. However, no statistically significant differences in
tumour burden were observed between mice bearing Axl-positive compared to AxI-
negative tumours. Moreover, the 5TGM1 Axl cells did not display evidence of an
Axl-specific dormancy phenotype in either in vitro DiD-labelling assays or cell cycle
analysis compared to 5TGML1 EV cells. Therefore, the results of the present study
do not provide evidence that high Axl expression by 5TGML1 cells alone is sufficient

to initiate myeloma dormancy.

Khoo, et al.,?'?® identified genes other than Axl that were highly expressed by
dormant 5TGM1 cells harvested from the BM of mice. These genes included Irf7,
Spic, Vcaml, Fcergl, Mpegl, and Sirpa, and should be investigated for their
capacity to induce dormancy in future studies. Notably, when Khoo, et al., treated
mice with the Axl, Met kinase?*4,Tyro3 Mer?'5, and Ron?%® inhibitor BMS-777607,
mice displayed increased tumour burden and a reduction in dormant MM PC
numbers. These studies may suggest that Axl, or one of the other targets of BMS-
777607, may be involved in MM PC dormancy maintenance even if they do not play
a role in dormancy initiation. Dormant MM PCs which are not susceptible to
conventional therapies targeting actively cycling cells may provide a reservoir of
malignant PC clones for future disease relapse. Reactivating dormant cells prior to
therapy could reduce this reservoir of cells, preventing or delaying MM relapse. In
the context of acute myeloid leukemia (AML), in vivo treatment of human AML
tumour bearing-mice with granulocyte colony-stimulating factor (GCSF), a
stimulator of myeloid cell differentiation, maturation and proliferation, reactivated
dormant AML cells at the endosteal niche?®®. Notably, in these studies, Saito, et
al.,>® transplanted GCSF treated or untreated bone marrow from AML tumour
bearing mice into recipient mice, which were treated with the chemotherapeutic

agent cytarabine. GCSF treatment prior to cytarabine increased survival time

142



compared to cytarabine treatment alone, indicating therapeutic efficacy of dormant
AML cell reactivation prior to chemotherapy. A recent meta-analysis of leukemia
studies showed that GCSF treatment in leukemia patients increases overall survival
and decreases chance of relapse?®®. An alternate strategy to prevent relapse in MM
would be to maintain long term cancer cell dormancy by preventing their
reactivation. A previous study by Lawson, et al.'?® showed that osteoclast
remodelling of the endosteal niche released 5TGM1 cells from dormancy by limiting
contact with osteoblasts. Therefore, it is necessary for future studies to identify
specific mechanisms of MM PC reactivation, which could form the basis of novel

treatment strategies to maintain long term MM PC dormancy and prevent relapse.

Previous studies identified that the Gas6/Mer axis promotes the proliferation of
human MM PCs?'66.188 Malignant PCs from the majority of MM patients express both
Gas6 and Mer at the mRNA level, with Gas6 expression increased compared to that
seen in healthy control PCs 166 188 Given that Gas6 and Mer are expressed by the
majority of patient MM PCs'65, the Gas6/Mer axis is an attractive therapeutic target
to limit MM disease progression. The role of Mer in promoting MM PC proliferation
was further investigated in this study using genetically modified Mer-positive
(5TGM1 Mer) and Mer-negative (5TGM1 Mer) 5TGM1 cell lines. Studies in this
thesis revealed that 5TGM1 Mer cells produce significantly greater myeloma tumour
burden in vivo in comparison to 5TGM1 EV cells following intravenous inoculation
into the C57BL/KaLwRij mouse model. Previous studies suggested that Mer
promotes cancer cell evasion of immune surveillance through modulation of the PD-
1/PD-L1 axis'® 215 Therefore, it was hypothesised that the ability of Mer in
promoting tumour burden in the KaLwRij model of MM may, in part, depend on the
presence of an adaptive immune system. In fact, when 5TGM1 Mer cells and
5TGM1 EV cells were inoculated intravenously into immune compromised NSG
mice, no difference in tumour burden with Mer expression was identified after 4
weeks. Furthermore, significantly increased mRNA expression of immune
checkpoint proteins PD-L1, Galectin 9 and PVR in 5TGM1 Mer compared to 5TGM1
EV cells was observed. However, this was not associated with an increase in cell
surface expression of PD-L1. Future studies should more broadly examine the role
of Mer in mediating MM immune suppression through RNA seq analysis performed

on 5TGM1 Mer tumours compared to 5TGM1 EV tumours from KaLwRij mice to
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assess differences in immune suppression related genes. Therapeutic strategies
that combine immunotherapies with distinct mechanisms of action such as IMiDs,
monoclonal antibodies SLAMF7 and CD38, and other novel agents are becoming
attractive strategies for heavily pre-treated patients and those with
immunotherapeutic resistance 3%°. Further characterisation of the role of Mer in MM
could provide a novel immunotherapeutic target that contributes to future MM

immunotherapy regimens.

Several Mer inhibitors are currently in development and have shown anti-cancer
activity in pre-clinical models. Results of a recent study using a selective Mer small
molecule inhibitor, R992, showed that treating NSG mice inoculated with human MM
cell lines reduced MM tumour burden and increased bone-forming osteoblast
activity, thereby reducing MM disease-induced osteolysis®!. Due to similarities in
the molecular structure of the TAM receptors, many inhibitors target multiple TAM
receptors as well as other receptor tyrosine kinases3%2. Previous preclinical studies
have shown that Mer inhibitors can have both a direct effect on reducing tumour
burden in vivo as well as an immune mediated effect!8 215, To this end, the AxI/Mer
inhibitor INCB081776 reduced tumour burden when used as a monotherapy in
murine breast and bladder cancer models, and further enhanced when used in
combination with PD-L1 blockade3. In the same study, using a model of murine
colon adenocarcinoma, the combination of INCB081776 with anti-PD-1 treatment
significantly increased CD4+ and CD8+ T cell proliferation. The Mer inhibitor MRX-
2843, was recently shown to reduce peripheral blood leukemic burden in vivo in
murine models of T-cell acute lymphoblastic leukemia (T-ALL)3%4. Additionally,
MRX-2843 in combination with the BCL-2 inhibitor venetoclax increased T-ALL cell
apoptosis in vitro. The Axl/Mer inhibitor ONO-7475 was found to induce apoptosis
in venetoclax-resistant acute myeloid leukemia (AML) cell lines in vitro as a
monotherapy as well as decrease leukemic burden and increase survival time in
models of AML in vivo3%®, ONO-7475 was also found to synergise with venetoclax,
with the combination therapy showing increased potency against AML cell lines and
PDX in vivo. Numerous small molecule inhibitors including INCB081776, MRX-2843
and ONO-7475 targeting Mer and other receptor tyrosine kinases including Axl are
currently in Phase | clinical trials for advanced or metastatic solid tumours2%? and

leukemia®%4 306 (Table 6.1). It is possible that these compounds could be repurposed
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for the future treatment of myeloma. Future studies should evaluate the efficacy of
Mer inhibition in immune competent mouse models of MM and should consider the
potential synergy of Mer inhibitors with IMiDs to support anti-MM immune activation.
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Compound Known Targets Phase Clinical trial ID

NCT03510104

MRX-2843 MERTK, FLT3 I/1b NCT04762199
S49076 AXL, MET, EGFR, ISRC, FGFR1/2/3 /I ISRCTNO0759419

ASLANO002 NCT01721148

(BMS-777607) AXL, MERTK, and MET W NCT00605618

INCB081776 AXL, MERTK | NCT03522142

RXDX106 AXL, MERTK, TYRO3, MET | NCT03454243

Bosutinib NCT00195260

(SKI-606/PF-5208763) AXL, Src, Abl, TGFB, BMP i NCT00319254

Amuvatinib AXL, c-KIT, PDGFR, FLT3, RAD51, NCT00894894

(MP470) RET I/1b/1 NCTO00881166

NCT01357395

NCT02014558

NCT02421939

NCT02752035

Gilteritinib NCT02927262

(ASP2215) AXL, FLT3 Vi NCT02997202

NCT03182244

NCT02561455

NCT02456883

Glesatinib NCT00697632

(MGCD265) AXL, MET, VEGFR i NCTO00975767

Ninaetinib VEGFR2, MET, AXL, MERTK, FLTS3, il NCT03758287

g RON NCT04577703

Merestinib NCT01285037

(LY2801653) MET, RON, FLT3, AXL 1/l NCT03027284

NCT02711553

Crizotinib NCT02034981

(PF-02341066) ALK, MET, ROST, AXL 1o/l NCT02511184

NCT03176277

ONO-7475 AXL, MERTK 11 NCT03730337

Sunitinib NCT01499121

(SU11248) KIT, FLT3, PDGFR, VEGFR2, AXL Il NCT01034878

NCT00864721

Cabozantinib AXL, MET, VEGFR2, RET, Kit, Flt- NCT01639508

(XL184) /314, Tie2 i NCT01708954

' NCT01866410
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Table 6.1. Small molecule Mer/AxI inhibitors in clinical trials. A summary of Axl|
and/or Mer inhibitors that are currently in Phase 1, Il or lll clinical trials. The table
shows each compound name, known targets, clinical trial phase and clinical trial
identification number. Table modified from Yan, et. al. (2021).3%
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As TAM receptors are responsible for many normal biological functions, primarily in
the phagocytosis of dead cells by immune cells such as macrophages, potential
systemic toxicities may arise from therapeutic TAM receptor inhibition'°8, Previous
studies of TAM triple knockout mice have noted the acquisition of autoimmune
conditions, and in Mer knockout mice, progressive blindness due to gradual
photoreceptor death'’® 307, Therefore, it is possible that a ‘therapeutic window’ may
exist, in which anti-TAM receptor therapeutics can be safely used prior to the
acquisition of debilitating side effects3%®. A further consideration should be the
potential off target effects of TAM receptor targeting on other TAM receptor
expressing cells within the tumour immune microenvironment. Inhibition of Mer in
an in vivo model of acute myeloid leukaemia led to macrophage M1 repolarisation
and inhibited macrophage mediated immunosuppression3%. As Mer has recently
been identified as a T-cell co-stimulatory molecule®1?, inhibiting Mer in the tumour
microenvironment may reduce the anti-tumour effects of T-cells. The adverse
effects of TAM receptor targeting, particularly in combination with conventional
chemotherapies used for the treatment of MM must be assessed in future
immunocompetent preclinical studies. Novel drug delivery strategies, currently in
development, are focussed on mitigating some of the potential adverse effects of
systemic TAM receptor inhibition. To this end, targeting TAM receptor inhibition to
bone using bone targeting moieties such as bisphosphonates may reduce systemic
side effects®l. The use of nanoparticle drug delivery systems with bone-targeting
or MM PC-targeting moieties may be instrumental in future anti-TAM receptor MM

treatments that avoid toxicities whilst maximising anti-tumour effects3'2 313,

The studies in this thesis have provided further evidence that Mer expression
promotes MM tumour burden in vivo. Furthermore, this study has demonstrated, for
the first time, that the presence of an adaptive immune system may be necessary
for the in vivo tumourigenic activity of Mer in MM. Future studies are necessary to
determine the molecular mechanisms by which Mer mediates increased MM tumour
burden. In the present study it was hypothesised that Mer may modulate T-cell
immune checkpoint axes such as PD-L1/PD-1. Future studies should consider a
broader characterisation of the composition of the immune microenvironment in
mice bearing Mer-positive vs. Mer-negative tumours. Targeting Mer in myeloma

could provide a novel precision therapy that stimulates an anti-MM immune
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response, reduces MM-induced osteolysis and limits MM tumour burden. Novel
precision therapeutics such as Mer small molecule inhibitors in combination with
existing anti-myeloma agents may present an opportunity to provide patients with

increased options for therapy and improved outcomes.
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Supplementary Figure 1. Sequencing chromatograms of genomic DNA

from 5TGM1 potential Tyro3 knockout cell lines. PCR products amplified from

genomic DNA of 5TGM1 potential Tyro3 knockout clones were sequenced.

Sequence chromatograms show location of insertion/deletion mutations. Larger

deletions of exon 2 in clones #2 and #4 are depicted beneath chromatograms.
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Tyro3 mutant allele cloning and sequencing summaries (cloned into pGEMTeas

Thesis Clone Tyro3KO#1

GCdeletion—7 clones; T insertion — 3 clones

GGATGAAGGATGGCACCGTGGTCCAGAAT** AAGCCAGGTGTCCATCTCCATCAGCGAGCACA
GGATGAAGGATGGCAC CGTGGTCCAGAATIAAGCCAGGTGTCCATCTCCATCAGCGAGCACA

/\

310 320 30 40 S 360
GGATGAAGGATGGCACCGTGGTCCAGAATTGCAAGCCAGGTGTCCATCTCCATCAGCGAGCACA

GOGATGAAGGATGGBCACCGBGTBGBTCCAGAATITIIGCAAGCCAGGTGTCCATCTCCATCAGCGBGAGCACA

ol , 1\

320 350 360 7

Thesis Clone Tyro3KO#3
22bp deletion =7 clones; G deletion — 2 clones;
GGATGAAG* ¥ **kkkkkkhkhdkk*k*x* ¥ **CANGCCAGGTGTCCATCTCCATCAGCGAGCACA

220 230 330 230
GGATGAAGICAAGCCAGGTGTCCATCTCCATCAGCGAGCACA

10 320 330 340

GGATGAAGGATGGCACCGTGGTCCAGAAT*CAAGCCAGGTGTCCATCTCCATCAGCGAGCACA
GGATGAAGGATGGCACCGTGGTCCAGAAT[CAAGCCAGGTGTCCATCTCCATCAGCGAGCACA

31 320 30 340 350 360

Thesis Clone Tyro3KO#5

AA deletion — 9 clones; A deletion — 4 clones
GGATGAAGGATGGCACCGTGGTCCAG* * TGCAAGCCAGGTGTCCATCTCCATCAGCGAGCACA
GGATGAAGGATGGCACCGTGGTCCAGITG CAAGCCAGGTGTCCATCTCCATCAGCGAGCATCA

31 32 330 40 350 360
GGATGAAGGATGGCACCGTGGTCCAGA* TGCAAGCCAGGTGTCCATCTCCATCAGCGAGCACA
GBATBAAGGATGGCACCGTGBGGTCCAGA[TGCAAGBGCCABGTBTCCATCTCCATCAGCGAGCACA

31 320 30 34 350 360
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Supplementary Figure 2. Sequencing chromatograms of genomic DNA
from 5TGM1 potential Tyro3 knockout cell lines #1, #3 and #5 cloned into a
plasmid vector. PCR products amplified from genomic DNA of 5TGM1 potential
Tyro3 knockout clones were cloned into a plasmid vector. Sequences were
obtained from the two mutant alleles inferred from the original Sanger sequences

traces. Sequence chromatograms show location of insertion/deletion mutations.
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Tyro3 KO clone #2
Splicing of truncated exon 2 and part of intron 2, to exon 3

Clone #2 cDNA sequence

e Exon2cont.<—CAGTGAGATGACCGT

W.T.cDNA —» Cont. GTCTCAGGGGCAGCCAGTGAAGC
Exon 1 Exon 2 Exon3 Exon 4 TCAACTGCAGCGTGAGCGGGAGG
ACTGGCCTGTGCCTGAGGCTTTG
Clone #2 - — »Cont. CTCATGTCTAGAGCCTAAAGTCAG
cDNA  Exon 1 f "\EXO" 3 Exon4 TGGAACGGTCTGATGCTGGCCTG
TACTGGTGCCAGGTGAAGGATGG

Exon 2 Intron 2 GGAGGAAACCAAGATTTCTCAGT

CAGTATGGCTCACTGTCGAAGGT
GTGCCATTCTTCACAGTGGAACC
AAAAGATC—Exon 4 cont.

Tyro3 KO clone #4
Alternative exon splicing, deletion of exon 2

sgRMA
binding site Clone #4 cDNA sequence

WTeDNA L vt Bxon? Bons Bana T Exonicont.—GACTGGCTTCTCTGCT
GCTCCCCGGGTCTGCGGCCGCAGC
CTAAAGTCAGTGGAACGGTCTGATG

Clone #4 —» Cont.
cDNA  Exon 1| Exon3 Exon 4 on CTGGCCTGTACTGGTGCCAGGTGA
AGGATGGGGAGGAAACCAAGATTT
— CTCAGTCAGTATGGCTCACTGTCGA
Exon 2 AGGTGTGCCATTCTTCACAGTGGAA

deleted CCAAAGAGATC—Exon 4 cont.

Supplementary Figure 3. 5TGM1 potential Tyro3 knockout clones #2
and #4 display alternative exon splicing. RT-PCR product sequencing of
Tyro3 knockout clone #2 reveals partial deletion of exon 2, read through into
part of intron 2, before splicing of a cryptic splice donor site to exon 3. RT-
PCR products sequencing from Tyro3 knockout clone #4 reveals alternative
exon splicing of exon 1 to exon 3 and complete deletion of exon 2. Figures
depicting alternative splicing of Tyro3 potential knockout clones is shown
compared to wild type Tyro3 (left) and corresponding cDNA sequences are

shown (right).
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Wild type Tyro3
880aa

MAT.RRSMGWPGLRPLLLAGLASTLLL.PGSAAAGLKLMGAPVKMTVSQGQPVKLNCSVEGMEDPDTHWMKDGTVV
ONASQVSISISEHSWIGLLSLKSVERSDAGLYWCQVKDGEETKISQSVWLTVEGVPFEFTVEPKDLAVPPNAPE
QLSCEAVGPPEPVTIYWWRGLTKVGGPAPSPSVLNVTGVTQRTEFSCEARNTIKGLATSRPATVRLOAPPAAPF
NTTVTTISSYNASVAWVPGADGLALTHSCTVOVAHAPGEWEALAVVVEVPPFTCLLRNLAPATNY SLEVRCAN
ATGPSPYGDWVPFQTKGLAPARAPONFHATRTDSGLI LEWEEVIPEDPGEGPLGPYKLSWVQENGTQDELMVE
GTRANLTDWDPQKDLILRVCASNATGDGPWSQPLVVS SHDHAGRQGPPHSRTSWVPVVLGVLTALITAAAT.AT
ILL.RKRRKETRFGQAFDSVMARGEPAVHFRAARSFNRERPERTEATTL.DSLGISDELKEKLEDVLIPEQQEFTLG
RMLGKGEFGSVREAQTL.KQEDGSEFVEVAVKMLEADI TASSDIEEFLREAACMKEFDHPHVAKLVGVSLRSRAKG
RLPTPMVILPFMKHGDLHAFLTASRTIGENPEFNLPLOQTLVRFMVDIACGMEYTLSSRNFTHRDTLAARNCMLAE DM
TVCVADFGLSREKIYSGDYYROGCASKLPVEWLALE SLADNLYTVHSDVWAFGVTMWE IMTRGOTEYAGIENAE
I¥YNYLIGGNELKQPPECMEEVYDIMYQCWSADPKQRPSFTCLEMELENILGHLSVLSTSQDPLYINIERAEQP
TESGSPEVHCGERSSSEAGDGSGVGAVGGIPSDSRYIFSPEGGLSESPGQLEQQPESPLNENQRLLLLOQGLLP
HSSC-

Tyro3 KO #1a
Prediction 1: 812aa

MAPWSRTASQVSTSTSEHSWIGLLSLKSVERSDAGLYWCQVKDGEETKT SQSVWILTVEGVPFFTVEPKDLAVP
PNAPFQLSCEAVGPPEPVT I YWWRGLTKVGGPAPS PSVLNVTGVTQRTE FSCEARNIKGLATSRPATVRLOAP
PAAPFNTTVTTISSYNASVAWVPGADGLALLHSCTVQVAHAPGEWEALAVVVPVPPFTCLLRNLAPATNYSLR
VRCANALGPSPYGDWVPFQTKGLAPARAPONFHATRTDSGLILEWEEVI PEDPGEGPLGPYKL SWVQENGTQD
EIMVEGTRANLTDWDPQKDLI LRVCASNATIGDGPWSQPLVVSSHDHAGRQGPPHSRT SWVPVVLGVLTALITA
AATALILLRKRRKETRFGQOAFDSVMARGE PAVHFRAARSENRERPERTEATLDSLGI SDELKEKLEDVL IPEQ
QFTLGRMLGKGEFGSVREAQLKQEDGS FVKVAVKMLKADTTASSDTEEFTLREAACMKEFDH PHVAKL,VGVSLR
SRAKGRLPIPMVILPFMKHGDLHAFLLASRIGENPFNLPLOTLVR FMVDIACGME YLSSRNFIHRDLAARNCM
LAEDMTVCVADFGLSRKIYSGDY YRQGCASKLPVKWLALESIADNLY TVHS DVWAFGVTMREIMTRGQT PYAG
TENAEIYNYLIGGNRLKQPPECMEEVYDLMY QCWSADPKQRPSFTCLRMELENILGHLSVLSTSQDPLY INTE
RAEQPTESGSPEVHCGERS SSEAGDGSGVGAVGGI PSDSRY IFSPGGLSES PGOLEQQPES PLNENQRLLLLQ
QGLLPHSSC—

Tyro3 KO #1a Prediction 2: 99aa

MAT.RRSMGWPGLRPLLLAGLAST.LTL.PGSAAAGLKLMGAPVEKMTVSQGOPVKLNCSVEGMEDPDTHWMKDGTVV
ONCEPGVHLHOQRAQLDWLTQPEVSGTV -

Tyro3 KO #1b
Prediction 1: 811aa

MAPWSRISQVSISISEOSWIGLLSLESVERSDAGLYWCQVKDGEETKISQSVWLTVEGVPFFTVEPKDLAVPP
NAPFQLSCEAVGPPEPVTIYWWRGLTKVGGPAPSPSVILNVTGVTQRTEFSCEARNTIKGLAT SRPATVRL.OQAPP
AAPENTTVTTISSYNASVAWVPGADGLALLHSCTVQVAHAPGEWEATAVVVPVPPETCLLRNLAPATNY SLRV
RCANATGPSPYGDWVPFOQTKGLAPARAPONFHATRTDSGLTILEWEEVIPEDPGEGPLGPYKLSWVQENGTQDE
ILMVEGTRANLTDWDPQKDLILRVCASNATGDGEWSQPLVVSSHDHAGRQGPPHSRTSWVPVVLGVLTALITAA
ATATILLRKRREETRFGOAFDSVMARGEPAVHFRAARSFNRERPERTIEATLDSLGISDELKEKLEDVLI PEQQ
FTLGRMLGKGEFGSVREAQLKQEDGSFVEVAVKMLKADI TASSDIEEFLREAACMEE FDHPHVAKTLVGVSLRS
RAKGRLPIPMVILPFMKHGDLHAFLTASRIGENPFNLPL.OTLVRFMVDIACGMEYLSSRNF THRDILAARNCML
AEDMTVCVADFGLSRKIYSGDYYRQGCASKL.PVEWLALESLADNLYTVHSDVWAFGVTMWE IMTRGQTPYAGT
ENAETYNYLIGGNRLKQPPECMEEVYDIMYQCWSADPKQRPSFTCLRMELENTILGHLSVLSTSQDPLYINTIER
AEQPTESGSPEVHCGERSSSEAGDGSGVGAVGGIPSDSRYIFSPGGLSESPGQLEQOPESPLNENQRLLLLQQ
GLLPHSSC-

Tyro3 KO #1b, 5b
Prediction 2: 98aa

MAT.RRSMGWPGLRPLLLAGLASLLLPGSAAAGLKLMGAPVEMT VS QGQPVELNCSVEGMEDPDITHWMEKDGT VV
ONKPGVHLHQRAQTLDWLTQPEVSGTV—
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Tyro3 KO #2, 3a, 3b, 4, ba
Prediction 1: 518aa

MVEGTRANLTDWDPQKDLILRVCASNATIGDGPWSQPLVVSSHDHAGRQGPPHSRT SWVPVVLGVLTALITAAA
LAT.ILLRKREKETRFGOAFDSVMARGE PAVHFRAARSFNRERPERIEATLDSLGISDELKEKLEDVLIPEQQF
TLGRMLGKGEFGSVREAQLKQEDGS FVKVAVKMLKADITIASSDIEEFLREAACMKEFDHPHVAKLVGVSLESR
AKGRLPTPMVILPFMKHGDLHAFLLASRIGENPFNLPLQTLVRFMVDIACGME YLSSRNFIHRDLAARNCMLA
EDMTVCVADFGLSRKIYSGDYYRQGCASKLPVEWLALESLADNLY TVHSDVWAFGVITMWEIMTRGQT PYAGIE
NAEIYNYLIGGNRLKQPPECMEEVYDLMYQCWSADPKQRPSFTCLRMELENILGHLSVLSTSQDPLYINIERA
EQPTESGSPEVHCGERSSSEAGDGSGVGAVGGIPSDSRY IFSPGGLSESPGOQLEQQPESPLNENQRLLL.LOQG
LLPHSSC-

Tyro3 #2
Prediction 2: 78aa

MALRRSMGWPGLRPLLLAGLASLLLPGSAAAGLKLMGAPVEMTVSQGQPVKLNCSVSGRTGLCLRLCSCLEPKVSGTV

Tyro3 KO #3a, 5a
Prediction 2: 92aa

MAT.RRSMGWPGLRPLLLAGLASLLLPGSAAAGLEKLMGAPVKMTVSQGQPVKLNCSVEGMEDPDIHWMKDGT VY
ONOQARCPSPSASTAGLAYSA-

Tyro3 KO #3b
Prediction 2: 85aa

MAT.RRSMGWPGLRPLLLAGLASLLLPGSAAAGLKLMGAPVKMTVSQGQPVKLNCSVEGMEDPDIHWMKQARCP
SPSASTAGLAYSA-

Tyro3 KO #4
Prediction 2: 32aa

MATL.RRSMGWPGLRPLLLAGLASLLLPGSAAAR—

Tyro3 KO #5b
Prediction 1: 811aa

MAPWSSASQVSISISEHSWIGLLSLKSVERSDAGLYWCQVKDGEETKISQSVWLTVEGVPFFTVEPKDLAVEPN
APFQLSCEAVGPPEPVT IYWWRGLTKVGGPAPSPSVLNVTGVIQRTEFSCEARNTIKGLATSRPATVRLOAPPAA
PFNTTVTTISSYNASVAWVPGADGLALTLHSCTVQVAHAPGEWEALAVVVPVPPFTCLLRNLAPATNY SLRVRCA
NATL.GPSPYGDWVPFQTKGLAPARAPONFHATRTDSGLILEWEEVIPEDPGEGPLGPYKLSWVQENGTQDELMVE
GTRANLTDWDPQKDLITLRVCASNAIGDGPWSQPLVVS SHDHAGRQGPPHSRTSWVPVVLGVLTALITAAATATT
LLRKRERKETRFGQAFDSVMARGE PAVHFRAARSFNRERPERTIEATLDSLGISDELKEKLEDVLIPEQQF TLGRM
LGKGEFGSVREAQLEKQEDGSFVKVAVKMLEADI TASSDIEEFLREAACMKE FDHPHVAKLVGVSLRSRAKGRLP
IPMVILPFMEKHGDLHAFLLASRIGENPFNLPLQTLVRFMVDIACGME YL SSRNFIHRDLAARNCMLAEDMTVCY
ADFGLSRKIYSGDYYROQGCASKLPVKWIATLESLADNLYTVHSDVWAFGVTMWE IMTRGOTPYAGTIENAEIYNYL
IGGNRLKQPPECMEEVYDLMYQCWSADPKOQRPS FTCLEMELENILGHLSVLSTSQDPLY INIERAEQPTESGSP
EVHCGERSSSEAGDGSGVGAVGGIPSDSRYIFSPGGLSESPGQLEQQPESPLNENQRLLLLOQGLLPHSSC—

Supplementary Figure 4. Predicted consequences of Tyro3 mutations at the
protein level in 5TGM1 potential Tyro3 knockout cell lines. Sequences of
5TGM1 potential Tyro3 knockout clonal cell line mutant alleles were translated
into amino acids using Expasy Translate. Amino acid sequences were compared
to wild type Tyro3, and open reading frames that code for sections of Tyro3 are
shown. For each mutation between 1-2 predictions of total amino acid (aa) length

are shown. Grey highlighted sections dé&ffote wild type Tyro3 protein sequence.
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Supplementary Figure 5. Sequencing chromatograms of genomic DNA
from 5TGM1 potential Axl knockout cell lines. PCR products amplified from
genomic DNA of 5TGM1 potential Axl knockout clones were sequenced.

Sequence chromatograms show location of insertion/deletion mutations.
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Axl mutant allele cloning and sequencing summaries (cloned into pGEMTeasy)

Thesis Clone AxIKO#4
CA and A deletion — 6 clones; CC deletion —7 clones

All reverse complement sequencing due to hairpin avoidance:
GTGAGACCCCATCACTCACCCT*A**GGCTGCACACCCCCAGCAGCACA
GTGAGACCCCATCACTCACT v'TI»GGIi\'G'Z ACACCCCCAGBGCAGCACA

il /\JWMN\N\/\,

GTGAGACCCCATCACTCACCC TI‘AT s* *CTGCACACCCCCAGCAGCACA
CTOAGACC CCATCACTCACCE TY '»‘(;111761,5 CACCCCCAS C GCACA

oo

Actual sequence orientations:
TGTGCTGCTGGGGGTGTGCAGCC* *T* AGGGTGAGTGATGGGGTCTCAC
TGTGCTGCTGGGGGTGTGCAG**CATAAGGGTGAGTGATGGGGTCTCAC

Supplementary Figure 6. Sequencing chromatograms of genomic DNA
from 5TGM1 potential Axl knockout cell lines 2#4 cloned into a plasmid
vector. PCR products amplified from genomic DNA of 5TGM1 potential Axl
knockout clone 2#4 were cloned into a plasmid vector. Sequences were obtained
from the two mutant alleles inferred from the original Sanger sequences trace.

Sequence chromatograms show location of insertion/deletion mutations.
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Wild type AxI
888aa

MGRVPLAWWLALCCWGCAAHKDTQTEAGSPFVGNPGNITGARGLTGTLRCELOQVQGE PPEVVWLRDGQI LELADNTQ
TOVPLGEDWQDEWKVVSQLRI SALOLSDAGEYQCMVHLEGRTFVSQPGFVGLEGLPY FLEEPEDEKAVPANT PENLSC
QAQGPPEPVTLIWLODAVPLAPVTGHS SQHSLOTPGLNKTS SFSCEAHNAKGVTTSRTATITVLPQRPHHLHVVSRO
PTELEVAWTPGLSGIYPLTHCNLQAVLSDDGVGIWLGKSDPPEDPLTLQVSVPPHQLRLEKLLPHTPYHIRISCSSS
QGPSPWTHWLPVETTEGVPLGPPENVSAMRNGSQVLVRWQEPRVPLOGT LLGYRLAYRGQDTPEVIMDIGLTREVTL
ELRGDRPVANLTVSVTAYTSAGDGPWSLPVPLEPWRPGQGQPLHHLVSEPPPRAF SWPWWY VLLGALVAAACVLILA
LFLVHRRKKETRYGEVFEPTVERGELVVRYRVRKSYSRRTTEATLNSLGISEELKEKLRDVMVDRHKVALGKTLGEG
EFGAVMEGQINQDDS ILKVAVKTMKIATCTRSELEDFLSEAVCMKEFDHPNVMRL IGVCFQGSDREGFPEPVVILPE
MEHGDLHSFLLYSRLGDQPVFLPTOMLVKFMADTASGME YLSTKRFIHRDLAARNCMLNENMSVCVADFGLSKKIYN
GDYYRQGRIAKMPVKWIATESLADRVYTSKSDVWSFGVITMWEIATRGQT PYPGVENSEIYDYLRQGNRLEKQPVDCLD
GLYATMSRCWELNPRDRPSFAELREDLENTLKALPPAQEPDEILYVNMDEGGSHLEPRGAAGGADPPTQPDPKDSCS
CLTAADVHSAGRYVLCPSTAPGPTLSADRGCPAPPGOEDGA—

Axl KO clones 1#1, 1#2, 2#3 and 2#4a
Prediction 1: 777aa

MVHLEGRTFVSQPGFVGLEGLPYFLEEPEDKAVPANT PFNLSCOAQGPPEPVT LLWLODAVPLAPVTGHSSQHSLQT
PGLNKTSSFSCEAHNAKGVTTSRTATITVLPQRPHHLHVVSROPTELEVAWTPGLSGIYPLTHCNLOAVLSDDGVGI
WLGKSDPPEDPLTILQVSVPPHQLRLEKLLPHTPYHIRISCSSSQGPS PWTHWLPVETTEGVPLGPPENVSAMRNGSQ
VLVRWQEPRVPLOGTLLGYRLAYRGQDTPEVIMDIGLTREVTLELRGDRPVANLTVSVTAY TSAGDGPWSLPVPLEP
WRPGQGQPLHHLVSEPPPRAF SWPWWY VLLGALVAAACVLITALFLVHRRKKETRYGEVFEPTVERGELVVRYRVRK
SYSRRTTEATLNSLGISEELKEKLRDVMVDRHEKVATLGKT LGEGEFGAVMEGQLNQDDSTILKVAVKTMKIATICTRSEL
EDFLSEAVCMKEFDHPNVMRLIGVCFQGSDREGFPEPVVILPFMKHGDLHSFLLY SRLGDQPVFLPTOMLVKEFMADT
ASGMEYLSTKRFIHRDLAARNCMLNENMSVCVADFGLSKKI YNGDYYRQGRIAKMPVEKWIATESLADRVYTSKSDVW
SFGVIMWEIATRGOTPYPGVENSEIYDYLRQGNRLKQPVDCLDGLYALMSRCWELNPRDRPSFAELREDLENT LKAL
PPAQEPDEILYVNMDEGGSHLEPRGAAGGADPPTQPDPKDSCSCLTAADVHSAGRYVLCPSTAPGPTLSADRGCPAP
PGOEDGA

Axl KO clone 2#4a 2#4b
Prediction 1: 18aa

MGRVPLAWWLATCCWGCAA
Axl KO clone 2#3
Prediction 2: 68aa

MGRVPLAWWLAT.CCWGCAATRTHRPRLAARLWGTQGISQVPEDSRGHFGVS SRFRGNPLRWCGFEMDRS

Axl KO clone 1#1 and 1#2
Prediction 2: 68aa
MGRVPLAWCWRCAAGGVQP IRTHRPRLAARLWGTQGI SOVPEDSRGHFGVS SRERGNPLRWCGFEMDRS

Supplementary Figure 7. Predicted consequences of Axl mutations at the
protein level in 5TGM1 potential Axl knockout cell lines. Sequences of
5TGM1 potential Axl knockout clonal cell line mutant alleles were translated into
amino acids using Expasy Translate. Amino acid sequences were compared to
wild type Axl, and open reading frames that code for sections of Axl are shown.
For each mutation between 1-2 predictions of total amino acid (aa) length are

shown. Grey highlighted sections denote wild type Axl protein sequence.
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Supplementary Figure 8. Sequencing chromatograms of genomic DNA
from 5TGM1 potential TAM null cell lines. Axl exon 1 PCR products amplified
from genomic DNA of 5TGM1 potential TAM null clones were sequenced.

Sequence chromatograms show location of insertion/deletion mutations.
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TAM Null mutant allele cloning and sequencing summaries (cloned into pGEMTeasy (Promega))
Axl sequenced alleles in Thesis TAM Null Clone#3

G insertion — 4 clones; G deletion — 4 clones

All reverse complement sequencing due to hairpin avoidance:
CCCCCAGCAGCACAGCGCCAACCCACCAGGCCAGCGGGACCCTGCCCAT

CCCCCAGCAGCACAGCGCCAACECCACCAGGCCAGBGCGGGACCCTGCCCAT

290 300 310 320 330

CCCCCAGCAGCACAGCGCCAAC*ACCAGGCCAGCGGGACCCTGCCCAT

CCCCCAGCAGCACAGCGCCA A(ﬂA CCAGGCCAGCGGGACCCTGCCCAT

0

eso 300 310 3

Actual sequence orientations:
ATGGGCAGGGETCCCGECTGECCTGETGEEETTGGCECTGTGCTGCTGGEGEGG
ATGGGCAGGGTCCCGCTGGCCTGET*GTTGGCGCTGTGCTGCTGGGEGEGE

Axl sequenced alleles in Thesis TAM Null Clone#5

2 bp deletion — 8 clones; G deletion — 3 clones

All reverse complement sequencing due to hairpin avoidance:
CCCCCAGCAGCACAGCGCCRACC**CAGGCCAGCGGGACCCTGCCCAT
CCCCCAGCAGCACABCGCCAAC[CCAGBGBCCAGBGCGG6G6ACCCTGCCCAT

280 290 300 310 320
CCCCCAGCAGCACAGCGCCAAC*ACCAGGCCAGCGGGACCCTGCCCAT
CCCCCAGCAGCACAGCG CC#iA(ﬂA(lCﬁ\G GCCAGCGGG ACCCTG

280 250 300 310
Actual sequence orientations:

ATGGGCAGGGTCCCGCTGGCCTG* *GETTGGCECTETGCTGCTGGGGEE
ATGGGCAGGGTCCCGCTGGCCTGET*GTTGGCGCTGTGCTGCTGGGEGEGE
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Tyro3 sequenced alleles in Thesis TAM Null Clone#3
A deletion — 3 clones; AA deletion — 5 clones
TGGTCCAGA*TGCAAGCCAGGTGTCCATCTCCA
TGGTCCAGA[T6GCAAGCCAGGTGTCCATCTCCA

i

TGGTCCAG**TGCAAGCCAGGTGTCCATCTCC
TGGTCCAGI[TGCAAGCCAGGTGTCCATCTCCA

A | )\
I\ ,\“ﬂ‘ I A A
/\ I\/\ / A N\
A /U \ | \
J
0 320 330

Tyro3 sequenced alleles in Thesis TAM Null Clone#5
A deletion — 2 clones; AA deletion — 7 clones
TGGTCCAGA*TGCAAGCCAGGTGTCCATCTCCA
T6GGTCCAGAITGCAAGCCAGGTGTCCATCTCCA

/\/W\ NW\AW\/W

TGC( TT’“’A’ **TGC CCAGGTGTC LAT‘“T

TGGTCCA GIT GCAAGCCAGOGTBT CCATCTCCA

I I’A\ «f\ |

[\ [V /\
L /
310 320

Supplementary Figure 9. Sequencing chromatograms of genomic DNA from

5TGM1 potential TAM null cell lines #3 and #5 cloned into a plasmid vector.
PCR products amplified from genomic DNA of 5TGM1 potential double Axl and
Tyro3 knockout clones were cloned into a plasmid vector. Sequences were
obtained from the two mutant alleles inferred from the original Sanger sequences

traces. Sequence chromatograms show location of insertion/deletion mutations.
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Wild type AxI
888aa

MGRVPILAWWLALCCWGCAAHKDTQTEAGS PEVGNPGNITGARGLTGTLRCELQVQGE PPEVVWLRDGQILELADNTQ
TQVPLGEDWQDEWKVVSQLRISALQLSDAGEYQCMVHLEGRTEFVSQPGFVGLEGLPY FLEE PEDKAVPANT PEFNLSC
QAQGPPEPVTLLWLQDAVPTAPVTGHS SQHSLQTPGLNKTS SFSCEAHNAKGVTT SRTATITVLPQRPHHLHVVSRQ
PTELEVAWT PGLSGIYPLTHCNLQAVLSDDGVGIWLGKSDPPEDPLTLOQVSVPPHQLRLEKLLPHTPYHIRISCSSS
QGPSPWTHWLPVETTEGVPLGPPENVSAMRNGSQVLVRWOEPRVPIOGT LLGYRLAYRGODTPEVIMDIGLTREVTL
ELRGDRPVANLTVSVTAYTSAGDGPWSLPVPLE PWRPGQGQPLHHILVSEPPPRAF SWPWWYVLLGALVAAACVLILA
LFLVHRRKKETRYGEVFEPTVERGELVVRYRVRKSYSRRTTEATLNSLGISEELKEKLRDVMVDRHKVALGKT LGEG
EFGAVMEGQLNQDDSILKVAVEKTMKIATCTRSELEDFLSEAVCMKEFDHPNVMRLIGVCFQGSDREGFPEPVVILPF
MKHGDLHSFLLYSRLGDQPVFLPTOMLVKFMADTIASGMEYLSTKRFIHRDLAARNCMLNENMSVCVADFGLSKEKI YN
GDYYRQGRIAKMPVKWIATIESTIADRVYTSKSDVWSFGVITMWEIATRGQTPYPGVENSEIYDYLRQGNRLEQPVDCLD
GLYATMSRCWELNPRDRPSFAELREDLENTLKALPPAQEPDEILYVNMDEGGSHLEPRGAAGGADPPTQPDPKDSCS
CLTAADVHSAGRYVLCPSTAPGPTLSADRGCPAPPGOEDGA—

Double KO 1a,b 2a,b, 3a,b 4a,b, 5a,b
Prediction 1;: 777aa

MVHLEGRTEFVSQPGEFVGLEGLPY FLEE PEDKAVPANT PFNLSCQAQGPPEPVTLLWLQDAVPLAPVTGHSSQHSLQT
PGLNKTSSFSCEAHNAKGVTTSRTATITVLPQRPHHLHVVSRQPTELEVAWTPGLSGIY PLTHCNLQAVLSDDGVGI
WLGKSDPPEDPLTLQVSVPPHQLRLEKLLPHTPYHIRISCSSSQGPSPWTHWLPVET TEGVPLGPPENVSAMRNGSQ
VLVRWQEPRVPLOGTLLGYRLAYRGQDTPEVIMDIGLTREVTLELRGDRPVANLTVSVTAY TSAGDGPWSLPVPLEP
WRPGQGQPLHHLVSEPPPRAFSWPWWY VLLGALVAAACVLITALFLVHRRKKETRYGEVFE PTVERGELVVRYRVRK
SYSRRTTEATLNSLGISEELKEKLRDVMVDRHEVALGKT LGEGEFGAVMEGQLNQDDSILKVAVKTMKIATICTRSEL
EDFLSEAVCMKEFDHPNVMRLIGVCFQGSDREGFFEPVVILPFMKHGDLHSFLLY SRLGDQFVFLPTOMLVKFMADT
ASGMEYLSTKRFIHRDLAARNCMINENMSVCVADFGLSKKIYNGDYYRQGRIAKMPVEWIATIESLADRVYTSKSDVW
SFGVIMWEIATRGOTPYPGVENSEIYDYLROQGNRLKQPVDCLDGLYALMSRCWELNPRDRPSFAELREDLENTLKAT,
PPAQEPDEILYVNMDEGGSHLEPRGAAGGADPPTQPDPKDSCSCLTAADVHSAGRYVLCPSTAPGPTLSADRGCPAP
PGQEDGA

Double KO 1a, 2a, 3b, 4a,5a

Prediction 2: 68aa
MGRVPLAWCWRCAAGGVQPIRTHRPRLAARTIWGTQGISQVPEDSRGHFGVSSRFRGNPLRWCGEFEMDRS

Double KO 1b,4b
Prediction 2: 67aa

MGRVPLAWWRCAAGGVQPIRTHRPRLAARIWGTQGISQVPEDSRGHFGVSSRFRGNPLRWCGFEMDRS

Double KO 2b

Prediction 2: 67aa
MGRVPLACWRCAAGGVQPIRTHRPRLAARIWGTQGISQVPEDSRGHFGVSSRFRGNPLRWCGFEMDRS

Double KO 3a
Prediction 2: 19aa
MGRVPLAWWLGAVLLGVCSP

Double KO 5b

Prediction 2: 18aa
MGRVPLAWVGAVLLGVCSP
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Supplementary Figure 10. Predicted consequences of Axl mutations at the
protein level in 5TGM1 potential TAM null cell lines. Sequences of 5TGM1
potential Axl knockout PCR products amplified from genomic DNA were
translated into amino acids using Expasy Translate. Amino acid sequences were
compared to wild type Axl, and open reading frames that code for sections of Axl
are shown. For each mutation between 1-2 predictions of total amino acid (aa)
length are shown. Grey highlighted sections denote wild type Axl protein

sequence.
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Supplementary Figure 11. Generation of a novel pRufimPlum retroviral
vector. (A) Gas6 was initially cloned into the lentiviral pLegoiCer2 vector.
However, when 5TGM1 cells were transfected with Gas6-encoding pLegoiCer2,
cerulean reporter expression was rapidly lost (left) compared to a cerulean
positive control (right). (B) A novel pRufiplum vector encoding Gas6, or an empty
vector, were generated. The GFP insert from the pRufiG2.Gas6 was digested with
Ncol and Notl and removed. The mPlum open reading frame was PCR amplified
from the FgH1tUTP vector such that the start codon formed part of a Pcil site,
with a natural Notl site following the stop codon. Plum was digested with Pcil and

Notl and ligated into the pRufi vector encoding Gas6.
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