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Lay Abstract

Acute myeloid leukemia (AML) is an aggressive blood cancer characterized by the
rapid growth of abnormal blood cells in the bone marrow. Allogeneic hematopoietic stem
cell transplantation (allo-HSCT) is an important treatment for AML that involves taking
blood stem cells from a healthy donor and transplanting them into an AML patient.
Meanwhile, immune cells such as T cells from the donor can help destroy leukemia cells.
However, AML frequently reappears after allo-HSCT and new therapies are needed to
prevent the disease from coming back. The present study investigates whether blocking a
protein called lysine-specific demethylase 1 (LSD1) can increase T cells’ ability to identify
and kill cancer cells. The results demonstrate that treatment with an LSD1 blocker called
bomedemstat can enhance the recognition of AML cells by T cells, thereby enhancing their
immune response. These findings suggest that blocking LSD1 is a promising approach to

enhance the effectiveness of allo-HSCT.



Abstract

Acute myeloid leukemia (AML) is an aggressive hematological malignancy.
Allogeneic hematopoietic stem cell transplantation (allo-HSCT) represents a curative
treatment option for AML. Alloreactive donor T cells can produce the graft-versus-
leukemia (GVL) effect which represents a major therapeutic benefit of allo-HSCT.
However, evading from allogeneic immune surveillance, potentially through the
downregulation of human leukocyte antigen class II (HLA-II) antigen presentation
machinery, can contribute to AML relapse. Lysine-specific demethylase 1 (LSDI) is an
emerging epigenetic therapeutic target in AML. The present study aims to explore whether
LSDI inhibition can enhance AML immunogenicity to promote T-cell mediated immune

response.

The immunological effects of a clinical-stage LSD1 inhibitor bomedemstat (IMG-
7289) were examined in both human and murine AML cell models in vitro. The results
demonstrated that bomedemstat treatment significantly enhanced the expression of class 11
transactivator (CI/TA). It subsequently led to the upregulation of HLA-DR in certain human
AML cell lines when stimulated by IFN-y. Bomedemstat also markedly upregulated the
expression of CD86 in all human AML cell lines tested. The study also demonstrated that
bomedemstat treatment significantly increased the production of pro-inflammatory

cytokines IL-12 and CXCL-10.

In murine AML models, bomedemstat concurrently upregulated the expression of
major histocompatibility complex class II (MHC-II) and CD86 in HOM-transformed cells
without IFN-y stimulation. This effect was not observed in MNI1-transformed cells.
Bomedemstat-treated HOM cells were subsequently shown to induce antigen-dependent T
cell activation. Functional assays revealed that bomedemstat treatment sensitized HOM

cells to antigen-dependent immune killing effect mediated by CD4" T cells.

In conclusion, the current study demonstrates both phenotypically and functionally
that LSD1 inhibition by bomedemstat treatment can enhance AML immunogenicity. This
is evident by the increased antigen presentation, co-stimulation and production of
inflammatory cytokines. These findings suggest that LSD1 inhibition may be a relevant

strategy to pursue as a maintenance therapy after allo-HSCT.
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Chapter 1: Introduction

1.1 Acute Myeloid Leukemia
1.1.1 Pathophysiology

Acute myeloid leukemia (AML) is an aggressive hematological malignancy with a
S-year survival rate of around 30% (Sasaki et al., 2021). It is characterized by the rapid
clonal expansion of immature myeloid blast cells in the bone marrow and blood (Khwaja
etal.,2016). The accumulation of leukemic cells can have detrimental effects on the normal
functions of the hematopoietic system, which include the production of red blood cells,
platelets and various types of immune cells. This would result in cytopenia, which often
leads to clinical symptoms such as fatigue, uncontrolled bleeding, and frequent infections
(Ferrara & Schiffer, 2013).

AML cells possess distinct phenotypes that differentiate them from healthy blood
cells. During normal hematopoiesis, hematopoietic stem cells (HSCs) can undergo self-
renewal or differentiate into fully functional blood cells. This process is tightly regulated
by lineage-specific transcriptional factors, cytokines, growth factors and the bone marrow
microenvironment (Orkin & Zon, 2008). However, HSCs and/or hematopoietic progenitor
cells can acquire genetic mutations, chromosomal rearrangement and epigenetic changes
that ultimately lead to malignant transformation (Khwaja et al., 2016). An older
classification system, namely the French-American-British (FAB) system classifies AML
into 8 subtypes, from MO to M7, based on leukemia cell morphology (Schiffer & Stone,
2003). Current classification systems such as the International Consensus Classification of
Myeloid Neoplasms and Acute Leukemias consider the underlying genetic abnormalities,

1
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which can better facilitate the diagnosis, treatment and research of AML (Arber et al., 2022).
Among the recurrent genetic abnormalities, somatic mutations are identified in over 96%
of AML patients (Papaemmanuil et al., 2016), suggesting the critical roles of driver

mutations in the initiation and progression of the disease.
1.1.2 Recurrent mutations in AML

Based on their roles in leukemogenesis, recurrent genetic mutations can be
generally sorted into 3 main classes. Class I mutations include genes that participate in cell
signalling and kinase pathways and contribute to unrestricted cell proliferation and survival
(Di Nardo & Cortes, 2016). Fms-like tyrosine kinase 3 (FLT3) is a class III receptor
tyrosine kinase (RTK) that promotes the survival and proliferation of hematopoietic
progenitor cells (Stirewalt & Radich, 2003). FLT3 internal tandem duplication (FLT3-1TD)
is one of the most commonly found recurrent mutations, occurring in approximately 25%
of AML patients. FLT3-ITD causes constitutive activation of the receptor that leads to
ligand-independent proliferation of leukemic blasts (Gary Gilliland & Griffin, 2002). Class
II mutations involve genes responsible for the regulation of cell differentiation and self-
renewal. An example of this type of mutation would be Nucleophosmin (NPM 1) mutations,
which occur in about 30% of AML patients and are often found in conjunction with other
driver mutations like FLT3-ITD and DNA methyltransferase 3A (DNMT34) (Falini et al.,
2020). Mutant NPM1 has been shown to reinforce the blocked differentiation state of
leukemic cells through the overexpression of homeobox (HOX) genes (Brunetti et al.,
2018). A third class of mutations includes epigenetic regulators like DNMT3A4 and
isocitrate dehydrogenase (/DH). In addition to shaping the epigenetic profiles of AML,

these mutations also contribute to the immunogenicity of AML (Dufva et al., 2020).
2
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The genomic profiles of AML patients are associated with varied responses to
treatment and prognostic outcomes. Therefore, the European LeukemiaNet (ELN) AML
risk stratification system has classified these recurrent genetic mutations, along with other
cytogenetic abnormalities and clinical factors, into favourable, intermediate and adverse-
risk categories (Dohner et al., 2022). The system provides valuable information to help

clinicians determine treatment options and intensity and predict patient prognosis.
1.1.3 AML Treatment

The main clinical objects in the treatment of AML are inducing complete remission
and preventing relapse. AML treatment is usually carried out in 3 different phases:
induction and consolidation, after which a maintenance phase can follow. During the
induction phase, patients are given the “7+3” chemotherapy regimen, which consists of 7
days of continuous infusion of cytarabine (100-200 mg/m?) and 3 days of daunorubicin
(60 mg/m?). This is generally followed by higher doses of cytarabine (1000-1500 mg/m?)
for consolidation treatment (Ddhner et al., 2022). This therapeutic approach, developed in
1973, remains the standard of care for AML today (Short et al., 2018). It has a cure rate of
30 to 40% in patients under the age of 60. For older patients, however, the outcomes are
markedly inferior due to differences in disease biology and comorbidities leading to
reduced treatment intensity (Kantarjian et al., 2021). This highlights the urgent need for
novel and effective AML treatments that are less toxic particularly for older patients.

One recent advancement in AML treatment is the approval of FLT3 inhibitors as
both induction and maintenance therapies for patients with FLT3 mutations. The addition
of the FLT3 inhibitor midostaurin to the standard “7+3” regimen significantly improved

the 5-year overall survival (OS) from 43.1% to 50.8% in a global randomized phase III
3
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clinical trial (Stone et al., 2015). Currently, there are a number of FLT3 inhibitors either
approved for clinical use or undergoing clinical trials (C. C. Smith, 2019). The success of
FLT3 inhibitors encourages further development of targeted therapies for characterized
driver mutations in AML.

Once complete remission is achieved, maintenance therapies are administered to
prevent relapse and improve overall survival. Different therapeutic strategies have been
proposed and examined in the clinic with varying degrees of success. These therapies
include low-dose chemotherapy, targeted therapy, hypomethylating agents and
immunotherapy (Reville & Kadia, 2021).

Allogeneic hematopoietic stem cell transplantation (allo-HSCT), which is the
transplantation of HSCs from a healthy donor, represents another standard post-remission
therapy. Despite being a potentially curative treatment option, relapse after allo-HSCT is
of major concern and strategies to prevent post-transplant relapse are needed to further

improve patient outcomes.
1.2 Allogeneic stem cell transplantation
1.2.1 Clinical development of allo-HSCT

Pioneered by Dr. E. Donnall Thomas in 1957, early attempts at allo-HSCT were
met with significant clinical challenges, including graft rejections, post-transplant relapses
and the development of graft-versus-host disease (GVHD) (Granot & Storb, 2020). In the
1970s, laboratory studies and clinical observations led to a better understanding of the roles
of human leukocyte antigen (HLA) molecules in stem cell transplantation (Thomas et al.,

1975). HLAs are human designations of the major histocompatibility complex (MHC)
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molecules that present antigens to T cells to initiate diverse immune responses. As HLAs
are highly polymorphic proteins, they also help the immune system distinguish foreign
cells from self cells. A mismatch between the HLA types of the donor and the recipient can
trigger host immune responses against donor stem cells and cause graft rejection. It can
also prompt alloreactive donor-derived T cells to attack the otherwise healthy non-
hematopoietic tissues of the recipient, leading to the development of GVHD (Fiirst et al.,
2019). Advances in HLA-typing technology, in particular moving from serological typing
to molecular typing as well as typing additional loci, allowed for more precise matching of
HLA groups between the donor and the recipient. This led to the successful transplantation
of stem cells from unrelated donors, which have become the most common source of stem
cells nowadays (Granot & Storb, 2020). In addition, the development of better conditioning
regimens and immunosuppressants further improved transplant success and patient
outcomes (Granot & Storb, 2020). Today, allo-HSCT has become standard of care and a
cornerstone of AML treatment for many patients. A systematic review and meta-analysis
of 24 clinical trials showed that allo-HSCT significantly reduced patient mortality by 27%
and 17% in patients with adverse and intermediate risk profiles, respectively. For patients
with a favourable risk profile, however, allo-HSCT in first complete remission has no clear
clinical benefits (Koreth et al., 2009). Even in patients over the age of 60, allo-HSCT
provides better long-term survival benefits compared to chemotherapy consolidation
treatment alone, increasing the 5-year OS from 13.8% to 29%. Nevertheless, this is
accompanied by a significant increase in treatment-related mortality during the first 9
months after transplant (Ustun et al., 2019). Therefore, the benefits of allo-HSCT in older
patients are more nuanced and have to be determined on a case-by-case basis.

5
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1.2.2 The Graft-versus-leukemia effect

For younger patients with adverse and intermediate genetic risk profiles,
myeloablative conditioning is used to allow for more thorough eradication of leukemia
cells prior to allo-HSCT. In older patients and patients with other comorbidities, reduced-
intensity conditioning (RIC) regimens are preferred in order to lower toxicity and
complications (Luo et al., 2022). While the use of RIC has been shown to decrease
treatment-related mortalities, it has also been associated with a significantly higher risk of
relapse (Scott et al., 2021).

After myeloablative conditioning, patients are then engrafted with stem cells from
healthy donors to reconstitute the hematopoietic system. Allogeneic T cells transferred
along with the graft can eliminate residual malignant cells and produce the so-called graft-
versus-leukemia (GVL) effect (Sweeney & Vyas, 2019). Mechanistically, donor-derived T
cells primarily carry out their anti-leukemic effect in fully matched recipients by
recognizing minor histocompatibility antigens (MiHAs) presented in the context of
identical HLA molecules. MiHAs are self-derived polymorphic peptides that differ in
amino acid sequence between the donor and recipient. They help donor T cells recognize
non-self leukemia cells in the recipient and induce antigen-specific alloreactive immune
response. GVHD occurs when donor T cells recognize MiHAs presented by non-
hematopoietic tissues (Jenq & Van Den Brink, 2010). During haploidentical (half-matched)
allo-HSCT, donor-derived T cells can additionally recognize both self and non-self
peptides presented by non-self HLA molecules (Falkenburg & Jedema, 2017). While this
greatly expands the repertoire of alloreactive T cells capable of mediating the GVL effect,

it also significantly increases the risk of developing GVHD. Therefore, T cell depletion
6
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with post-transplant cyclophosphamide and immunosuppressants are required to allow for
haploidentical transplant (Luznik et al., 2008). Overall, the GVL effect represents a major
therapeutic benefit of allo-HSCT, particularly for patients receiving RIC regimens. To
prevent post-transplant relapse, maintenance therapies currently in development generally

aim to enhance the post-transplant GVL effect without exacerbating GVHD.

1.2.3 Patient outcomes after allo-HSCT

Over the past few decades, increased scientific knowledge and improved clinical
supportive care have led to better outcomes after allo-HSCT. The Center for International
Blood and Marrow Transplant Research (CIBMTR) collects and analyzes data from
transplant centres around the world to better inform and improve the outcomes of transplant
patients. Most recent CIBMTR data showed that the 3-year survival rate for AML patients
who have received allo-HSCT is around 50%, compared to 35% observed twenty years
ago. The outcomes are comparable in both pediatric and adult AML patients (D’Souza et
al., 2020). AML patients who have survived at least 2 years after the initial transplant are
expected to remain in remission for an extended period of time, with a 10-year survival
rate of 84% (Wingard et al., 2011). Therefore, the first 2 years after allo-HSCT are critical
in determining the long-term outcomes of transplant recipients. Interestingly, the 2-year
period correlates with the amount of time required for complete immune reconstitution in
transplant recipients. Following myeloablation-induced immunological injury, donor-
derived innate immune cells are expected to recover within the first 100 days. However,
the functional recovery of T cells and B cells may take up to 2 years (Figure 1) and this

recovery process has been directly linked to patient outcomes (Velardi et al., 2020).
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Therefore, promoting post-transplant immune reconstitution is another strategy to improve
the overall success of allo-HSCT.

The leading causes of death for allo-HSCT recipients can vary depending on the
stages after transplantation. Among the patients who succumbed within 100 days (early
stage), transplantation-related mortalities, including organ failure, infection and acute
GVHD collectively contribute to over 60% of patient deaths. For patients who passed away
after the 100-day mark (intermediate to late stage), recurrence of the primary disease
becomes the primary cause of death, accounting for over 50% of deaths alone (D’Souza et
al., 2020). To ensure the long-term effectiveness of allo-HSCT, preventing relapse is of

utmost priority and serves as the main objective for post-transplant maintenance therapies.

Myeloablative Post-transplant
conditioning immune recovery

Donor

T cells ¥

* Monocytes
* Neutrophils

*NK cells CD4* T cells

T T T
0 30 davs 100 davs 6 months — 2 vears

Figure 1. Timing of immune recovery after allo-HSCT. The reconstitution of immune
system by donor hematopoietic stem cells occurs in a stepwise manner with innate immune
cells being the first ones to recover. Donor-derived T cells initially transferred with the
graft are mainly responsible for mediating alloreactive anti-leukemic response. Adapted

from Velardi et al. (2020).
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1.3 Immunological considerations for post-transplant maintenance
1.3.1 Post-transplant immune evasion mechanisms

Despite the powerful GVL effect provided by donor T cells, residual leukemia cells
can still evade allogeneic immune surveillance and contribute to AML relapse. Recent
studies have analyzed clinical samples from relapsed patients and several post-transplant
immune evasion mechanisms have been proposed. The most prevalent phenotype involves
a significant downregulation of HLA-II molecules, which occurs in about 50% of relapsed
AML patients receiving HLA-matched allo-HSCT (Figure 2). This is accompanied by a
decreased expression of class Il transactivator (CIITA), a master regulator of HLA-II
expression. There were no significant changes in HLA-I expression after relapse
(Christopher et al., 2018; Toffalori et al., 2019). In patients with haploidentical allo-HSCT,
the irreversible genomic loss of HLA alleles is a frequent occurrence observed in 20% to
50% of cases (Wu et al., 2022).

The downregulation of HLA-II in relapsed AML cells indicates the presence of
immune selection pressure that leads to the emergence of a leukemia cell population more
resistant to the GVL effect. More specifically, it may impair T cell recognition of leukemia
cells by alloreactive CD4" T cells and thus leads to immune evasion. CD4" T cells are
known to promote anti-tumor response by activating and sustaining CD8" cytotoxic T cell
response. Polarized CD4" type 1 T helper (Th1) cells can also directly mediate anti-tumor
immunity by secreting effector cytokines like interferon-y (IFN-y) and tumor necrosis
factor-a. (TNF-a) (Tay et al., 2020). Therefore, evading from CD4" T cells through the
downregulation of HLA-II may compromise the GVL effect and contribute to post-

transplant relapse.
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On the other hand, CD8" T cells isolated from relapsed patients showed significant
exhaustion phenotypes. This is characterized by an increased expression of inhibitory
immune checkpoint receptors including programmed death-1 (PD-1), T cell
immunoreceptor with Ig and ITIM domains (TIGIT) and T cell immunoglobulin domain
and mucin domain 3 (TIM-3) (Hutten et al., 2018). In particular, PD-1" TIM-3" T cells
isolated from relapsed transplant recipients showed functional impairment demonstrated
by a reduced expression of effector cytokines including interleukin-2 (IL-2), IFN-a and
TNF-a. They are found to be strongly associated with post-transplant relapse (Kong et al.,
2015). PD-1"TIM-3" T cells have been characterized as terminally exhausted T cells. They
represent a distinct T cell population that cannot be reinvigorated by existing immune
checkpoint blockade therapies (Zhang et al., 2014). The presence of terminally exhausted
alloreactive T cells may therefore limit the efficacy of using immune checkpoint inhibitors
as post-transplant maintenance therapy (Kohler et al., 2021).

In conclusion, HLA-II downregulation and T cell exhaustion are two major
contributors to post-transplant relapse. Maintenance therapies in development should seek

to target these mechanisms to enhance and prolong the GVL effect.
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Figure 2. Post-transplant AML immune evasion mechanisms. The downregulation of
HLA-II molecules represents a distinct mechanism by which leukemia cells can evade
alloreactive CD4" T cells immune surveillance and potentially contribute to AML relapse.
AML cells may also upregulate inhibitory programmed death-ligand 1 (PD-L1) and anti-
inflammatory cytokines like IL-4 and IL-10 to further suppress T cell activity (Norde et al.,
2011; Park et al., 2006). The exhaustion of donor-derived T cells can also impair the post-
transplant GVL effect. Both HLA-II downregulation and T cell exhaustion can be
influenced by epigenetic reprogramming (Yan et al., 2022). Imagine created from

BioRender.com

1.3.2 Epigenetic regulation of immune evasion

Epigenetics is the study of gene expression changes caused by structural alterations
in chromatin. Common epigenetic modifications include DNA methylation, histone
methylation and acetylation (Bird, 2007). Recent studies suggest that the aforementioned

immune evasion mechanisms could be driven by epigenetic changes.
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Comprehensive immunogenomic analysis showed that the hypermethylation of
CIITA at its promotor region strongly associates with low HLA-II expression (Figure 2). It
was further revealed that DNA methylation levels are highest in AML cells harboring
NPM1I, IDHI/2 and tet methylcytosine dioxygenase 2 (TET2) mutations (Dufva et al.,
2020). IDH1/2 and TET2 mutations are mutually exclusive in AML and can lead to similar
global DNA hypermethylation events (Figueroa et al., 2010). Treatment with a
hypomethylating agent decitabine can reverse the epigenetic silencing of CIIT4 and re-
upregulate HLA-II in AML cell line MOLM-13 (Dufva et al., 2020). Histone deacetylation
is also involved in the epigenetic silencing of CIITA and often directly correlates with DNA
hypermethylation (Morimoto et al., 2004). Treatment by the histone deacetylase (HDAC)
inhibitor sodium butyrate moderately enhanced the expression of HLA-II in KG-1 AML
cells (Santana Carrero et al., 2019).

At the same time, epigenetic reprogramming can drive and reinforce T cell
exhaustion (Figure 2). In terminally exhausted murine T cells, de novo DNA methylation
was shown to suppress the expression of genes responsible for T cell effector functions,
including Ifng, Thx21 (encodes for T-box transcription factor; T-bet), and 7cf7 (encodes for
T cell factor 1; TCF1). This subsequently prevented reinvigoration by immune checkpoint
inhibitors (Ghoneim et al., 2017). Reduced histone acetylation levels at the Ifng and 1/2
loci were also associated with diminished effector function in exhausted T cells (Zhang et
al., 2014). Treatment with hypomethylation agents and HDAC inhibitors can reverse the
silencing of effector genes and restore T cell effector functions (Ghoneim et al., 2017;
Zhang et al., 2014). Therefore, targeting T cell exhaustion through epigenetic mechanisms
represents a promising strategy to rescue the GVL effect.
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1.3.3 Current post-transplant maintenance therapies

Given the important roles of epigenetic regulators in post-transplant relapse, there
has been growing interest in using epigenetic inhibitors as post-transplant maintenance
therapy.

Hypomethylating agents (HMAs) like azacitidine and decitabine produce active
metabolites that can work to reduce DNA methylation by acting as cytosine analogues
during DNA replication. Incorporated azanucleotides can covalently bind DNMT1 and
reduce DNA methylation (Stomper et al., 2021). Despite their ability to enhance HLA-II
expression and reinvigorate exhausted T cells, a phase III randomized clinical trial with
azacitidine as maintenance therapy did not improve relapse-free survival (RFS) or overall
survival (OS) in high-risk AML patients (Oran et al., 2020). Nevertheless, the design of
this clinical trial exhibited multiple limitations and further investigation to determine the
true therapeutic benefits of HMAs maintenance is ongoing.

HDAC inhibitors are another class of epigenetic therapy currently being explored
as maintenance strategies. In addition to enhancing T cell effector functions, HDAC
inhibitors were shown to upregulate the co-stimulatory molecule CD86 and the
intercellular adhesion molecule-1 (ICAM-1) in AML cells. Both molecules are essential
for the activation and recruitment of T cell response (Maeda et al., 2000). A completed
phase I/II clinical trial with the HDAC inhibitor panobinostat demonstrated favourable
outcomes in allo-HSCT recipients (2-year RFS = 75%; 2-year OS = 81%). A randomized
phase III clinical trial is underway (Bug et al., 2017).

Given the heterogeneous nature of AML, additional epigenetic targets are desired

to increase the number of available treatment options. Meanwhile, it is equally important
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to characterize the differential responses of AML subtypes to various therapeutic
candidates during preclinical studies. This can aid in designing targeted clinical trials to

develop personalized maintenance approaches.
1.4 Lysine-specific demethylase 1 (LSD1)
1.4.1 Biochemical basis of LSD1

Originally identified in 2004 as an essential regulator for histone methylation (Shi
et al., 2004), LSD1 has emerged as a promising therapeutic target in AML. As a
transcriptional repressor, LSD1 catalyzes the demethylation of mono and di-methylated
histone 3 lysine residue 4 (H3K4mel/2) to decrease chromatin accessibility and thereby
suppress gene expression. This process is carried out through its association with the
repressive CoREST or the nucleosome remodelling and deacetylase (NuRD) complex. On
the other hand, LSD1 can also activate gene transcription by associating with androgen
receptor or estrogen receptor to demethylate H3K9mel/2 residues (Fang et al., 2019).
Structurally, LSD1 consists of 3 major domains: the SWIRM domain, the Tower domain
and the amine oxidase-like (AOL) domain (Figure 3A). The long, protruding Tower
domain is indispensable for the interaction between LSD1 and the CoOREST complex. The
AOL domain contains a deep catalytic centre that confers spatial specificity for the
insertion of mono and di-methylated H3K4 residues (Figure 3B). The demethylation
activity of LSD1 is dependent on its co-factor flavin adenine dinucleotide (FAD), which is

a strong oxidizing agent situated inside the catalytic centre. K661 residue is necessary for
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the binding of FAD, with which it forms hydrogen bonds via a conserved water molecule

(Figure 3C) (Chen et al., 2006).
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The three major domains of LSD1 are shown in different colours: the SWIRM domain

Figure 3. Crystal structure of lysine-specific

(yellow), the AOL domain (green) and the Tower domain (purple). (B) The catalytic centre
(highlighted in red) is a deep and narrow pocket that can provide specificity for mono or
di-methylated lysine residues. (C) K661 is hydrogen-bonded to a water molecule (red),
which is hydrogen-bonded to the N5 atom of the FAD molecule. Imagines created with
PyMol.

15



M.Sc. Thesis — Y. Yan; McMaster University — Medical Sciences

1.4.2 Roles of LSD1 inhibition in AML pathogenesis

Although not a common driver mutation itself, LSD1 is highly expressed in the
majority of AML cases (Niebel et al., 2014). It was first identified as a targetable epigenetic
regulator in AML due to its role in inhibiting myeloid differentiation and maintaining the
clonogenic potential of leukemia stem cells (Harris et al., 2012). LSD1 inhibition increased
H3K4me?2 levels and selectively enhanced the expression of genes involved in myeloid
differentiation. Subsequently, pharmacological inhibition of LSD1 by tranylcypromine
(TCP) synergized with all-trans retinoic acid (ATRA) to induce the differentiation of both
murine and human AML cells (Schenk et al., 2012). It was further demonstrated in murine
AML models that LSDI1 is recruited by the transcriptional repressor growth factor
independence 1 (GFI1) to suppress the expression of genes regulated by PU.1, an essential
transcriptional factor in myeloid differentiation. LSDI1 inhibition led to significant
upregulation of PU.1 target genes, including Gfi/b and interferon regulatory factor 8 (/rf5)
(Barth et al., 2019).

The LSD1 inhibitor TCP is a monoamine oxidase inhibitor initially approved for
treating mood disorders. It was later discovered to irreversibly inhibit LSD1 activity by
forming a covalent bond with its co-factor FAD (Yang et al., 2007). Currently, a number of
TCP-based LSDI inhibitors are undergoing clinical trials for treating AML, often in
combination with other therapeutic agents. Most of these inhibitors demonstrated good
safety profiles and modest response rates during phase I studies, providing support for

further clinical investigation (Fang et al., 2019).
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1.4.3 Immunomodulatory effects of LSD1 inhibition

More recentlyy, LSD1 inhibition has been found to exhibit diverse
immunomodulatory properties that could be exploited to enhance the GVL effect. In studies
conducted on both murine and primary human AML cells, treatment by LSD1 inhibitors
led to a marked upregulation of the co-stimulatory molecule CD86 (Barth et al., 2019). In
the context of solid tumors, LSDI1 inhibition was shown to increase the expression of
endogenous retroviruses (ERVs), which are non-infectious retroviral gene fragments
making up around 8% of the human genome (Johnson, 2019). The upregulation of ERVs
activated intracellular toll-like receptor 3 (TLR3) signalling and induced a type 1 interferon
response in melanoma cells. As a result, treatment with LSD1 inhibitors enhanced the
immunogenicity of tumor cells and sensitized them to T cell-mediated anti-tumor activity
when combined with immune checkpoint inhibitors (Sheng et al., 2018). Similarly, in
breast and small cell lung cancers, LSD1 inhibition enhanced tumor immunogenicity by
increasing the production of T cell-attracting (CXCL-9/10), which subsequently promoted
T cell infiltration into the tumor microenvironment (Hiatt et al., 2022; Qin et al., 2019). It
was further demonstrated that LSDI inhibition can reprogram tumor-associated
macrophages to exhibit pro-inflammatory M1 phenotypes (Tan et al., 2019). Altogether,
the combination of LSDI inhibitors and immune checkpoint inhibitors significantly
reduced tumor growth by stimulating anti-tumor T cell immunity. Given the high efficacy
demonstrated in preclinical studies, the combination therapy has received tremendous
translational interest and is undergoing clinical trials for treating numerous types of cancers

(Noce et al., 2023).
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In addition, LSD1 may directly influence T cell activity. In CD4" T cells, LSD1
was shown to be involved in GFI1-mediated suppression of Thl cell programming. LSD1
inhibition directly drove Th1 polarization, which was demonstrated by the upregulation of
Thl-associated transcriptional factors and the increased production of type 1 cytokines
IFN-y, TNF-a and IL-2 (Suzuki et al., 2016). Independent of its role in epigenetic
regulation, LSD1 was also found to directly interact with and antagonize TCF1, which is
essential for the persistence of T cell effector functions. LSD1 inhibition was able to
promote and sustain the cytotoxic activity of tumor-infiltrating CD8" T cells and thereby
enhancing anti-tumor immunity (Liu et al., 2021). TCF1 expression is responsible for
maintaining a population of stem-like progenitor exhausted CD8" T cells more responsive
to immune checkpoint blockade (Escobar et al., 2020). Therefore, LSD1 inhibition could
be a promising approach to prevent T cell exhaustion, which may be relevant in post-

transplant maintenance.
1.5 Project rationale

Relapse of the primary disease remains the leading cause of mortality after allo-
HSCT, indicating the urgent need for safer and more effective post-transplant maintenance
therapies. HLA-II downregulation and T cell exhaustion are two major mechanisms by
which residual leukemia cells can evade immune surveillance from alloreactive donor-
derived T cells and lead to AML relapse. As both immune evasion mechanisms are
influenced by epigenetic modifications, pharmacological inhibitors targeting epigenetic
regulators may serve as ideal candidates for post-transplant maintenance. More specifically,
the expression of HLA-II is generally restricted to professional antigen-presenting cells

(APCs) of myeloid lineages under non-inflammatory conditions (Roche & Furuta, 2015).
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Therefore, restoring HLA-II expression in AML may be a promising strategy to selectively

enhance the GVL effect.

LSD1 is a promising therapeutic target in AML due to its role in regulating myeloid
differentiation. In murine AML cells, LSDI1 is involved in GFI1-mediated repression of
PU.1-target genes, which include /rf8 (Barth et al., 2019). Together, PU.1 and IRFS8
positively regulate CIITA expression to promote dendritic cell maturation, suggesting that
LSD1 inhibition may enhance HLA-II expression in AML cells and restore their antigen-
presenting capability (M. A. Smith et al., 2011). In addition, LSD1 inhibition may have a
role in reinvigorating terminally exhausted T cells. Emerging evidence shows that the T
cells dysfunctions are reinforced by epigenetic remodelling. Decreased chromatic
accessibility at T cell effector function genes, including 7bx21, Ifng, Tcf7, strongly
associates with terminal exhaustion phenotypes and prevents reinvigoration by immune
checkpoint blockade (Franco et al., 2020). In particular, 7bx21 has been established as a
master regulator of T cell effector function (Intlekofer et al., 2005). LSD1 is recruited by
GFI1 to decrease H3K4 methylation levels at 7hx21 loci, potentially contributing to the
transcriptional silencing of T-bet (Suzuki et al., 2016). Therefore, LSD1 inhibition may
unleash the epigenetic block on terminally exhausted T cells to rescue their effector

functions.

In conclusion, because of its effects in immune activation, LSD1 inhibition may
represent an interesting strategy in post-transplant maintenance. With a number of LSD1
inhibitors currently undergoing clinical trials for AML treatment and demonstrating
favourable safety profiles in phase I studies, exploration of their immunomodulatory

effects may provide additional therapeutic benefits for allo-HSCT recipients. The
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availability of clinical-stage LSD1 inhibitors would also provide opportunities for speedy
clinical translation to meet the urgent need for effective post-transplant maintenance
therapies. The current project has specifically investigated the ability of LSD1 inhibitors
to enhance antigen presentation in AML cells and augment T cell-mediated anti-tumor

immunity.
1.6 Hypothesis and specific aims

The hypothesis underlying the project is that LSD1 inhibition may enhance T cell-
mediated anti-leukemia immunity after allo-HSCT. More specifically, it is hypothesized
that LSD1 inhibition can enhance class II antigen presentation and co-stimulation in AML
cells, which would in turn promote antigen-specific CD4" T cell activation and immune

killing. To investigate these hypotheses, the present project has studied the following aims:

1. Characterize the effects of LSD1 inhibition on relevant immunological factors

in human and murine AML cells in vitro (Figure 4).
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Figure 4. Assessing the effects of bomedemstat on relevant immunological factors in
vitro. The immunomodulatory effects of a clinical-stage LSD1 inhibitor bomedemstat on
both human and murine AML cells were assessed using quantitative polymerase chain

reaction (QPCR), flow cytometry and multiplex cytokines assays.

2. Conduct in vitro functional assays with murine AML and T cells to examine
the effects of LSD1 inhibition on T cell-mediated anti-leukemia immune

response (Figure 5).
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Figure 5. In vitro AML and T cell co-culture assays for functional assessment. Murine
AML cells were pre-treated with bomedemstat and co-cultured with antigen-specific T
cells. Flow cytometry were used to assess T cell killing, activation and proliferative

capability.
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Chapter 2. Methods and Materials

2.1 AML cell culture
2.1.1 Human AML cell lines

Three human AML cell lines representing various molecular subtypes of AML were
used to assess the effects of LSD1 inhibition on HLA-II and CD86 expression. MOLM-13
cells (FAB M5a) harbor an FLT3-ITD mutation in addition to a KMT2A-MLLT3 fusion
gene. HL-60 cells (FAB M2) carry the c-myc oncogene. OCI-AML3 (FAB M4) cells carry
NPM1 and DNMT3A mutations. All three cell lines are HLA-DR negative at baseline. An
additional AML cell line THP-1 carrying the KMT2A4-MLLT3 fusion gene was assessed for

cytokine production upon LSDI1 inhibition.

All human AML cell lines were cultured in Roswell Park Memorial Institute (RPMI)
1640 media +10% fetal bovine serum (FBS) + 1% penicillin/streptomycin (P/S) + 1% L-
glutamine (L-glut). This media recipe is hereinafter referred to as the human AML media.
The human cell AML lines were cryopreserved in 90% FBS + 10% dimethyl sulfoxide
(DMSO) and stored at -150 °C. Prior to experiments, the frozen cells were thawed and
washed with cRPMI media. They were then seeded in T-75 non-adherent flasks at a density
0f 0.5-1x10° cells/mL. Cells were incubated at 37 °C with 5% CO» and were passaged every

2-3 days once the density reached 2-3x10° cells/mL.
2.1.2 Generation of murine AML cell lines

Two murine AML cell lines were generated by overexpressing oncogenes
Meningioma-1 (MN1) or Hoxa9 and Meis] (HO9M) in lineage-depleted murine bone

marrow cells through retroviral transduction. More specifically, bone marrow cells were
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first harvested from C57BL/6J mice (Jackson Laboratory). They were lineage-depleted via
magnetic-activated cell sorting (MACS) using the mouse Lineage Cell Depletion Kit
(Miltenyi Biotec) according to the manufacturer’s protocol. The lineage-depleted bone
marrow cells were co-cultured with GP+E86 viral packaging cells transduced with pSF91-
MNI-IRES-eGFP (for MNI1 cells), or MSCV-Hoxa9-PGK-neo and MSCV-Meis-IRES-
YFP (for HOM cells). Transformed MNI1 and H9M cells were selected through
fluorescence-activated cell sorting (FACS) based on enhanced green fluorescent protein
(eGFP) and yellow fluorescent protein (YFP) expression, respectively. As the Hoxa9
plasmid contains a geneticin-resistant gene, the HOM cells were further selected with 600
pg/mL of geneticin for a week. Selected MN1 and HOM cells were cultured in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 15% FBS, 1% P/S and 1% L-glut.
As the murine AML cells are cytokine-dependent, the media was additionally
supplemented with 6 ng/mL murine IL-3, 10 ng/mL human IL-6, and 100 ng/mL murine
stem cell factor (SCF) (Peprotech). The cytokine composition is together referred to as
murine AML cytokines and the media is referred to as the BM-AML media. To study the
impact of IRF8 depletion, another HOM cell line were generated from Irf8-knockout (1rf8-
KO) mice (B6(Cg)-1rf8t™-2"m/3 Jackson Laboratory). This cell line is termed the HOM-
Irf8-KO cells. The generation of stable HOM-1rf8-KO cells required a slight modification
to previous protocols. Lineage-depleted bone marrow cells were first transduced with
Hoxa9 and were selected with 600 pug/mL of geneticin for a week until their viability
recovered. They were then transduced with Meisl and were FACS-sorted based on YFP
expression. To study T cell-mediated anti-leukemia immunity in an antigen-specific
context, additional MN1 and H9M cell lines were generated from mice transgenic for
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ovalbumin (OVA)(C57BL/6-Tg(CAG-OVAL)916Jen/J, Jackson Laboratory). The two
cell lines are termed MN1-OVA and HOM-OVA cells to indicate the transgenes they carry.
HI9M-OVA cells were generated following the same protocol as HOM-Irf8-KO cells as
attempts to deliver both oncogenes at the same time failed to give rise to stable OVA-
expressing HOM murine AML cells. All animal experiments were approved by the Animal

Research Ethics Board under the Animal Utilization Protocol 20-10-35.
2.2 Pharmacological inhibition of LSD1

The effects of LSD1 inhibition were assessed using the clinical-stage, irreversible
small molecule inhibitor bomedemstat (also referred to as IMG-7289 or simply IMQG)
provided by the industry collaborator Imago Biosciences. Bomedemstat was dissolved in
DMSO at a stock concentration of 20 mM and stored at -30 °C. For the treatment of human
and murine AML cells, the stock solutions were diluted with their corresponding media
and thoroughly mixed with the cell culture. Concentrations of bomedemstat used in this
project included 1 nM, 10 nM, 100 nM and 1 pM. The maximum clinically relevant

concentration of bomedemstat was previously determined by Imago Biosciences.
2.3 Quantitative PCR (qPCR)
2.3.1 RNA extraction and complementary DNA (¢cDNA) synthesis

qPCR was used to determine the effects of bomedemstat treatment on the
expression of various markers in human AML cell lines. The cell lines were seeded at a
density of 2.5x10° cells/mL in 4mL cRPMI media and treated with 1 nM, 10 nM, 100 nM,
and 1 pM of bomedemstat or vehicle (DMSO) for 48 hours. Cell cultures were collected

and centrifuged at 250 relative centrifugal force (rcf) for 5 minutes and washed with 4mL
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phosphate-buffered saline (PBS). The cell pellets can be stored at -80 °C prior to any
experimental analysis. Total RNA was extracted from the cell pellets using the RNeasy
Plus Mini Kit (Qiagen) according to the manufacturer’s protocol. Briefly, the cell pellets
were lysed and homogenized with the Buffer RLT Plus containing f-mercaptoethanol. The
cell lysates were transferred to the genomic DNA (gDNA) Eliminator spin column and
centrifuged for 30 seconds at 8,000 rcf. 1 volume of 70% ethanol was added to each tube
containing the flow-through. The samples were transferred to RNeasy spin column and
washed with Buffer RW1, followed by Buffer RPE. The flow-through was discarded after
each wash. Finally, RNA was eluted from the spin column with 30 pL of nuclease-free
water (NFW). The concentrations and purities of the RNA samples were determined using
the NanoDrop™ One Microvolume UV-Vis Spectrophotometer (ThermoFisher Scientific).
The RNA samples can be stored at -80 °C until further analysis. To synthesize cDNA, 500
ng of RNA from each sample was reverse-transcribed into cDNA using the SuperScript™
VILO™ cDNA Synthesis Kit (ThermoFisher Scientific). More specifically, 2 uL of 10X
SuperScript III Enzyme Blend and 4 pL of 5X VILO Master Mix solution were added to
500 ng of RNA. Each sample was topped up with NFW for a total reaction volume of 20
pL. Negative controls include samples without the addition of reverse transcriptase. Then,
the samples were amplified with the Mastercycler nexus PCR Thermal Cycler (Eppendorf)
using the following program: 25 °C for 10 mins, 42 °C for 60 mins, and 85 °C for 5 minutes.

The cDNA sample can be stored at -30 °C.
2.3.2 qPCR

The expression of genes of interest was measured using the pre-designed

TagMan™ Real-Time PCR Assays (ThermoFisher Scientific). The following markers were
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studied in this project: CIITA (Assay ID: Hs00172106 ml), CXCLI0 (Assay ID:
Hs00171042 m1l), [ILI2B (Assay ID: Hs01011518 ml). A4BLI (Assay ID:
Hs01104728 ml) was used as the housekeeping gene for normalization. The reaction mix
contains 5 pul of 2X TagMan™ Fast Advanced Master Mix, 4 uL of NFW and 1 pL of
cDNA from each sample, for a total volume of 10 puL. Negative controls include samples
without reverse transcriptase or template ¢cDNA. Real-time PCR amplification was
performed using the QuantStudio™ 5 Real-Time PCR System (ThermoFisher Scientific).
The following program was used: 20 seconds of holding at 95 °C for polymerase activation,
followed by 15 seconds at 95 °C for denaturation and 60 seconds at 60 °C for
annealing/extension, for a total of 40 cycles. Data were analyzed using the comparative Ct
(ddCt) method (Livak & Schmittgen, 2001). Briefly, the relative expression levels of the
target genes were first normalized to the internal housekeeping control ABLI. The resulting
dCt values were compared to the DMSO control group and gene expression level changes

were expressed as log2 fold change relative to the control group.
2.4 Flow cytometry

To prepare for flow cytometric analysis, the cell cultures were collected and washed
with staining buffer which contains PBS, 10% FBS and 1 nM EDTA (PEF). For staining
with fluorescent conjugated antibodies, cells were resuspended in 200 pL of PEF. The

following antibodies were used in the present study:

Table 1. List of antibodies utilized in this study.

Target Fluorophore Clone Dilution | Source
Human Pacific Blue Immu-357 1:40 Beckman
HLA-DR Coulter
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Human PerCP-eFluor 710 IT2.2 1:200 ThermoFisher
CD86 Scientific
Mouse AF700 M5/114.15.2 1:200 BioLegend
MHC-II

I-A/I-E

Mouse BV421 GL1 1:200 BD

CD86 Biosciences
Mouse APC 17A2 1:200 BioLegend
CD3

Mouse PE 3C7 1:200 BioLegend
CD25

Mouse PE-cy7 H1.2F3 1:200 BioLegend
CD69

Mouse BV421 1D4B 1:100 BioLegend
CD107a

Mouse PE-cy7 145-2C11 1:200 BioLegend
CD3

To assess the effects of bomedemstat treatment on the surface expression of HLA-
DR and CD86, Human AML cell lines were seeded at a density of 2.5x10° cells/mL in 4
mL cRPMI media and treated with 100 nM and 1 puM of bomedemstat or vehicle (DMSO)
for 48 hours. The cell cultures were equally divided and 10 ng/mL of human IFN-y
(Peprotech) was added to 2 mL of cell culture for 24 hours. Murine AML cells were seeded
at a density of 1.25x10° cells/mL in 4 mL cDMEM media. They were treated with 100 nM
and 1 uM of bomedemstat or vehicle (DMSO) for 48 hours. For compensation analysis,
single-stained controls were set up using the UltraComp eBeads™ Compensation Beads
(ThermoFisher Scientific). After staining with fluorescent conjugated antibodies, the

samples were incubated in the dark for 30 minutes at room temperature. The cells were
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then washed and resuspended in 200 pL of PEF. Dead cells were excluded using 7-
aminoactinomycin D (7AAD; BD Biosciences). Flow cytometry was performed using a
CytoFLEX LX Flow Cytometer (Beckman Coulter) and the data were analyzed using

FlowJo software (version 10; Tree Star).
2.5 Multiplex cytokines analysis

The effects of bomedemstat-treatment on human AML cytokine production were
measured using the Human Cytokine 71-Plex Discovery Assay (Eve Technologies).
Human AML cell lines were seeded at a density of 2.5x10° cells/mL in 4mL cRPMI media
and treated with 100 nM bomedemstat or vehicle (DMSO) for 48 hours. 1 mL of cell culture
was taken from each condition and centrifuged at 3,000 rcf at 4 °C for 5 minutes. 500 pL
of supernatant were taken from each sample and centrifuged again with the same
parameters. Finally, 200 pL of supernatant were taken from the middle of the sample tube

and stored at -80 °C before being shipped to the company.
2.6 T cell isolation

To isolate T cells for functional analysis, spleens from OT-II transgenic mice
(B6.Cg-Tg(TcraTcrb)425Chn/J, Jackson Laboratory) were harvested and transferred to a
50 mL conical tube containing 10 mL of cold T cell media. The recipe for the T cell media
is as follows: 500 mL RPMI + 50 mL FBS + 5 mL HEPES + 5 mL L-glut + 5 mL non-
essential amino acids + 5 mL sodium pyruvate + 1 mL P/S. The complete T cell media is
further supplemented with 5 ng/mL human IL-2 (hIL-2), 5 ng/ml human IL-7 (hIL-7), and
50 uM 2-mercaptoethanol before being used for experiments. The splenocytes were

isolated by smashing the prepared spleen with a sterile plunger of a 3 mL syringe in a 70
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pum cell strainer placed on top of a 50 mL conical tube. The strainer was flushed with 10
mL cold PBS and the conical tube was centrifuged at 400 rcf for 10 minutes. After
discarding the supernatant, the cell pellet was resuspended in 3 mL sterile ACK lysis buffer
for red blood cell lysis. The ACK buffer contains 0.15 M NH4CI, 10 mM KHCOzand 0.1
mM EDTA. The cell suspension was incubated for 5 minutes at room temperature and 10
mL cold PBS were added to stop the lysis. After centrifuging at 400 rcf for 5 minutes, the
supernatant was removed and the cell pellet was resuspended in 20 — 30 mL of cold PBS
to determine the total cell number. Pan T cells or CD4" T cells were purified via MACS
using the mouse Pan T Cell Selection Kit or the CD4* T Cell Selection Kit (Miltenyi
Biotec) respectively according to the manufacturer’s protocols. The purified T cells were
cryopreserved using the same protocol or cultured in complete T cell media until further

analysis.

2.7 T cell activation assays

HI9M-OVA and MN1-OVA cells were pre-treated with 1 uM of bomedemstat for
48 hours. The cells were resuspended in complete T cell media supplemented with 25%
murine AML cytokines at a density of 1x10° cells/mL. CD4* OT-II cells were resuspended
in complete T cell media at densities of 1x10° cells/mL. Murine AML cells and T cells
were co-cultured at 1:1 E:T ratio in 200 pL final volume for 72 hours. The co-cultures were
then washed with PBS and stained with anti-CD3 (APC), CD25 (PE), CD69 (PE-cy7) and
CD107a (BV421) antibodies. Single-stained controls were set up using the UltraComp
eBeads™ Compensation Beads (ThermoFisher Scientific). The samples were incubated in
the dark for 30 minutes at room temperature. The cells were then washed and resuspended

in 200 pL of PEF. Dead cells were excluded using 7AAD (BD Biosciences). Flow
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cytometry was performed using a CytoFLEX LX Flow Cytometer (Beckman Coulter) and

data were analyzed using FlowJo software (version 10; Tree Star).
2.8 T cell proliferation assay

MN1 and HO9M AML cells were pre-treated with 1 uM of bomedemstat for 48
hours. Around 2 million cells were pelleted and resuspended in 2 mL pre-warmed PBS.
They were pulsed with 1pg/mL of OV Asz3-339 peptides for 50 minutes and washed twice
with PBS. Then, the cells were resuspended in complete T cell media supplemented with
25% murine AML cytokines at a density of 1x10° cells/mL. Naive CD4* OT-11 T cells
were resuspended in 1 mL PBS at a density of 1x10° cells/mL. 1 pL of CellTrace™ stock
solution was added to the cell suspension. The cells were incubated for 20 minutes at 37°C
in the dark. 5 mL of pre-warmed T cell media were added to the staining solution and
incubated for 5 minutes. The fluorescent-stained T cells were pelleted and resuspended in
complete T cell media at a density of 1x10° cells/mL. Murine AML cells and naive T cells
were co-culture at 1:1 E:T ratio in 200 pL final volume for 96 hours. The co-cultures were
then washed with PEF and stained with anti-CD3 (PE-cy7) antibody. Single-stained
controls were set up using the UltraComp eBeads™ Compensation Beads (ThermoFisher
Scientific). The samples were incubated in the dark for 30 minutes at room temperature.
The cells were then washed and resuspended in 200 puL of PEF. Dead cells were excluded
using SYTOX™ Red Dead Cell Stain (ThermoFisher). Flow cytometry was performed
using a CytoFLEX LX Flow Cytometer (Beckman Coulter) and data were analyzed using

FlowJo software (version 9.7.6; Tree Star).
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2.9 Invitro T cell killing assay

HI9M-OVA and MN1-OVA cells were pre-treated with 1 uM of bomedemstat
for 48 hours. For antigen-pulsing, MN1 and HOM AML cells were pre-treated with 1
MM of bomedemstat for 48 hours. Around 2 million cells were pelleted and resuspended
in 2 mL pre-warmed PBS. They were pulsed with 1ug/mL of OV As23.330 peptides for 50
minutes and washed twice with PBS. Then, the cells were resuspended in T cell media
supplemented with 50% murine AML cytokines at a density of 1x10° cells/mL. Naive
OT-I1 T cells were resuspended in complete T cell media at densities of 2x10° cells/mL,
1x108 cells/mL, 0.5x10° cells/mL and 0.2x10° cells/mL. Finally, 100 pL of AML cell
culture were combined with 100 puL of T cell culture, giving effector-to-target (E:T)
ratios of 2:1, 1:1, 1:2 and 1:5. Controls for normalization included treated and non-
treated murine AML cells in 200 uL mono-culture. Each condition was conducted in
duplicate. The cells were cultured for 24 hours and then transferred to 5 mL round
bottom tubes. 5 pL of 7AAD (BD Biosciences) and 40 uL of CountBright™ Absolute
Counting Beads (ThermoFisher Scientific) were added to each tube. Flow cytometry was
performed using a CytoFLEX LX Flow Cytometer (Beckman Coulter) where 2,500 bead
events were collected. Data were analyzed using FlowJo software (version 10; Tree Star)
The absolute numbers of 7AAD- and GFP+/YFP+ positive leukemia cells were
determined using the cell-to-bead ratios. The percentages of killing were calculated as

follows:

Absolute# of AML cells in co_culture
Absolute#t of AML cells in monoculture

%Killing = (1 ) x 100%
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2.10 Statistical analysis

Statistical significance was determined using GraphPad Prism software (v. 9.5.1).
Differences were considered statistically significant if the p values were equal or smaller
than 0.05. Where applicable, Student’s t-test was used to compare the means between two
groups. One-way analysis of variance (ANOVA) was used to compare the means between

three or more groups while adjusting for multiple comparisons using Dunnett’s method.
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Chapter 3. Results

3.1 Bomedemstat treatment enhances CIITA4 expression in human AML cell lines.

Class II transactivator (CIITA) is a master regulator of HLA class II expression
which is downregulated in relapsed allo-HSCT recipients (Christopher et al., 2018). CIITA
expression levels strongly associate with HLA-II expression. Epigenetic silencing of CIITA
through DNA methylation has been shown to inhibit HLA-II expression in some AML cells
(Dufva et al., 2020). In this project, it is hypothesized that LSD1 may impact CIITA
epigenetically by reducing the expression of IRF8, which has previously been found to be
regulated by LSD1 inhibition (Barth et al., 2019). Therefore, HLA-DR negative human
AML cell lines were treated with the clinical-stage LSD1 inhibitor bomedemstat for 48
hours and the expression changes of CI/IT4 were assessed through qPCR. Across all three
human AML cell lines tested, bomedemstat treatment significantly upregulated CIITA
expression in a dose-dependent manner. In HL-60 and OCI-AML3, bomedemstat led to a
maximum of 2 log» increase of CIITA at 100 nM while the upregulation of CIITA is
relatively less pronounced in MOLM-13 (Figure 6). Given the essential role of CIITA in
HLA-II expression, bomedemstat could therefore enhance HLA-II expression through the

upregulation of CIITA in human AML cells.
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Figure 6. Upregulation of CIITA in human AML cell lines in response to bomedemstat.
Relative mRNA expression of CIITA compared to the DMSO control group. Data are
normalized to Abll expression. Columns represent the mean+ SD of at least three

independent experiments. *p < 0.05, **p < 0.01. Statistical significance was determined

by one-way ANOVA followed by Dunnett’s multiple comparison test.

3.2 HLA-DR and CD86 are increased in human AML cells upon treatment with

bomedemstat in combination with IFN-y stimulation

Next, the effects of LSD1 inhibition on the surface expression of HLA-DR were
assessed using flow cytometry. Human AML cell lines were treated with 100 nM of
bomedemstat for 48 hours. They were then stimulated with 10 ng/mL IFN-y for another 24
hours. Despite the increased CIITA expression, bomedemstat treatment by itself did not
upregulate HLA-DR in OCI-AML3 and HL-60 cells (Figure 7A-B). However, when
additionally stimulated with 10 ng/mL of IFN-y, bomedemstat led to significant surface
expression of HLA-DR in OCI-AMLS3, increasing from 0% at baseline to nearly 25%
(Figure 7A). The upregulation of HLA-DR was less pronounced in HL-60 cells (Figure

7B). For MOLM-13 cells, the treatment led to a smaller but also significant 5% increase in
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HLA-DR expression, without IFN-y stimulation (Figure 7C). The addition of IFN-y did not

synergistically enhance HLA-DR expression. In all three AML cell lines, bomedemstat

treatment led to marked upregulation of CD86, reaching almost 100% at the highest

concentration. Together, the results show that LSD1 inhibition can concurrently upregulate

HLA-DR and CD86 expression in AML cells and thereby potentially promoting immune

recognition by CD4" T cells.
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Figure 7. Bomedemstat treatment enhances class-II antigen presentation and co-
stimulation in human AML cell lines. Representative flow plots for CD86 and HLA-DR
expression in (A) OCI-AML3, (B) HL-60 and (C) MOLM-13. The cells were treated with
100 nM bomedemstat (IMG) for 48 hours, followed by stimulation with 10 ng/mL of IFN-
vy for 24 hours. Columns represent the mean + SD of at least three independent experiments;

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Statistical significance was

determined by one-way ANOVA followed by Dunnett’s multiple comparison test.

3.3 Upregulation of Thl-promeoting cytokines by bomedemstat.

Regulated by a variety of cytokine signals, CD4" T helper cells can specialize into
different subsets and perform diverse functions in the immune system (Liew, 2002).
Among them, Th1 cells can exert direct anti-tumor immunity through the secretion of Th1-
type cytokines, including IFN-y and TNF-a (Tay et al., 2020). Promoting Th1 response
should further enhance CD4" T cell-mediated immune response against leukemia cells.
Therefore, qPCR was performed to assess the effects of bomedemstat treatment on the
production of cytokines that can help drive Thl response. IL-12 is the primary cytokine
responsible for the polarization towards Thl immunity. IL-12 is a heterodimer consisting
of the p35 (encoded by ILI12A4) and the p40 (encoded by /L12B) subunits. It is mainly
produced by macrophages and dendritic cells in response to bacterial and viral infections.
As the expression of /L12B is restricted to activated immune cells, it is generally used as a
marker for the production of biologically active IL-12 (Trinchieri, 2003). When treated
with bomedemstat, /L12B was significantly upregulated in MOLM-13 and HL-60 cells in
a dose-dependent manner. No significant changes were observed for OCI-AML3 (Figure

8A). On the other hand, CXC chemokine ligands 10 (CXCL-10), also known as IFN-y-
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induced protein 10 (IP-10), is a T cell-attracting chemokine produced by many cell types
when stimulated by IFN-y (Tokunaga et al., 2018). CXCL-10 is responsible for the
chemotaxis and tissue infiltration of CD8" cytotoxic T cells and Thl cells through its
interaction with the CXC chemokine receptor 3 (CXCR3). CXCL-10/CXCR3 signalling
can further contribute to Thl polarization via signal transducer and activator of
transcription 1 and 5 (STAT1/5) (Karin et al., 2016). In the context of allo-HSCT, however,
CXCL-10 has also been implicated in the development of GVHD, potentially by increasing
tissue infiltration of alloreactive donor T cells (Choi et al., 2012; Piper et al., 2007). In
MOLM-13 and HL-60 cells, CXCLI0 was strongly upregulated in response to
bomedemstat treatment, demonstrating over 3 log> fold-changes at the highest
concentrations in both cell lines (Figure 8B). The differences in CXCLI0 expression for

OCI-AML3 cells were not statistically significant.
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Figure 8. Expression of IL12B and CXCLI10 in response to bomedemstat. Relative
mRNA expression of (A) IL/2B and (B) CXCL10 compared to the DMSO control group
in MOLM-13, HL-60 and OCI-AML3. Data are normalized to Ab/I expression. Columns
represent the mean = SD of three independent experiments. *p < 0.05, **p < 0.01, ***p

< 0.001, **** < 0.0001. Statistical significance was determined by one-way ANOVA

followed by Dunnett’s multiple comparison test.
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3.4 Increased production of inflammatory cytokines and chemokines in response to
bomedemstat.

Given the increased expression of /L/2B and CXCL10, the effects of bomedemstat
treatment on cytokine production in human AML cells were measured more broadly using
a multiplex cytokine assay. Human AML cell lines MOLM-13, HL-60, OCI-AML3 and
THP-1 were treated with 100 M of bomedemstat for 48 hours and the supernatants from
the cell culture were collected for analysis by an external laboratory service provider (Eve
Technologies). While there was some heterogeneity in the regulation of the cytokines
between the different cell lines, some consistent trends were observed. Again, there was a
major increase in CXCL-10 production in 3 of the 4 analyzed cell lines. (Figure 9A-D).
These differences were statistically significant for MOLM-13 and THP1. In HL-60 cells,
CXCL-10 increased from 221.6 + 108.9 ng/mL at baseline to 13036.0 + 8042.5 ng/mL in
the treatment group (Figure 9B). While this was the strongest overall increase observed for
any cytokines in this assay, statistical testing yielded a p value of 0.0873 due to the large
SD between biological replicates. On the other hand, the production of IL-12B was

significantly increased in HL-60 (Figure 9B).

In addition, bomedemstat significantly increased the production of members of the
CC chemokine family, including chemokines CCL-1 (I-309), CCL-2 (monocyte
chemoattractant protein 1: MCP-1), CCL-3 (macrophage inflammatory protein la: MIP-
la) and CCL-22 (macrophage-derived chemokine: MDC) (Figure 9A-D). These
chemokines are secreted by activated monocytes or macrophages upon stimulation with

inflammatory signals like IFN-y and lipopolysaccharide (LPS). They are generally
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responsible for the recruitment of lymphocytes and other monocytes to the site of

inflammation and help sustain inflammatory response (Rollins, 1997).

Overall, these results confirm that bomedemstat treatment enhanced the production

of Thl-promoting cytokines in AML cells (Tay et al., 2020). It also increased a number of

inflammatory cytokines, suggesting that LSD1 has a generally pro-inflammatory effect on

these leukemic cells.

>

CCL-3 (MIP-1a}

e —— "
CCL-4 (MIP-1B)

MOLM-13

. DMSO
3 100 N IMG

CCL-2 (MCP-1)

ccL-1 (1-309)

Chemokines

CXCL-8 (MIG)+
CXCL-8 (IL-8-
IL-224

IL-12B
IL-1RAH
IL-1a-

IFN-y-

TNF-a(-

Cytokines

CXCL-10 (1P-10)-m— 3

IFN-a2-

Q

(@]

ccL-22 (Mpc)
CCL-4 (MIP-1p)-]

CCL-2 (MCP-1)4
ccL-1 (1-309)

Chemakines

T T 1
1 1 10 100 1000

Concentration (pg/mL)

OCI-AML3

—
e

mm DMSO
= 100 nM IMG

CCL-3 (MIP-1q)-=—————— .}

=iy

—

CXCL-10 (IP-10)

IL-22+
IL-12B4
IL-1IRA]

Cytokines

TNF-a
L IFN-a:2

e =
CXCL-8 (IL-8

|L-1G?
IFN-y

T T
0.01 041 1 10

T o
100 1000
Concentration (pg/mL)

Chemokines U Cytokines Chemokines

Cytokines

HL-60

*

ccL-22 (MDC)
CCL-4 (MIP-1B)+
CCL-3 (MIP-1a)
CCL-2 (MCP-1)
CCL-1 (1-309)

. DVSO
3 100 nM IMG

i

CXCL-10 (IP-10)4
CXCL-9 (MIG) -{—

CXCL-8 (IL-8 —

IL-12B — |y

IL-1RA 4

IL-1a

IFN-y

TNF-a

IFN-a2
v

r T,
NN e &
. By W) ) &
) Rl NQEPQ “QB
B

Concentration (pg/mL)

Ll

7

THP-1

CCL-22 (MDC) —»
CCL-4 (MIP-1)]
CCL-3 (MIP-1a1)
CCL-2 (MCP-1)

cCL-1 (1-309)

CXCL-10 (IP-10)

CXCL-9 (MIG)
CXCL-8 ul.-s;;
IL-22]

IL-12E ~—

|

l
|

|

|

|

IL-1RA
IL-1a
IFN-y-

TNF-a

IFN-02-

0.

.%‘*

i
MJ

T T T
1 10 100
Concentration (pg/ml)

o

J
1000

Concentration (pg/mL)
=
3
o
o
~

m DMSO
= 100 nM IMG

Figure 9. Cytokine production in human AML cell lines upon bomedemstat treatment.

Multiplex cytokine analysis of cytokine and chemokine production in (A) MOLM-13, (B)
HL-60, (C) OCI-AML3, (D) THP-1 in response to DMSO or 100 nM bomedemstat
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treatments. Columns represent the mean = SD of three independent experiments, presented
on alogl0 scale. (B) Concentrations of CXCL-10 are additional presented on a linear scale.

*p < 0.05, **p < 0.01, ***p < 0.001. Statistical significance was determined using

Student’s t test.

3.5 Bomedemstat upregulates MHC-II and CD86 expression in murine AML cells.
To facilitate functional experiments in vitro and potentially in vivo studies, the
project made use of syngeneic murine AML models that are versatile platforms to
functionally investigate the role of molecular factors in AML. The present study examined
the effects of LSD1 inhibition by bomedemstat in myeloid progenitor cells transformed by
retroviral transduction with the combination of Hoxa9 and Meisl (HO9M) or with MNI.
These transformed myeloid progenitors can be expanded in cytokine-dependent cultures
and have been previously shown to give rise to AML in irradiated syngeneic murine hosts.
This allows them to serve as physiologically relevant models for AML (Barth et al., 2019).
In HOM cells, bomedemstat significantly upregulated the expression of MHC-II (I-A/I-E)
from 7.6% at baseline to 35.1% at 1 uM concentration. It also increased the expression of
CD86 from 25.4% to 64.9%. Together the percentage of MHC-II"/CD86" double-positive
cells increased from 3.1% at baseline to 22.0% at 1 uM. In MNT1 cells, bomedemstat also
significantly increased the expression of MHC-II from 3.8% to 38.4% at 1 uM. There was
also a moderate upregulation of CD86 from 6.9% to 16.2% at the same concentration.
However, there was only a minimal increase in MHC-II"/CD86" double-positive cells,

going up from 0% to only 3% at 1 uM (Figure 10A).
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In order to study T cell anti-tumor activity in an antigen-specific context, additional
transformed myeloid progenitors were generated from mice that constitutively express the
well-established model antigen ovalbumin (C57BL/6-Tg(CAG-OVAL)916Jen/J, Jackson
Laboratory). The two cell lines are termed HOIM-OVA and MN1-OVA to indicate the
transgenes they carry. Consistent with previous results, bomedemstat treatment
significantly increased the co-expression of MHC-II and CD86 in HOM-OVA cells from 2%
to 38% at 1 uM. In MN1-OVA cells, however, bomedemstat did not lead to any major
increase in MHC-II expression, while only minimally upregulating CD86 by 4%.
Consequently, there was again a negligible number of MHC-II"/CD86" double-positive

cells in the MN1 model after treatment with Bomedemstat (Figure 10B).
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Figure 10. Bomedemstat treatment enhances class-II antigen presentation and co-
stimulation in murine AML cell lines. (A) Representative flow plots of CD86 and MHC-

IT expression in H9M (top row) and MN1 (bottom row) cells. Columns represent the
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mean £+ SD of at least three independent experiments. (B) Representative flow plots of
CD86 and MHC-II expression in HOM-OVA (top row) and MN1-OVA (bottom row) cells.

Columns represent the mean + SD of at least three independent experiments; *p < 0.05,
*p < 0.01, ***p < 0.001, ****p < 0.0001. Statistical significance was determined by

one-way ANOVA followed by Dunnett’s multiple comparison test.

3.6 Irf8 expression is essential for bomedemstat-induced MHC-II upregulation in
HIM

IRF8 has previously been shown to be repressed in MN1 cells, which is not
overcome by LSDI1 inhibition (Sharma et al., 2014). However, in HOM transformed cells
a major increase in IRF8 transcription factor activity is observed upon inhibition of LSD1
(Barth et al., 2019). IRF8 is also established as an essential positive regulator of MHC-II
along with its transcriptional partner PU.1 (Smith et al., 2011). It was therefore
hypothesized that the differences in the effect of LSDI inhibition between myeloid
progenitors transformed by MN1 and the ones by HOM may partially be explained by
differences in the upregulation of /rf8. To examine the role of Irf8 expression in
bomedemstat-induced MHC-II and CD86 upregulation, HO9M-transformed progenitor cells
from Irf8 knockout mice (B6(Cg)-Irf8™!?/J Jackson Laboratory) were generated (H9M-
Irf8-KO). Bomedemstat treatment led to a similar upregulation of CD86 in HOM-/rf8-KO
cells, increasing from 15% to 94.7% at 1uM concentration. However, the upregulation of
MHC-II was completely abrogated, showing no significant increase even at the maximum
concentration (Figurel1A-B). This result therefore demonstrates that the upregulation of
MHC-II, but not CD86, by bomedemstat treatment is dependent on [rf8 expression.

Inhibiting LSDI1 may regulate MHC-II and CDS86 expression through different
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mechanisms. This however also suggests that the differences observed between HOM- and

MN1-transformed cells described in the previous section cannot be fully explained by the

differential activity of IRF8 between the two models.
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Figure 11. MHC-II and CD86 expression in HIM-Irf8-KO cells. Representative flow
plots of CD86 and MHC-II expression in HOM-/rf8-KO cells. Columns represent the

mean+ SD of at least three independent experiments; ****p < 0.0001. Statistical

significance determined by one-way ANOVA followed by Dunnett’s multiple comparison

test.
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3.7 Bomedemstat-treated HYIM-OVA cells induce the activation of antigen-specific

CD4" T cells.

To further investigate whether the concurrent upregulation of MHC-11 and CD86
activate naive CD4" T cells, HOM and HOM-OVA cells were co-cultured with MACS-
purified CD4* OT-II T cells for 72 hours. T cell activation can be demonstrated by the
expression of the canonical activation markers CD69 and CD25, which are measured
through flow cytometry. CD69 is a type Il C-type lectin rapidly expressed on T cell
membrane upon TCR stimulation. It is one of the earliest T cell activation markers, the
expression of which can be detected as early as 2-3 hours post-stimulation (Cibrian &
Sanchez-Madrid, 2017). CD25, also known as IL-2 receptor o (IL-2RA), is one of three
subunits that make up the high-affinity IL-2 receptor. CD25 expression is moderately
induced upon TCR engagement, and is subsequently enhanced by autocrine IL-2
signaling (Malek, 2008). Bomedemstat-treated HOIM-OVA cells significantly induced
the expression of both CD69 and CD25 on CD4" OT-II T cells after 72 hours of co-
culture compared to the un-treated HOM-OVA cells (Figure 12A-B). No significant
changes were observed for T cells co-cultured with control HOM cells lacking OVA
antigens. The exclusion of exogenous IL-2 for the duration of the co-culture had no
significant effect on the expression of CD25 and CD69 (Figure 12A-B). This suggests

that the upregulation of CD25 was not driven by exogenous IL-2.
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Figure 12. Bomedemstat-treated H9M-OVA cells induce antigen-dependent T cell

activation. Representative flow plots and expression levels of (A) CD69, (B) CD25 in

CD4" OT-II T cells after 72 hours of co-culture, with or without IL-2. Columns represent

the mean + SD of at least three independent experiments; *p < 0.05, **p < 0.01, ***p <

0.001. Statistical significance was determined using Student’s t test.
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3.8 Enhanced T Cell Proliferation Induced by Bomedemstat-Treated HOM cells.

T cell activation subsequently leads to T cell proliferation, a process mostly driven
by autocrine IL-2 signalling (Pennock et al., 2013). Therefore, in vitro functional assays
were conducted to determine whether LSD1 inhibition can increase the ability of HOM
cells to induce T cell proliferation. CellTrace Yellow is a cell-permeable dye that allows
for the tracking of cell proliferation through fluorescent dilution (Tempany et al., 2018).
To examine the effects of bomedemstat treatment on antigen-dependent T cell
proliferation, CD4" OT-1I T cells were stained with CellTrace Yellow and co-cultured
with bomedemstat-treated, antigen-pulsed HOM and MNL1 cells. The results showed that
bomedemstat-treated HOM cells significantly induced T cell proliferation after 96 hours
of co-culture. No proliferative effect was observed with bomedemstat-treated MN1 cells
(Figure 13A-B). However, bomedemstat-treated HOM cells also induced T cell
proliferation in the absence of OVA antigens (Figure 13B). It was hypothesized that
exogenous IL-2 included in the co-culture media could drive T cell proliferation and
therefore, the co-culture was also conducted in the absence of IL-2. The removal of
exogenous IL-2 from the co-culture did not diminish the observed proliferative effect as
bomedemstat-treated HOM cells led to similar levels of CD4" T cell proliferation,
regardless of antigen-pulsing (Figure 13C). Therefore, in this experimental setup,

bomedemstat treatment in murine HOM AML cells could have promoted T cell
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proliferation by a mechanism that is not solely dependent on the OVA antigens.
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Figure 13. CD4" T cell proliferation induced by bomedemstat-treated HOM cells. (A)
Representative flow plots of the proliferation of CD4" OT-II T cells co-cultured with
bomedemstat-treated HOM (top row) and MN1 (bottom row). T cell proliferation is
demonstrated by the dilution of CellTrace Yellow fluorescent dye. (B) Proliferation of T
cells co-cultured with HOM with or without antigen-pulsing. (C) Proliferation of T cells
in the absence of IL-2. Columns represent the mean &+ SD of at least three independent

experiments; *p < 0.05. Statistical significance was determined using Student’s t test.
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3.9 Bomedemstat treatment sensitizes antigen-pulsed HOM cells to T cell-mediated

immune Killing effect.

The activation of CD4" T cells may subsequently lead to the initiation of anti-
leukemia immune response. To examine immune killing in an antigen-specific context,
bomedemstat-treated murine AML cells were pulsed with OV Az23-339 peptides. They
were then co-cultured with OT-I1 T cells at various E:T ratios overnight. OT-I1 T cells
contain T cell receptors (TCRs) specific for OV As23-330 peptide presented in the context
of MHC-II. The degree of killing effect was measured by comparing the absolute
numbers of live AML cells in co-culture to those in mono-culture without T cells. The
results showed that pre-treatment with bomedemstat significantly enhanced the killing
of HO9M cells at the 2:1, 1:1 and 1:2 ratio. More specifically, the killing of bomedemstat-
treated HOM cells directly correlated with E:T ratios, with a maximum of 20% killing
observed at the 1:1 E:T ratio (Figure 14). Meanwhile, there was minimal killing effect
for antigen-pulsed H9M cells without bomedemstat treatment. Additionally, no
significant killing was observed for MN1 cells, regardless of bomedemstat pre-treatment

(Figure 14).
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Figure 14. Bomedemstat treatment sensitizes antigen-pulsed H9M cells to T cell-
mediated killing effect. Percentages of killing of OV Asz23-339 -pulsed HO9M and MN1 cells
by OT-II T cells, with or without bomedemstat pre-treatment. Columns represent the

mean = SD of at least three independent experiments; *p < 0.05, **p < 0.01. Statistical

significance was determined using Student’s t test.

3.10 HYM-OVA cells are sensitized to antigen-dependent, CD4" T cell-mediated

immune killing by bomedemstat treatment.

As there were concerns (in particular raised by the previously described
proliferation experiment) that the peptide pulsing technique only incompletely loads
MHC-I1 molecules in the presence of other high-affinity peptides such as peptides
derived from retrovirally overexpressed human MN1. The constitutive expression of
OVA in this setting may help displace MN1-derived peptides to ensure proper loading
of OVA antigens. Therefore, the killing assay was repeated again with HOM-OVA and
MNZ1-OVA cells. Similar to previous observations, there were around 20% immune
killing effects on bomedemstat-treated HOM-OVA cells at the 2:1 and 1:1 ratio (Figure
15A). Notably, there was increased background killing of HOM-OVA cells without

bomedemstat treatment at the 2:1 ratio, which may be due to the higher level of antigen
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presentation in this model. Consistent with previous results, there were no significant

differences in the killing of MN1-OVA cells.

Meanwhile, in the absence of OVA antigens, no significant killing was observed
for HOM cells, regardless of bomedemstat treatment (Figure 15B). To further confirm
that the killing effect was mediated by CD4* T cells, the killing assay was set up using
MACS-purified CD4* OT-II T cells. A comparable 20% killing was achieved at the 1:1
E:T ratio (Figure 15C), indicating that CD4" T cells were indeed responsible for
generating the killing effect against bomedemstat-treated HOM-OVA cells. Together,
these results suggest that bomedemstat treatment can sensitize murine HOM cells to

CD4* T cell-dependent immune killing effect.

The study further investigated potential killing mechanisms mediated by CD4* T
cells. The release of cytotoxic granules from secretory lysosomes represents a major
killing mechanism by cytotoxic T cells. Degranulation was assessed by measuring the
surface expression of CD107a, which is a lysosome-associated membrane glycoprotein
(Betts & Koup, 2004). Although a small upregulation of CD107a was observed on OT-
I1 T cells co-cultured with bomedemstat-treated HOM and HOIM-OVA, the expression
was not significant compared to naive CD4" T cells in mono-culture (Appendix 1).
Indeed, CD107a expression is a feature of a subset of CD4" T cells with degranulation
capability. These cells are termed cytotoxic CD4" T cells and mainly differentiate from
the Th1l lineage (Takeuchi & Saito, 2017). The relatively short period of the co-culture
may not be sufficient for the differentiation of cytotoxic CD4* T cells. Therefore, the

early killing effect observed in this experimental setup may be mediated by factors other
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than the release of cytotoxic granules. Nevertheless, it was also suggested that the timing
of the readout might be too long to detect CD107a expression since the marker is quickly
internalized after its initial expression (Vahlne et al., 2008). Further optimization of the
experimental protocol is needed to properly detect the expression of CD107a. This may
involve the inclusion of anti-CD107a antibodies for the duration of the co-culture and

the addition of monensin to prevent CD107a degradation (Bryceson et al., 2010).
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Figure 15. HYIM-OVA cells sensitized to T cell-mediated killing effect by bomedemstat.
(A) Percentages of killing of HOM-OVA and MN1-OVA cells by OT-II T cells, with or
without bomedemstat pre-treatment. (B) Percentages of killing of HOM in the absence of
OVA antigens at 1:1 E:T ratio. (C) Percentages of killing of HOM-OVA cells by CD4" OT-
II T cells at 1:1 E:T ratio. Columns represent the mean + SD of at least three independent

experiments; *p < 0.05, **p < 0.01. Statistical significance was determined using
Student’s t test.
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Chapter 4. Discussion

4.1 Roles of LSD1 in regulating MHC-II and CD86 expression.

The downregulation of HLA-II is a major mechanism by which AML cells can
potentially evade immune surveillance from donor T cells and contribute to post-
transplant relapse. The current project seeks to propose a novel therapeutic strategy that
can restore HLA-II expression in human AML cells to promote CD4" T cell-mediated
anti-leukemia immune response. The inhibition of LSD1, an epigenetic regulator of
histone methylation, was previously shown to induce epigenetic reprogramming and
increase the expression of IRF8, which is an upstream regulator of CIITA. Therefore, it
was hypothesized that LSD1 may upregulate CIITA and enhance HLA-11 expression in
human AML cells. To date, the results have demonstrated that LSD1 inhibition by a
clinical-stage small molecule inhibitor bomedemstat can increase the expression of
CHTA in human AML cell lines MOLM-13, HL-60 and OCI-AML3. Subsequently,
bomedemstat treatment also led to a significant upregulation of HLA-DR in OCI-AML3
and HL-60 cells when stimulated by IFN-y, while there was only a moderate
upregulation of HLA-DR in MOLM-13 in the absence of IFN-y. The variations observed
between different AML cell lines may be dependent on the epigenetic landscape and

transcriptional control of CIITA.

There are three functional promotors that can independently regulate CIITA
expression and are highly conserved in both human and murine cells. Promoter |
specifically regulates CIITA expression in myeloid cells and is under the synergistic

transcriptional control of IRF8 and PU.1 (Smith et al., 2011). Promoter Il activity is
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restricted to cells of the lymphoid lineage while promotor IV is dependent on IFN-y
signalling (Figure 16) (Morris et al., 2000). Although LSD1 inhibition might be
sufficient to upregulate CIITA through IRF8-controlled promoter I, the results show that
IFN-y stimulation is still required to induce the surface expression of HLA-1I in human
AML cells. As all three cell lines studied in this project are resistant to IFN-y-induced
HLA-I1I upregulation in the absence of bomedemstat, epigenetic silencing of promoter
IV may inhibit HLA-II expression in human AML cells. Indeed, DNA methylation of
CHITA promotor IV cells has been shown to prevent IFN-y-induced HLA-II expression
in MOLM-13 cells, a process which can be reversed by HMA treatment (Dufva et al.,
2020). Therefore, it may be reasonable to infer that, in HL-60 and OCI-AMLZ3 cells,
epigenetic modification at promoter IV through histone methylation may also inhibit the
transcription of CIITA, and subsequently HLA-II expression. Chromatin
immunoprecipitation ChIP analysis may be employed to examine histone methylation
levels at CIITA promoters before and after bomedemstat treatment to provide

mechanistic insights.

In murine AML cells, bomedemstat significantly induced the expression of MHC-
[l in HOM even without IFN-y stimulation. It was then demonstrated that the
upregulation is dependent on IRF8 as bomedemstat failed to induce MHC-I1 expression
in HOM-Irf8-KO cells. However, preliminary results showed that MHC-II expression
can still be induced in HOM-/rf8-KO by IFN-y stimulation (Appendix 2). This suggests
that LSD1 and IFN-y may influence MHC-II expression through different mechanisms.
It might be interesting to knock down IRF8 in human AML cells to determine whether

it is required for bomedemstat-induced HLA-DR upregulation in human cells as well.
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This would also help determine which promoter(s) of CIITA may be essential for

bomedemstat-induced HLA-II expression in human AML cells.

The co-stimulatory molecule CD86 was potently upregulated in response to
bomedemstat treatment in all three human cell lines, reaching nearly 100% at 100 nM
concentration. It was also significantly upregulated in HOM-Irf8-KO cells, suggesting
that CD86 expression is not dependent on IRF8 expression in this context, but may rather
be a direct target of LSD1 inhibition. Indeed, PU.1 has been established as an essential
activator of CD86 expression that can act independently from other known CD86
regulators including nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
kB) and IRF4 (Kanada et al., 2011). There is a subset of PU.1 sites colocalized with
GFI1 sites which are repressed through LSD1 recruitment, which may contribute to the

suppression of CD86 in this setting (Barth et al., 2019).
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Figure 16. Three independent promoters regulating CIITA expression. Promoter | is
only active in myeloid cells and is under the transcriptional control of IRF8 and PU.1.
Promoter 11 activity is restricted to cells of the lymphoid lineage. Promotor 1V is dependent
on IFN-y signalling and is indispensable for IFN-y-induced MHC-II expression in non-
hematopoietic cells (LeibundGut-Landmann et al., 2004). Adapted from LeibundGut-

Landmann et al.
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4.2 LSD1 inhibition shows a pro-inflammatory effect in AML cells.

The current project examined the effects of LSD1 inhibition by bomedemstat on
AML cytokine production through gPCR and multiplex cytokine assays. In MOLM-13
and HL-60, bomedemstat treatment significantly increased the production of Thl-type
cytokine IL-12 and chemokine CXCL-10. Both inflammatory markers may help enhance
CD4" T cell-mediated anti-leukemia effect by driving the polarization of Thl cells,
which are highly desired in this context due to their direct anti-tumor immunity. In
addition, bomedemstat also led to the upregulation of several pro-inflammatory
chemokines, including MCP-1, MIP-1a and MDC. These chemokines are responsible
for the recruitment and tissue infiltration of monocytes and T cells, thereby contributing
to the maintenance of inflammatory response (Rollins, 1997). While these chemokines
are typically induced by IFN-y, there was no significant IFN-y production in any of the
four cell lines tested. Therefore, the trigger for bomedemstat-induced inflammatory
response may be endogenous to the cells themselves. LSD1 inhibition has been
previously shown to upregulate ERVs and activate TLR3 signalling (Sheng et al., 2018).
However, in this study, there was also no significant production of type 1 interferons,
which are typically associated with TLR3 activation. Ongoing studies in the lab are
looking at the expression of ERVs and genes involved in intracellular anti-viral
pathways to propose potential mechanistic explanations for the inflammatory response

induced by bomedemstat.

In the setting of allo-HSCT, the activation of alloreactive donor T cells relies on

effective antigen presentation and co-stimulation by patient-derived APCs, which are
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best triggered by inflammatory signals. As a result, the post-transplant GVL effect is
optimally induced in an inflammatory milieu (Falkenburg & Jedema, 2017). The
generally pro-inflammatory effects of LSD1 inhibition may therefore be desired for post-
transplant maintenance in this context. Nevertheless, the increased production of
inflammatory cytokines may also increase the risk of developing GVHD. In murine
acute GVHD models, IFN-y-induced chemokines like MIP-1a, MCP-1 and CXCL-10
are highly upregulated in GVHD-target organs such as the skin, liver, spleen and
gastrointestinal tract. This is accompanied by a significant infiltration of CCR5 and
CXCR3-expressing CD8* and CD4" T cells into the target organs (Ichiba et al., 2003;
New et al., 2002). Blocking the interactions between chemokines and their receptors has
been shown to reduce tissue damage and ameliorate GVHD (He et al., 2008; Murai et
al., 1999). Therefore, chemokine-induced tissue infiltration of T cells plays a central role
in the development of GVHD. In humans, CXCL-10 has been established as a clinical
diagnostic marker for both acute and chronic GVHD (Ahmed et al., 2015; Kariminia et
al., 2016). In situ expression of CXCL-10 drives the infiltration of CXCR3" CD8*
cytotoxic T cells and CD4* Thl cells into target tissues of GVHD, which strongly
associates with inflammation-associated tissues damages (Croudace et al., 2012; Piper
et al., 2007). Therefore, the massive upregulation of CXCL-10 in response to
bomedemstat treatment may be of particular concern but it is not yet clear whether the
effect is restricted to AML cells. Further investigation should look at the effects of
bomedemstat on cytokine production in non-hematopoietic cells. One recent study has
shown that LSD1 inhibition by tranylcypromine significantly increased the production
of CXCL-10 in human umbilical cord-derived mesenchymal stromal cells, suggesting a
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generalized pro-inflammatory effect of LSD1 inhibition (Mardani et al., 2022).

4.3 LSD1 inhibition enhances T cell activation by leukemic cells.

In the setting of fully matched allo-HSCT, the activation of alloreactive T cells
requires the presentation of non-self MiHAs in identical HLA molecules by patient-
derived APCs. Therefore, most alloreactive T cells would be naive at the time of
transplant, encountering non-self antigens for the first time (Falkenburg & Jedema,
2017). Compared to memory T cells, naive T cells have a significantly higher threshold
for activation. Therefore, this project made use of naive T cells in functional assays to

better emulate the initial antigen encounter in an HLA-matched setting.

In the current study, naive OT-II T cells were co-cultured with murine AML cells
to examine the effects of bomedemstat on antigen-specific T cell response in vitro. The
results showed that bomedemstat-treated HO9M-OVA induced the activation of CD4*
OT-II T cells, as demonstrated by the expression of activation markers CD25 and CD69.
This suggests that the upregulation of MHC-II and CD86 in murine HOM cells by
bomedemstat are able to induce antigen-specific T cell activation. Subsequently,
bomedemstat treatment significantly sensitized antigen-pulsed and OV A-expressing

HI9M cells to T cell-mediated immune killing effect.

Nevertheless, the underlying mechanisms for the early immune killing effect
observed in this study remain to be elucidated. The release of cytotoxic granules is a
major killing mechanism by CD4" cytotoxic T cells. However, the expression of the
degranulation marker CD107a was not detected after 72 hours of co-culture. Although
further optimization of the experimental protocol is required to more accurately detect
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CD107aexpression, it is possible that the early killing effect is mediated by mechanisms
other than degranulation. In fact, naive CD4" T cells rapidly produce a large amount of
TNF-o within a few hours of TCR-dependent activation, while other effector molecules
like IFN-y and granzyme B are only found in activated effector and memory CD4" T
cells (Ohshima et al., 1999; Wolint et al., 2004). The production of TNF-a can be readily
detected through enzyme-linked immunosorbent assay (ELISA) and intracellular
cytokine staining. In addition, CD4" T cells can also induce the apoptosis of target cells
through the Fas/Fas Ligand signaling pathway, which represents another potential

contact-dependent immune killing mechanism in this context (Malyshkina et al., 2017).

4.4 Antigen-independent mechanisms driving T cell proliferation

The capacity to proliferate is another hallmark of T cell activation which can be
tracked through the dilution of permanent fluorescent dye. In this study, bomedemstat-
treated H9M cells significantly induced the proliferation of CD4" OT-II T cells after 96
hours of co-culture. However, proliferation was also observed in the absence of OVA
antigens, suggesting that the effect was not specific to this antigen. Removing exogenous

IL-2, which can drive T cell proliferation in vitro, did not diminish the proliferative effect.

Non-antigen-dependent proliferative processes may play a role in this model. For
example, CD4™ T cells are known to undergo slow homeostatic cell divisions in both
lymphopenic and lymphocyte-sufficient environment in vivo. The process occurs
approximately every 3-4 days and is dependent on adequate IL-7 signalling (Min, 2018).
Homeostatically proliferating CD4™ T cells also do not acquire the early activation marker

CD69 (Min et al., 2005). The timing of the proliferative effect observed in this model
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resembles that of CD4" T cells undergoing homeostatic proliferation. Therefore, it is
plausible that IL-7 may have driven the proliferation of OT-II T cells in conjunction with
other activating signals. That being said, IL-7 is required for culturing naive T cells in
vitro since they quickly undergo apoptosis in the absence of IL-7 signalling. On the other
hand, IL-15 is also known to drive T cell proliferation. One previous study has shown
that treatment with the FLT3 inhibitor sorafenib can increase 1L-15 production in human
AML cells and thus enhance the activation of CD8" T cells to promote the GVL effect
(Mathew et al., 2018). Therefore, it is important to further examine the cytokine profiles
of long-term co-culture to identify potential drivers for antigen-independent T cell

proliferation.

In addition, the proliferation may be dependent on other antigens present in the
retrovirally transformed progenitor model. Importantly, no proliferation was observed
when MN1-transformed cells were used for stimulation, which suggests that the observed
proliferation is still dependent on the presence of treated leukemia cells, potentially
through their expression of MHCII and CD86, or soluble factor secreted by the leukemia
cells. Some CD4" OT-II T cells employed in this study have rearranged endogenous TCR
receptors which could be activated by other antigens presented by MHC-II. Using Rag2-
deficient OT-I1I cells in this model may help restrict the activation of TCR to OVA-

specific interactions.

4.5 Limitations

There are several limitations in the current study. The current study only

employed a pharmacological approach to inhibit LSD1. Additional testing using genetic
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inhibition techniques may be desired to confirm the observed immunomodulatory effects

associated with LSD1 inhibition.

The activation of allogeneic immune response is a complicated process which
may not be accurately represented by the model. Naive T cells with potential
alloreactivity become activated upon encountering a wide variety of MiHAS presented by
both hematopoietic and non-hematopoietic cells. During mismatched allo-HSCT, donor
T cells can additionally recognize both self and pathogen-derived foreign antigens
presented by non-self HLAs from the recipient. This greatly expands the repertoire of
alloreactive T cells to include previously activated, pathogen-specific memory T cells,
which require a much lower activation threshold compared to naive T cells (Amir et al.,
2010). This process is further complicated by the gradual replacement of recipient APCs
with donor-derived APCs during the immune recovery process, which alters the
conditions required for the activation of alloreactive T cells (Falkenburg & Jedema,
2017). Therefore, the induction of allogeneic immunity is a complex and dynamic process
involving a diverse range of antigens and effector cells in various functional states. In this
project, the hypothesis is that LSD1 inhibition enhances class Il antigen presentation to
augment CD4" T cell-mediated anti-leukemia immunity. To examine this hypothesis, the
study made use of a well-established model involving OV As23-339-specific OT-1I T cells.
While this model provides a simple and standardized approach for studying antigen-
specific immune response, it may not be sufficient to capture the intricacies of
alloreactivity and fully represent the immunological landscape in transplant recipient.

That being said, previous functional experiments involving MHC-mismatched murine
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AML and T cells were met with technical challenges, most likely due to the lack of
defined antigens and relatively low frequencies of alloreactive T cells in the naive setting.
Therefore, it is important to develop novel functional models that can better represent the
complexity of allogeneic immunity. One option may be to immunize murine hosts with
MHC-disparate AML cells to enrich for alloreactive T cells prior to in vitro analysis.
Meanwhile, it is also essential to perform additional functional assays with human AML
cells and allogeneic T cells to determine the therapeutic potential of bomedemstat

treatment in the context of post-transplant maintenance.

Secondly, the study only examined the effects of bomedemstat treatment on HLA-
I1 and CD86 expression in human and retrovirally transformed murine models. Given the
vast heterogeneity of AML, it is imperative to investigate the effects of bomedemstat also
in primary AML patient samples. In particular, relapsed AML cells after allo-HSCT
represent a distinct population of cells that emerges under the immune selection pressure
from alloreactive donor T cells. Therefore, there are phenotypic differences between
AML at initial diagnosis and those found during post-transplant relapse. Ideally, future
study should assess the effects of bomedemstat on paired samples obtained before and
after allo-HSCT to better determine its clinical relevance in the setting of post-transplant

maintenance.

4.6 Future directions

The current project has demonstrated the positive effects of bomedemstat
treatment on antigen-dependent immune killing and T cell activation. However, the

model utilized in the study also showed the ability of bomedemstat to induce T cell
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proliferation in a manner that may not be strictly antigen-specific. Therefore, future
experiments should aim to investigate the underlying mechanisms by which bomedemstat
treatment in murine AML cells may lead to T cell proliferation. Multiplex cytokine assays
can be used to identify potential drivers of TCR-independent T cell proliferation. To rule
out the effect of endogenous TCR-signaling, T cells will be harvested from Rag2-
deficient OT-1I mice and subjected to functional analysis. As bomedemstat treatment also
led to significant CD86 upregulation, it would be interesting to explore whether the
proliferative effect can be attenuated by blocking CD86 using cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) Fc chimeric protein. Meanwhile, as naive T cells require
significantly higher activation thresholds, certain hallmarks for T cell activation, such as
proliferation and cytokine production, may not be readily observed in the current model.
Generating effector and memory T cells from OT-II splenocytes through antigen pulsing

may serve as a more convenient alternative for functional assessment.

Given the encouraging effects demonstrated in human and murine AML cell lines,
future studies should focus on determining the therapeutic potential and clinical relevance
of bomedemstat treatment using primary AML patient samples. Currently, experiments
are underway to assess the effects of bomedemstat on HLA-1I and CD86 expression in
patient samples. Particular focus will be given to post-transplant relapsed AML samples
with HLA-II downregulation. Overall, in vitro characterization of primary AML samples
will help identify patterns in treatment response and potentially relate them to the genetic
profiles and specific subtypes of AML. This will help determine the cohorts of patients

that are most likely to benefit from bomedemstat maintenance.
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Meanwhile, some of the patient samples in the Cancer Stem Cell Bank, including
those obtained from allo-HSCT recipients, have the ability to engraft irradiated
immunodeficient murine hosts. These samples will be transplanted with allogeneic T cells
with or without bomedemstat to emulate the post-transplant GVL effect and enable in
vivo testing of treatment response in a physiologically relevant model. Special attention
will also be given to monitoring the development of GVHD, particularly caused by
increased chemokine production, to ensure the safety of bomedemstat treatment in a
xenogeneic context. Previously, murine CXCL-10 has been shown to induce tissue

infiltration of human T cells in a xenogeneic GVHD model (Kawasaki et al., 2018).

Last but not least, T cell exhaustion continues to play a central role in the immune
evasion of cancer cells, not only in the context of allo-HSCT. As the development of
exhausted T cells requires repeated antigen stimulation, it may be reasonable to deduce
that a substantial portion of exhausted T cells in the tumor microenvironment are specific
to tumor antigens. Therefore, reinvigorating exhausted T cells is a promising strategy to
enhance anti-tumor immunity. Epigenetic reprogramming has been shown to reinforce
exhaustion phenotypes, which presents epigenetic inhibitors like bomedemstat as
promising candidates for rescuing exhausted T cells. Nevertheless, there is currently a
lack of convenient and representative models for assessing bona fide T cell exhaustion in
vitro. Future studies investigating pharmacological approaches for T cell reinvigoration

may require the development of novel and accurate models for T cell exhaustion.
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Chapter 5. Conclusion

Allo-HSCT provides a curative treatment option for AML patients, particularly
those with adverse and intermediate risk profiles. However, relapse of the primary disease
remains the leading cause of mortality after transplant and novel therapeutic strategies are
urgently needed to improve patient outcomes. Immune evasion from the alloreactive
donor T cell-mediated GVL effect significantly contributes to post-transplant relapse,
which presents immunomodulatory strategies as potential maintenance therapies. This
work sets out to examine the immunomodulatory effects of LSD1 inhibition by

bomedemstat, in the hope of leveraging them to enhance the GVL effect.

To date, the results have shown that bomedemstat treatment significantly
increases the expression of CIITA, the master regulator of HLA-II expression. It
subsequently led to the expression of HLA-DR in specific human AML cell lines with
additional IFN-y stimulation. Bomedemstat also markedly upregulates the expression of
CD86 across all the human AML cell lines tested. In addition, the study also demonstrates
that bomedemstat treatment significantly increases the production of 1L-12 and CXCL-
10, which can help promote Thl immunity and facilitate T cell trafficking, respectively.
It additionally increases the production of chemokines that may help sustain the
inflammatory response. Overall, the results demonstrate that LSD1 inhibition by
bomedemstat has the potential to enhance all three signals required for T cell activation,

including antigen presentation, co-stimulation and cytokine production.

In murine AML models, bomedemstat treatment can significantly upregulate the
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expression of MHC-II and CD86 in HOM cells, even without IFN-y stimulation. It has
been further demonstrated that the upregulation of MHC-II, but not CD86, is dependent
on IRF-8 expression. Bomedemstat-treated HOIM-OVA cells can subsequently induce
activation of naive T cells in an antigen-dependent manner, as evidenced by the
upregulation of CD25 and CD69. When subjected to in vitro functional assay,
bomedemstat treatment can sensitize HOM-OVA and OT-I1 peptide-pulsed HOM cells to
antigen-dependent T cell-mediated immune killing effect. Nevertheless, in the current
model, bomedemstat treatment has led to the non-specific proliferation of T cells. Efforts

are currently underway to address potential confounding factors in the model.

In conclusion, the pharmacological inhibition of LSD1 in AML by bomedemstat
has demonstrated diverse immunomodulatory effects which may be relevant in post-
transplant maintenance. Particularly, enhancing class Il antigen presentation in AML
represents a targeted approach to augment the GVL effect. However, heightened
inflammation is often associated with an increased risk of GVHD. Rigorous pre-clinical
studies are needed to assess the efficacy and safety of bomedemstat treatment to ensure a
seamless clinical translation. Balancing the GVL effect with GVHD continues to be a
significant clinical challenge. Depending on each specific case, preventing AML relapse
may have priority over mitigating GVHD since the former is associated with more serious
outcomes. Clinical decisions can be informed by laboratory findings to determine the risk
situation of individual patients and provide truly personalized post-transplant

maintenance approaches.
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Appendix 1. Expression of CD107a on CD4" OT-II T cells in co-culture. Expression of

CD107ain CD4" OT-II T cells after 72 hours of co-culture, with or without IL-2. Columns
represent the mean = SD of at least three independent experiments; *p < 0.05, **p < 0.01,

**%p < 0.001. Statistical significance was determined using Student’s t test.
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Appendix 2. MHC-II expression in HIM-Irf8-KO cells stimulated by IFN-y.
Representative flow plots of MHC-II expression in HOM-/rf8-KO cells after 48 hours of
stimulation with 10 ng/mL of murine IFN-y.
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