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Abstract

MERTK inhibition selectively activates a DC — T-cell axis to provide anti-leukemia immunity

By Justus M. Huelse

TAM-family tyrosine kinases (TYRO3, AXL and MERTK) are potential cancer therapeutic targets
in a wide range of human cancers. In previous studies, MERTK inhibition in the immune
microenvironment was therapeutically effective in a B-cell acute leukemia (B-ALL) model. Here,
we probed anti-leukemia immune mechanisms and evaluated roles for TYRO3 and AXL in the
leukemia microenvironment. Host Mertk knockout or MERTK inhibitor MRX-2843 increased
CD8a* dendritic cells (DCs) with enhanced antigen-presentation capacity in the leukemia
microenvironment and inhibited leukemogenesis. High MERTK or low DC gene expression were
associated with poor prognosis in pediatric patients with ALL, indicating the clinical relevance of
these findings. MRX-2843 also decreased potentially exhausted TOXMIGHI CD8* T-cells,
implicating a DC — T-cell axis. Indeed, combined depletion of CD8a* DCs and CD8+* T-cells was
required to abrogate anti-leukemia immunity in Mertk—-mice. Tyro3-/- mice were also protected
against B-ALL, implicating TYRO3 as an immunotherapeutic target. In contrast to Mertk—~- mice,
Tyro3~/- did not impact CD8a+ DC frequency or antigen-presentation capacity and therapeutic

activity was less dependent on DCs, indicating a different immune mechanism.

In contrast to Mertk~/- or Tyro3—/-, host AxI deletion did not impact B-ALL leukemogenesis.
Moreover, host knockout of all three TAM-family kinases prolonged survival in an MML-AFg
AML model, while only Mertk ablation provided immunity in a second AML model, suggesting

context-dependent roles of individual TAM-family kinases in anti-leukemia immunity.

These data demonstrate differential roles for TAM-family kinases in the leukemia
microenvironment and provide rationale for the development of MERTK and/or TYRO3-targeted

B-ALL immunotherapies.
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Chapter 1: Introduction

1.1 Acute leukemia

Acute leukemias, including acute lymphoblastic leukemia (ALL) and acute myeloid leukemia
(AML), are the most common type of pediatric cancers and despite remarkable improvements in
therapeutic outcomes they remain the second leading cause of cancer-related death in children
(1-3). The current cytotoxic chemotherapies are associated with severe late effects or secondary
malignancies in pediatric patients (3-6) and often fail in refractory or relapsed disease (7).
Additionally, many elderly acute leukemia patients struggle to tolerate these treatments, leading
to survival rates below 40% (3, 8). Hence, there is a significant need for novel treatment options
with reduced toxicities, such as targeted therapies and immunotherapies, but more research is

needed to identify potential targets and understand the underlying mechanisms.

1.1.1 Pathobiology of acute leukemia
Acute leukemias are characterized by rapid proliferation and expansion of malignant
hematopoietic precursor cells (blasts) in the bone marrow, leading to impaired normal
hematopoiesis. Acute leukemia blasts can eventually exit the bone marrow, reach other major
organs, and disrupt their functions as well (9). Malignant blasts can originate from either the
lymphoid or the myeloid lineage of hematologic cells, leading to the classification of acute
leukemia into two main types: acute lymphoblastic leukemia (ALL), and acute myeloid leukemia
(AML). While ALL is the most common acute leukemia in children, the prevalence of AML
increases with age and it is the predominant subtype in adult patients (10-12). Both, ALL and
AML, are a heterogenous malignancies and various genomic alterations and post-translational

modifications can drive or contribute to their development (13, 14).

ALL can be further divided into B cell ALL (B-ALL) and T cell ALL (T-ALL), depending on the

lymphoid cell type affected (15), while AML is typically stratified into clinically relevant subgroups



based on morphological, molecular, cytochemical, cytogenic, and immunophenotypic attributes
of the blasts (11, 16). At the time of diagnosis, acute leukemia blasts are typically characterized by
maturation arrest and high proliferative capacities, and this phenotype can be driven by various
genetic alterations. In ALL, these commonly include fusion genes, such as BCR-ABL, TCF3-PBX1,
or ETV-RUNX1, as well as CRLF2 rearrangements (17, 18), while AML patients often carry FLT3
mutations, such as internal tandem duplications (FLT3-ITD) (19). Moreover, fusions of
KMT2A/MLL with one of several known partners occur frequently in both, ALL and AML, and
are associated with particularly poor survival outcomes and resistance to the current standard

chemotherapies (11, 13, 17, 20).

1.1.2 Current standard of care in pediatric patients
Treatment outcomes for pediatric acute leukemia have greatly improved over the past decades,
owing to basic and clinical research-driven improvements of conventional chemotherapy
regimens, risk stratification, supportive care, and central nervous system prophylaxis (21-23). The
current standard of care for acute leukemia are combinations of cytotoxic chemotherapies.
Pediatric B-ALL and T-ALL patients are generally treated in three successive phases: remission
induction, consolidation, and maintenance (24). Each phase consists of different
chemotherapeutic combinations, treatment durations, and intensities, that are determined based
on risk stratification. The goal of the initial phase is to induce complete remission (cancer becomes
undetectable), which is achieved in over 90% of pediatric ALL patients (25). The
chemotherapeutics applied typically include vincristine, asparaginase, or corticosteroids, as well
as doxorubicin or daunorubicin for higher-risk patient (26). Allogeneic bone marrow transplant
may be performed for patients in which induction fails. The following consolidation phase aims
to eradicate any residual disease remaining following complete remission, and usually includes
chemotherapeutics not applied during remission induction, such as cyclophosphamide,

etoposide, and methotrexate (24, 27). The final maintenance phase generally consists of less



intensive treatment regimens and has the goal to further consolidate and maintain remission.
Pediatric ALL patients in this phase are typically treated with mercaptopurine and methotrexate,

which may be intensified with vincristine and steroids (24).

The standard of care for pediatric AML patients also consists of chemotherapeutic combinations,
such as cytarabine with daunorubicin or mitoxantrone, with intensities determined based on risk-
stratification (22). The treatment regimens are typically given in a remission induction phase and
subsequent consolidation or intensification phases. In contrast to ALL treatment, maintenance
therapy is not standard of care but may be added if needed. High-risk AML patients may
furthermore receive allogeneic hematopoietic stem cell transplantation (HSCT) with the goal of

eliciting anti-leukemia activity by donor-derived immune cells (graft-versus-leukemia response

(28)).

Acute leukemia, especially in the case of ALL, can penetrate the central nervous system (CNS).
Hence, CNS prophylaxis is an important part of ALL therapy since most pediatric and adult
patients are at risk of developing CNS relapse. Treatment options include CNS-direct radiation,
systemic administration of chemotherapeutics that can cross the blood-brain barrier, or direct
intrathecal administration of chemotherapies, such as methotrexate, cytarabine, or

hydrocortisone (29, 30).

1.1.3 Challenges of current cytotoxic chemotherapies
Despite improved treatment results for pediatric acute leukemia patients, several challenges
remain that warrant the research and development of novel treatment options. Children with
relapsed or refractory ALL or AML face poor outcomes, with long-term survival rates of only 40-
50% (31-34). Notably, about 20-25% of pediatric ALL patients experience relapse, as do 25 — 30%
of AML patients (33, 34). Relapsed or refractory children receive salvage or reinduction therapy,
typically consisting of several blocks of chemotherapeutic combinations followed by HSCT (35,

36). While outcomes remain poor for relapsed or refractory patients, graft-versus-leukemia



responses following allogeneic HSCT in some patients highlight the potential for

immunotherapeutic strategies in acute leukemia (37).

Additionally, the current cytotoxic chemotherapy regimens are associated with severe late effects
and secondary malignancies (3-6). Methotrexate, mercaptopurine, and vincristine are
components of standard pediatric ALL therapy and several side effects have been directly linked
to these compounds: High doses of methotrexate are associated with neuronal impairments (38),
while high doses of mercaptopurine increase the risk of secondary myeloid malignancies (39), and
may also increase the risk of liver injury or relapse in some patients (40). Vincristine is associated
with acute peripheral neuropathy leading to impaired motor-, nerve-, and muscle functions and
reduced quality of life (41, 42). Other severe side effects associated with chemotherapeutic ALL
treatment include osteoporosis and osteonecrosis, pancreatitis, thrombosis, neurocognitive
impairments, infertility, secondary malignancies, and an increased risk for early mortality in
survivors (42-46). Moreover, prophylactic CNS-directed radiation can have severe, long-lasting
effects, such as neurocognitive decline, endocrine abnormalities, and brain necrosis (30).
Treatment outcomes for pediatric T-ALL patients are generally worse than for B-ALL patients,

and treatment-associated mortality or late effects are more common (45, 46).

Late effects in pediatric AML patients associated with standard chemotherapeutic treatment
include cardiomyopathy, neurocognitive impairments, physical function impairments, and
secondary malignancies (47). In addition, infections, intracerebral hemorrhage, or multiple organ

failure may also lead to chemotherapy-related mortality (48).

Given the poor outcomes in relapsed or refractory patients, as well as the severe late effects and
secondary malignancies, there is a significant need for novel pediatric acute leukemia treatment
options. Such a need also exists in adult patients, who generally tolerate cytotoxic chemotherapies
less, resulting in survival rates below 75% for ALL, below 35% for AML, and below 15% for patients

older than 60 years with either disease (3, 8, 49, 50).



1.2 Novel treatment approaches for acute leukemia

Novel non-chemotherapeutic treatment options for acute leukemias, including targeted therapies
and immunotherapies, are under development with the aim of reducing toxicities and late effects,

as well as improving treatment outcomes.

1.2.1 Targeted therapies in acute leukemia
Targeted therapies act specifically on well-defined targets or pathways to inhibit their oncogenic
functions, and a significant number of these targeted therapeutic agents are tyrosine kinase
inhibitors (TKIs) (51). The small-molecule TKI imatinib, which targets the tyrosine kinase ABL,
has revolutionized the treatment of ALL patients expressing the BRC-ABL fusion protein (52).
BCR-ABL expression is found in 1-5% of pediatric and 11-30% of adult ALL patients and is
associated with poor prognosis if treated with chemotherapy alone (53). The chimeric protein is
a result of translocation of chromosome 9 and 22 (t9;22), also known as Philadelphia
chromosome (Ph), and leads to constitutive activation of the ABL kinase function, thereby driving
leukemia blast proliferation. The clinical use of imatinib and other BCR-ABL TKIs has
dramatically improved the 5-year event free survival rates in pediatric Ph* ALL patients from 34%
to 70%, and greatly reduced the need for HSCT in these patients (54). Unfortunately, resistance
occurs in some patients, often caused by point mutations in the BRC-ABL kinase domain (52).
Second generation inhibitors are being developed and these aim to overcome resistance by
targeting the structural stability of the fusion protein, downstream signaling pathways, or by
inhibiting multiple kinases in addition to BCR-ABL. Furthermore, various other targeted agents
are being developed for B-ALL or T-ALL treatment in preclinical studies or clinical trials,
including BCL-2 family inhibitors, BET family inhibitors, cell cycle inhibitors, MDM2 inhibitors,
p53 reactivators, and inhibitors of oncogenic signaling pathways, such as JAK-STAT, PI3K-AKT-

mTOR, MAPK-RAS, or NOTCH signaling (46, 55).



Targeted therapies in clinical use for AML include TKIs targeting common FLT3 mutants, and
hypomethylating agents, but most patients eventually relapse or develop resistance (56, 57).
Moreover, venetoclax, a BCL-2 inhibitor, shows promising results in elderly AML patients or
patients unfit for intense chemotherapy when combined with low doses of the chemotherapeutic

cytarabine, or a hypomethylating agent (58).

1.2.2 The acute leukemia immune microenvironment
Immunotherapies aim to activate the patient’s immune system to fight cancer cells and have
shown remarkable success in some cancers (59). Cancer cells can avoid immune surveillance or
suppress the immune system through several mechanism, ultimately allowing them to escape
anti-cancer immunity. The relatively low mutational rate in acute leukemia results in low
availability of tumor-specific antigens, the detection of which is a crucial part of anti-cancer
immune surveillance (60, 61). These antigens can be taken up by antigen-presenting cells (APCs),
such as macrophages or dendritic cells (DCs), and presented on MHC class IT (MHC-II) molecules
to CD4* T cells (62, 63). Stimulated CD4* T cells subsequently help orchestrate the immune
response and activate cytotoxic CD8* T cells, which have the ability to eliminate cancer cells. Some
specialized APCs, in particular CD103+ DCs are capable of cross-presenting antigens directly to
cytotoxic CD8+* T cells (64). Moreover, CD8* T cells can recognize tumor-specific mutant antigens
presented on MHC-I molecules on the surface of cancer cells (62, 63). Downregulation of MHC-I
molecules has been detected in some relapsed acute leukemia patients, which may provide a
mechanism of avoiding immune surveillance (65). Complete activation of T cells also requires the
binding of co-stimulatory proteins expressed on APCs, such as CD80, the expression of which is
low in the tumor microenvironment (TME) of acute leukemia (66). Acute leukemias may also
impair the cytotoxic functions and IFN-y production of natural killer (NK) cells, which are
cytotoxic lymphocytes that can recognize and eliminate cancer cells in the absence of MHC

molecules (67, 68). Moreover, malignant leukemia blasts no longer develop into normal immune



cells and prior chemotherapy treatment may also impair immune cell functions, resulting in

additional factors that can contribute to an insufficient immune surveillance and/or response (61,

69).

Another important mechanism of cancer-induced immunosuppression is the upregulation of
immune checkpoint proteins, such as PD-L1 (programmed cell death 1 ligand 1) or PD-L2
(programmed cell death 1 ligand 2). Cancer cells can overexpress these proteins on their cell
surface or induce their expression on other cells in the TME, such as macrophages, DCs, or
epithelial cells. Together with the receptor protein PD-1 (programmed cell death protein 1), these
immune-inhibitory proteins physiologically function as built-in “brakes” of the immune system
to prevent chronic inflammation and auto-immune reactions. PD-1 is predominantly expressed
on activated T cells (70) and binding of PD-L1 and PD-L2 to PD-1 inhibits T cell activation and
induces exhaustion, a state broadly characterized by a decreased ability to proliferate and/or kill
target cells (71-74). Immune checkpoint inhibitors targeting PD-1 or PD-L1 to overcome T cell
exhaustion are in clinical use for various cancer types and have delivered dramatic results in some
patients (75). Clinical data show PD-L1 expression on leukemic blasts from de novo AML and ALL
patients (776-78), and increased PD-L1 expression levels in relapsed patients (77, 78), indicating a
role for the PD-1 axis in suppressing anti-acute leukemia immunity. Another immune checkpoint
protein with increased expression in acute leukemia patients is CTLA-4, a T cell receptor protein

that inhibits T cell activation when bound to CD80, or CD86 expressed by APCs (79, 80).

Cancers can furthermore induce immunosuppressive conditions in the TME by changing the
balance between pro- and anti-inflammatory cytokines. Pediatric ALL patients display changes in
the levels of several cytokines compared to healthy children (81) and an altered cytokine balance
at birth may contribute to later disease development (82). Moreover, decreased levels of the pro-
inflammatory cytokine IFN-y are associated with high risk in pediatric ALL patients (83, 84),

while high levels of the receptor for the pro-inflammatory IL-15 correlated with improved survival



outcomes (85). These data point toward an important role for the TME cytokine composition in

acute leukemia progression.

Acute leukemias can also increase the presence of immunosuppressive immune cells in the TME,
such as regulatory T cells (Tiegs cells) and myeloid-derive suppressor cells (MDSCs) (81, 86, 87).
Tregs cells possess immunosuppressive functions that play important physiologic roles in self-
tolerance and immune homeostasis, but cancer cells can increase their recruitment to the TME
thereby leading to suppressed anti-cancer immunity (81). MDCSs are a heterogenous group of
immature myeloid cells that can also contribute to cancer progression through potent

immunosuppressive capacities (88).

Furthermore, cancers often manipulate macrophages by inducing an immunosuppressive M2
phenotype, characterized by anti-inflammatory gene expression, cytokine profiles, and functions
(89). Macrophage phenotypes can be broadly categorized as pro-inflammatory M1 or anti-
inflammatory M2, although the transition is fluid with many different stages. Adult T-
ALL/lymphoma patients display increased expression of M2 markers by macrophages of the
TME, and this was associated with poor prognosis (90). Moreover, M2-like macrophages are

increased in the bone marrow of AML patients (91).

Based on the implication of the immune system for acute leukemia progression, and the
promising results of graft-versus-leukemia responses following allogeneic HSCT in some patients
(37), several immunotherapeutic treatment modalities have been developed or are being tested

for the treatment of acute leukemia.

1.2.3 Immunotherapies in acute leukemia
Acute leukemia immunotherapies have made the most promising advances in B-ALL and several
agents are in clinical use, including chimeric antigen receptor (CAR) T cells, bispecific T cell

engagers (BiTEs), and antibody-drug conjugates (ADCs) (9, 92, 93). These therapies capitalize on



the expression of surface antigens that are highly expressed by B-ALL blasts, such as CD19, CD20,
and CD22 (93, 94). Although these targets allow for relatively specific leukemia cell targeting, they
are also expressed by normal B cells, and patients need to be monitored for adverse effects related

to B cell-ablation, such as hypogammaglobulinemia (93).

CAR T cells are patient-derived T cells that have been engineered to express chimeric antigen
receptors (CAR) targeting cancer-cell specific antigens (95). CARs are additionally engineered to
express T cell co-stimulatory domains and binding to the cancer antigen induces proliferation and
cytolytic activity of the CAR T cell, without requiring antigen-presentation on MHC molecules.
The CD19-targeted CAR T cell tisagenlecleucel is approved for refractory or relapsed patients up
to 25 years of age and has achieved remarkable results (9, 93, 96, 97). However, a considerable
portion of patients develop resistance and severe side effects, such as cytokine release syndrome,

neurotoxicity, or an increased risk for infections are common.

The BiTE blinatumomab is a fusion protein consisting of two single-chain variable antibody
fragments, one of which binds to CD19 on B-ALL cells, while the other binds to CD3 on T cells,
thereby in inducing T cell-mediated killing of CD19+ leukemia cells (98). The BiTE-mediated
adherence between T cell and leukemia cell is sufficient to activate T cells, requiring no antigen-
presentation on MHC molecules (99). Blinatumomab is approved in pediatric and adult refractory
or relapsed B-ALL patients, as well as B-ALL patient with minimal residual disease (MRD) (93).
Promisingly, clinical studies indicated that treatment with the BiTE has benefits compared to
intensive consolidation chemotherapy (100, 101). However, resistance and severe adverse effects,

including cytokine release syndrome and neurotoxicity, can occur (93).

The ADC inotuzumab ozogamicin is an anti-CD22 antibody linked to a cytotoxic anti-tumor
antibiotic and is currently approved for use in adult patients with relapsed or refractory B-ALL

(93), while a phase-I clinical trial found promising results in relapsed or refractory children (102).
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A major side effect and limitation of inotuzumab ozogamicin treatment is sinusoidal obstruction

syndrome, especially in patients that have or will receive HSCT (93).

Despite the increased PD-L1 levels observed in acute leukemia patients (76-78), immune
checkpoint blockade targeting PD-1 or PD-L1 as ALL monotherapy did not deliver promising
results in clinical trials, although combinations therapies with chemotherapy or other agents may

prove more effective (61).

The clinical development of T-ALL immunotherapies has been complicated by the fact that most
antigen markers expressed by T-ALL blasts are shared with normal T cells, resulting in a risk of
severe immunodeficiency through elimination of the latter (46). Nonetheless, pre-clinical trials
showed efficacy for several immunotherapeutic modalities, including anti-CD38 antibodies, as
well as CAR T cells targeting CD1a, CD2, CD5, or CD6, and phase-1 clinical trials have been

initiated for some agents (46, 93).

AML blasts display a great diversity in surface antigens and the resulting difficulty of selecting
specific antigens is a major challenge for the development of AML immunotherapies (69, 103).
Furthermore, the relatively low frequency of AML among children limits the potential to evaluate
immunotherapies in clinical trials (104). Nonetheless, several immunotherapeutic agents are
being investigated for the use in AML patients, including CAR T cells, BiTEs, ADCs, and immune

checkpoint inhibitors (69, 103).

Targeted and immunotherapeutic agents have delivered promising — and in some patients
remarkable - results, particularly in B-ALL. However, not all patients are eligible, or respond well,
and others may develop resistance. Hence, more research is needed to identify new targets and
provide additional treatment options. TYRO3, AXL and MERTK are receptor tyrosine kinases
(RTKs) that have been indicated as promising cancer therapeutic targets in a range of

malignancies (105). In this work, we investigate their potential as immunotherapeutic targets in
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acute leukemia with the overall aim to contribute to the development of novel treatment

strategies.
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1.3 TAM family RTKs as therapeutic cancer targets

The receptor tyrosine kinases (RTKs) of the TAM (TYRO3, AXL and MERTK) family are
aberrantly expressed and associated with poor prognosis in a wide range of human cancers,
including acute leukemia (105-107). Within cancer cells, they play important roles that promote
tumor establishment, survival, progression, and treatment resistance. Additionally, TAM RTKs
expressed by immune cells of the tumor microenvironment (TME) can exert immunosuppressive
functions to inhibit anti-cancer immunity. Hence, TAM RTKs represent promising therapeutic

targets for both, direct anti-cancer cell-, as well as immune-oncologic therapies.

1.3.1 Introduction to TAM RTKs
Physiologically, TAM RTKs are expressed by epithelial cells, platelets, as well as various immune
cells, and play crucial roles in tissue homeostasis and immunoregulation (106). The three TAM
RTKs share a common structure comprising two immunoglobulin-like and two fibronectin III
domains at the extracellular N-terminal end, a single pass transmembrane domain, and a
cytoplasmic tail with a kinase domain that is characterized by a highly conserved KWIAIES
sequence (106, 108-111). TAM RTK activation by ligand binding induces receptor
homodimerization, autophosphorylation and kinase activation, thereby regulating a variety of
downstream signaling pathways (Fig. 1.1 A). The two best-studied TAM ligands are the secreted
proteins GAS6 (growth arrest-specific 6) and PROS1 (vitamin K-dependent protein S). In most
cases, TAM activation by these ligands requires creation of a unique ternary complex by additional
binding of membrane-bound phosphatidylserine (PtdSer), typically expressed on the surface of
an adjacent cell, such as apoptotic cells (Fig. 1.1 B) (112-118). GAS6 has the highest affinity for
AXL but binds and activates all three TAM kinases, while PROS1 only activates TYRO3 and
MERTK (Fig. 1.1 B) (112, 116, 117, 119). Further TAM ligands include the MERTK-selective tubby

(120, 121), tubby-like protein 1 (TULP-1), which interacts with all three TAM kinases (120) and
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Galectin-3 (LGALS3), which activates TYRO3 and MERTK (122-125). Of note, tubby and TULP-1

bridge to apoptotic cells through PtdSer-independent mechanism (120).

TAM kinases may also be activated through heterodimerization and/or cross-phosphorylation
with other kinases, including family members (126, 127) and unrelated kinases, such as EGFR
(128-133) or HER2 (134) (Fig. 1.1 B). Additionally, they can be constitutively activated (for
example, in cancer (126, 135) ), possibly mediated by impaired receptor degradation following
activation (136), or through feed-forward mechanisms resulting in amplified TAM signaling (137)

(Fig. 1.1 C).

TAM RTK activation can be attenuated through TAM cleavage by metalloproteases (138-142), for
example following kinase activation (118), and the cleaved extracellular domains can be shed off
the cell surface and act as soluble forms that sequester ligands (139, 140, 143-146) (Fig. 1.1 D).
Additionally, splice isoforms of all three TAM kinases have been described and secreted isoforms

may also function as decoy receptors (108, 110, 147-150).



14

a , b
’ Tg-like domain J Kinase domain
® () ™NMdomain () TAM ligand
l ? N Y ! , PtdSer-exposing membrane
GAS6 {_JPROSI _
NH, NH, N, NH, PtdSer - () LGALS3 (TYRO3 or MERTK)
0 0 C) TULP-1(TYRO3, AXL or MERTK)
| TUB (MERTK)
i [ ] [N 3
L ) L MERTK. TAM HER2 EGFR
b 4
|
‘ | !

leterodimerization and/or
cross-phosphorylation

(ATP
ADP ADP v
J L
| . 1

. . . ., Downstrcam
cooHn COOH COOH COOH ——> signalling

c Q d )0

Wr Overexpression Wrwrwr
Splice
isoforms

. Degradation

i'}*‘;—-—-(ﬁ

‘ ATP

e

AVANZN'Z,N

Downsiream
signalling

AVNZ,\'7,N

Downsiream
signalling

OTOI
N

)]

-

v

/\/\/

AN AN

N
()
i

Fig. 1.1: TAM structure and activation mechanisms.

(First published in: DeRyckere & Huelse et al., Nat Rev Clin Oncol,, 2023 Sep 4. doi:
10.1038/541571-023-00813-7. Online ahead of print, by Springer Nature. Reproduced with
permission from Springer Nature.)

A) The three TAM receptor tyrosine kinases (RTKs), TYRO3, AXL and MERTK, share a common
structure comprising two immunoglobulin-like (Ig-like) and two fibronectin III (FNIIT) domains
in their extracellular N-terminal region, a single-pass transmembrane domain, and a cytoplasmic
C-terminal region with a kinase domain characterized by a unique and highly conserved KWIAIES
sequence (106, 108-111). Activation by ligand binding results in TAM RTK homodimerization,
autophosphorylation and subsequent downstream signaling.

B) In most cases, activation by growth arrest-specific 6 (GAS6) or vitamin K-dependent protein S
(PROS1) requires additional binding of these secreted ligands to phosphatidylserine (PtdSer)
presented on the surface of an adjacent cell (112-118). Furthermore, increased presence of PtdSer
can maximize TAM RTK activation. GAS6 can bind to and activate all three TAM kinases but has
the highest affinity for AXL, whereas PROS1 only binds to and activates TYRO3 and MERTK (the
thickness of the arrows provides a rough indication of relative binding affinity) (112, 116, 117, 119).
Additional TAM ligands include galectin-3 (LGALS3), tubby-like protein 1 (TULP-1) and tubby
(TUB), the known selectivities of which are indicated in parentheses within the figure (120-125).
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TAM RTKs can also be activated through heterodimerization and/or cross-phosphorylation by
other TAM family members or unrelated RTKs, such as HER2 or EGFR (126-134).

C) TAM RTKs can be constitutively activated (for example, in cancer) via feed-forward
mechanisms that amplify TAM signaling, (through increased ligand production or TAM RTK
expression), impaired receptor degradation following activation, overexpression, and in rare
cases gene amplification (106, 126, 135-137).

D) Attenuated TAM RTK activation can occur through TAM cleavage by metalloproteases and
shedding from the cell surface as soluble factors that can sequester ligands (138-146).
Alternatively spliced TAM isoforms have been described (108, 110, 147-149) and secreted isoforms
may also act as decoy receptors (150).

1.3.2 Physiologic TAM RTK functions
Physiologically, TAM RTKs play important roles in the regulation of tissue homeostasis and
repair, platelet aggregation, and immune control. Often, these roles are linked to their function as
essential mediators of efferocytosis, the clearance of apoptotic cells by phagocytotic immune or
epithelial cells. Apoptotic cells expose PtdSer on their surface and ligand complexation and
activation of TAM RTKs expressed on phagocytotic cells is required for efferocytosis (106).
Subsequent downstream signaling induces cytoskeletal and cell shape changes necessary for
engulfment of apoptotic cells (151) (detailed in Fig. 1.2 A). TAM knockout mice develop enlarged
organs as they age due to accumulating apoptotic cells, indicating the importance of this process
for tissue homeostasis and repair (152, 153). Indeed, TAM RTK-mediated efferocytosis is crucial
for the clearance of dead germ cells in the testis (154), of apoptotic material during weaning-
induced involution (155), of renal glomerulus podocytes following nephrotoxic injury (156), and
of apoptotic material shed by rods and cones in the retina (115, 157). Moreover, MERTK-
dependent efferocytosis is important during adult neurogenesis (121, 158-160), and the clearance

of myelin debris in the brain (161).

TAM RTKs are also involved in regulating the aggregation of platelets. Platelets externalize PtdSer

and produce GAS6 during the initial phase of aggregation, and all three TAM RTKs are required
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to promote integrin signaling, fibrinogen adherence, platelet spreading, and production of

aggregation-promoting factors (162-165).

In addition, TAM RTKs are expressed by cells of the immune systems, in which they play crucial
homeostatic and immunoregulatory roles. TAM signaling in immune cells mainly results in
immunosuppressive functions that are physiologically important as control mechanisms to
prevent tissue damage, chronic inflammation and auto-immunity and to allow for tissue repair
following the resolution of an inflammatory response (152, 166-172). Consequently, wound
healing and the resolution of inflammation are impaired in TAM RTK knockout mice, which can
result in increased production of pro-inflammatory cytokines (152, 156, 170), endotoxic shock in
response to lipopolysaccharides (152), persistent liver injury and inflammation in a model of acute
liver damage (173), chronic hepatitis (174), increased susceptibility to ischemic injury (175, 176),
accelerated atherosclerosis (177), and inflammatory brain damage (178). Additionally, deletion of
any of the three TAM RTKs leads to autoimmune effects, such as hyperactivation of antigen-
presenting cells and increased autoantibody production (153, 179-181). Notably, autoimmunity is
more severe in triple-knockout mice, which additionally display splenomegaly and increased B-
and T cell proliferation (153). Moreover, TAM RTK knockout increases susceptibility to
autoimmune disorders in murine models of multiple sclerosis (182, 183), diabetes mellitus (184,
185), rheumatoid arthritis (186, 187), lupus erythematosus (153, 180, 188, 189), antibody-

mediated glomerulonephritis (156), and pemphigus vulgaris(153).

Several immune cell types express TAM RTKs, including macrophages, dendritic cells (DCs),
natural killer (NK) and natural killer T (NKT) cells. In macrophages, MERTK signaling can induce
an immunosuppressive and wound-healing M2 phenotype, as characterized by increased
expression of anti-inflammatory cytokines, such as IL-10, TGF-f, and HGF (171, 190-192), and
decreased production of pro-inflammatory cytokines such as TNF-q, IL-1, and IL-6 (152, 190, 193)

(detailed in Fig. 1.2 B). This is often associated with MERTK-mediated clearance of apoptotic
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material (194, 195). Interestingly, downregulation of inflammation in macrophages with a
classically-activated, pro-inflammatory phenotype primarily depends on MERTK and TYRO3
(172), although AXL may mediate this function in certain macrophage subsets (196, 197). TAM
RTKs also suppress inflammatory functions of DCs (detailed in Fig. 1.2 C), where they can inhibit
the expression of pro-inflammatory cytokines, MHC class I/II (MHC I/II) molecules and co-
stimulatory proteins, such as CD80 and CD86 (168-170, 198, 199). Moreover, TAM signaling
mediates inhibition of Toll-like receptor (TLR) signaling in DCs and DCs from TAM-knockout
mice are unable to downregulate pro-inflammatory cytokines induced by TLR activation (170).
Additionally, TAM RTK signaling inhibits proliferation and pro-inflammatory functions of

natural killer (NK) cells, including IFN-y production and degranulation (200, 201).

Through indirect, non-cell autonomous mechanisms, TAM RTKs can also suppress activation and
pro-inflammatory functions of T cells. For example, proliferation of wild-type T cells was
increased following adoptive transfer into TAM triple-knockout mice compared with wild-type
recipients (153). In vitro activated wild-type T cells also displayed decreased motility in pancreatic
islets following transfer into Mertk-/- mice and treatment with a MERTK inhibitor increased T cell
activation in murine diabetes and melanoma models by strengthening and prolonging the
interaction with professional antigen-presenting cells (APCs) (185). Furthermore, TAM RTKs can
inhibit pro-inflammatory T cell functions through upregulation of the immune checkpoint ligands
PD-L1 or PD-L2 on macrophages, DCs, or epithelial cells. Ectopic expression of any of the three
TAM RTKs induces PD-L1 and/or PD-L2 expression in epithelial cells (116, 202-204) and Axl-/-
DCs showed reduced PD-L1 upregulation following antigen uptake compared to wild-type DCs in
a murine lung cancer model (205). Likewise, murine macrophages upregulate PD-L1 expression
following efferocytosis in a Mertk-dependent manner (204) and host Mertk deletion or
pharmacologic inhibition reduced PD-L1 and PD-L2 expression by CD11b* myeloid cells in an

acute leukemia model (206).
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While it was long believed that T cells do not express TAM RTKs, more recent studies found that
subsets of human T cells upregulate MERTK following activation (207-209). In these subsets,
MERTK appears to play immunosuppressive roles: Sequestration of MERTK ligands using a
MERTK-Fc decoy receptor fusion protein suppressed the ex vivo activation of naive CD4* T cells
and antigen-specific response of memory CD4* T cells (207). Similarly, PROS1 induced CD8* T
cell proliferation and activation in vitro, and this was overcome by knockdown or pharmacologic
inhibition of MERTK, or by treatment with a PROS1-blocking antibody (208). The differential
roles for MERTK in human T cell subsets and other (innate) immune cells suggest a tightly

regulated system in which the immunomodulatory consequences are context dependent.

Similar to its role in T cells, MERTK was found to have pro-inflammatory functions in B cell
subsets and NKT cells. B cell subsets upregulate MERTK expression following activation (209,
210) and B cells from Mertk-/- mice have a reduced capability to produce autoantibodies (210) or
to activate memory T cells (211) in models of graft-versus-host disease. Likewise, Mertk/- NKT

cells have a decreased ability to produce cytokines following antigen stimulation (166).
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A) Activation of the TYRO3, AXL and MERTK (TAM) receptor tyrosine kinases (RTKs) by ligands
complexed to phosphatidylserine (PtdSer) exposed on the surface of apoptotic cells is required for
engulfment and clearance (efferocytosis) of these cells by macrophages (106). TAM activation
during efferocytosis promotes downstream signaling through PLCy2 and VAV1—-RHOA, as well as
activation of RAC1 downstream of SRC, FAK and aVP5 integrin through a
p130CAS/CRKII/DOCK180/ELMO-mediated mechanism to induce the cytoskeletal
reorganization and cell shape changes required for engulfment of the target apoptotic cell (151).
Emerging data also identify MERTK as part of a large, multi-protein signaling complex on the
macrophage surface that undergoes further aggregation upon MERTK-mediated activation of co-
clustered (2 integrin via a PI3K—SRC—FAK-ILK-dependent mechanism, forming an efferocytic
synapse that facilitates cell engulfment (212).

B) TAM signaling promotes macrophage polarization to an immunosuppressive M2 phenotype.
In particular, MERTK activation leads to inhibition of NF-«xB and thereby promotes a wound-
healing M2 phenotype characterized by expression of anti-inflammatory mediators and tissue-
repair factors, including TAM ligands, with concomitant suppression of pro-inflammatory M1
mediators (152, 171, 191, 195). Suppression of M1 cytokines is also mediated in part by formation
of a MERTK-PTP1B-p38a complex, whereby MERTK activation inhibits p38a and ultimately
alters the binding of activating and inhibitory Jun transcription factor complexes at target
promoters to decrease expression of M1 cytokines (172). MERTK can also mediate PI3K—AKT—
STAT1-dependent activation of LXR transcription factors to promote expression of M2 markers
and reduce nitric oxide (NO) levels (213).

C) TAM RTKs also mediate suppressor of cytokine signalling (SOCS)-dependent inhibition of
Toll-like receptor (TLR) signaling in dendritic cells (170, 214). Upon recognition of pathogen-
associated molecular patterns, TLR signaling activates NF-kxB and downstream expression of pro-
inflammatory cytokines, including IFNa. In turn, IFNa induces expression of AXL via STAT1, and
AXL interacts with and co-opts IFNa/f3 receptor (IFNaR)—STAT1 signaling to drive expression of
SOCS1 and SOCS3, which provide feedback inhibition of TLR signaling and inflammatory
cytokine production via multiple mechanisms (feedback loop indicated by dashed arrows).

1.3.3 Targeting TAM RTKs in cancer cells
A continuously growing body of research indicate TAM RTKs as promising therapeutic targets in
cancer cells. TAM RTKs, as well as their ligands, are aberrantly expressed in a wide range of
human cancers, including hematologic malignancies, and this is often associated with poor
prognosis, metastasis, and treatment resistance (105-107). Blasts from AML patients have been
found to overexpress AXL, MERTK, or TYRO3 mRNA (215, 216), and expression of AXL, GAS6

or TYRO3 mRNA is associated with unfavorable survival outcomes in this cancer (215, 217).
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Moreover, MERTK is frequently overexpressed in B-ALL, T-ALL and myeloma (218-220).
MERTK and TYRO3 overexpression has also been found in patients with lymphoma subtypes
(221, 222) and high levels of AXL mRNA expression correlate with poor survival outcomes in
Burkitt’s lymphoma patients (223). Additionally, aberrant TAM RTKs and/or association with
poor prognosis can be found in patient samples from many solid tumor types, including non-small
cell lung cancer (NSCLC), lung squamous cell carcinoma, uterine cancer, ovarian cancer, breast
cancer, pancreatic ductal adenocarcinoma, clear cell renal cell carcinoma (ccRCC), and melanoma

(105, 106).

Cancer cell-intrinsic roles of TAM RTKs include pro-survival signaling and suppression of
apoptosis, evasion of senescence, promotion of stemness, and downregulation of growth
suppressors (105, 106). Moreover, TAM RTKs expressed by cancer cells can promote
angiogenesis, metastasis, and treatment resistance. Hence, TAM RTKs crucially contribute to
tumor establishment, maintenance and progression. Activation of TAM RTKs expressed by cancer
cells can lead to signaling through several canonical oncogenic pathways, including PI3K—AKT
and MEK-ERK signaling, ultimately resulting in the pro-tumorigenic functions listed above, and
outlined in Fig. 1.3 (105, 106). Additionally, AXL (224), MERTK (225, 226) or cleaved
intracellular TAM domains (227, 228) have been found to localize to the nucleus of cancer cells,

where they may possess additional non-canonical roles.

Importantly, genetic silencing of TAM RTKs or ligands, or pharmacological inhibition of TAM
signaling in cancer cells, inhibited the oncogenic potential in a wide range of preclinical cancer
models (105, 106). The results included decreased tumor growth and prolonged survival in
various murine xenograft models, indicating TAM RTKs as promising therapeutic targets in
cancer cells. Moreover, metastasis and resistance to chemotherapies or targeted agents were
inhibited by TAM RTK knockdown or pharmacological inhibition in a range of cancer models

(105, 106). Notably, gene mutations or amplifications of TAM RTKs in cancers are rare and unlike
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classical oncogenic drivers, TAM RTKs often do not function as strong growth factors but promote
cell survival rather than proliferation (106). As such, effects of TAM RTK inhibition are often more
pronounced under conditions that induce cell stress, including serum-starvation and anchorage-

independent growth (229-232). However, overexpression of TAM RTKs can be transforming in

some contexts (233-235) and mice with transgenic MERTK expression by hematopoietic cells

have been found to develop leukemia (236)
In summary, aberrantly expressed TAM RTKs provide cancer cells with crucial survival

advantages and pre-clinical studies have identified them as promising cancer cell-intrinsic targets

for therapies in a wide range of cancers
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(First published in: DeRyckere & Huelse et al., Nat Rev Clin Oncol., 2023 Sep 4. doi:
10.1038/s41571-023-00813-7. Online ahead of print, by Springer Nature. Reproduced with
permission from Springer Nature.)

TYRO3, AXL and MERTK (TAM) receptor tyrosine kinase (RTK) signaling regulates a variety of
oncogenic pathways and functions, depending on the kinase(s) and ligand(s) involved, the cancer
type, and/or context (105). Signaling pathways and proteins and downstream functions depicted
on the left side of the figure have been reported to be mediated by at least two of the three TAM
RTKs. By contrast, the pathways depicted on the right side have been identified downstream of
individual TAM family members, as specifically indicated. TAM RTKs or cleavage products
derived from their intracellular regions have also been identified in the nucleus, although the
functions of these nuclear forms remain unclear. Additionally, crosstalk and interaction with a
variety of other receptor tyrosine kinases and other potential oncogenic mediators, such as ER
and ABL, has been reported, as indicated on the far left of the figure.

1.3.4 Pathologic roles for TAM RTKs of the TME in suppressing anti-cancer immunity
In addition to directly target cancer cells, TAM RTK inhibition may also increase anti-cancer
immunity. While TAM RTK signaling in immune cells is physiologically important for immune
homeostasis, cancer cells can subvert and exploit these immunosuppressive functions to evade
anti-cancer immunity and create a TME that favors tumor growth. Pathologic TAM RTK roles in
the TME include a range of immunosuppressive mechanisms, such as the induction of anti-
inflammatory macrophage polarization, upregulation of immune checkpoint proteins, inhibition
of pro-inflammatory DC functions, recruitment and promotion of myeloid-derived suppressor
cells (MDSCs) or regulatory T cells (Tregs cells), as well as the suppression of CD8+ T cell anti-

cancer responses (Fig. 1.4) (105).

Conversely, TAM RTK inhibition increased anti-cancer immunity in a variety of murine cancer
models, implicating these RTKs as promising immunotherapeutic targets. Compared to wild-type
mice, tumor growth and progression was decreased in mice with deletion of host TAM RTKs in
immunocompetent models of breast cancer, colon cancer, lung cancer, melanoma, and pancreatic
cancer (237-241). Likewise, treatment with TAM-selective tyrosine kinase inhibitors (TKIs)

reduced tumor growth and/or disease progression in immunocompetent models of breast cancer,
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bladder cancer, colon cancer, melanoma, and osteosarcoma (204, 242-245), as did administration
of an antagonistic anti-MERTK antibody in a colon cancer model (246). Deletion of host AxI or
Mertk or pharmacologic TAM RTK inhibition also reduced disease progression and/or improved
survival in syngeneic leukemia models (206, 247, 248). In many cases, the anti-cancer effects of
TAM RTK inhibition were abrogated in immunocompromised mice (206, 245, 247, 248), or
sufficiently induced by transfer of Mertk/- bone marrow or immune cells into wild-type mice,

confirming an immune-mediated mechanism (238, 239).

Cancer cells may increase immunosuppressive TAM RTK signaling in the TME through the
release of TAM ligands (106), or the induction of TAM ligand production by immune cells, stromal
cells, or endothelial cells (201, 247, 249). For example, GAS6 is expressed by AML and ALL cell
lines (250) and PROS1 in AML cell lines (251). Moreover, leukemia cells from ALL or AML
patients induced GAS6 mRNA expression in healthy human monocytes ex vivo and high GAS6
levels are associated with significantly decreased overall survival of patients with either disease
(247, 253). Similarly, high bone marrow LGALS3 (Galectin-3) expression is associated with poor
outcomes in AML (254), and Galectin-3 expression is increased in the bone marrow of ALL
patients (252). TAM RTK signaling may additionally be increased by elevated PtdSer levels in the
TME, caused by cancer cell-derived PtdSer-coated tumor exosomes (255), generally increased

apoptosis, and increased PtdSer exposure on tumor-associated endothelial cells (256).

Several immune cell types can contribute to TAM-mediated suppression of anti-cancer immunity.
As described in chapter 1.3.2, TAM RTK signaling can polarize macrophages towards an
immunosuppressive M2 phenotype, which has been associated with poor outcomes for patients
in a broad range of cancers (257). In murine models of breast cancer, host Mertk deletion led to
an intertumoral decrease in M2 markers and anti-inflammatory cytokines, while pro-
inflammatory cytokines were increased compared to wild-type mice (239, 258). Similar effects

were achieved in wild-type mice treated with TAM-targeting TKIs in models of breast cancer,
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ovarian cancer; colon cancer; and bladder cancer (242-244, 258), or following treatment with an
anti-MERTK antibody in a colon cancer model (246). Moreover, deletion of the TAM ligand Prosi1
in melanoma cells resulted in increased expression of pro-inflammatory M1 gene markers in

response to TLR activation (172).

TAM RTKs signaling can also affect cytokine production by cancer cells, and deletion of Axl in
breast cancer cells altered their cytokine and chemokine expression profile, correlating with
decreased in vivo tumor growth and increased radiosensitivity in immunocompetent but not
immunodeficient mice (259). Cytokines and chemokines mediate the recruitment of immune cells
and accordingly, TAM-induced changes in their production are associated with altered presence
of various immune cell populations in the TME (237-239, 242, 243, 245, 246, 260-262).
Consequently, anti-cancer immunity following TAM inhibition is often associated with changes
in the TME composition, which can include increased DCs and CD8+* T-cells, as well as altered
macrophage numbers and polarization, even though the specific effects appear to be context

dependent (237-240, 242, 243, 245-247, 258, 260-263) .

TAM RTK inhibition can also increase tumor antigen presentation to T cells in the TME. In breast
cancer models, pharmacological inhibition of MERTK and/or AXL induced expression of T cell
co-stimulatory molecules on DCs and increased the number and activation of tumor-associated
CD103* DCs (242). These cells play crucial roles in anti-tumor immunity (264, 265) and are
specialized to transport antigens to draining lymph nodes for cross-presentation to CD8* T cells
(64). Moreover, a small molecule inhibitor targeting MERTK, AXL and CSF1R increased cancer
cell expression of MHC-I and CD8+ T cell populations in the TME (260). Likewise, MERTK
inhibition increased tumor antigen cross-presentation capabilities by tumor-associated
macrophages in a colon cancer models (246). Inhibited efferocytosis following TAM RTK
inhibition can also increase the presence of apoptotic tumor cells, thereby increasing the

availability of tumor antigens in the TME (246, 262).
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Enhanced antigen presentation capacities by APCs may lead to efficient anti-cancer immunity
through increased activation of cytotoxic T cell functions. Indeed, depletion studies found that
anti-cancer immunity in mice with Mertk or Axl ablation was dependent on CD8+ T cells in several
models (239, 242, 247). Additionally, proliferation of splenic lymphocytes in a melanoma model
was increased in Mertk~/- compared to wild-type mice (239), and treatment with an AXL TKI
increased proliferation, activation and effector function of infiltrating CD4* and CD8+T cells in
an ovarian cancer model (242). Likewise, Mertk ablation or pharmacological inhibition increased

the activation of CD4* and CD8* T cells in a co-culture system with leukemia cells (206).

Inhibition of TAM RTKs can also promote T cell-mediated anti-cancer activity by modulating
expression of immune checkpoint proteins in the TME. As discussed in chapter 1.3.2, TAM RTK
signaling can increase expression levels of PD-L1 and PD-L2 on APCs and epithelial cells.
Likewise, TAM RTKs can induce these immunosuppressive checkpoint proteins on cancer cells.
For example, AXL expression levels correlate with PD-L1 expression in breast cancer cell lines
(116) and PD-L1 expression was increased in cervical and breast cancer cell lines following
treatment with GAS6 and PtdSer (116, 202). Accordingly, knockdown of AXL or MERTK, or
pharmacologic TAM RTK inhibition reduced PD-L1 and/or PD-L2 expression in cell lines of
various cancers, including breast cancer (116, 202, 263), head and neck squamous cell carcinoma
(HNSCC) (203), NSCLC (266) and osteosarcoma (204). Additionally, host Mertk deletion or
pharmacologic inhibition decreased PD-L1 and PD-L2 expression by CD11b* myeloid cells or
tumor associated macrophages in leukemia models (206, 248). AXL expression also correlates
with PD-L1 and/or PD-L2 expression levels in tumor samples from patients with ccRCC (267),
NSCLC (266), or HNSCC (203). Furthermore, high MERTK expression is associated with PD-L1
expression signaling in pediatric osteosarcoma patients (204), while TYRO3 expression
correlated with poor survival outcomes and treatment resistance in melanoma patients receiving
anti-PD-1 therapeutics (268). Together, these data implicate TAM RTK inhibition as a potential

therapeutic strategy to improve outcomes of immune checkpoint inhibitors. Indeed, TAM RTK
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knockout or pharmacological inhibition increased the therapeutic activity of immune checkpoint
inhibitors in murine models of triple-negative breast cancer (240, 242, 244-246, 260, 263, 268,
269), melanoma (238, 270), colon cancer (243, 245), NSCLC (271-274), ovarian cancer (242) or

leukemia (247).

TAM RTK inhibition may also increase anti-cancer activity of NK cells. Treatment with a pan-
TAM inhibitor increased the presence of NK cells in melanoma and breast cancer models, which
was accompanied by decreased growth of the primary tumor and decreased metastasis (201).
Moreover, adoptive transfer of TAM TKI-pretreated NK cells was sufficient to inhibit metastasis
in the melanoma model. Importantly, the anti-cancer activity following TAM RTK inhibition was

overcome by NK cell depletion in this and other cancer models (201, 247).

TAM RTKs can also promote the recruitment and immunosuppressive functions of MDSCs and
Treg cells. Axl ablation in myeloid cells and pharmacologic MERTK and/or AXL inhibition
decreased the presence of MDSCs in the TME of a leukemia model (247) and tumors from
pancreatic cancer and breast cancer models (260, 262). Additionally, host knockout of any of the
three TAM RTKs reduces the immunosuppressive functions of MDSCs in a melanoma model and
treatment with a pan-TAM TKI reduced tumor growth in wild-type mice in a MDSC-dependent
manner (238). Tumor growth was also inhibited in wild-type mice when melanoma cells were co-
transplanted with TAM RTK knockout MDSCs compared to wild-type MDSCs. Similarly, host
Mertk or Axl deletion or treatment with a MERTK inhibitor reduced T.e; cell presence in the
leukemia TME (206, 247). T:g cells have also been shown to express AXL and MERTK (209, 275),
and treatment with antagonistic antibodies against these kinases reduced GAS6-induced T cell-
suppressive functions of T cells (275). Moreover, Pros1 knockout in melanoma cells reduced

tumor infiltration by Treg cells in vivo (172).
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In summary, TAM RTKs suppressed anti-cancer immunity through various mechanism in
preclinical models of a variety of cancers, which was overcome by genetic deletion or

pharmacologic targeting, implicating them as promising immunotherapeutic targets.
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Fig. 1.4 Functions of TAM RTKs in the TME.

(First published in: DeRyckere & Huelse et al., Nat Rev Clin Oncol., 2023 Sep 4. doi:
10.1038/s41571-023-00813-7. Online ahead of print, by Springer Nature. Reproduced with
permission from Springer Nature.)

The TAM receptor tyrosine kinases (RTKs) — TYRO3, AXL and MERTK — and their ligands are
often enriched in the tumor microenvironment (TME), where they have crucial

immunosuppressive roles through a variety of mechanisms. In macrophages, TAM signaling
induces an M2 phenotype characterized by reduced expression of pro-inflammatory cytokines
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and/or chemokines, such as TNF, and increased expression of immunosuppressive cytokines,
such as TGFB (239, 258). Moreover, M2 chemokines produce by macrophages can attract
immunosuppressive regulatory T (Treg) cells to the TME (206, 247). Additionally, TAM signaling
in macrophages as well as cancers cells upregulates expression of the immune-checkpoint ligands
PD-L1 and PD-L2 (206, 248), which can induce CD8* T cell anergy and/or exhaustion through
binding to PD-1. In dendritic cells (DCs), TAM signaling inhibits functional maturation,
downregulates MHC class I and II (MHC I/II)-mediated antigen presentation to T cells and
decreases expression of the co-stimulatory molecules CD40, CD80 and CD86 (242). Regarding
myeloid-derived suppressor cells (MDSCs), TAM RTK have key roles in the recruitment of these
cells and promote an immature MDSC differentiation state and immunosuppressive functions.
STATS3 is an essential downstream mediator of MERTK signaling in MDSCs (238). As noted
above, TAM kinase signaling in the TME promotes T cell recruitment and immunosuppressive
activity. In turn, Ty cell-derived IL-10 can increase TAM expression on innate immune cells,
including macrophages and DCs (171, 275). TAM signaling might result in impaired cytotoxic
activity by NK cells and has been associated with a reduced abundance of NK cells in the TME

(201, 247).

1.3.5 TAM RTKs as immunotherapeutic targets in acute leukemia
As discussed above, preclinical studies using murine cancer models have implicated TAM RTKs
as promising immunotherapeutic targets in multiple solid cancers. Additionally, recent
publications indicate TAM RTKs as potential immunotherapeutic targets in acute leukemia. Host
deletion of Mertk, or Gas6 decreased tumor burden and/or prolonged survival in
immunocompetent and syngeneic mouse models of AML and ALL, as did Axl knockout selectively
in cells expressing the colony stimulating factor 1 receptor (Csfir*, including monocytes,
macrophages and DCs) (206, 247, 248). Moreover, treatment with TKIs targeting MERTK or AXL
recapitulated the extended survival in wild-type mice in these models. Importantly, the leukemia
cells themselves were shown to not express the targeted TAM RTK, indicating that the therapeutic
activity was caused by immune-mediated effects and not direct leukemia cell killing. Additionally,
the anti-leukemia effects of TAM RTK inhibition were abrogated in immunocompromised mice

(206, 247, 248).
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Macrophages and other myeloid cells may play an important role in the underlying anti-leukemia
immune mechanisms: Immunity induced by genetic Mertk deletion in AML (248) or AxI deletion
in AML and B-ALL (247) was mainly driven by ablating the respective TAM RTK in myeloid cells
and macrophages. Similarly, MERTK inhibition in AML (248) and Csf1r-specific AxI knockout in
B-ALL (247) shifted macrophage polarization toward a pro-inflammatory phenotype.
Nonetheless, the exact mechanisms underlying anti-leukemia immunity may differ depending on
the model and/or the TAM RTK inhibited: Immunity induced by Csfir-specific AxI deletion was
dependent on NKi1.1+ cells in AML and B-ALL, while CD8* T cells were only required for anti-B-
ALL immunity (247). In contrast, the optimal anti-AML immune response induced by MERTK
inhibition was dependent on conventional a/f3 T cells, which comprise CD8* T cells in addition to
CD4* T cells (248). Nonetheless, MERTK inhibition still significantly prolonged survival
compared to saline-treated groups in mice lacking a/p T cells, indicating that AML can be cleared

even in the absence of these cells.

MERTK was also shown to play a crucial role in regulating expression of PD-1, PD-L1 and PD-L2
in the acute leukemia microenvironment. Host Mertk knockout or pharmacologic inhibition
reduced expression levels of PD-L1 and PD-L2 on leukemia associated macrophages in an AML
model (248), as well as on CD11b* myeloid cells in a B-ALL model (206) and reduced T cell
exhaustion in these leukemias in vivo and in ex vivo co-culture systems (206, 248). Notably, in
vitro co-culture experiments with human immune cells derived from peripheral blood
mononuclear cells (PBMCs) and human AML cell lines, suggested that MERTK inhibition can also
induce pro-inflammatory changes in macrophages and decreased T cell exhaustion in human

patients (248).

In this work, we sought to investigate the immune mechanism induced by MERTK inhibition in
the B-ALL microenvironment in more detail and additionally evaluated roles for the other TAM

kinases, TYRO3 and AXL, in immune-mediated B-ALL clearance.
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1.4 Aims and approach

The overarching aim of this dissertation research was to understand how inhibition of individual
TAM RTKs can contribute to anti-cancer immunity in acute leukemia, the most common and the

2rd most deadly cancer in children (1-3).

MERTK inhibition in the immune-microenvironment of a syngeneic B-ALL mouse model was
previously shown to significantly prolong survival, implicating MERTK as a promising
immunotherapeutic target (206). Chapter 2 aims to investigate the underlying immune
mechanism and to test potential roles for the other TAM kinases, TYRO3 and AXL, in immune-
mediated B-ALL clearance. Survival experiments in immunocompromised Mertk/- mice
confirmed an immune-mediated mechanism driving prolonged survival following Mertk ablation.
To determine the potential roles of TYRO3 or AXL, additional survival experiments in knockout
mice were performed. Furthermore, we conducted single cell RNA sequencing (scRNA-seq)
experiments with the goal of identifying differences in the quantity and quality of bone marrow
immune cell populations following host TAM RTK ablation or pharmacologic MERTK inhibition.
Flow cytometry was used to test whether scRNA-seq findings could be confirmed on a protein
expression level. Together, these experiments suggested an important role for CD8a* DCs and
CD8* T-cells for anti-leukemia immunity in Mertk—~- mice, while Tyro3—/- mice were protected
against B-ALL through a mechanism less dependent on CD8a* DCs. Indeed, in vivo immune cell
depletion experiments further substantiated this observation. Lastly, analysis of publicly available
and relapse-enriched pediatric B-ALL patient data was performed to generate evidence for

MERTK as a translationally-relevant therapeutic target.

Given that MERTK and TYROS3 are potential immunotherapeutic targets in B-ALL, Chapter 3
aims to probe the roles of individual TAM RTKs in the anti-AML immune response. Survival
experiments in knockout mice, inoculated with two different syngeneic AML models, highlighted

context-dependent roles for TYRO3, AXL and MERTK in acute leukemia immunity.
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Ultimately, I hope that this work will aid the development of novel therapeutic agents for acute

leukemia patients that reduce side effects and improve treatment outcomes.
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Chapter 2. MERTK inhibition selectively activates a DC — T-cell axis

to provide anti-leukemia immunity in B cell acute leukemia

2.1 Introduction

Despite remarkable improvements in therapeutic outcomes, acute leukemias remain the 2nd
leading cause of cancer-related death in children (1-3). Current cytotoxic chemotherapies often
cause severe long-term side effects or secondary malignancies in pediatric patients (3, 4), are
ineffective in many cases (77) and are not well tolerated in elderly patients, resulting in survival
rates below 40% (3, 8). Anti-leukemia immunotherapies provide novel and less toxic treatment
options (92), but more research is needed to identify potential targets and understand the

underlying mechanisms.

The TAM (TYRO3, AXL, MERTK) family receptor tyrosine kinases are frequently overexpressed
and associated with poor prognosis in a variety of cancers, including acute leukemia (106, 107),
and AXL and MERTK have been implicated as promising immunotherapeutic targets in multiple
solid tumors (239, 240, 263). Under physiologic conditions, TAM kinases play important and
predominantly inhibitory roles in the immune system. In macrophages and dendritic cells (DCs),
the main antigen-presenting cells of the innate immune system, they provide regulatory feedback
mechanisms to prevent chronic inflammation and auto-immunity (152, 168-170, 172). Similarly,

TAM kinases suppress pro-inflammatory functions in natural killer (NK) cells (200, 201).

Cancer cells can exploit TAM kinase functions to create an immuno-suppressive
microenvironment that promotes disease progression, for example by expressing TAM ligands
(172). Conversely, AXL, MERTK or pan-TAM inhibition increased anti-cancer immunity in a
variety of models, often accompanied by a compositional shift in the immune microenvironment,
including increased DCs and CD8+ T-cells, altered macrophage numbers and polarization,

increased pro-inflammatory cytokines and enhanced immune cell activation (239, 240, 242, 246,
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247, 258, 263). Roles for TYRO3 as a therapeutic target in the microenvironment are less

understood.

We previously demonstrated prolonged survival in response to MERTK inhibition in the immune-
microenvironment in a syngeneic B-cell ALL (B-ALL) model, implicating MERTK as a promising
immuno-oncology target in acute leukemia (206). Here, we investigated the underlying immune

mechanisms and probed roles for the other TAM kinases in immune-mediated B-ALL clearance.
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2.2 Materials and methods

2.2.1 Cell culture
GFP+ Arf/- BCR-ABL p185* B-ALL cells (276) were cultured in RPMI 1640 medium (Gibco™
#11835030) with 10% FBS (Atlanta Biologicals #S11550), 1x penicillin/streptomycin (Gibco™

#15140122), and 0.55 UM 2-Mercaptoethanol (Gibco™ #21985023).

2.2.2 Murine B-cell ALL model
Mertk~/- (B6;129-Mertkt™6/J) (152), Axl~/- and Tyro3~/-(277) mice were backcrossed with WT
C57BL/6J mice (Jackson Laboratory #000664) for at least 10 generations (206). C57BL/6 scid
mice (Jackson Laboratory #001913) were crossed with C57Bl/6 Mertk—/- mice to generate Mertk-
/= scid mice. Batf3/- mice were purchased from Jackson Laboratory (#013755). Male and female
mice were used for experiments at 8-16 weeks of age (180). p185* B-ALL cells (0.3 — 0.56 x 10°
cells/kg) were injected into the tail vein. Within each cohort, all mice were injected with the same
cell dose. MRX-2843 or saline were administered via oral gavage. Mice with advanced leukemia
(> 20% weight loss, tachypnea, hind-limb paralysis, minimal activity) were euthanized. Animal
studies were conducted in accordance with relevant regulatory standards and approved by the

Emory University IACUC (PROT0201700276).

2.2.3 Immune cell depletion
InVivoMab depletion antibodies (Bio X cell) were administered at 200 ug/mouse via
intraperitoneal injection starting 1-2 days before B-ALL inoculation. Anti-mouse NKi.1
(#BE0036) or mouse IgG2a isotype control (#BE0085) were administered every 6 days and anti-
mouse CD8a (#BE0061), rat IgG2b isotype control (# BE0090), anti-mouse CD8f (# BE0223) or

rat IgG1 isotype control (# BE0088) were administered every 7 days.
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2.2.4 Murine tissue collection
Bone marrow was flushed from femurs and tibia in PBS (Corning Life Science #21-040-CV)
supplemented with 2% FBS (Atlanta Biologicals #S11550), 1 uM MgCl. (Sigma-Aldrich #M2393-
100G) and 2 U/mL DNase I (Sigma-Aldrich #D4263). Spleens were diced into 1-2 mm3 pieces and
incubated in 2 mg/mL collagenase A (Millipore Sigma #10103586001) with 1 yM MgCl. and
50 U/mL DNase I in PBS for 30 min at 37°C. EDTA was added to spleen and bone marrow
suspensions at a final concentration of 10mM and samples were incubated for an additional 5min

at room temperature, then passed through a 40uM cell strainer.

Bone marrow and spleens were dissected, and single cell suspensions were generated. For scRNA-
seq, mononuclear cells were separated by density centrifugation using Ficoll® Paque Plus (Cytiva
#17-1440-03) and SepMate tubes (STEMCELL Technologies #85450). For flow cytometry, red
blood cells were lysed using Gey’s solution (8.3 g/L. NH4Cl (Sigma Aldrich #A9434-500G),
1.0 g/L KHCO3 (Sigma Aldrich #237205-500G) in ddH20). See supplemental methods for more

detail.

2.2.5 Single cell RNA sequencing and data processing
Freshly prepared single cell bone marrow suspensions were processed for scRNA-seq. Single cells
were captured in droplets together with uniquely barcoded primer beads in the Chromium
Controller (10x Genomics, 110211) and libraries were generated using the 10X Genomics
Chromium single cell 3°V3 kit. Sequencing was performed on the NovaseqS4 platform with
> 20 000 reads per cell. The data was aligned with CellRanger 3.1.0 to mm10 mouse reference
genome and counts were generated to measure the expression of 1 000-3 000 genes per cell.
Quality filtering of scRNA-seq data was performed using multiple filtering parameters including
filtering out cells with > 25% mitochondrial genes and/or expression of < 200 genes captured and
filtering out genes expressed in < 5 cells in the dataset. For analysis, different sets of samples were

grouped and merged, as indicated in the results section, and count data were normalized using
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SCTransform function in Seurat v3.0 Bioconductor package (278). Unsupervised analysis using
principal component analysis (PCA) was performed on variable genes to identify principal
components with significant variation. PCs with significant variations were used as input for

UMAP analysis to determine the overall relationship among the cells (279).

Cells with similar transcriptome profiles clustered together and were annotated as different cell
types based on the expression of specific well-established genes —i.e. T-cells (Cd3e* Tcf7*, Trbc2*,
Cd8a+* or Cd4*), NK cells (Kilrbict, Gzma+, Klrki*, Cd3d’), NKT cells (Kirbic+, Gzma*, Klrki1+,
Cdsd+), B cells (Cd19*, Igkc*, Iglc2*), monocytes (Cd68*, Adgrei*, Fcgrab*, Ccr2*, Apoe*),
macrophages (monocyte gene markers + Cd74*. H2-Ab1*, H2-Eb1* Ciga*, Cigb*), DCs (Cd74".
H2-Abi*, H2-Eb1+, Ly6d-, Itgax*, Cadmi*, Siglech*, Ccr9g*), neutrophils/granulocytes (S100a9+,
Mmp8+, Ly6g+), and other immune cells. Putative B-ALL cell clusters were annotated based on
co-expression of the Ber and Abli genes and absence of markers for canonical stromal and
immune cells. Split UMAPs were generated and analyzed to assess differences in the abundance

of cells between groups.

To determine changes in cell state or activation under various conditions, a comparative analysis
of specific cell type marker genes was performed using dot plot function (278). In an unbiased
approach, cell type and subtype signatures were generated by comparing the expression profile of
the target cell type with the rest of the cells using the non-parametric Wilcoxon rank test (P< .01)
and fold change > 1.2. Cell populations with differences in enrichment were further evaluated in
the sub-clustering analysis by subsetting out specific groups of cells. For comparative analysis of
populations, cells were counted based on expression of marker gene(s) in individual
samples/conditions. In the sub-clustering analysis, PCs with significant variation were selected
from the top 3,000 variable genes for clustering analysis to determine the overall relationship

among cells based on transcriptome profile.
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2.2.6 Pathway and systems biology analysis

To precisely characterize cell types/subtypes, pathways enrichment and systems biology analyses
were performed using the Ingenuity Pathway Analysis software package (IPA 9.0) (Qiagen), which
calculates a P-value for each pathway according to the fit of the user’s data to the IPA database
using the one-tailed Fisher exact test. Pathways with raw P-values < 0.05 were considered
significantly affected. IPA also calculates Z score indicating directional effects on pathways with
a Z-score >2 considered as significantly activated and Z-score < -2 defined as significant
inhibition.

Systems biology analysis was performed using the upstream regulators enrichment approach to
identify upstream transcriptional regulators predicted by the observed transcriptome changes.
Regulatory analysis was conducted to assist with identification of significantly activated or
inhibited transcriptional regulators based on upregulation or downregulation of their target
genes. Significantly activated/inhibited transcriptional regulators were determined using the one-
tailed Fisher's Exact test. Regulators with P < .05 and an absolute Z-score of 2 were considered
statistically significant. Pathways and upstream regulators are shown as interactive networks
generated in the IPA tool based on the overlap of genes between pathways and key upstream

regulators.

2.2.7 Flow cytometry
Single cell suspensions were stained in PBS with a fixable viability dye (Zombie NIR™ Fixable
Viability Dye (BioLegend #423106), or LIVE/DEAD™ Fixable Red Dead Cell Dye (Thermo Fisher
Scientific #1.34971)). Cells were fixed and permeabilized prior to staining with antibodies to detect

intracellular TOX, Ki-67, iNOS, or Cathepsin-E.

The following antibodies were used to phenotype T, NK and NKT cells: CD3e (145-2C11)-BV421
(BioLegend #100341); CD4 (GK1.5)-AF532 (Novus Biologicals #NBP2-25191AF532); CD8a (53-

6.7)-PE-Cy7 (BioLegend #100721), or -PE (BioLegend #100708); NKi.1 (PK136)-BV605
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(BioLegend #108739), or -AF488 (BioLegend #108718); CD69 (H1.2F3)-BUV737 (BD
Biosciences #612793), or -PE-Cy7 (Biolegend #104511); PD-1 (29F.1A12)-BV785 (BioLegend
#135225); TOX (REA473)-PE (Miltenyi Biotec #130-120-785); GZMB (GB11)-APC (Thermo
Fisher Scientific #GRBo035); Ki-67 (B56)-BV650 (BD Biosciences #563757); CD44 (IM7) -BV510
(BioLegend #103043); CD19 (6D5)-AF700 (BioLegend #115528); CD1ib (M1/70)-AF700

(BioLegend #101222); CD11c (N418)-AF700 (BioLegend #117320)

The following antibodies were used to phenotype dendritic cells: CDiic (N418)-BV421
(BioLegend #117343), or -BB515 (BD Biosciences #565586); MHC-II (I-A/I-E) (M5/114.15.2)-
BV785 (BioLegend #105043), or -BV711 (BioLegend #107643); CD8a (53-6.7)-BV510 (BioLegend
#100751); CD11b (M1/70)-BV650 (BioLegend #101259), or -BV421 (BioLegend #101235); iNOS
(CXNFT)-PE-Cy7 (Thermo Fisher Scientific #25-5920-82); CD103 (2E7)-APC-Cy7 (BioLegend
#121431); CD80 (16-10A1)-PE-Cy5 (BioLegend #104711), or -PE-Cy7 (BioLegend #104733);
CD86 (GL-1)-BV605 (BioLegend #105037), or -APC-Cy7 (BioLegend #105029); CD40 (1C10)-PE
(Thermo Fisher Scientific #12-0401-82); CD3 (17A2)-AF700 (BioLegend), or -BV650 (BioLegend
#100229), or BV605 (BioLegend #100237); CD19 (6D5)-AF700 (BioLegend #115528), or -BV650
(BioLegend #115541), or -BV605 (BioLegend #115539); XCR1 (ZET)-BV650 (BioLegend
#148220); PDCA1 (927)-BV711 (BioLegend #127039); MERTK (2B10C42)-BV711 (BioLegend
#151515); TYRO3 (109646)-PE (R&D Systems #FAB759P). The unconjugated antibodies against
CADM1 (clone #30, MBL International #CMo004-3) and CTSE (polyclonal, R&D System
#AF1130) were detected using the secondary AF488-tagged rabbit anti-chicken IgY antibody
(polyclonal, Jackson ImmunoResearch #303-545-003) and PE-tagged donkey anti-goat IgG

antibody (polyclonal, R&D Systems #F0107), respectively.

The following antibodies were used to determine in vivo depletion of T-cells and DCs following
treatment with anti-CD8a and anti-CD8[ antibodies: CD3 (17A2) -APC (BioLegend #100236);

CD11c (N418)-BV711 (BioLegend #117349); CD8a (53-6.7)-PE (BioLegend #100708); CD11b



41

(M1/70)-BV421 (BioLegend #101235); CD4 (GKi.5)-AF532 (Novus Biologicals NBP2-

25191AF532); CD19 (6D5) -PE-Cy7 (BioLegend #115519).

Flow data were acquired on a Cytek Aurora flow cytometer (Cytek Biosciences) and analyzed using

FlowJo software (version 10.8).

2.2.8 TARGET survival data
The publicly available TARGET-ALL-P2 data set was analyzed using the Survival Genie webtool

(https://bbisr.shinyapps.winship.emory.edu/SurvivalGenie/ (280)). High or low MERTK

expression was defined using the Cutp (cutpoint) method. The DC gene set was pre-defined in

Survival Genie.

2.2.9 Statistics

Statistical analyses were performed using GraphPad Prism software (version 9.3.1).

Differences in survival were determined by log-rank test. Differences between groups were
determined using 2-tailed t test (2 groups), 1-way ANOVA with Tukey’s post-test (3 or more
groups), or 2-way ANOVA with Sid4k post-test (2 different categorical variables). P values < 0.05
were considered significant. Data from individual cohorts were normalized to account for varying
baselines due to potential differences in sample processing on different days. See 2.2.5 and 2.2.6

for scRNA-seq statistics.


https://bbisr.shinyapps.winship.emory.edu/SurvivalGenie/

42

2.3 Results

2.3.1 MERTK inhibitor MRX-2843 increases immune cells in the leukemia microenvironment
and promotes anti-leukemia immunity.

In previous work, Mertk knockout or treatment with the MERTK-selective inhibitor MRX-2843
significantly prolonged survival in an immune-competent, syngeneic and MERTK-negative GFP+
Arf~/-p185(BCR-ABL)* B-ALL model (p185* B-ALL) (206). To further characterize the role of
MERTK, Mertk~- or immunocompromised Mertk~-scid mice were inoculated with p185+ B-ALL
cells. While Mertk—~- mice were protected against B-ALL, this survival advantage was lost in
Mertk~/- scid mice, indicating an immune-mediated mechanism (Fig. 2.1 A). Of note, scid mice

have compromised dendritic cell (DC) function and lack mature B- and T-cells (281).

To investigate immune mechanisms, single cell RNA sequencing (scRNA-seq) profiles were
determined in bone marrow from wild-type (WT) leukemic mice treated with MRX-2843 (282,
283) (MRX-2843 study, Fig. 2.1 B). Treatment was initiated 19 days after inoculation of leukemia,
when mice had ~50 - 70% GFP+ leukemic blasts in bone marrow (Fig. 2.2 A). Mice received
60 mg/kg MRX-2843 daily, a regimen that significantly prolonged survival in previous studies
(206), or saline. Bone marrow aspirates were collected without treatment on day o (Pre-Rx) and
after 3 or 6 days of treatment, then subjected to scRNA-seq. Unsupervised analysis identified 16
transcriptionally distinct cell clusters (Fig. 2.1 C). Immune cell clusters were annotated using
canonical gene markers and B-ALL cell clusters were identified by Ber and Ablt (ABL) co-

expression (Fig. 2.1 D + Fig. 2.2 D).

Treatment with MRX-2843 decreased B-ALL cell clusters (Fig. 2.1 E) and flow cytometry
confirmed decreased leukemic blasts (Fig. 2.2 A). Thus, MRX-2843 was therapeutically effective,
even in the context of robustly established disease. Conversely, Ptprct (CD45*) immune cell

clusters increased with treatment (Fig. 2.1 E). Additionally, treatment with MRX-2843 for 6 days
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increased DCs (Fig. 2.1 F + Fig. 2.2 C), which play critical roles in anti-cancer immune responses
including recruitment and activation of T and NK cells and tumor antigen presentation to T-cells
(264). T/NK/NKT cell clusters also increased after MRX-2843 treatment compared to saline
controls. Frequencies of other immune cell types are summarized in Fig. 2.2 C. In summary, these

data demonstrate immune-mediated anti-leukemia activity in mice treated with MRX-2843 and

suggest a role for DCs and/or T, NK, or NKT cells.
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Fig. 2.1: MERTK Inhibitor MRX-2843 increases immune cells and decreases disease burden in
leukemic bone marrow in a murine B-ALL model.
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A) Kaplan-Meier survival curves from Mertk—/- or Mertk~/- scid mice inoculated with syngeneic
Arf7/- p185* B-ALL cells. B-ALL cells were injected into the tail vein (n=15 per group in 2
independent cohorts, ****P < 0.0001).

B) MRX-2843 study design: WT C57Bl/6 mice were injected with syngeneic MERTK-negative,
GFP-expressing Arf~/- p185+ B-ALL cells, and leukemia was established for 19 days (~50 - 70%
GFP+ blasts in bone marrow) before daily treatment with saline or 60 mg/Kg MRX-2843 was
initiated. Whole bone marrow aspirates were collected from cohorts of mice prior to treatment
initiation on day 19 (Pre-Rx) and after 3 or 6 days of treatment, and scRNA-seq libraries were
prepared using the 10X Genomics platform.

C) UMAP visualization of unsupervised clustering of 20 281 individual cells pooled from control
and MRX-2843-treated conditions (combined object of cells from all 5 conditions, 3 430 — 4 921
cells per condition).

D) Dot plot of canonical gene markers used to identify cell populations. For an extended list, see
Suppl. Fig 1D. Neutro/granul = neutrophils/granulocytes.

E,F) Frequency (top panels) and total numbers (bottom panels) of B-ALL cells and Prtpct (CD45")
immune cells in the bone marrow (E) or dendritic cells and T/NK/NKT cells in immune cell
populations, excluding B-ALL cells (F), as determined by scRNA-seq analysis, prior to treatment
initiation (Pre-Rx) and after 3 or 6 days of treatment with saline (S) or 60 mg/Kg MRX-2843
(MRX).

Pre-Rx = prior to treatment initiation, d = day S = saline, MRX = MRX-2843
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A) TOP: Percentage of GFP+ B-ALL cells in bone marrow collected prior to treatment initiation
(Pre-Rx) and after 3 or 6 days of treatment with saline (S) or 60 mg/Kg MRX-2843 (MRX)
determined by flow cytometry. BOTTOM: Representative flow cytometry plots.

B) Frequency of dendritic cells and T/NK/NKT cells among all cells in the bone marrow.

C) Frequency of other immune cells among all cells in the bone marrow and among non-B-ALL
cells.

D) Dot plots of extended canonical gene markers used to identify cell populations.

Data were derived from the scRNA-seq experiment shown in Fig. 1 (MRX-2843 study). Pre-Rx =
prior to treatment initiation, d = day S = saline, MRX = MRX-2843, Neutro / granul =
neutrophils/granulocytes.

2.3.2 TAM-family kinases have differential roles in the leukemia microenvironment.
TAM kinases often have redundant functions (106). To determine whether TYRO3 and/or AXL
also suppress anti-leukemia immunity, knockout mice were inoculated with p185+ B-ALL cells.
Strikingly, Tyro3~- mice were protected against B-ALL, comparable to Mertk~/-, while survival
of Axl~/- mice was not different from WT mice (Fig. 2.3 A). These data implicate TYRO3 as a novel

immuno-oncology target in acute leukemia.

To investigate and compare the immune mechanisms underlying protection from B-ALL in Mertk
and Tyro3 knockout mice, scRNA-seq profiles were derived from bone marrow collected from
WT, Mertk~/-, Tyro3~/-, or Axl~/- mice without B-ALL (naive mice, day 0) and 3, 6 or 9 days after
inoculation of leukemia cells (KO study, Fig. 2.3 B). Unsupervised analysis identified 27 cell
clusters (Fig. 2.3 C) and immune cell types were annotated based on expression of established
marker genes (Fig. 2.3 D + Fig. 2.4 C). The incidence of Ptprct immune cells did not differ between
genotypes or over time (Fig. 2.4 A), but an increase in DCs and T/NK/NKT cells was observed in
naive Mertk”/- mice, similar to MRX-2843-treated WT mice (Fig. 2.3 E). Other compositional

changes between Mertk/- and WT mice (Fig. 2.3 E + Fig. 2.4 B) differed from those observed in
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MRX-2843-treated WT mice with advanced disease. Hence, the changes described in Fig. 2.2 C

might be more relevant in the context of fully established B-ALL.
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Fig. 2.3: TAM-family kinases have differential roles in the B-ALL immune microenvironment.

A) Kaplan-Meier survival curves derived from wild-type (WT), Tyro3~-, Axl-/- or Mertk~/~mice
inoculated with syngeneic, GFP-expressing Arf/- p185* B-ALL cells by tail vein injection.
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Statistically significant differences were determined using Mantel-Cox log-rank test (WT n=31,
Tyro3~/-n=16, Axl/-n=12, Mertk-/-n=19 in 3 independent cohorts, ****P < 0.0001).

B) KO study design: Bone marrow aspirates were collected from WT, Mertk~-, Tyro3~/-, or Axl-
/~ mice without leukemia (day 0) and 3, 6 or 9 days after inoculation of B-ALL cells. Samples were
pooled from 2 mice for each condition and scRNA-seq libraries were prepared using the 10X
Genomics platform.

C) UMAP visualization showing unsupervised clustering of 97 522 individual cells pooled from all
conditions (4 839 — 7 446 cells per condition).

D) Dot plots of canonical gene markers used to identify cell populations. For an extended list, see
Fig S1B.

E) Frequency of immune cell types among Ptprc* (CD45%) cells in day o samples. Mono/macs =
monocytes/macrophages, Neutro/granul = neutrophils/granulocytes.
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Fig. 2.4: TAM-family kinases differentially impact immune cell composition in the leukemia

microenvironment.
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A) Frequency of Ptprc* (CD45*) immune cells in bone marrow from wild-type (WT), Mertk—/-,
Tyro3~/- and Axl~/- mice at day o (without leukemia) and on days 3, 6 and 9 after leukemia
inoculation.

B) Frequency of immune cell subsets among Ptprct (CD45*) cells in C57Bl/6 WT, Mertk—~/-,
Tyro3~/- and Axl~/- mice at day o (without leukemia) and on days 3, 6 and 9 after leukemia
inoculation.

C) Dot plot of extended canonical gene markers used to identify cell populations.

Data were derived from the scRNA-seq experiment shown in Fig. 2 (KO study).

2.3.3 Mertk™~ or MRX-2843 but not Tyro3~~ increases CD8a* DCs with markers indicating
increased antigen-presenting capacity.

To characterize DCs as potential players in anti-B-ALL immunity mediated by MERTK inhibition
in more detail, the MRX-2843 study and KO study scRNAseq objects were combined into a single
object (Fig. 2.5 A, LEFT) and DC clusters were subjected to unsupervised sub-clustering (Fig. 2.5
A, RIGHT). Subcluster #0, derived from the KO study, was increased in Mertk—~- mice compared
to WT mice at all timepoints (Fig. 2.5 C), and subcluster #12, derived from the MRX-2843 study,
was increased in mice treated with the drug (Fig. 2.5 D). Both subclusters were characterized by
Cd8a expression (Fig. 2.5 B) and antigen-presentation gene signatures: subcluster #0 (Cd74, H2-
Ab1, H2-Aa, Klk1, H2-Eb1, Iglc3, Ctsl, Cd209d, Ptlp, Ly6a) and subcluster #12 (Ubc, Klf2, CD74,
H2-Aa, H2-Eb1, Ly6a) (Fig. 2.5C+D). Subcluster #12 was further characterized by proliferation-
related genes (Fos, Fosb, Jun, Jund) (Fig. 2.5 D). Analyses of pathways and upstream regulators
revealed activation of pro-inflammatory pathways and cytokines in both subclusters, including
(“Th1 pathway”, “immune response of antigen presenting cells (#0) / of cells (#12)”, MHC-II
genes (#0) and Ciita (a coactivator regulating transcription of MHC-I and MHC-II genes (284),
(#12)). (Fig. 2.5 E+F). These data demonstrate induction of pro-inflammatory Cd8a* DCs with
high antigen-presenting capacity in response to both genetic and pharmacologic MERTK

inhibition. Importantly, subcluster #0 was also increased in Mertk~- compared to Tyro3~/- mice,
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indicating a selective role for MERTK in this context. Changes in other DC subsets are

summarized in Fig 2.6.
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A) LEFT: UMAP visualization of the scRNA-seq object derived from combined data from the
MRX-2843 (Fig 1A, B) and KO (Fig 2C, D) studies (117 803 cells combined from all conditions,
3 430 — 7 446 cells per condition). RIGHT: UMAP visualization of unsupervised sub-clustering of
cells from the main DC cell clusters (#17, #19) in the combined data on the left (5737 individual
cells combined from all conditions, 13 — 571 cells per condition). The analysis identified 14 DC
sub-clusters.

B) Feature plot (top panel) and violin plot (bottom panel) showing Cd8a expression in dendritic
cell subclusters.

C) LEFT: Top 10 differentially expressed genes (DEGs) in subcluster #0 relative to all other
subclusters. RIGHT: Percentage of subcluster #0 among all dendritic cells in bone marrow from
wild-type (WT), Mertk~-, Axl-/- or Tyro3~/- mice without B-ALL (0) and 3, 6 or 9 days after
inoculation of leukemia.

D) LEFT: Top 10 DEGs in subcluster #12 relative to all other subclusters. CENTER: Split UMAP
showing DC sub-clusters derived from MRX-2843 study (top) or KO study (bottom). RIGHT:
Percentage of subcluster #12 among all bone marrow dendritic cells in leukemic WT mice prior
to treatment initiation (Pre-Rx) and after 3 or 6 days of treatment with saline (S) or 60 mg/kg
MRX-2843 (MRX).

E,F) The pathways and upstream regulators that are significantly activated ( P value < 0.05, abs
Z-Score > 2) in subcluster #0 (E) or subcluster #12 (F) determined by Ingenuity Pathway Analysis
of differentially expressed genes. Significantly upregulated (orange) or downregulated (blue)
genes and pathways are shown.

DCs = dendritic cells, Pre-Rx = prior to treatment initiation, d = day S = saline, MRX = MRX-
2843



% of DCs

0369 0369 0368

154

% of DCs

104

% ot DCs

% of DCs

0369 0369 0369 0369

Subcluster #1

/]
/
/
/
7
7
/
/

o

Days post-transplant

Subcluster #4

Days post-transplant

Subcluster #7

NN

o

0369 0369 0369
Days post-transplant

Subcluster #10

0369 0369 0369 0369

% of DCs

Days post-transplant

Subcluster #14

0369 0369 0369 0369
Days post-transplant

Fig. 2.6: Changes in DC subpopulations in TAM knockout mice.

55

awT
B Mertk”
B Ax/”
15 Subcluster #2 204 Subcluster #3
154
0
7
Q
% o 104
7 5
/ S
/
7 54
VA
7
/ 04
0369 0369 0369 9 0369 0369 0369 0369
Days post-transplant Days posi-transplant
10- Subcluster #5 95- Subcluster #6
8- 204
S 6 3
[a] a
k] k]
= 4] e
/] /]
2_
0-
0369 0369 0369 0369 0369 03689 0369 0369
Days post-transplant Days post-transplant
10- Subcluster #8 - Subcluster #9
4
3 3 7
o o V/
- 5 7
Q o /
® B 4
/A
/
7
/
0369 0369 0369 0369 0369 0369 0369 9
Days post-transplant Days post-transplant
a- Subcluster #11 2.5 Subcluster #13
2.04
w 24 )
(&) -
g §1s
£ u—
o o
= 1 = 101
0.54
0369 0369 0369 0369 0369 0369 0369 0369
Days post-transplant Days post-transplant
0 1 2 3 4 5 3 7 8 9 10 11 12 13 14
Cd74 CoxBa2 Histlhlb Ctla2a Kifa H2afy mt-Nd4 Carl Mkie7 Cd79a ligpl Gzmb Fos Trbc2 Hp
H2-Ab1 Lyéd Hist1h2ap Ifitm1 lgals3 Arpp21 mt-Nd1  Gm15915 Top2a Fhf1 Isg15 Msda? Fosh Cd3g Fnl
H2Aa Irfe Ube2c  Adgrgl | Msdabe Dntt  mtNd2 Vamp5 Histth2ap Msdal | Usplds  Gsm3 | Jun cd3d Cebpb
KlkL Bst2 Haafx cd34 510024 B2z mtCpb Ml Histlh2ae  Vprebd  SIfn5  Cpad | Jund | Gimepd  Msrbl
H2-Eb1 Tcfa Top2a Prin3 Vim Cd93 Acth Apoe Hist1h1b Iglc2 Phf11b Scin Ubc Gimapa Lyz2
lgle3 Csb | Histlhzae  HIf Tmsbl0  Myil0  Gmé2418  Car2 | Ubexx gkl 7 Gata2 | KIf2 | Trbel Lgals3
Gsl Awlbl | Hmgb? | Adgrdd | $100a10  Satbl  Hbbbs  Ifitm2 | Tubbdb  Cd79b | Ii203  Cd63  Cd74  CdS 510084
Cd209d Psap Mki67 Ifitm3 GCst3 Egfl7 5100a9 Atpifl Cks2 Igkc Mndal Ifitm1 = H2-Aa Msdadb Ifitm3
Pltp Siglech BircS Ifitm?2 Cripl Xrcef Hbb-bt Myb Stmnl Chehd10 Ly6a Lmod | H2-Fbl Lth Chil3
Lyba Tyrobp Hist1hle Mpo 5100a6 Soxd 5100a8 Prdsxé Mpo Ighm Ifi2712a Apoe lysa AW112010 Apoe



56

A) Percentages of dendritic cell (DC) subclusters among all DCs in bone marrow from WT, Mertk-
/-, Axl/- or Tyro3~/- mice without leukemia (Day 0) and 3, 6 or 9 days after leukemia inoculation.
Data were derived from the scRNA-seq object shown in Fig 3A.

B) Top 10 genes differentially expressed in each cluster relative to all other clusters.

Similar changes were observed when bone marrow DCs (Fig. 2.8 A) from naive WT, Mertk—/-and
Tyro3~/- mice were analyzed by flow cytometry. While CD8a* DC numbers were comparable in
all genotypes (Fig. 2.8 B), there was a trend towards increased percentage of CD8a* DCs
expressing high levels of MHC-II (MHC-IIHIGD) in Mertk~- mice compared to WT (P = 0.165)
(Fig. 2.7 A+B, left panel). The median fluorescence intensity (MFI) of MHC-II was significantly
increased on CD8a+* MHC-II®HIGH DCs in Mertk~- mice compared to WT or Tyro3~-, indicating
higher per cell expression (Fig. 2.7 A+B, right panel). Additionally, the fraction of CD8a* bone
marrow DCs expressing activation and maturation markers was increased in naive Mertk~/-and
Tyro3~- mice compared to WT (Fig. 2.7 C+D, no significant differences in MFI: Fig. 2.8 C).
Notably, CD8a* DCs expressing CD103, a marker of highly-efficient antigen-presentation, cross-
presentation, and priming of CD8+* T-cell anti-tumor activity (264, 265), were significantly
increased in Mertk~/- mice compared to WT, but not in Tyro3~/- mice. 6-day MRX-2843
treatment confirmed a trend towards increased CD103 expression in non-leukemic (Fig. 2.8 D)
and leukemic WT mice (Fig. 2.7 E). Subset analysis by scRNA-seq (Fig. 2.8E) and flow cytometry
(Fig. 2.7 F + Fig. 2.8 F) revealed that bone marrow CD8a+ DCs contained XCR1+ ¢cDC1 DCs, as well
as DCs displaying cDC2-like, and pDCs-like characteristics, which may include activated DCs that
upregulated various markers (285, 286). MRX-2843 induced CD103 specifically in the ¢DC1

subset and no increase was observed in cDC1-deficient Batf3/- mice (287) (Fig. 2.7 E+G+H).

These data confirm that MERTK inhibition selectively increases the incidence of CD8a* DCs with

increased antigen-presenting capacity.
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Fig. 2.7: Mertk”’~ CD8a* DCs have increased antigen-presentation capacity compared to WT and
Tyro3~'-, and Mertk~'- or MRX-2843 increases CD103 expression.

A) Representative flow plots showing expression of MHC-II on CD8a* DCs (CD3 CD19- NK1.1-

CD11c* CD8at).
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B) LEFT: Frequency of CD8a* dendritic cells (DCs, CD3- CD19- NK1.1- CD11c* CD8a* MHC-II*)
expressing high levels of MHC-II (MHCWIGD) in bone marrow from naive wild-type (WT), Mertk-
/= and Tyro3~/-mice determined by flow cytometry. RIGHT: Median fluorescence intensity of
MHC-II on MHC®IGH) CD8a* DCs in bone marrow from naive WT, Mertk~/-, or Tyro3~/- mice
determined by flow cytometry. Data from individual cohorts were normalized to account for
varying baselines due to potential differences in sample processing on different days. Mean values
and standard deviations from 1-3 independent cohorts are shown (n = 4-7, **P < 0.01; 1-way
ANOVA).

C) Representative flow plots showing expression of activation and maturation markers on CD8a*
DCs. FMO = Fluorescence Minus One control, Mode = normalized to mode.

D) Percentage of CD8a* DCs (CD3- CD19- NK1.1- CD11c* CD8a* MHC-II*) expressing iNOS,
CD103, CD80, CD86 and CD40 in bone marrow from naive WT, Mertk—~/- and Tyro3~- mice
determined by flow cytometry. Data from individual cohorts were normalized to account for
varying baselines due to potential differences in sample processing on different days. Mean values
and standard deviations from 1-3 independent cohorts are shown (n = 4-7, *P < 0.05, **P < 0.01;
1-way ANOVA).

E) CD103 expression on CD8a* DCs (CD3- CD19- NK1.1- CD11c* CD8a* MHC-II*) from leukemic
WT or Batf3/- mice treated with saline or MRX-2843 for 6 days (treatment initiated at day 12 post
B-ALL inoculation). TOP: Representative flow plots. BOTTOM: Quantification showing mean
values and standard deviations from 2-3 independent cohorts (n = 4—9, 2-way ANOVA).

F) Gating strategy to identify classical type 1 (¢cDC1) DCs, classical type 2 (cDC2)-like, and
plasmacytoid (pDC)-like DCs among bone marrow CD8a* DCs.

G) Representative flow plots showing CD103 expression on CD8a* DC subsets from leukemic WT
or Batf3/- mice treated with saline or MRX-2843 for 6 days (treatment initiated at day 12 post B-
ALL inoculation). LEFT: ¢DC1 DCs (CDiib- CDi1cHIGHl XCR1+), CENTER: cDC2-like DCs
(CD11b*), RIGHT: pDC-like DCs (CD11b- XCR- PDCA1+).

H) Percentage of CD103 expression on CD8a* DC subsets from leukemic WT or Batf3/- mice
treated with saline or MRX-2843 for 6 days (treatment initiated at day 12 B-ALL post inoculation).
LEFT: ¢cDC1 DCs (CD11b- CD11c!HIGHI XCR1+), CENTER: ¢DC2-like DCs (CD11b*), RIGHT: pDC-
like DCs (CD11b- XCR- PDCA1+). Mean values and standard deviations from 2 independent
cohorts are shown (n = 6, 2-way ANOVA).

S = saline, MRX / M = MRX-2843
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A) Gating strategy for analysis of dendritic cells (DCs) and CD8a* DCs.

B) Frequency of CD11ct MHC-II+, CD11c* CD8a*, and CD11c* CD8a* MHC-II* DCs (all gated as
CD3- CD19- NK1.1) in bone marrow from naive wild-type (WT), Mertk—/~-, or Tyro3~ mice
determined by flow cytometry. Mean values and standard deviations from 1-3 independent
cohorts are shown (n = 4—7).

C) Normalized median fluorescence intensity (MFI) of activation and maturation markers on
CD8a* DCs (CD3 CD19-NK1.1-CD11c* CD8a+* MHC-II*) positive for the respective marker in bone
marrow from naive WT, Mertk~-, or Tyro3~/-mice determined by flow cytometry. Data from
individual cohorts were normalized to account for varying baselines due to potential differences
in sample processing on different days. Mean values and standard deviations from 1-3
independent cohorts are shown (n = 4—7).

D) CD103 expression on non-leukemic WT CD8a* DCs (CD3- CD19- NK1.1- CD11c* CD8a+* MHC-
IT+) treated with saline (S) or MRX-2843 (MRX, M) for 6 days. TOP: Representative flow plots.
BOTTOM: Quantification showing mean values and standard deviations from 2 independent
cohorts (n = 6, 1-way ANOVA).).

E) Heatmap showing expression of canonical gene markers for plasmacytoid DCs (pDCs), classical
type 1 DCs (cDCi1s), and classical type 2 DCs (cDC2s) in the DC subclusters identified in Fig. 3A.
Cell number in each subcluster was randomly downsampled to 47 cells to improve comparability.

F) Frequency of ¢cDC1 (CD11b- CD11c!HIGHl XCR1+*), cDC2-like (CD11b*), and pDC-like (CD11b-
XCR- PDCA1*) DCs among CD8a* DCs in bone marrow of WT or Batf3/- mice treated with saline
or MRX-2843 for 6 days (treatment initiated at day 12 post B-ALL inoculation). Mean values and
standard deviations from 2 independent cohorts are shown (n = 6).

2.3.4 Mertk knockout increases CADM1 and Cathepsin E expressing DCs
To investigate how MERTK inhibition promotes antigen-presentation and anti-tumor capacities
in DCs, we determined differentially expressed genes (DEGs) in Cd8* DCs from Mertk~/- and WT
mice and compared expression levels in all four genotypes. The top 2 DEGs Cadmi1 (CADM1) and
Ctse (Cathepsin E) were significantly upregulated in Mertk—- (Cd8a+) DCs compared to all other
genotypes (Fig. 2.9 A). The cell-adhesion molecule CADM1 (also known as synCAM, NECL2 or
TSLC-1) is expressed in murine CD8+ DCs and their human counterparts (288, 289) and binding

to the receptor protein CRTAM on T-cells promotes cytokine production (289, 290) and retention



61

of CD8+* T-cells in draining lymph nodes (291). Cathepsin E processes antigens for the MHC-II
pathway (292-294) and lack of Ctse reduced DC motility, adhesion to the extracellular matrix, and
tissue-infiltration in a murine graft-versus-host-disease model (295). Of note, C57Bl/6 mice have
naturally reduced Cathepsin E expression levels in DCs compared to other mouse strains, where
DCs also have higher antigen processing capability (296). Flow cytometry confirmed significantly
increased expression of CADM1 and cathepsin E on (CD8a*) DCs from naive Mertk/- mice
compared to WT and Tyro3~/- (Fig. 2.9 B+C). Of note, the increase in CADM1 expression in
Mertk-/- mice was significantly more pronounced on CD8a* DCs compared to total DCs (Fig. 2.9
B). These data identify CADM1 and cathepsin E as potential mediators of improved DC function

in Mertk/ mice.

A
All DCs Cd8a* DCs

Axl” Mertk' Axtl” Mertk” WT

Gml It |||}WMI I || |||||| IH \ | I MM (ARTELRR! (A |||
i
l IH \I\ x “ WIH
Ll W M ’”H

5100a9
0
Ralgps2
Cd209d

Nifkbia ‘

Siglecg
avg log2 f.c. (Mertk™ vs other genotypes combined): Cadm1 = 1,21 avg log2 f.c. (Mertk™ vs other genotypes comblned Cadm1 =1. 39
Ctse =0.95 * Ctse=1.09 *
B CD8a"* DCs C
FMO wWT Mertkc" CADM1  CatE (Ctse)
“0McADM1* CADM1* sk ek ek
3.0m{0.4% 2100
g 8 75
1.0M _g
o = 50
7] O T 10 I 10010 T ETIE 10010 10010 10010 16 T 15 o
[ 2 2514
CADM1 X
4OMICatE* CatE* CatE™ CatE* 0
3.0m{0.89% 27.1% | 98.9% | 27.0% |
o a4 ~ '
1.0M ey A L
Q o N T 7 T g 7
(7] -10° 0 10 10° 109107 -10° O 10° 10° 105107 -10° O 10° 10° 108107 -10° O 10° 10° 10°107
[r) A
CatE (Cise)

Fig. 2.9: Mertk knockout increases CADM1 and Cathepsin E expression by DCs.

A) Heat maps showing top 10 differentially expressed genes in dendritic cells (DCs) from
Mertk/- and WT mice compared to expression levels in AxI~/-and Tyro3~/- mice. DC clusters (#17
+ 19) were selected from the combined object shown in Fig 3A. LEFT: Expression levels in all DCs.
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RIGHT: Expression levels in Cd8a+ DCs. avg log2 f.c. = average log2 fold change. **** adjusted P
< 0.0001; Wilcoxon rank test.

B) Representative flow plots showing expression of CADM1 or Cathepsin E (CatE, Ctse) by CD8a*
DCs. FMO = Fluorescence Minus One control.

C) Percentage of all DCs (CD3- CD19- NK1.1- CD11c* MHC-II*) or CD8a* DCs (CD3- CD19- NK1.1-
CD11c* CD8a+* MHC-II+) expressing CADM1 or Cathepsin E (CatE, Ctse) in bone marrow from
naive WT, Mertk~/- and Tyro3~/- mice determined by flow cytometry. Mean values and standard
deviations from 2-3 independent cohorts are shown (n = 3—4, **P < 0.01, ***P < 0.001; 1-way
ANOVA).

2.3.5 MRX-2843 reduces T-cell exhaustion markers in the leukemia microenvironment.
T, NK and NKT cells play essential roles in anti-cancer immunity and can directly kill tumor cells.
To better understand the impact of MERTK inhibition in T-cells, the T/NK/NKT cell clusters from
both scRNA-seq studies were subjected to unsupervised clustering, yielding 6 subclusters for the
MRX-2843 study (Fig. 2.10 A) and 13 subclusters for the KO study (Fig. 2.10 D). These were
annotated using canonical markers and genes implicated in activation or exhaustion (Fig. 2.11 A
+ Fig. 2.12 A). CD4* and CD8* T-cells decreased during leukemia progression (vehicle-treated
mice) and during leukemia regression (MRX-2843-treated), without significant differences
between treatment groups (Fig. 2.11 B+C). Similarly, TAM kinase deletion had no striking effect
on CD4* or CD8* T-cell frequencies and this was confirmed by flow cytometry (Fig. 2.12 B-D).
However, treatment with MRX-2843 decreased the percentage of CD8+ T-cells expressing high
levels of Tox, a transcription factor required for induction of T-cell exhaustion (297), and flow
cytometry confirmed decreased TOX expression after 6-day treatment (Fig. 2.10 B+C). Tox!HIGH]
CD8+ T-cells also showed increased expression of other exhaustion markers compared to ToxLOW]
(Fig. 2.11 E). Thus, MRX-2843 decreases exhaustion markers on CD8* T-cells in the B-ALL
microenvironment, consistent with our previous findings demonstrating PD-1 reduction

following long-term treatment (206). Interestingly, a trend towards decreased TOX expression
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was also observed in Batf3/- mice, suggesting that the CD8+ T-cell immune response may remain

partially intact in cDC1-deficient mice (Fig. 2.10 C).

2.3.6 NK1.1" cells are not required for anti-leukemia immunity in Mertk~~ mice.
TAM kinases suppress NK cell function (201), while MERTK likely has a pro-inflammatory role
in NKT cells (166). In the MRX-2843 study, both NK and NKT cell subclusters increased in MRX-
2843-treated mice compared to vehicle-treated controls (Fig. 2.10 B) and a trend towards
increased NK cells was observed by flow cytometry (Fig. 2.11 D). In contrast, NKT cells were
decreased in Mertk~/- mice compared to WT (Fig. 2.10 E) and a significant decrease was
confirmed by flow cytometry in naive mice (Fig. 2.10 F). Similarly, NK cells were only slightly
increased in Mertk—/- mice compared to WT and Tyro3~/- (Fig. 2.10 E), while no differences were
detected by flow cytometry (Fig. 2.10 F). These phenotypic differences could reflect mechanistic
differences between pharmacologic and genetic MERTK inhibition and/or differences in the
immune microenvironment in early versus late disease. Notably, NKT cells from Tyro3~- mice
were not decreased compared to WT, indicating a Mertk~/- specific effect. However, in vivo
depletion experiments revealed no difference in survival in the absence of NK1.1* cells. Thus, NK
and NKT cells are not essential for anti-leukemia effects in Mertk/- mice (Fig. 2.10 G), although

they may play a role in the context of established disease (Fig. 2.10 B).
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Fig. 2.10: MRX-2843 decreases T-cells expressing exhaustion markers and increases NK and NKT
cells, but NK1.1* cells are not required for anti-leukemia immunity in Mertk~~ mice.
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A) UMAP visualization of unsupervised sub-clustering of cells from the main T/NK/NKT cell
cluster from overall data in Fig 1B (MRX-2843 study) (476 individual cells combined from all
conditions, 71 — 130 cells per condition).

B) Frequency of CD8+* T-cells with high levels of Tox expression (top panel) and frequency of NKT
and NK among non-leukemia immune cells (Ptprc*t p185-) (bottom panel) in leukemic bone
marrow prior to treatment initiation (Pre-Rx) and after 3 or 6 days of treatment with saline (S) or
60 mg/Kg MRX-2843 (MRX).

C) TOX expression by bone marrow CD8+* T-cells (CD11¢c- CD11b- CD19- NK1.1- CD3* CD4- CD8+)
from WT or Batf3/- mice treated with saline or MRX-2843 for 6 days (treatment initiated at day
12 post B-ALL inoculation). TOP: Representative flow plots. BOTTOM: Quantification showing
mean values and standard deviations from 3 independent cohorts (n = 7—8, 2-way ANOVA). FMO
= Fluorescence Minus One control, Mode = normalized to mode.

D) UMAP visualization of unsupervised sub-clustering of cells from the main T/NK/NKT cell
cluster from overall data in Fig 2D (KO study) (3 141 individual cells combined from all conditions,
100 — 305 cells per condition).

E) Frequency of NKT (top panel) and NK (bottom panel) cells among Ptprct immune cells in bone
marrow from mice without B-ALL (0) and 3, 6 or 9 days after inoculation of leukemia.

F) TOP: Representative flow plots showing frequency of NK or NKT cells. BOTTOM: Frequency
of NK and NKT cells in bone marrow from naive wild-type (WT), Mertk—/-, or Tyro3~-mice
determined by flow cytometry (CD11c- CD11b- CD19- CD3* NK1.1+/-). Mean values and standard
deviations from 1-3 independent cohorts are shown. (n = 4—7, **P < 0.01; 1-way ANOVA).

G) Kaplan-Meier survival curves from Mertk~- mice inoculated with syngeneic GFP-expressing
Arf~/- p185* B-ALL cells and treated with anti-NK1.1 depleting antibody or an isotype control
antibody (IgG2a) (n = 11 per group in 2 independent cohorts).

Pre-Rx = prior to treatment initiation, d = day S = saline, MRX = MRX-2843.
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Fig. 2.11: Analysis of T/ NK/ NKT cells in MRX-2843-treated mice.

A) Dot plot of canonical gene markers used to identify T/NK/NKT cell subclusters from the MRX-

2843 study (Fig 3A).

B) Frequency of CD8* and CD4* T-cells among non-B-ALL immune cells (Ptprct p185) in
leukemic bone marrow prior to treatment initiation (Pre-Rx) and after 3 or 6 days of treatment

with saline (S) or 60 mg/Kg MRX-2843 (MRX).



67

C) Frequency of CD8* and CD4* T-cells (CD11c- CD11b- CD19- NK1.1-CD3+* CD4+*/- CD8+*/-) in bone
marrow from leukemic WT mice treated with saline or MRX-2843 for 6 days (treatment initiated
at day 12 post B-ALL inoculation). TOP: Representative flow plots. BOTTOM: Quantification
showing mean values and standard deviations from 3 independent cohorts (n = 7-8, 1-way
ANOVA).

D) Frequency of NKT (CD11c CD11b- CD19- NK1.1* CD3*) and NK (CD11c" CD11b- CD19- NK1.1*
CD3") cells in bone marrow from leukemic WT mice treated with saline or MRX-2843 for 6 days
(treatment initiated at day 12 post inoculation). TOP: Representative flow plots. BOTTOM:
Quantification showing mean values and standard deviations from 3 independent cohorts (n = 7—
8, 1-way ANOVA).

E) Expression levels of T-cell exhaustion markers in CD8+* T-cell subclusters #1 (Tox™IGH]) and #3
(ToxtoW1) of scRNAseq object shown in Fig. 6A.

Pre-Rx = prior to treatment initiation, d = day S = saline, MRX / M = MRX-2843
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Fig. 2.12: Analysis of CD4* and CD8* T-cells in TAM knockout mice.
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A) Dot plot of canonical gene markers used to identify T/NK/NKT cell subclusters from the MRX-

2843 study (Fig 3A).

B) Frequency of CD8* and CD4* T-cells among non-B-ALL immune cells (Ptprct p185) in
leukemic bone marrow prior to treatment initiation (Pre-Rx) and after 3 or 6 days of treatment
with saline (S) or 60 mg/Kg MRX-2843 (MRX).

C) Frequency of CD4* and CD8* T-cells among non-B-ALL immune cells (Ptprct p1857) in bone
marrow from wild-type (WT), Mertk~-, or Tyro3~-mice without leukemia (Day 0) and 3, 6 or 9
days after leukemia inoculation.

D) Quantification of CD4+ and CD8+* T-cell frequencies in bone marrow from naive WT, Mertk—/-
, or Tyro3~-mice. Mean values and standard deviations from 1-3 independent cohorts are shown.
(n=4-7,**P < 0.01; 1-way ANOVA).

2.3.7 Combined depletion of CD8a* DCs and CD8* T-cells is required to abrogate anti-tumor
immunity in Mertk~~ mice.

Depletion studies were conducted to evaluate roles for CD8a* DCs and CD8* T-cells in anti-B-
ALL immunity in Mertk—/- mice. CD8* T-cells express CD8a/[ heterodimers while CD8+ DCs
predominantly express CD8a/a homodimers (298, 299) Treatment with anti-CD8a antibody
depleted 98% of bone marrow CD8+ T-cells and 93% of CD8a* DCs (Fig. 2.13 A+B). In contrast,
anti-CD8f3 antibody depleted 72% of CD8+* T-cells, but did not decrease CD8a* DCs. Similar
effects were observed in spleen samples, where anti-CD8f even increased the frequency of CD8a*
DCs. (Fig. 2.14 A). As expected, WT and Axl~/~ mice quickly succumbed to disease regardless of
antibody treatment (Fig. 2.14 B+C). In Mertk—/- mice, selective depletion of CD8+ T-cells reduced
protection from B-ALL (median survival = 66.5 days), but survival was still prolonged relative to
WT (combined IgG controls = 25 days; IgG1 = 25.5 days) (Fig. 2.13 C + Fig. 2.14 D). Thus, while
a full complement of CD8+ T-cells was required for complete protection, the anti-leukemia
response remained partially intact when CD8+T-cells were severely diminished, implicating an
innate immune mechanism. Indeed, combined depletion of CD8+ T-cells and CD8a* DCs in
Mertk~/- mice led to more complete abrogation of anti-B-ALL immunity (median survival: 38

days). In contrast, selective depletion of CD8* T-cells was sufficient to completely abrogate
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protection in Tyro3~- mice (median survival = 277 days) (Fig. 2.13 D). Thus, the mechanisms of
anti-leukemia immunity differ in Mertk and Tyro3 knockout mice, with MERTK playing a more
prominent role in innate anti-tumor immunity mediated by CD8+ DCs. In support of this, WT

(CD8+) DCs expressed MERTK but not TYRO3 (Fig. 2.13 E+F).

2.3.8 Low MERTK expression or high DC gene set expression are associated with improved
survival in patients with high-risk pediatric ALL.

To explore the translational relevance of our findings, we analyzed the publicly available and
relapse-enriched pediatric TARGET-P2 B-ALL patient dataset using the Survival Genie webtool
(280). Low levels of MERTK were associated with significantly prolonged overall- (Fig. 2.13 G)
and event-free (Fig. 2.15 A) survival in children with high-risk B-ALL. Since only ~30% of
pediatric B-ALLSs express MERTK (218), it is likely that MERTK expression in immune cells plays
a considerable role in this observation. Strikingly, when stratified based on expression of a human
DC gene set, B-ALL patients with high enrichment scores, suggestive of increased DCs, had
significantly improved overall- (Fig. 2.13 H) and event-free (Fig. 2.15 B) survival. Additionally,
high enrichment scores for gene sets representing common markers (300) for CD141+ DCs
(corresponding to murine ¢DCis), CD1ct* DCs (murine ¢cDC2s), or human pDCs were associated
with significantly improved overall survival (Fig. 2.15 C-D). These data are consistent with
immunosuppressive roles for MERTK in DCs in the leukemia microenvironment and provide
important evidence implicating MERTK as a translationally relevant-therapeutic target in

pediatric patients with high-risk B-ALL.
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A) Representative flow plots showing efficiency of CD8+ T-cell depletion (top panels) and CD8a+
dendritic cells (DCs, bottom panels) in bone marrow from Mertk~- mice treated with a single 200
ug dose of anti-CD8a or anti-CD8f depleting or isotype control (Ctrl, IgG1 or IgG2b) antibodies.

B) Percentage of CD19-/CD11c cells expressing CD8 (CD8+* T-cells, left panel) or CD19-/CD3- cells
expressing CD8a (CD8a+ DCs, right panel) in bone marrow from mice treated with a single dose
of control antibody (Ctrl, IgG1 or IgG2b), anti-CD8a depletion antibody, or anti-CD8f3 depletion
antibody administered 3-6 days before sample collection. Data are pooled from wild-type (n=10),
Tyro3~/- (n=10), Axl/- (n=2) or Mertk~/-(n=8) mice. **P < 0.01, ***P < 0.001; 1-way ANOVA.

C,D) Kaplan-Meier survival curves derived from Mertk—~/- (C) or Tyro3~/- (D) mice inoculated
with syngeneic GFP-expressing Arf~- p185* B-ALL cells by tail vein injection and treated with
200 ug/mouse anti-CD8a depletion antibody, anti-CD8f depletion antibody or isotype control
antibody (IgG1 for CD8a, IgG2b for CD8f) every 7 days starting the day before leukemia
inoculation. (n=15-21 per group for Mertk~/- and 12-16 per group for Tyro3—~/-; 2-3 independent
cohorts). Black dotted line = combined survival curve derived from wild-type mice inoculated with
B-ALL and treated with IgG1 or IgG2b (see Fig S6B, n = 37 in 2-3 independent cohorts).
Statistically significant differences were determined using Mantel-Cox log-rank test. **P < 0.01,
*#**P < 0.001

E) Representative flow plots showing MERTK or TYRO3 expression on all dendritic cells (DCs)
(CD3 CD19-NK1i.1-CD11ct MHC-II+) and CD8a+* DCs (CD3-CD19-NK1.1-CD11ct MHC-II* CD8a+)
from naive bone marrow of WT mice compared to Mertk/- or Tyro3/-. Mode = normalized to
mode.

F) Percentage of MERTK or TYRO3 positive cells among all DCs (LEFT) and CD8+ DCs (RIGHT)
of naive WT bone marrow (n = 3 in 1 cohort). 2-tailed t test: ***P < 0.001, ****P < 0.0001.

G) LEFT: Distribution of pediatric B-ALL patient groups with high (red) and low (blue) MERTK
gene expression in the TARGET-ALL-P2-Bcell data set. Groups were defined using the Cutp
(cutpoint) method within the Survival Genie webtool. RIGHT: Overall survival probability for
MERTK high vs low patient groups in the TARGET-ALL-P2-Bcell data set.

H) LEFT: Distribution of pediatric B-ALL patient groups with high (red) or low (blue) enrichment
score (ES) for a dendritic cell (DC) gene set in the TARGET-ALL-P2-Bcell data set. Groups were
defined using the Cutp (cutpoint) method within the Survival Genie webtool. RIGHT: Overall
survival probability for DC gene set high vs low patient groups in the TARGET-ALL-P2-Bcell data
set.
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Fig. 2.14: Anti-CD8a antibody depletes CD8* T-cells and DCs in the spleen, while anti-CD8p

antibody depletes CD8* T-cells more selectively.

A) Percentages of CD8* T-cells among all CD19-/CD11c" cells (LEFT) and CD8a* dendritic cells
(DCs) amongst all CD19-/CD3- cells (RIGHT) in spleens from mice treated with a single dose of
control antibody (Ctrl, IgG1 or IgG2b), anti-CD8a depletion antibody, or anti-CD8f depletion
antibody administered 3-6 days before collection of samples. Data were pooled from wild-type
(WT, n=10), Tyro3~/- (n=10), Axl-/- (n=2) and Mertk-/- (n=8) mice. **P < 0.05, **P < 0.01, ***P

< 0.001; 1-way ANOVA.
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B-D) Kaplan-Meier survival curves derived from WT (panel B, n=15-21 per group in 2-3
independent cohorts), AxI~/- (panel C, n=6 per group in 1 cohort), or Mertk—/- (panel D, n=18 per
group in 2 independent cohorts) mice inoculated with syngeneic GFP-expressing Arf~/- p185+ B-
ALL cells by tail vein injection and treated with 200 ug/mouse anti-CD8a or anti-CD8f depletion
antibody or isotype control antibody (IgG1 for CD8a, IgG2b for CD8f) every 7 days starting the
day before leukemia inoculation. Statistically significant differences were determined using
Mantel-Cox log-rank test. *P < 0.05
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Fig. 2.15: Low level expression of MERTK or high-level expression of a human DC gene set are
associated with improved survival in patients with high-risk pediatric ALL.
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A) Probability of event-free survival in patients with B-ALL expressing high versus low levels of
MERTK from the TARGET-ALL-P2-Bcell data set.

B) Probability of event-free survival in patients with B-ALL expressing high versus low levels of a
DC gene set from the TARGET-ALL-P2-Bcell data set.

C) LEFT: CD141* DC gene set. CENTER: Distribution of pediatric B-ALL patient groups with high
(red) or low (blue) ES for CD141* DC gene set in the TARGET-ALL-P2-Bcell data set. RIGHT:
Overall survival probability for CD141+ DC gene set high vs low patient groups in the same data
set.
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2.4 Discussion

We previously identified MERTK as a potential therapeutic target in the immune
microenvironment in an aggressive B-ALL model (206). Here, we identify a CD8*+ DC — T-cell axis
driving the anti-leukemia immune response. MERTK inhibition increased the incidence of bone
marrow CD8a* DCs with elevated antigen-presenting capacity and CD103 expression. Murine
CD8a* and/or CD103* DCs play crucial roles in anti-tumor immunity, including recruitment and
priming of CD8* T-cells, cross-presentation of tumor antigens, and initiation of proinflammatory
type 1 T helper cell (Tu1) responses (264, 265). CD103+* DCs have also been associated with
sensitivity to checkpoint inhibitors in cancer patients and mouse models (265, 301). Combined
depletion of CD8a* DCs and CD8+* T-cells was required to abrogate protection against B-ALL in
Mertk~/- mice, confirming that the immune response is at least partially driven by CD8a* DCs.
Increased CD103 expression was specific to ¢cDC1s, but CD8a* DCs also included cDC2-like and
pDC-like subsets and all subsets might contribute to anti-B-ALL immunity. The exact dynamics
of reduced exhaustion markers and T-cell activation in the bone marrow and other organs will be
elucidated in future studies. Additional studies are also needed to elucidate how CD8a* DCs
contribute to tumor control independently of CD8+ T-cells. While NK1.1+ cells were not strictly
required for anti-tumor immunity in Mertk~/- mice, they may play a role in the partial immunity
mediated by CD8a* DCs in the absence of CD8+ T-cells. Consistent with this possibility, treatment
with MRX-2843 increased NK and NKT cells in leukemic bone marrow. “Th1 pathway” and Ifng
gene regulatory networks were also upregulated in Cd8a* DCs that were differentially increased
with MERTK inhibition. Thus, CD8a* DCs may also promote tumor control by inducing CD4* Tyu1

T-cell responses and/or production of tumoricidal cytokines.

In a previous study using melanoma and brain cancer models, anti-tumor immunity in Mertk~-
mice was not solely mediated by MERTK ablation, but required additional genetic changes

introduced during generation of the knockout line (302). The same Mertk—~/- mice were used for
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the studies reported here; however, both here and in previous studies (206) Mertk~- and MRX-
2843 had similar effects in our model. Additionally, MRX-2843 did not increase survival in
immune-deficient mice inoculated with B-ALL (206), so direct leukemia cell killing does not
contribute to therapeutic activity. Together these data provide strong evidence that MERTK

inhibition is sufficient to elicit anti-tumor immunity in our current B-ALL model.

Tyro3 knockout also protected mice from B-ALL, implicating TYRO3 as a novel
immunotherapeutic target in acute leukemia. In contrast to Mertk—~/-, host Tyro3 deletion did not
increase CD8a* CD103* DCs or CD8a* DC antigen-presenting potential and CD8a* DCs did not
provide protection from leukemia in the absence of CD8* T cells in Tyro3~-mice. Thus, anti-
leukemia immunity was less dependent on CD8a* DCs in Tyro3~/- mice. These data indicate a
differential role for MERTK in CD8a* DCs in the leukemia microenvironment. Other publications
support a selective role for MERTK as an immunosuppressive regulator of DCs. Murine bone
marrow-derived DCs only minimally express TYRO3 and upregulate MERTK in an
immunosuppressive context (118), as do human monocytic DCs (209). While additional studies
are needed to investigate the anti-B-ALL immune mechanism in Tyro3~- mice, the differential
mechanisms demonstrated here provide rationale for development of dual MERTK/TYRO3-

targeted therapies with potential for combinatory effects.

Axl~/- did not protect against B-ALL in our model. These data contrast with previous studies
demonstrating increased survival in mice with selective AxI knockout in cells expressing the
colony stimulating factor 1 receptor (Csfir*, including monocytes, macrophages and DCs)
inoculated with Arf~7- p185(BCR-ABL)* B-ALL cells (247). It is possible that AxI ablation in Csfir-
negative cells provides immunosuppressive effects that counteract the functions of Csfir+ Axl-/-
cells, ultimately inhibiting the anti-B-ALL immune response in mice with ubiquitous Ax! knock-
down. The involvement of individual TAM family members may also depend on the ligands that

tumor cells release or induce in the microenvironment and their affinity for each TAM kinase
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(116). Additionally, continuous TAM kinase deletion might impact immune cell development, and
the consequences might differ between ubiquitous- and Csfir+-specific AxI deletion. Additional
studies are needed to better understand the differences between these two models. These data
also highlight the importance of understanding the roles for individual TAM kinases in different

cell types and disease contexts to determine their relevance as therapeutic targets.

In summary, the data shown here demonstrate critical roles for MERTK and TYRO3 as mediators
of immunosuppression in the leukemia microenvironment in a B-ALL model and reveal a
selective role for MERTK as a suppressor of antigen presenting CD8a* DCs, which are critical
mediators of efficient tumor antigen cross-presentation, anti-tumor immune activation, and
sensitivity to immune checkpoint inhibitors. The associations between MERTK expression or DC
cell enrichment in leukemia samples and survival outcomes in pediatric patients with high-risk
B-ALL support the translational relevance of our findings and provide rationale for clinical
development of MERTK inhibitors for treatment of pediatric leukemia. MRX-2843 is well-
tolerated and therapeutically effective in murine leukemia models (206, 283) and is currently in
phase-I/Ib clinical trials, including a trial in adolescent and adult patients with acute leukemia
(NCTo03510104, NCT04762199, NCT04872478). These studies may also inform co-development
of biomarkers of sensitivity to MERTK versus TYRO3 and/or AXL inhibition, which will be
essential for optimal application of MRX-2843 and other TAM kinase inhibitors as immuno-

oncology agents.
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Chapter 3. TAM RTKs have differential roles in suppressing anti-

AML immunity depending on disease model

3.1 Introduction

AML is a heterogenous disease and various factors differ between subtypes, including genetic and
epigenetic background, morphology and immunophenotype (13). While ALL is the most common
leukemia in children, AML becomes more prevalent with age and is the most common form in
adult patients (12). Unfortunately, AML survival outcomes remain poor - particularly in older
individuals - and only about a quarter of AML patients survive longer than 5 years post-diagnosis.,

indicating a need for novel therapeutic strategies.

Immunotherapies may provide such novel treatment options, as suggested by successful graft-
versus-leukemia responses following allogeneic stem cell transplantation in some patients (37).
Antibody-based immunotherapies, including CAR-T cells and bispecific T cell engagers are in
development, but the limit option of targets on AML cells poses a risk for adverse effects through
ablation of non-malignant myeloid and/or hematopoietic cells (13). Moreover, clinical trials of
immune checkpoint inhibitors revealed only limited efficacy in AML, even though patients might
benefit from combining immune checkpoint inhibitors with other treatment modalities, such as

chemotherapies, DNA hypomethylating agents, or targeted agents.

Given our findings that MERTK and TYRO3 are potential immunotherapeutic targets in B-ALL,
we assessed the roles of TAM RTKs in the anti-AML immune response, using syngeneic models

in wild-type (WT) and knockout mice.
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3.2 Material and Methods

3.2.1 Cell culture
C1498 cells were cultured in RPMI 1640 medium (Gibco™ #11835030) with 10% FBS (Atlanta
Biologicals #S11550), 1x penicillin/streptomycin (Gibco™ #15140122), and 0.55uM

2-Mercaptoethanol (Gibco™ #21985023).

3.2.2 AML mouse models
Mertk~/- (B6;129-Mertkt™6/J) (152), Axl~/- and Tyro3~/-(277) mice were backcrossed with WT
C57BL/6J mice (Jackson Laboratory #000664) for at least 10 generations (206). Male and female

mice were used for experiments at 8-16 weeks of age (180).
C1498 cells were injected into the tail vain at a concentration of 5,000 cells / mouse.

A42-2A cells had previously been isolated from leukemic MLL-AF9 transgenic mouse (303), serial
passaged several times in C57Bl/6 WT mice, and frozen for cryopreservation. Frozen cells were

thawed immediately before tail vein injections at a concentration of 2 x 10 cells / mouse.

Mice with advanced leukemia (>20% weight loss, tachypnea, hind-limb paralysis, minimal
activity) were euthanized. Animal studies were conducted in accordance with relevant regulatory

standards and approved by the Emory University IACUC (PROT0O201700276).

3.2.3 Statistics
Statistical analyses were performed using GraphPad Prism software (version 9.3.1). Differences

in survival were determined by log-rank test.) and P values < 0.05 were considered significant.
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3.3 Results

3.3.1 Host ablation of all three TAM RTKs prolongs survival in MML-AF9 AML model, while
only Mertk ablation provides immunity in a second AML model.

To determine the role of individual TAM RTKs in anti-AML immunity, we monitored survival of
WT, Tyro3~/-, Axl-/- or Mertk~- mice in two different syngeneic models: C1498, or A42-2A. The
latter is driven by expression of the MLL-AF9 fusion gene, and leukemia patients with MLL
(KMT=2A) fusions often respond poorly to the current standard chemotherapies (20). WT mice
succumbed quickly to disease in the first model (median survival = 28 days), whereas the A42-2A
model only reached a penetrance of about 50% in these mice (Fig. 3.1 A+B). Similar to previous
results (248), Mertk~/- let to significantly prolonged survival in both models, indicating that
MERTK deletion in the TME also promotes anti-leukemia immunity against AML in addition to
B-ALL. Interestingly, we found differential roles for TYRO3 and AXL in the anti-AML immunity
depending on the model: While deletion of either RTK did not affect leukemogenesis in the C1498

model, both knockout mice were largely protected against AML in the A24-2A model.

C1498 AML A42-2A (MLL-AFS fusion)

—-= Mertk”* (vs WT)
........ Axl”  P=0.09 (vs WT)

* (vs WT)

0 25 50 75 100 125 150 0 50 100 150 200 250
Days post-transplant Days post-transplant

Fig. 3.1: Host ablation of all three TAM RTKs prolongs survival in MML-AF9 AML model, while only
Mertk ablation provides immunity in a second AML model.

A) Kaplan-Meier survival curves derived from wild-type (WT), Tyro3~-, Axl~/~- or Mertk-/~mice
inoculated with syngeneic C1498 AML cells by tail vein injection. Statistically significant
differences were determined using Mantel-Cox log-rank test (WT n=22, Tyro3~- n=13, Axl~/~
n=10, Mertk~/-n=23 in 1-2 independent cohorts, *P < 0.05, ***P < 0.0005).
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B) Kaplan-Meier survival curves derived from WT, Tyro3~-, Axl-/- or Mertk~-mice inoculated
with syngeneic A42-2A AML cells by tail vein injection. Statistically significant differences were
determined using Mantel-Cox log-rank test (WT n=9, Tyro3~/-n=10, Axl-/-n=10, Mertk~/-n=9
in 1 cohort, *P < 0.05).

3.4 Discussion

Our results implicate MERTK as an immunotherapeutic target - not only in ALL - but also in AML.
Moreover, they suggest that TYRO3 and AXL may represent targets in AML depending on the
specific disease subtype, or cancer cell properties. Of note, previous studies in melanoma and
brain cancer models found that the anti-tumor immune effects in Mertk~- mice were not entirely
mediated by MERTK deletion, but required additional genetic changes introduced during
generation of the knockout line (302). The same Mertk~- mice were used here, and the Tyro3~/-
and Axl~/~mice were generated with similar methods. Hence, in future studies we will test whether
these results repeat in knockout mice generated with more modern and “cleaner” methods, or in
WT mice using TAM RTK inhibitors. Moreover, we only achieved about 50% penetrance in WT
mice in the 42-2A model, warranting additional repeats and optimization. Nonetheless, the
results presented here indicate a strong context-specificity regarding the role of individual TAM
RTKs in suppressing anti-leukemia immunity. Their relevance as an immunotherapeutic target
may be determined by several factors, including properties inherent to the leukemia cells, and the
specific conditions they induce in the TME. TAM ligands have varying affinity for the individual
RTKs (112, 116, 117, 119-125) and investigating their production by leukemias cells or cells of the
TME may provide an initial insight into the mechanisms that determine the involvement of each
kinase. Better understanding the role of individual TAM RTKs in different disease contexts will

be essential for the development of TAM-targeting agents for the treatment of acute leukemia.
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Chapter 4: Conclusions and closing remarks

4.1 Summary

Despite significant improvements in treatment outcomes, acute leukemia remains a leading cause
of cancer-related death in pediatric patients, with particularly poor prognosis in children with
relapsed disease. Additionally, survival outcomes strongly decrease with age and many elderly
patients do not tolerate the current cytotoxic treatment options. Anti-leukemia immunotherapies
may provide new and less toxic treatment options with the potential to improve outcomes, but

more research is needed to identify targets and understand the underlying mechanisms.

Expanding on previous results by our laboratory, we here investigated the mechanism by which
MERTK inhibition provides immunity in an aggressive Arf7/- BCR-ABL* B-ALL model. Providing
evidence for a DC — T cell axis, we found that that MERTK inhibition increased DC antigen-
presentation capacity and reduced expression of CD8* T cell exhaustion markers. Indeed, anti-

leukemia immunity in Mertk—~-mice depended on CD8a* DCs and CD8+ T-cells.

While host Axl deletion did not affect leukemogenesis, Tyro3~- mice were also protected against
B-ALL, albeit through a separate mechanism than MERTK inhibition. These data implicate
TYRO3 as an additional immunotherapeutic target in acute leukemia. Moreover, host knockout
of all three TAM RTKs prolonged survival in an MML-AF9 AML model, while only Mertk ablation

provided immunity in a second AML model.

In summary, this work provides rational for the development of TAM RTK-targeted anti-leukemia
immunotherapies and highlights the importance of understanding the context-dependent roles of

individual TAM RTKs in anti-leukemia immunity.
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4.2 Differential roles for TAM RTKs in the acute leukemia microenvironment

Our data indicate a high context-specificity for the roles of individual TAM RTKs in acute
leukemia immunity and this may have important implications for the clinical development of
TAM inhibitors. We observed a selective survival advantage only with Mertk~/- in the C1498 AML
model, while knockout of all three TAM RTKs prolonged survival in the A42-2A model (Fig. 3.1).
Moreover, Axl/- did not protect against B-ALL in our model, contrasting a previous publication
showing that deletion of Axl in CSF1R* cells promotes survival in AML and ALL models (247). As
discussed above (chapter 2.4), it is possible that the anti-leukemia immune effects of inhibiting
Axl specifically in CSF1R* cells are counteracted by immunosuppressive effects stemming from
Axl deletion in other cell types in our ubiquitous knockout mice. Hence, the relevance of an
individual TAM RTK as immunotherapeutic target may to some extend depend on the immune
cell types that are engaged in the tumor microenvironment and the specific roles that the kinase
plays in these. Understanding these biological roles in different disease contexts will be critical to

evaluate individual TAM RTKs as therapeutic targets in patients.

Our findings suggest that MERTK inhibition drives the anti-B-ALL immune response at least
partially by increasing antigen-presentation and anti-tumor capabilities of CD8+ DCs. Several
previous studies support an immunosuppressive MERTK role in DCs. For example, Mertk-/-
increased the frequency and activation of pancreatic CD8a* DCs in a murine diabetes model and
increased in vivo CD4* T cell proliferation and IFN-y production in a DC-dependent manner
(184). Similarly, pretreatment of ex vivo-matured DCs with a MERTK-blocking antibody
increased naive CD4* T cell proliferation and cytokine production in a mixed lymphocyte reaction
experiment (207). Mertk—/- mice were also more efficient than wild-type mice at activating OT-I
T cells in vivo following intranasal injection of OVA protein (304). In human monocytic DCs, the
TAM ligand PROS1 increased LPS-induced production of the immunosuppressive cytokine IL-10,

particularly in MERTKMIGHI DCs, and this was overcome by treatment with a MERTK inhibitor
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(209). Our work also indicates that MERTK selectively regulates CD103 expression by DCs in the
leukemia microenvironment and other publications support this notion: CD103+* DCs from a
murine melanoma model were MERTK negative, while the kinase was expressed on CD103- APCs
(including DCs and macrophages) (305). Moreover, a recent study described a MERTK-
expressing and -dependent DC population in murine lungs with intermediate CD103 expression,
that is increased during early post-natal days (304). These CD103!NTI DCs were related to
CD103MIGHl ¢DC1s but were characterized by a tolerogenic and immunosuppressive gene

signature and possessed inferior cross-presentation capacities compared to cDC1s.

In contrast to host Mertk deletion or MRX-2843 treatment, Tyro3~/- did not increase CD8a*
CD103* DCs or CD8a+ DC antigen-presenting potential. Moreover, the anti-B-ALL immune
response was less dependent on CD8a+ DCs in Tyro3~- mice compared to Mertk~/-mice. These
data indicate a selective role for MERTK in CD8a* DCs in the leukemia microenvironment. In
support of this, freshly isolated (CD8a*) DCs from wild-type bone marrow expressed MERTK but
not TYRO3, and the same had previously been reported for splenic DCs (170). Likewise, MERTK
was shown to be the only TAM RTK expressed by ex vivo-differentiated human monocytic DCs
(209) and expression is increased following treatment with immunosuppressive glucocorticoids,
such as dexamethasone (207, 209). Nonetheless, TYRO3 may be expressed by certain DC subsets
and play an immunosuppressive role in specific circumstances, such as type 2 inflammatory
responses (169). As such, Tyro3~- mice, but not AxI-/-Mertk~/- double-knockout mice, showed a

more pronounced response in an allergic asthma model compared to wild-type (169).

While our work focused on DCs and T cells, it is likely that other immune cell types also contribute
to B-ALL immunity following MERTK inhibition. We observed substantial changes in the
incidence of monocytes, macrophages, and B cells with MRX-2843 treatment (Fig. 2.2 C) and
MERTK is known to have immunomodulatory functions in these cell types (107, 156, 211).

Likewise, NK and NKT cells may play an important role, even though our NKi.1* depletion



85

experiment showed that they are not strictly required for the protective mechanism in Mertk-/-
mice. Nonetheless, TAM kinase activation has been implicated in suppressing NK cell
proliferation and activity (201) and it is possible that these cell types are engaged by CD8+ DCs in
the absence of CD8* T cells (anti-CD8f3 treatment). Moreover, MRX-2843 treatment increased
the incidence of NK and NKT cells in fully established disease, indicating a more prominent role
here. Notably, NK cells also play important roles in the recruitment of CD8+ DCs to the tumor
microenvironment and promote their survival (64, 306). Further research will be needed to fully

elucidate the contribution of other immune cell types to the anti-B-ALL immune response.

Interestingly, pharmacologic MERTK inhibition also decreased the frequency of CD8* T cells
expressing TOX, a transcription factor that is required for the induction of T cell exhaustion (297).
This is consistent with our previously published data showing that Mertk~/- or MRX-2843
decreases PD-1 on T cells (206). Whether these changes are due to preventing exhaustion or due
to increasing the recruitment of non-exhausted T cells to the bone marrow will have to be
determined in future experiments. If MERTK inhibition prevents exhaustion, it will be of interest
to study whether this is mediated by T cell-autonomous regulations or indirectly induced by other
MERTK-expressing cell types, such as DCs and macrophages. While it was long believed that T
cells do not express TAM RTKs, more recent publications indicate that certain subsets of human
CD4* and CD8* T cells can upregulate MERTK following activation (207-209). Interestingly,
expression of TYRO3 or AXL is not - or only minimally - induced on T cell subsets following
activation (208, 209), suggesting that potential T cell-autonomous mechanism might be

restricted to MERTK.

In summary, our findings indicate differential roles for individual TAM RTKs in the leukemia
immune microenvironment, which may determine their potential as a therapeutic target,

depending on the specific disease context.
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4.3 Further implications for the development of TAM-targeted acute leukemia

therapies

In addition to MERTK and AXL, our work identifies TYRO3 as a potential immunotherapeutic
target in acute leukemia. Importantly, TAM RTKs also represent promising candidates for direct
anti-leukemia targeted therapies, as they are frequently upregulated in acute leukemia cells,
which they provide with crucial survival advantages (216, 218, 219, 307, 308). Genetic and/or
pharmacologic inhibition of cancer cell-intrinsic TAM RTKs reduced viability, growth or chemo-
resistance of leukemia cell lines (216, 218, 219, 309-312) and improved survival in acute leukemia
xenograft models (206, 216, 218, 219, 312). Thus, TAM RTK-targeted therapeutics may provide
patients with a dual therapeutic effect by directly targeting leukemia cells, while also boosting the

anti-leukemia immune response (Fig 4.1).

MRX-2843 is a promising candidate for MERTK-targeted therapies in acute leukemia:
Therapeutic doses of MRX-2843 (282, 283) are well tolerated, show direct anti-cancer cell, as well
as immune-mediated efficiency in murine AML and/or ALL models (206, 283), and the
compound is currently in phase-I/Ib clinical trials, including a trial in relapsed/refractory acute
leukemia (clinicaltrials.gov: NCT03510104, NCT04762199, NCT04872478). Here we show that
short-term treatment with MRX-2843 induces an immunotherapeutic response even in mice with
high disease burden (Fig, 2.2 A). These data suggest that MERTK inhibition will benefit patients
with robustly established leukemia and provide further rationale for advancing the development

of MERTK-targeted therapies.

Additionally, our team is currently developing TYRO3 and dual MERTK/TYRO3-targeting agents.
Future pre-clinical studies, as well as additional research into the Tyro3~--mediated anti-B-ALL
immune mechanism, may provide additional rational for the development of TYRO3 and/or dual
MERTK/TYRO3 inhibitors for the clinic. Of note, we show here that Mertk—/- and Tyro3~- mice

are protected from B-ALL by differential underlying immune mechanisms, suggesting the
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potential for combinatory anti-BALL immune effects with dual MERTK/TYRO3-targeted

therapies.

As discussed above, the role of each TAM kinase and its relevance as a therapeutic target in acute
leukemia patients will likely depend on several parameters, including patient’s inflammatory and
immune status, as well as cancer-cell intrinsic properties, such as overexpression of individual
TAM RTKs and/or ligands. Hence, it will be crucial to better understand the role of individual
TAM kinases in different disease contexts and to identify biomarkers, through additional studies
in pre-clinical models, tumor and/or blood samples, as well as through correlative biology studies
in clinical trials. As part of the ongoing MRX-2843 trial in adolescent and adult acute leukemia
patients (NCT04872478), bone marrow and/or blood samples will be collected at baseline and 28
days post treatment initiation to be analyzed in biomarker and correlative assays. Assessment of
blood cytokine levels of IFN-a, IFN-f3, IL-6, IL-12, and IL-10 will help gain an insight into the
degree of immune engagement following MRX-2843 treatment. Additionally, bone marrow
and/or blood samples will be collected for scRNA-seq analysis. This may proof to be an excellent
tool to analyze changes in the immune microenvironment and to correlate to the scRNA-seq
studies presented in this thesis. Lastly, bone marrow samples will be frozen for analysis in PDX
models or a 3D biomimicry bone marrow scaffold, potentially allowing for further testing of
immunotherapeutic effects of MRX-2843. These systems may also help identifying biomarkers of

sensitivity to MERTK versus TYRO3 and/or AXL inhibition.

Our findings also provide rationale for the development of combining MERTK-targeted agents
with immune checkpoint inhibitors: enrichment of a gene signature representing CD103* DCs has
been associated with better responsiveness to anti-PD1 checkpoint inhibitors in melanoma
patients (306) and anti-tumor effects of PD-L1 inhibitors in a melanoma model depended on
CD103* DCs (265). Future studies will elucidate whether combining MRX-2843 with checkpoint

inhibitors improves treatment outcome compared to either single therapy in our B-ALL model.
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In summary, our findings highlight several ways by which acute leukemia patients may benefit
from the treatment of TAM RTK-targeted compounds, either as single agents or in combination

with other therapies.

TAM-RTK anti-cancer effects

inhibitor m

TAM Ilgands ““03 M ERTI(

Immune-mediated Direct
effects

Anti-apoptosis/
pro-survival

(cpg*)
\  Dendritic cell

Macrophage

Fig. 4.1 Dual anti-leukemia effects of targeting TAM RTKs.

Targeting the TYRO3, AXL and MERTK (TAM) receptor tyrosine kinases (RTKs) may provide
acute leukemia patients with a dual therapeutic effect through immune-mediated (LEFT) and
direct anti-cancer (RIGHT) mechanisms.

The results of this work indicate that MERTK inhibition in the B cell acute lymphoblastic leukemia
(B-ALL) microenvironment increases anti-cancer immunity by increasing (CD8+) dendritic cell
(DC) maturation, antigen-presentation capacities, and expression of co-stimulatory (co-stim.)
proteins, leading to increased anti-leukemia CD8+ T cell activity. While the other TAM RTKs likely
also play immunosuppressive roles in DCs, our results suggest that anti-B-ALL immunity
following TYROS3 inhibition is less dependent on CD8+ DCs.
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Anti-leukemia immunity may be further boosted by inhibiting TAM RTKSs in macrophages (247,
248), thereby overcoming immunosuppressive M2 polarization (247, 248) and increased
expression of programmed cell death 1 ligand 1/2 (PD-L1/2) (206, 248). Additionally, natural
killer (NK) cells can be essential for anti-leukemia immunity following TAM inhibition (247), and
TAM RTKs play immunosuppressive roles in these cells (200, 201). TAM RTKs also promote
immunosuppressive functions of myeloid-derived suppressor cells (MDSCs) (238), which are
increased in acute leukemia patients (86, 87).

TAM RTKs are frequently upregulated in leukemic blasts, which they provide with crucial survival
advantages and pre-clinical studies found direct-anti cancer cell effects in acute leukemia cell lines
and xenograft models (206, 216, 218, 219, 309-312). Hence, TAM RTK-targeted therapeutics may
directly target leukemia cells, while also boosting the anti-leukemia immune response.

MHC-I/II = major histocompatibility complex - class I/1I; TCR =T cell receptor.

4.4 Future directions

While our data provide important knowledge for the advancement of TAM-RTK-targeted
therapies, more research is needed to assess the immunotherapeutic potential of inhibiting

individual TAM RTKSs in specific disease contexts.

Our results indicate TYRO3 as a novel immunotherapeutic target in acute leukemia. To further
validate these findings, we plan to test TYRO3-targeted small molecule inhibitors, that are
currently being developed by our team, in wild-type mice inoculated with the leukemia models
used in this study. It will also be important to understand the mechanism underlying immunity
in Tyro3~- mice. Initially, we will perform flow cytometry analysis on bone marrow from WT and
knockout mice to identify immune cell (sub)populations that express TYRO3 and therefore
represent candidates for mediating the anti-leukemia immune response. Subsequent analysis of
these populations in our B-ALL scRNAseq dataset may help gain an insight into the immune

mechanism and inform additional experiments.

In addition to TYRO3-targeted agents, we are developing dual MERTK/TYRO3 inhibitors that

will be used in the same models to test for potential combinatory effects suggested by the distinct
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protective mechanisms in Mertk~/- and Tyro3~- mice. In an alternative approach, leukemia cell
doses high enough to overwhelm the immune system in single Mertk or Tyro3 knockout mice,
will be engrafted into dual Mertk~/-Tyro3~/- mice, to test whether dual deletion can prolong

survival under such conditions.

Furthermore, we will strive to gain an insight into the parameters that determine the relevance of
individual TAM RTKs in different leukemia models. The requirement of individual TAM RTKs for
immunosuppression could be dependent on the ligands (which have varying affinities to the
RTKs) that are released by leukemia cells or induced in the microenvironment. Hence, we will test
the expression of different TAM ligands within the leukemia cell lines by western blot, as well as
their presence in cell culture supernatants or in samples of bone marrow, spleen, and blood from

leukemic mice.

Our analysis of publicly available and relapse-enriched pediatric B-ALL patient data revealed that
high MERTK or low DC gene expression were associated with poor prognosis and provides
important translationally relevant evidence. Nonetheless, it will be crucial for the development of
MERTK-targeted immunotherapies to generate additional human or patient-derived data. As
discussed above, we are hoping to gain valuable information regarding immune engagement
and/or biomarkers from analyzing patient samples collected from the MRX-2843 trial in
adolescent and adult acute leukemia patients (NCT04872478). Additionally, we are planning to
generate and establish colonies of humanized mice in our laboratory to test the immune-mediated

effects of MRX-2843 on (MERTK-negativ) PDX models.

It is my sincere hope that the results of this thesis and the future studies outlined here will aid the
development of novel therapeutic agents to advance survival outcomes, reduce side effects, and

improve the quality of life for acute leukemia patients.
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