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Abstract
Siglec-15 is required for evasion of immune response in acute lymphoblastic leukemia

By Claire Evelyn Pillsbury

Relapsed/refractory pediatric B cell acute lymphoblastic leukemia (B-ALL) remains one
of the leading causes of cancer-related death in children. Immunotherapies have shown promise in
treatment of this disease, suggesting further study of the immune evasion mechanisms utilized by
B-ALL can yield new therapeutic targets and improve patient outcomes. The sialic acid-binding
molecule, Siglec-15 (Sig15), has recently emerged as a novel immunomodulatory molecule across
a breadth of solid tumors, yet its role in blood cancers and its function in immunosuppression
remains incomplete.

We began by characterizing the expression of Sig15 across blood cancers using in silico
data, immortalized cell line models, and primary B-ALL patient samples, demonstrating
pathological overexpression of Sigl5 compared to healthy controls. This overexpression was
found to be regulated by NF-xB, which also enhanced Sig15 localization to the cell surface and,
notably, the release of a secreted/soluble form of Sig15 (sSig15) which circulates at elevated levels
in the plasma of pediatric B-ALL patients. sSigl5 was found to correlate with an overall more
immunosuppressive circulating cytokine profile, and the protein in its recombinant form was
successfully able to abrogate activation in a chimeric antigen receptor (CAR)-expressing Jurkat
model. Sig15 ablation in a murine model of B-ALL significantly promoted leukemia clearance in
immunocompetent recipients, accompanied by increases in CD8" T cell expansion, activation, and
effector profiles as well as a decrease in leukemia-promoting bone marrow cytokines. Thus Sig15
targeting was able to successfully reverse the bone marrow tumor microenvironment (TME) and
augment leukemia control.

Further study of Sigl5 in B-ALL demonstrated the expression of multiple alternatively
spliced isoforms, one of which (Sig15-204) was demonstrated to be expressed at significantly
lower levels in B-ALL and lymphoma cells as compared to healthy peripheral blood mononuclear
cells (PBMCs). Investigation into the regulation of canonical Sigl5 demonstrated sensitivity of
Sigl5 expression to active cell cycling, wherein Sig15 expression was increased in both B-ALL
and healthy PBMCs upon proliferation and was found to be highest in G2/M phase in B-ALL cells.
The extracellular domain of Sigl5 was also found to be present in the nucleus of both B-ALL and
osteosarcoma cells, where in the case of the former, nuclear Sigl5 was found to localize to
perinucleolar compartments with implications towards regulating RNA metabolism.

This dissertation thus provides a complex profile of Siglec-15 as a potent
immunosuppressive molecule with unique regulation and subcellular localization in B-ALL. It
plays an active role in immune evasion in leukemia and may be targeted therapeutically to activate
T lymphocytes against leukemia cells.
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Chapter 1: Introduction
1.1 Introduction

Cancer is defined by the malignant expansion of abnormal cells in the body. This abnormal
expansion can originate from virtually any of the more than 200 different cell types of the body, resulting
in a highly heterogenous disease which can vary drastically in incidence, mortality, and cause. For this
reason, our understanding of cancer and the optimal ways in which to treat it is equally varied despite the
prevalence and aggressiveness of the disease. In the year of 2020, cancer accounted for nearly 10 million
mortalities globally, making it one of the leading causes of death worldwide (1). Yet, to date, only 3 of 38
major types of cancer possess a 5-year survival rate above 95% (2), and incidence of cancer is still
projected to increase by nearly 11 million cases globally by 2040 (3).

Cancer is often considered a disease of older adults, with a median age of incidence of 66 years
and roughly 80% of new cases occurring in those above the age of 55 years (2). Yet childhood cancers
remain the leading cause of non-accidental death in children below the age of 14 in the US, and roughly 1
in every 260 children will receive a cancer diagnosis by age 20 (4). Therapeutic optimization and rapid
discovery have drastically improved the survival rates of childhood cancers from 58% to 85% over the
last fifty years (5), yet there remains a number of pediatric cancers with dismal prognoses and stagnated
therapeutic developments.

1.2 Leukemia

Leukemia is the most common of all childhood cancers, accounting for 28% of cases (4). It is
defined as cancer which develops from immature blood cells, most often the precursors of white blood
cells (leukocytes). These are the major effectors of the immune system responsible for identifying and
clearing the body of foreign agents and disease. Leukemia originates in the bone marrow, the primary site
for leukocyte development, where cancer cells can expand rapidly to occupy 20% or more of the total
bone marrow content and further on into circulation in the blood (6). This is what separates leukemia

from lymphoma, another “liquid” tumor which commonly commences in the lymph nodes, whereas



myeloma is a liquid tumor which also commences in the bone marrow but instead involves expansion of a
subtype of fully matured leukocytes called plasma cells.

There are four major subtypes of leukemia, classified by cell of origin and the speed of disease
progression. Leukemia is characterized by either slow progression (“chronic”) or rapid progression
(“acute™), the latter of which tends to be more aggressive and significantly more common in pediatric
cases. As most leukocytes will differentiate into one of two major cell type lineages as they mature,
leukemia can also be classified depending on whenever it develops from early progenitors of the myeloid
lineage (“myeloblastic/myelogenous™) or of the lymphocyte lineage (“lymphoblastic/lymphocytic”).
1.2.1 Acute lymphoblastic leukemia (ALL)

Our group’s studies focus on acute lymphoblastic leukemia (ALL), which is characterized by the
rapid expansion of immature lymphocyte-lineage immune cells called lymphoblasts. This expansion of
malignant cells suppresses the growth and development of normal blood cells in the bone marrow, which
can result in symptoms including repeated infections, abnormal bleeding, breathlessness, and fatigue.
Patients presenting with these or additional symptoms will often have blood drawn for a complete blood
count and undergo a bone marrow aspiration or biopsy to assess for the presence of these malignant
lymphoblasts in circulation or within the marrow.

Following diagnosis, standard-of-care includes a chemotherapeutic induction utilizing drug
combinations including vincristine, corticosteroids, and asparaginase, with or without doxorubicin or
daunorubicin (7). Depending on the type of ALL, tyrosine kinase inhibitors may also be included in
frontline treatment, which together is sufficient to induce complete remission in 98% of childhood cases
(8). In the case of leukemia, remission is defined as having less than the normal 5% blast content in the
bone marrow and normal blood counts at the end of chemotherapeutic induction. Those patients who meet
these criteria yet still have detectable leukemia blasts in the bone marrow through high sensitivity assays
such as flow cytometry and polymerase chain reaction (PCR) amplification are said to have minimal

residual disease (MRD). The presence of MRD in an ALL patient is one of the most reliable risk factors



for relapse and patient outcome (9), though other factors, such as genetic alterations of the cancer, rate of
response to induction therapy, and genetic syndromes or viral infections, may also contribute to risk.

ALL is the most common form of leukemia, with the highest risk for disease being in children
below the age of 5 years old and adults over the age of 50 (10). ALL is also one of the most common
forms of pediatric cancer, second only to brain cancer, which contributes to its status as one of the leading
causes of disease-related death below the age of 15 in the US (11). As lymphoblasts have the capacity to
differentiate into T or B cell lymphocytes during normal development, lymphoblastic leukemias can
consequently be further subdivided into two major subtypes: T cell ALL (T-ALL), developing from early
T cell lymphoblasts, and B cell ALL (B-ALL), developing from early B cell lymphoblasts (Fig. 1.1). Of
these two subsets, B-ALL makes up the vast majority of pediatric ALL, accounting for approximately
85% of cases (12).

1.2.2 B cell acute lymphoblastic leukemia (B-ALL)

B cell acute lymphoblastic leukemia (B-ALL), also called B cell progenitor ALL (BCP-ALL), is
an aggressive disease characterized by the unregulated proliferation of B-lineage precursor cells in the
bone marrow. B cells are the antibody-producing immune cells which play a critical role in the humoral
(macromolecule-mediated) response and function as antigen-presenting cells in the adaptive immune
response. B cells thus have the capacity to produce and secrete antibodies highly specific for pathogens or
antigens on diseased cells while also contributing to local cytokine signaling network and T cell priming
through antigen presentation. The crosstalk between B cells and T cells is critical in the adaptive immune
response, mediated by several concomitant interactive systems which B-ALL cells inherit from the
normal B cell progenitors they developed from and may thus exploit in leukemia pathology.

There are a number of common genetic abnormalities which segregate B-ALL into subtypes with
varied prognoses and therapeutic strategies. These include hyperdiploidy amplifications (including
trisomies of chromosomes such as 5, 10, and 17) and the ETV6-RUNX1 translocation t(12;21), which
both possess relatively more favorable prognoses and account for 25 and 30% of childhood B-ALL

respectively, as well as the E2A-PBX1 translocation t(12;21) which occurs in roughly 5% of cases and



possessed a historically poorer prognosis until modern enhancement of chemotherapeutic induction with
methotrexate (13). Another common genetic mutation is the t(9;22) chromosomal translocation known as
the Philadelphia chromosome, which produces a constitutively activated version of the tyrosine kinase
ABL1 through fusion to a component of the Breakpoint Cluser Region (BCR) gene. B-ALL which is
positive for this translocation (Ph* B-ALL) can be highly susceptible to tyrosine kinase inhibitors such as
dasatinib, which specifically target B-ALL cells with this mutation and have drastically improved patient
outcomes in this genetic subgroup (14). The identification of these subtypes and optimization of their
treatments has greatly improved the overall survival of childhood B-ALL, resulting in the encouraging
85% remission rate of today.

However, despite this increase in disease understanding and treatment, 15% of pediatric patients
will eventually suffer relapse (15). Relapsed/refractory B-ALL is a highly aggressive disease, resistant to
most salvage therapies with historic 5-year-survival rates of below 50% (16, 17). Enhanced
chemotherapeutic regimens may be attempted to varied success, and patients with infiltration or primary
relapse of leukemia in the central nervous system (CNS) may undergo intrathecal injection of
chemotherapeutics or radiation therapy. For partial remission or high-risk cases which are initially
ineligible for hematopoietic stem cell transplant (HSCT), immunotherapy has emerged as an effective
treatment option and bridge to transplant.

Being of B cell lineage, B-ALL commonly expresses markers which are also found on the normal
B cell progenitors from which they derive, such as CD19, CD20, and CD22. These markers can be
targeted in immunotherapeutic treatment of refractory B-ALL (Fig. 1.2), using systems such as T cells
genetically modified with chimeric antigen receptors (CAR T cells) specific for CD19. These T cells
exhibit powerful and enduring activation in response to their CAR receptors binding CD19 on B-ALL
cells, allowing them to effectively clear the leukemia cells and, incidentally, any normal CD19* B cells in
patients. The combination of these CD19-CAR T cells with conditioning chemotherapy and HSCT was
shown to induce a response in 94% of relapsed pediatric patients and improve overall survival to a

remarkable 78% (18). Other immunotherapeutic agents include blinatumomab, a CD19-CD3 bispecific



antibody which binds CD3* T cells to CD19* B-ALL cells to promote activation, and Inotuzumab
0zogamicin, a CD22 (Siglec-2) monoclonal antibody conjugated to the chemotherapeutic calicheamicin
which specifically delivers the chemotherapeutic to CD22" B-ALL cells. These have both shown efficacy
in treating relapsed B-ALL disease, demonstrating the susceptibility of B-ALL overall to immunotherapy
(19, 20). Yet there is still much to understand about the mechanisms of immune evasion utilized by B-
ALL, and further research is required to fully optimize therapeutic immunomodulation for this disease.
1.3 Immune evasion in B-ALL

The contributions of the immune system to the control and clearance of cancer have been a long-
standing debate. The tumor microenvironment (TME), consisting of all non-cancerous cell types, such as
stromal cells, endothelial cells, and tissue-resident or infiltrating immune cells, has historically been
believed to be pro-tumorigenic and hostile to immune effectors (21). Better understanding of tumor-
infiltrating immune cells has revealed that TME suppression of immune activity is vulnerable to
therapeutic intervention (22-24), and utilization of immune-based therapies has shown great efficacy in
treatment of aggressive cancers where few other therapies have (25-27). For this reason, extensive
research on the mechanisms by which solid tumor cells evade the immune response has been documented,
yet studies into these and other undiscovered mechanisms of immune escape in blood cancers are still
emerging. As blood cancers derive from or share a common progenitor with those immune cells utilized
in cancer immunotherapy, the potential for blood cancer cells to inherit and exploit the mechanisms by
which immune cells communicate and cross-regulate one another is high. Should this be the case, the
therapeutic potential and efficacy of immunotherapy in blood cancers should be equally high.
1.3.1 Mechanisms of immune escape in B-ALL

Downregulation or loss of MHC expression in cancer cells is a common intrinsic method of
immune evasion which lowers the T cell capacity to detect and interact with tumor cells but increases the
likelihood of clearance by KIR- and NKG2-expressing NK cells. In ALL, however, loss of MHC is only
present in a rare subset of patients (28), and NK cells have been demonstrated to have little effectiveness

in the clearance of ALL (29, 30). Despite this presence of stably expressed MHC, ALL is a cancer type



with relatively low mutational burden, which results in few neoantigens being presented on MHC
complexes (31) and therefore reduces the targetability of the cancer cells by the adaptive immune
response. Though a subset of B-ALL overexpresses the CD47 “don’t eat me” signal to avoid immune
clearance through phagocytosis (32), B-ALL cells are known to express modest if negligible amounts of
immune checkpoint ligands such as PD-L1 and Galectin-9 outside of unique circumstances (33, 34).

Thus, immune escape in B-ALL is primarily mediated through extrinsic means; remodeling and
co-opting the cells of the TME to better suit leukemogenesis and disease progression. B-ALL has
demonstrated resistance to NK cell cytotoxicity (29), mediated through secretion of factors such as TGF-f
(30) which can effectively hold bone marrow NK cells inactive. The secretions of B-ALL cells, including
such factors as BMP4, have also been shown to skew dendritic cells (DCs) to a more immunosuppressive
profile and macrophages to the immunosuppressive M2 polarization state (35). Disruption of normal
monocyte differentiation is an important component of B-ALL bone marrow remodeling, where higher
proportions CD16" non-classical monocytes in the bone marrow at time of diagnosis correlate with poorer
patient outcomes and contribute to therapeutic resistance in B-ALL models (36). This high myeloid cell
infiltration of B-ALL bone marrow was utilized to generate TIE2* monocytes modified to deliver IFNa to
the bone marrow in a manner which augmented CAR T therapy in a mouse model of B-ALL (37),
suggesting this phenomenon may be further exploited to optimize B-ALL immunotherapies.

Considerable research has been done on the effects of B-ALL on T cells, where the disease
appears to have a profound impact on T cell activation in the bone marrow. T regulatory cells (Tregs) are
expanded in the marrow and blood of B-ALL patients (38), contributing to the local IL-10 and TGF-$
immunosuppressive signaling pool and playing an emerging role in immunotherapeutic resistance in B-
ALL (39, 40). Though B-ALL cells themselves do not typically express high amounts of immune
checkpoint molecules, bone marrow resident CD4" and CD8" T cells have been demonstrated to express
high levels of PD-1, TIM3, and TIGIT in B-ALL (41-43), which in some cases correlates with relapse and
poorer patient outcomes (41). Treatment of B-ALL with immune checkpoint inhibitors has to-date

showed underwhelming efficacy (44), likely due to the immune-ablative effects of chemotherapeutic



induction and the low mutational burden of B-ALL. Yet clinical trials combining immune checkpoint
inhibitors with other therapies in B-ALL are still ongoing (NCT03512405, NCT05310591, and
NCT02879695) and may yet prove effective. Our group and others have demonstrated B-ALL can induce
exhausted T cell profiles within the bone marrow through disease progression and cellular secretions (45-
47), yet the specific mechanisms by which B-ALL-mediated T cell suppression occurs is still in ongoing
investigation, a few of which are discussed below.

1.3.2 Calcineurin and IL-12 regulate B-ALL immune escape

Our lab has performed extensive research detailing the changes of the bone marrow tumor
microenvironment during B-ALL progression, primarily through study of immunomodulators calcineurin
and IL-12. The serine/threonine phosphatase calcineurin upstream of the NFAT pathway has a well-
demonstrated role in mediating “stemness” in T-ALL (48, 49), and, by our lab, in immune evasion of B-
ALL (46). We have previously shown that knockdown of the critical calcineurin regulatory subunit (CnB)
in BCR-ABL1* murine B-ALL leukemia cells engrafted in immune competent mice leads to prolonged
survival, an effect lost when engrafted into immunocompromised Tcra™ mice, deficient in the alpha beta
T cell receptor critical for differentiation of mature T lymphocytes (Fig. 1.3A). Further characterization of
the immune populations in the bone marrow from immunocompetent mice engrafted with either control
or calcineurin-deficient leukemia revealed an increase in CD8* cytotoxic T cells in the latter (Fig. 1.3B),
supporting calcineurin as a regulator of adaptive immune escape in B-ALL.

However, calcineurin is critical in physiological T cell development and activation (50, 51), and
systemic inhibition for use as an anti-leukemia immunotherapy is not likely to be effective (46). Thus, to
identify downstream mediators of calcineurin-dependent immune evasion, our lab performed experiments
to characterize functional and phenotypic differences in calcineurin-deficient leukemia cells, including
cytokine array analysis on the secretions of these murine leukemia cells. 1L-12p40 was found to be
secreted at significantly higher levels by the more immunogenic calcineurin knockdown cells (46).
Further investigation demonstrated the therapeutic potential of recombinant IL-12 (rIL-12) in normalizing

proportions of T cells and DCs as well as the cytokine milieu in the B-ALL-transformed bone marrow



niche. rlL-12 also demonstrated marked efficacy in reducing exhausted T cell profiles in B-ALL-
suppressed T cells and augmenting blinatumomab therapy (47).

Aside from the cytokine array which identified 1L-12 as a downstream effector of calcineurin-
mediated immunosuppression, our group also performed RNA-sequencing of control or calcineurin
knockdown leukemia cells sorted from the bone marrow of engrafted immunocompetent mice (Fig.
1.3C). Of the top three most significantly downregulated genes found in the more immunogenic
calcineurin knockdown B-ALL, we were able to validate only the downregulation of the gene Siglec15
using real time gPCR (RT-qPCR) (Fig. 1.3D), which became the foundation of the project described
within this text. The mechanisms by which Siglec-15 (Sig15) alters the immune response to B-ALL is an
ongoing area of interest for our lab; further identification of the impacted immune populations and
consequent molecular mechanisms of leukemia-expressed Sigl5 is one of the primary aims of this

project.
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Figure 1.1 Normal hematopoiesis and lymphoblastic/lymphocytic cancer cells of origin. Schematic for
hematopoietic cell differentiation, highlighting the maturation path of B cells in the human body. The cell
types from which B-ALL, B cell lymphoma, and myeloma are believed to arise are indicated with
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in the lymph nodes, it may also occur in other parts of the lymphatic system such as the thymus, spleen,
or mucosa tissue. Adapted from “Stem Cell Differentiation from Bone Marrow”, created by "Dr. Akiko
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Figure 1.3 Calcineurin is a mediator adaptive immune evasion in B-ALL. A. Un-irradiated, WT or Tcra™

C57BI6 mice were injected with 5x10° non-silencing (shNS) or calcineurin knockdown (shCnB) leukemia

cells. Kaplan Meier curve shows prolonged survival of WT recipients of shCnB leukemia. B. Bone

marrow was harvested from WT recipients of GFP-tagged shNS and shCnB leukemia 7 days after

transfer. GFP™9 cells were analyzed via flow cytometry for CD3 and CD8 proportions (**P<0.01,

***pP<(.001). C. GFP* leukemia cells were harvested at day 7 and analyzed for gene expression analysis

by RNA seq. The heatmap depicts the most highly differentially expressed genes, with stringent criteria

of FDR<0.05 and >2-fold change. Red arrow identifies Siglec15. D. RT-gPCR was used to detect

Siglec15 from ex vivo-cultured shNS and shCnB leukemia cells. Data were normalized to expression

levels in the parental cell line. All data taken from Rabe et al., 2019 (51). These data demonstrate

calcineurin-dependent immune evasion by B-ALL cells and implicate Siglec-15 as one of its possible

downstream effectors.
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Chapter 2: Siglec-15 and immunosuppression
2.1 Siglec Family Proteins

Sigl15 is a member of the Siglec (sialic acid-binding Ig-like lectin) family of proteins. These are I-
type (or immunoglobin-like) lectins which can bind select sugar moieties called sialic acid on a variety of
glycosylated proteins (52). As cell surface proteins, the Siglec family members (Fig. 2.1) are Type 1
transmembrane proteins which possess a single-pass transmembrane domain. Siglecs also possess an N-
terminal V-set domain, which resembles the immunoglobin (1g) variable region and has sialic-acid-
binding capacity, and a variable number of C-set domains, which resemble the Ig constant region type 2
and are located between the V-set domain and the transmembrane domain (53). Siglec expression is both
restricted to and highly heterogenous across all immune cell types with the exception of Siglec-4 (myelin-
associated glycoprotein, MAG) and Siglec-6 (CD327), which are expressed primarily on neuronal and
placental cells respectively (53). While some lectins, such as Selectins and Lecticans, function primarily
in cell adhesion and migration (54), Siglecs are of the class of lectins which modulate immune
stimulatory or suppressive signaling effects. This is a function of the sialic acid-binding capacity of
Siglecs, which allows for recognition and response to self-antigens in bodily tissues.
2.1.1 Sialic acid and self-immunity

Sialic acid is a form of sugar modification found on glycoproteins consisting of N- or O-linked
derivates of the amino sugar called neuraminic acid. As an acid, this alpha-keto sugar modification carries
a negative charge at normal pH and is typically the outermost component of the oligosaccharide sugar
chains which modify cell surface or heavily glycosylated proteins such as mucins. In mammals, sialic
acids are often found in one of three major types, including N-acetylneuraminic acid (NeuSAc, NANA),
deaminated neuraminic acid (KDN), and N-glycolylneuraminic acid (Neu5Gc). While humans are unable
to naturally synthesize Neu5Gc and must therefore uptake it from dietary sources, Neu5Ac is highly and
widely distributed across human tissues but notably not on most pathogens (55). Sialic acids therefore
may act as self-associated molecular patterns (SAMPs), utilized by the immune system to discriminate

and dampen immune response against self-tissue (56).
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The natural co-evolution of immunity and pathogenesis has created over time two major
mechanisms by which sialic acid-mediated immunosurveillance may be exploited: molecular mimicry
and hypersialylation. In the case of molecular mimicry, pathogens have long evolved a variety of
strategies in which to acquire and present “self” sialic acid moieties, primarily Neu5Ac, on their capsules
to avoid immune clearance. Strains of E. coli, N. meningitidis, and N. gonorrhoeae have been
demonstrated to attain sialic mimetics and sialic acids through unique de novo synthesis pathways or
scavenging them from human secretions using sialyltransferases (57). This mimicry is believed to be the
driving selective pressure behind modern sialic acid evolution, which has resulted in the development of
over 50 different versions of sialic acids utilized in vertebrate tissues. In congruence with the rapid
expansion of sialic acid evolution, Siglec evolution has equally expanded, giving rise to the highly
specific immunostimulatory and immunosuppressive CD33-related Siglec family members in an
evolutionary “arms race” (58), which is to be discussed later in this chapter.

Hypersialylation, defined as the increased presentation of sialic acid on surface proteins, is
observed across a broad range of cancers. Mechanistically, this increased sialylation often occurs through
increased expression of sialyltransferases and heightened metabolism of sialic acid precursors, which are
commonly downstream of Ras or c-Myc activating mutations in cancer cells (59). Though largely
considered a pathological phenomenon, high levels of sialic acid are in fact present on some normal cell
types, including embryonic tissue, neuronal tissue, and, notably, red blood cells (RBCs) (60, 61). In the
case of RBCs, the surface of these non-nucleated cells is concentrated with sialoglycans which protect
RBCs from neutrophil activation and clearance in circulation, among other roles (62, 63).
Hypersialylation is present across countless cancer types, including breast, colorectal, prostate, and
pancreatic cancers, as well as leukemia (59). Tumor hypersialylation has been demonstrated to increase
migration and invasion through promotion of extracellular matrix interactions, occlude antigen epitopes to
block antibody binding in humoral immunity, and dampen immunoregulation by engaging with
immunosuppressive Siglec family proteins. For these reasons, tumor hypersialylation is widely correlated

with poor patient outcomes, and therapeutic strides are currently underway to target this phenomenon
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using specific glycomimetics (64). While these emerging sialic acid-targeting therapies show promise in
preclinical studies, an even greater amount of research and therapeutic development has occurred on the
canonical sialic acid-binding proteins, the Siglecs.

2.1.2 Siglecs in overview

Siglec family proteins can be divided into two major subgroups by their conservation across
vertebrate evolution. The first subgroup is the most evolutionarily conserved, present across all mammals
with high homology, and includes Siglec-1 (sialoadhesin), Siglec-2 (CD22), Siglec-4 (MAG), and Siglec-
15. The second group consists of the remaining Siglecs, which all bear structural similarities to Siglec-3
(CD33) but have relatively low homology across the different mammalian species and have been
characterized through phylogenetics to have rapidly evolved in primates in recent evolution (65). As
pathogens evolved molecular mimicry to present sialic acid derivatives, enabling pathogenic evasion of
immune clearance and propagation in mammalian hosts, CD33-related Siglecs were selectively pressured
to evolve higher specificity for their target sialoglycans, creating a co-evolutionary arms race between
sialic acid-presenting pathogens and the mammalian immune cells they exploit (66). Thus, CD33-related
Siglecs have demonstrated higher specificity for the sialic acid variants they will bind, mediated by the
rapid genomic evolution of their sialic acid-binding V-set domains (67). Yet sialic acid specificity is not
the only evolutionary change in CD33-related Siglecs which resulted from this arms race; some family
members also developed alterations in their transmembrane and intracellular domains, which in turn
altered their downstream signaling capacity.

In light of their similarity to Siglec-3, most CD33-related Siglecs possess immunosuppressive
downstream signaling. These effects are mediated by the presence of ITIM (immunoreceptor tyrosine-
based inhibition motif) and ITIM-like domains in their cytoplasmic tails (Fig. 2.2A), which, once
phosphorylated by Src family kinases, can recruit immunosuppressive phosphatases such as SHP-1 and
SHP-2 to the immune synapse and dampen upstream activity of pathways important to immune cell
activation (68). Due to the exploitation of these immunosuppressive Siglecs by sialic acid-presenting

pathogens, a new form of Siglec evolved over time which bound the same select sialic acid derivates as
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its immunosuppressive counterparts and yet was immunostimulatory in nature, called activating Siglecs.
The members of this new group, including Siglec-14 and Siglec-16, contain a positively-charged amino
acid residue located within their transmembrane domains (Fig. 2.2B), which allows for coupling and
stabilization of the ITAM (immunoreceptor tyrosine-based activation motif) domains of partner
“adaptor” proteins such as DAP12 (TYROBP), DAP10 (HCST), and FcR gamma chain (FcRy) (69). The
ITAM domains of these adaptor proteins, when they are associated with sialic acid-bound activating
Siglecs, are then phosphorylated by Src kinases and act as docking scaffolds for the SH2 domains of
kinases such as SYK and ZAP-70, which activate downstream phosphorylation signaling cascades to
activate immune cells. Notably, while Siglec-15 is not of the CD33-related Siglecs, its structure classifies
it as an activating Siglec as well, the implications of which are to be discussed later in this chapter.

These activating Siglecs are often present as “paired receptors,” wherein a single
immunosuppressive and immunostimulatory Siglec both have specificity for the same sialic acid
derivative but have opposing signaling capacity. Examples of this phenomenon include Siglec-5/Siglec-
14 (70) and Siglec-11/Siglec-16 (71), but notably not Siglec-15. Such Siglec pairs are typically co-
expressed, allowing for fine-tuning of the activation status of the immune cells which express them. Thus,
a successful immune response may be mounted against sialylated pathogens while still identifying self-
tissue through sialoglycans, modulated by the signaling cascades of the immunostimulatory and
immunosuppressive Siglecs in tandem.

2.1.3 Siglecs in cancer

Given Siglecs are primarily expressed across a broad range of immune cells, their interaction with
cancer cells can come in two main manners: Siglecs expressed on tumor-infiltrating immune cells and
Siglecs expressed on immune cell-derived blood cancers. In this section, we will address the former. The
structure of Siglec-1 (Sialoadhesin, CD169), lacking any intracellular signaling capacity but possessing a
long extracellular chain of C2-set domains, makes it optimal for cell-cell interactions and migration.
Siglec-1 is expressed on monocytes and macrophages, and Siglec-1-expressing macrophages play

important roles in B cell priming in the lymph nodes for optimal humoral immune response (72). They
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also facilitate priming and activation of CD8* cytotoxic T lymphocytes (CTL) in the lymph nodes,
increasing CTL infiltration into the tumor, reducing lymph nodal metastasis, and overall correlating with
improved patient survival in colorectal, gastric, and skin cancers (73-76). Siglec-4 (MAG), expressed on
oligodendrocytes and Schwann cells in the central and peripheral nervous systems, similarly lacks
intracellular signaling domains and plays a primary function in cell-cell adhesion in myelin-axon
interactions. Limited research has demonstrated its contributions to neural invasion in pancreatic cancer
through binding the highly glycosylated mucin MUC-1 (77). While the involvement of Siglec-2 (CD22)
and Siglec-15 in cancer is to be discussed in the following sections, CD33-related Siglecs have well
established roles in promotion of tumor-mediated immunosuppression.

Siglec-5, Siglec-7, Siglec-9, and Siglec-10, despite lacking expression in normal T cells, have all
been demonstrated to be expressed on populations of tumor-infiltrating CD8* and CD4* T lymphocytes
(TILs) in non-small cell lung cancer (NSCLC) (78). Siglec-5 is expressed on many leukocytes, including
neutrophils, monocytes, B cells, and T cells; in the case of the latter, it has recently emerged as a novel
marker of antigen-specific T cell activation. Containing both an ITIM and ITIM-like domain in its
cytoplasmic tail, Siglec-5 has been demonstrated to attenuate NFAT and AP-1 signaling downstream of
TCR engagement to suppress lymphocyte activation, an immunomodulatory axis that is exploited by
some lymphoma cell lines which express ligands for Siglec-5" T cells (79). Siglec-5 also possesses an
alternative spliceoform that is released as a soluble molecule (sSig5), which can bind to P-selectin ligand
1 (PSGL1) to inhibit leukocyte extravasation from the blood vessels at sites of inflammation (80).

Siglec-7 and Siglec-9 share considerable similarities in structure and sialic acid-binding
preference, are expressed across a breadth of innate and adaptive immune cells, contain a single ITIM and
ITIM-like domain in their cytoplasmic tails, and have well-established roles in suppressing immunity
(81). Siglec-7 is ubiquitously expressed across NK cells and, when bound to sialoglycans expressed on
tumor cells, plays a critical part in attenuation of NK cell activation and lysis (82). Despite this, NK cells
lacking Siglec-7 which circulate in the blood of HIV and hepatocellular carcinoma patients have reduced

activation and pro-inflammatory profiles (83, 84), suggesting Siglec-7 may play a more complex
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modulatory role in NK cell function. Siglec-7 and Siglec-9 ligands expressed on pancreatic cancer cells
were found to regulate the differentiation and co-option of tumor-associated macrophages (TAMS),
promoting polarization of macrophages to their more tumor-supportive M2 state and the release of
immunosuppressive factors such as IL-10 (85, 86). Siglec-9 is the highest Siglec expressed in NSCLC
TILs and is also present in colorectal and ovarian cancer TILs, where it correlates with poor patient
outcomes and is often co-expressed with immune checkpoint molecules such as PD-1, TIM-3, and LAG-3
in subsets of activated, tumor-specific PD-1* CD8* T cells (78). Indeed, Siglec-9 has an emerging role as
an immune checkpoint molecule expressed on tumor-infiltrating CD8* T cells across many cancers,
including melanoma, colon cancer, lung cancer, low grade glioma, and several others (87-89). This broad
utilization across solid tumors has made it an attractive candidate for immune checkpoint therapy, where
blocking antibodies against Siglec-9 have demonstrated the capacity to restore neutrophil-mediated tumor
killing in mouse models of NSCLC and colorectal cancer (85) and to reduce metastasis and promote
tumor clearance in a model of melanoma (87).

Siglec-10 is expressed widely across leukocytes, including monocyte/macrophages, dendritic
cells, B cells, and eosinophils, and possesses 3 C2-set domains projecting extracellularly and a
cytoplasmic tail consisting of one ITIM, one ITIM-like, and a Grb2-binding domain similar to that of
CD22 near to its transmembrane domain (90). It has high binding affinity for heavily sialylated proteins
such as CD24, contributing to the role of macrophage-expressed Siglec-10 in suppressing tissue damage-
induced inflammation by inhibiting downstream NF-kB activation (91). Ovarian and triple-negative
breast cancer cells are known to overexpress CD24 as a “don’t eat me” signal in order to evade TAM-
mediated phagocytosis, making it a potent target for inhibition in promoting tumor clearance (92). Yet
another preferred binding partner of Siglec-10 is CD52, which can be released as a soluble molecule that
binds Siglec-10 on subsets of CD4" T cells and monocytes to suppress TCR activity and pro-
inflammatory cytokine secretion (93, 94). Soluble CD52 is known to be released by breast cancer and
chronic lymphocytic leukemia (CLL) cells, promoting localized and systemic immunosuppression in the

formation of the tumor microenvironment.
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The contributions of the remaining Siglecs, including immune-activating Siglec-14 and Siglec-16,
to tumor progression and immunoregulation remains emerging or otherwise unclear in the literature.
Siglec-14 has been characterized as an important regulator in Group B streptococcal infection, where
Siglec-14-deficient macrophages and fetal neutrophils have been demonstrated to be more susceptible to
sialic acid-mediated infection, which, in the case of the former, was shown to be mediated through
suppression of inflammasome activity downstream of NLRP3 signaling. When co-expressed with high
levels of tissue sialoglycans, Siglec-16 has been shown to promote polarization of glioblastoma-
infiltrating TAMS to a more pro-inflammatory M1 state and to positively correlate with patient survival
(95). While data is still yet being gathered on these activation Siglecs, the emergence of their Siglec-15
counterpart as an apparent immunosuppressive checkpoint molecule in cancers (to be discussed later in
this chapter) remains an incompletely understood phenomenon.

2.1.4 Siglecs in leukemia

As leukemias originate from the early predecessors of immune cells, many Siglecs are expressed
on and functionally exploited by blood cancer cells, which supports Siglec targeting as a promising field
for therapeutic research. Siglec-2 (CD22) is perhaps the best-known example of this, being exclusively
expressed across B cells and B cell malignancies. With 3 ITIM, 1 ITIM-like, and 1 Grb2-binding domain
on its cytoplasmic tail, sialic acid-bound CD22 can potently suppress B cell receptor (BCR) activation by
recruiting immunosuppressive phosphatases to the immune synapse (96). Due to its widespread
expression across precursor, mature, and malignant B cells, as well as its role in suppressing activation
and antigen presentation in B cells (97), CD22 has emerged as a potent target for therapy in B cell
leukemias and lymphomas, including B-ALL, DLBCL and other forms of non-Hodgkin’s lymphoma
(NHL) (98-100). This is often accomplished using blocking antibodies such as epratuzumab or drug-
conjugated antibodies such as inotuzumab-ozogamicin, which is conjugated to the antibiotic
calicheamicin that causes apoptosis-inducing DNA double strand breaks in tumor cells (101). Another
role has recently emerged for CD22 as a target for CAR T therapy in B cell malignancies. With antigen

escape being one of the most common causes for relapse in CD19-targeted CAR T therapy (102), CD22
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expression has been demonstrated to be maintained in even CD19-negative relapsed leukemia cells (103),
prompting design and utilization of CD22-targeted CAR T cells alone or in combination with CD19-
targeted CAR T cells in the treatment of relapsed/refractory B-ALL (104, 105).

Siglec-3 (CD33) plays a similar role in AML, being expressed on most myeloid precursors,
monocytes/macrophages, mast cells, and microglia. Its cytoplasmic tail consists of an ITIM and ITIM-like
domain which can dock SHP-1/SHP-2 inhibitory phosphatases to attenuate activation in a mechanism
which is not currently fully understood, though it is known that the SYK/ZAP-70 pathways are required
(68, 106). As 85-90% of AML cases are CD33-expressing (107) and CD33 has been demonstrated to
promote AML proliferation (106), it is yet another promising target in treatment of AML, though it
maintains therapeutic challenges. Gentuzumab-ozogamicin, a CD33-antibody conjugated to
calicheamicin, has demonstrated efficacy in combination with chemotherapy in CD33" newly-diagnosed
and relapsed AML patients of moderate-to-low risk groups (108). Attempts have also been made to
engineer CD33-targeted CAR T cells, which have demonstrated limited efficacy thus far due to
difficulties in efficient CAR manufacturing (109), and CD33 BiTE molecules which show promise in
early phase clinical trials (110).

With the addition of Siglec-6, which has recently been demonstrated to be expressed on CLL
cells and thus be an effective target for CAR T therapy (111), these Siglecs are aberrantly expressed on
blood cancers and play important roles in mediating immunosuppression. Therapeutically targeting these
molecules provides efficacy in a twofold manner: inhibiting the immunosuppressive activity of the
molecule itself to restore the tumor-controlling bone marrow niche and allowing for effective
identification/elimination of the Siglec-expressing leukemia cells with minimized off-target toxicity to
any healthy precursor immune cells present. It is for this reason that the emergence of Siglec-15 as an
immune checkpoint molecule and possible target for therapeutic intervention in leukemia provides an
enticing area for new research.

2.2 Siglec-15 as a highly conserved immunomodulator
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Siglec-15 (Sig15) is the smallest of the 17 (112) Siglec family members (Fig. 2.3), containing a
single V-set and C2-set domain in its extracellular projection, a short cytoplasmic tail with no notable
structural domains, and, as an activating Siglec, a lysine residue in its transmembrane domain which
allows it to couple with and activate the ITAM domains of adapter proteins DAP12, DAP10, and FcRy to
activate downstream SYK and ERK/AKt in osteoclasts and myeloid cells (113). SIGLEC15 is located on a
different chromosome from the CD33-related Siglecs, and it maintains a striking homology through
vertebrate evolutionary history which is not observed in the recently-evolved CD33-related Siglecs,
suggesting it belongs in the group of conserved Siglecs instead. To the latter point, Sig15 is expressed
across all major branches of vertebrates with considerably homology, making it one of the most highly
conserved Siglecs aside from MAG and therefore likely an “ancestral” Siglec (113). Though bearing
similar structural and functional properties as the other activating Siglecs, the conservation of Sig15
across phylogeny would suggest this resemblance to Siglec-14 and Siglec-16 is likely an instance of
convergent evolution rather than any ancestral derivation. The selective pressure driving this conservation
is an ongoing area of speculation, though it likely involves the critical roles that Sig15 plays in bone
remodeling and immunoregulation, to be discussed in the next sections.

Murine Sig15 has been previously demonstrated to have high affinity for binding the Sialyl Tn
(sTn) modification, an O-linked derivative of Neu5Ac which is widely overexpressed on cancer-
associated mucins and solid tumor cells (114, 115). Human Sig15, however, has been shown to have
lower binding affinity for sialic acid (113), and reports have varied regarding its preference for binding
sTn over other derivatives (116, 117), possibly suggesting a higher promiscuity in protein-protein
interaction. Sig15 is known to be expressed on mature dendritic cell (DC) and macrophage populations
(113, 118) as well as mature osteoclasts (119). Interestingly, Sig15 was found to be intracellularly
localized in some DCs and macrophages, a phenomenon which can be attributed to the rapid
internalization motif in its cytoplasmic tail (113). This “Yxx@” motif promotes quick turnover of a
protein at the membrane by the clathrin-associated AP-2 complex, facilitating recycling to the endosomal

and, occasionally, lysosomal compartments (120). It has been previously demonstrated that expression of
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adaptor proteins such as DAP12 can stabilize Siglecs at the cellular surface (71, 121), which could
provide rationale for the variability in Sig15 surface localization amongst different cellular populations.
To note, Sigl5 is exclusively present at the membrane in mature osteoclasts, which express considerable
amounts of DAP12 and other adaptor proteins and require the Sigl15/adaptor intracellular signaling
cascade to undergo physiological maturation.

2.2.1 Siglec-15 in osteoclasts and osteoporosis

Bone remodeling is mediated by two major cellular populations: osteoblasts, which synthesize the
collagen and extracellular matrix that eventually becomes bone, and osteoclasts, which are multi-
nucleated cells that secrete large amounts of hydrolytic enzymes that break down and digest the bone
matrix (122). The latter cells are derived from myeloid precursor cells in the bone marrow that
differentiate into immature osteoclasts when exposed to osteoclast-inducing factors secreted by
osteoblasts. Sig15 has been demonstrated to play a crucial role in the maturation of osteoclasts. Sigl5 is
upregulated in osteoclast precursors when exposed to osteoclast-inducing factor RANKL, allowing sialic
acid-bound Sig15 to couple with DAP12 and promote downstream PI3K/Akt and MAPK activation
crucial to osteoclast development (123). Sig15 is so critical to this process, in fact, that mice completely
deficient in Siglec15 expression manifest no discernible phenotype aside from osteopetrosis, or hardening
of the bone, in the trabecular and metaphyseal regions of the bone (123-125).

Antibodies targeting Sig15 have shown efficacy in inhibiting the function and development of
osteoclasts (119, 126, 127), making it an attractive target for treatment of diseases which involve
excessive breakdown of bone tissue, called “resorption.” Pathological bone resorption is one of the
primary causes of osteoporosis, though it can commonly occur as a secondary symptom to other
conditions including menopause, arthritis, malnutrition, and aging (128). Sig15-blocking antibodies have
thus been developed and demonstrate efficacy in treating bone resorption in menopause, rheumatoid
arthritis, and ovariectomy patients (125, 129, 130). Bone resorption is also a major concern of pediatric B-
ALL, where both the therapeutic agents used to treat B-ALL (131, 132) and the disease progression itself

(133) contribute to excessive bone loss. Thus the addition of a Sig15-blocking antibody to B-ALL



22

therapies could be beneficial in restoring the normal bone matrix niche as well as reversing
immunosuppression.
2.2.2 Siglec-15 and immunosuppression

Though Sig15 is known to play a key role in the differentiation of osteoclasts, which have various
characterized functions in immunosuppression (134-136), the role of Sigl5 in immunomodulation is still
emerging. As an activating Siglec, Sig15 has been demonstrated to be upregulated on barrier epithelial
cells and PBMC-derived myeloid cells upon exposure to sialylated pathogens such as C. albicans (137,
138) and A. fumigatus (139), promoting immunity against vulvovaginal candidiasis and influenza-
associated aspergillosis. Yet antibody-mediated blocking of Sig15 on macrophages in lung cancer has
been shown to skew TAM polarization to the more pro-inflammatory M1 state (140). TAM-expressed
Sig15 has the capacity to engage with tumor sialoglycans, promoting SYK and MAPK activation and, in
some models, enhance TAM secretion of immunosuppressive factors such as TGF-p (116, 117). Sigls
expression has also been demonstrated to be negatively correlated with pro-inflammatory interferon
signaling (118), which we have confirmed in our own models for Sig15 regulation in leukemia (to be
discussed in Chapters 3 and 4). Given the extracellular structure of Sig15 bears striking resemblance to
that of the B7 family of costimulatory and coinhibitory proteins (118), it is perhaps unsurprising that
Sigl5 may bear a complex role in regulating immunity, particularly in the context of cancer.
2.2.3 Siglec-15 in cancer

A seminal study by Dr. Lieping Chen’s group into Sig15 in NSCLC and other solid tumors,
primarily as expressed by tumor-infiltrating myeloid cells, demonstrated a role for Sig15 in suppressing
antigen-specific T cell activation in cancer (118). Patient tissue from bladder, colon, endometrial, and
several other solid tumors showed higher Sig15 staining than healthy tissue controls, and macrophage-
limited knockout of Siglec15 expression greatly enhanced the immune response to a NSCLC cell line
model. In light of the homology between Sig15 and the B7 family proteins, and the inversely correlated

expression of Sigl5 with inflammation-induced checkpoints such as PD-L1, they thus proposed a role for
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Sig15 as a new immune checkpoint which acts independently of the PD-1/PD-L1 axis to regulate immune
activity of tumor-infiltrating myeloid cells.

Interest in Sig15 as a cancer immunomodulator has expanded rapidly in the last five years, with
publications supporting its contributions across several cancers. Sig15 was found to correlate with
metastasis and poor patient outcomes in osteosarcoma through upregulation of pro-invasion phosphatase
DUSP1 and downstream MAPK activation (141). Studies into clear cell renal carcinoma demonstrate the
upregulation of Sig15 through aberrant expression of long non-coding RNAs which promote tumor
growth and attenuate T cell-mediated immunity in coculture and in vivo model assays (142, 143). High
Sigl15 expression in thyroid cancer correlated with a more immune-exhausted profile and increased lymph
nodal invasion (144). The role of Sigl5 in blood cancers is only recently emerging and remains unclear in
the literature. Primary AML cells have been demonstrated to express excess Sigl5, which is targetable
through antibody-mediated blocking (145). Sig15 expression on macrophages was found to be a favorable
prognostic indicator in DLBCL infiltration of the central nervous system (146), suggesting the
contributions of macrophage-expressed Sig15 can be contextually dependent. Our group has sought to
better elucidate the involvement of Sig15 as expressed on blood cancer cells, particularly B-ALL, in
disease progression and immunosuppression.

2.3 Rationale and Research Goals

As discussed in this chapter, Sig15 is yet unstudied in the context of immune evasion in ALL and
may be a potent immune-modulating therapeutic target for this disease. Thus the research objective of this
dissertation is to characterize the role of Sigl5 as a novel effector of immune evasion mechanisms in
hematological malignancies. The central hypothesis of our studies is that Sig15 is aberrantly expressed in
B-ALL and can be targeted to promote T cell-mediated immune clearance of leukemia cells. This
hypothesis derives from our data to be discussed in Chapter 3, which demonstrates aberrant pathological
expression of Sigl15 in human B-ALL as compared to healthy controls with a unique mechanism for
regulation of expression as well as surface localization and release of a secreted/soluble molecule. We

also demonstrated the critical role of Sig15 in promoting clearance of leukemia when engrafted into
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immunocompetent but not immunodeficient Rag1™ mice, supported by an overall re-normalization of the
bone marrow immune cell niche and cytokine milieu.

Yet this research lacks important context regarding the unique molecular biology, regulatory
mechanisms, and multi-functionality which contribute to Sig15-driven B-ALL pathology, prompting
further discussion of the molecule itself in Chapter 4. Our preliminary data support multiple isoforms of
Sig15 which are differentially expressed across normal and pathological hematological samples, some of
which appear to be regulated by independent signaling pathways and by active cell cycling. Particular
domains of the Sig15 structure also appear to have capacity to localize to the nucleus in B-ALL and
osteosarcoma cell lines, for which we have identified a unique importin  nuclear localization sequence
that remains to be experimentally verified. There remains much to understand about the biology of Sig15
and how it may behave aberrantly in a malignant and/or lymphocytic context as compared its
physiological myeloid context. Our long-term goal is thus to gain a greater understanding of the role of

Sig15 in modulation of the adaptive immune response and its contributions to the B-ALL pathogenicity.
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Figure 2.1 The name, structure, and common immune cell expression pattern of all human-expressed
Siglec family proteins. Siglec proteins consist of an extracellular face (containing one sialic acid-binding
V-set domain and a variable number of C2-set domains), a single pass transmembrane domain (TMD)
which may contain a positively-charged amino acid (AA), and a cytoplasmic tail which may possess
intracellular signaling capacity. Siglecs are divided into conserved/classical Siglecs and CD33-related
Siglecs. To note, Siglec-13 and Siglec-17 are present only in an inactive, pseudogenic form in
humans(112), while Siglec-12 (Siglec-XII) possess a point mutation in its V-set domain which renders it
incapable of binding sialic acid moieties(147). Abbreviations for immune cell populations including the
following: M® (macrophages), Mono (monocytes), B (B cells), DC (dendritic cells), Mast (mast cells),
Gran (granulocytes), Neu (neutrophils), T (T cells), Baso (basophils), NK (NK cells), and Eo

(eosinophils). Legend describing structural information in the upper right corner. Created with



BioRender.com, adapted from “Figure 1: Siglec-family proteins in humans and rodents” from Crocker,

Paulson, and Varki, 2007 (53).
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Figure 2.2 Siglecs may be further subdivided into inhibitory or activating Siglecs depending on their
structure. (A) Binding of inhibitory Siglecs to their preferred sialoglycans results in a conformational
change which allows the ITIM or ITIM-like domains in their cytoplasmic tails to be phosphorylated by
Src family kinases. This in turn allows docking and recruitment of immunosuppressive phosphatases to
the site of TCR/BCR or TLR signaling activation nearby. These phosphatases then attenuate
phosphorylation cascades of factors such as SYK/ZAP-70, PI3K, and IKK, which consequently
suppresses downstream immune activation. (B) Binding of activating Siglecs to their preferred
sialoglycans results in a conformational change which allows interaction of a positively-charged amino
acid (AA) in the transmembrane domain (TMD) to interact with a negatively-charged amino acid in the
transmembrane domain of adaptor proteins such as DAP12, DAP10, and FcRy. This interaction stabilizes

the adaptor proteins, which allows for Src family kinases to dock and phosphorylate the ITAM domains
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in the cytoplasmic tails of these adaptors, facilitating recruitment and activation of SYK/ZAP-70 kinases

which activate multiple downstream immunostimulatory pathways. Created with BioRender.com.
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Figure 2.3 The structure and notable features of SIGLEC15. SIGLEC15 (Sig15) consists of an
extracellular V-set domain, an extracellular C2-set domain, a helical transmembrane domain, and a
cytoplasmic tail. Notable features also include a suspected PY-NLS motif (AA82-87; “PY”’)for importin 3
(to be discussed in Chapter 4) within the V-set domain, the positively-charged arginine (R143; “R”)
within the V-set domain that binds sialic acid moieties, an asparagine (N172; “N”) predicted to be a site
for N-linked glycosylation modifications (148), a positively-charged lysine (K274; “K”) which allows for
coupling and stabilization of adaptor proteins such as DAP12, and a Yxx@ rapid internalization motif
(AA310-313 ; “YENL”) in the cytoplasmic tail which promotes rapid Sigl5 internalization at the
membrane. It should be noted that Sig15 contains a signal peptide sequence at its N-terminus upon
translation (AA1-19) which is cleaved prior to translocation to the membrane. Created with

BioRender.com.
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Chapter 3: Siglec-15 promotes evasion of adaptive immunity in B-cell acute lymphoblastic

leukemia

This chapter is adapted from a manuscript submitted by Pillsbury CE, Dougan J, Rabe JL et al. Siglec-15
promotes evasion of adaptive immunity in B-cell acute lymphoblastic leukemia. Cancer Res. Comm.
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3.1 Abstract

Siglec-15 (Sig15) has been implicated as an immune checkpoint expressed in solid tumor-
infiltrating macrophages and is being targeted in clinical trials with mAbs to normalize the tumor immune
microenvironment and stimulate antitumor immunity. However, the role of Sig15 in hematologic
malignancies remains undefined. Sigl5 mRNA and protein expression levels in hematologic malignancies
were determined from publicly available databases, cell lines, and primary patient samples. Human B-cell
acute lymphoblastic leukemia (B-ALL) cell lines were used to identify signaling pathways involved in the
regulation of Sig15 expression. Secreted/soluble Sig15 and cytokine levels were measured from the
plasma of children with leukemia and healthy controls. Knockdown and knockout of Siglec15 in a murine
model of B-ALL was used to evaluate the effect of leukemia-derived Sigl5 on the immune response to
leukemia. We observed pathologic overexpression of Sigl5 in a variety of hematologic malignancies,
including primary B-ALL samples. This overexpression was driven by NFkB activation, which also
increased the surface localization of Sigl5. Secreted/soluble Sig15 was found to circulate at elevated
levels in the plasma of children with B-ALL and correlated with an immune-suppressive cytokine milieu.
Genetic inhibition of Sig15 in murine B-ALL promoted clearance of the leukemia by the immune system
and a marked reversal of the immuneprivileged leukemia bone marrow niche, including expanded early
effector CD8* T cells and reduction of immunosuppressive cytokines. Thus, Sigl5 is a novel, potent
immunosuppressive molecule active in leukemia that may be targeted therapeutically to activate T
lymphocytes against leukemia cells.
3.2 Introduction

B cell acute lymphoblastic leukemia (B-ALL) is the most frequent subtype of acute
lymphoblastic leukemia and is the most common leukemia in children (149). Though standard-of-care
treatment for ALL is sufficient to induce complete remission in up to 98% of cases (150), relapse occurs
in approximately 15-20% of cases (151) and is characterized by highly aggressive disease, resistance to
most salvage therapies, and historic 5-year-survival rates of below 50% (17). Treatment of refractory B

cell malignancies using CD19-targeted chimeric antigen receptor expressing T cells (CAR T) and
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blinatumomab, a CD19-CD3 bispecific antibody, have shown dramatic potential (18, 152), highlighting
the potential of harnessing the immune system to treat these diseases. Nonetheless, responses are often
incomplete or short-lived, and there remains much to understand about the mechanisms of immune
evasion critical to disease progression and the best strategies to fully optimize therapeutic
immunomodulation for B cell malignancies.

In previous work, we noted differential expression of Siglec15 (Sig15) in an immunogenic mouse
model of B-ALL as compared to the non-immunogenic control leukemia (46). Sigl5 is a member of the
sialic acid binding Ig-like lectin (Siglec) family of proteins, which are known to bind sialic acid sugar
moieties on a variety of proteins and have immune stimulatory or suppressive signaling effects in select
immune subsets (53). These effects are mediated by either the presence of immunoreceptor tyrosine-based
inhibition motif (ITIM) domains or positively-charged amino acid residues located within their
transmembrane domains; the latter allows for coupling and stabilization of the immunoreceptor tyrosine-
based activation motif (ITAM) domains of partner adaptor proteins to enable downstream signaling
activation (69).

Sigl15 is known to be expressed in certain subsets of dendritic cells and macrophages (113, 118),
as well as mature osteoclasts (123, 126), where it has been demonstrated to be critical for osteoclast
differentiation and physiological bone growth/remodeling (119, 124). It possesses a lysine residue in its
transmembrane domain which allows it to couple with the ITAM domains of adapter proteins DAP12 and
FcRy to activate downstream Syk and ERK/Akt in osteoclasts and myeloid cells (113), a pathway that can
be exploited by tumor cells to promote TGFp secretion in adjacent tumor-associated macrophages (116).
A seminal study of Sig15 in non-small cell lung cancer, primarily as expressed by tumor-infiltrating
myeloid cells, suggests a role for this molecule in suppressing antigen-specific T cell activation (118).
Further studies in clear-cell renal cell carcinoma and osteosarcoma have implicated an
immunosuppressive function for this molecule across solid tumor types (141, 143). However, the unique
regulation and underlying mechanisms of immunomodulation by Sig15, particularly in leukemias and

other hematological malignancies, remains to be defined.
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Our investigations detected high Sig15 expression across hematological malignancies in both
immortalized cell lines and primary patient samples. In the context of B-ALL, we have characterized a
novel intracellular localization pattern and regulatory axis for Sig15. We have also demonstrated for the
first time the release of a secreted or soluble form of Sig15 which circulates in the plasma of pediatric B-
ALL patients and correlates with markers of systemic immunosuppression. Silencing of Sigl5 expression
in a murine model of B-ALL results in higher expansion and activation of select T cell populations and a
decrease in immunosuppressive cytokines in the bone marrow, which suggests a niche for Sig15 as a
target for therapeutic development in hematological malignancies.

3.3 Materials and Methods
Cell Lines and Tissue Culture

The human B-ALL cell lines REH (RRID:CVCL_1650), RCH-ACV (RRID: CVCL_1851), SEM
RRID:CVCL_0095), Nalmé (RRID:CVCL_0092), KOPN8 (RRID:CVCL_1866), RS411
(RRID:CVCL_0093), and 697 (RRID:CVCL_0079) were obtained from ATCC (Manassas, VA) and
grown in RPMI 1640 or Iscove's Modified Dulbecco's Medium (IMDM) media supplemented with either
10% or 20% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Human cell lines were not
authenticated, but were periodically tested for Mycoplasma by RT-PCR (most recently in June, 2022).
The luciferase-expressing, p185 BCR-ABL1* Arf’” murine B-ALL cell line was generously provided by
Dr. Richard Williams (St. Jude Children's Research Hospital, Memphis, TN) (153-155) and was
periodically tested for Mycoplasma by RT-PCR (most recently in November, 2022). This cell line was
cultured in RPMI 1640 supplemented with 20% FBS, 1% penicillin/streptomycin, and 0.1% -
Mercaptoethanol. All cell lines were cultured in a 37°C humidified incubator with 5% CO, for a
maximum of 2 months before thawing a new vial of frozen stock.

To knockout Siglec15, the murine leukemia cells were transduced with a pCW-Cas9 construct
(RRID:Addgene_50661) for doxycycline-inducible, FLAG-tagged Cas9 expression, as well as two guide
RNA (gRNA) sequences cloned into the pLX-sgRNA (RRID:Addgene_50662) plasmid. Cas9 expression

was induced with 10 ug/mL blasticidin for 3 days and cells were then seeded for single cell isolation.
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Monoclonal colonies were harvested and assessed for genetic knockout using RT-gqPCR. Short-hairpin
RNA targeting Siglec15 expressed from pLKO.1 (shSigl5; Sigma-Aldrich; TRCN0000255303) was used
to knock down expression with a non-silencing sequence as a control (shNS; Sigma-Aldrich; SHC002).

Chimeric Antigen Receptor (CAR) expressing Jurkat cells were generated by retrovirally
transducing Jurkats (RRID:CVCL_0065) with a CAR containing a CD19-binding domain, the CD28
transmembrane and signaling domain and the CD3( signaling domain, as previously described (156).
CAR-expressing Jurkats and CD19* REH cells were co-cultured at a 2:1 effector:target ratio, at which
point 50 ug/mL of human IgG1 (Abcam) or His-tagged recombinant SIGLEC15 protein (ABclonal) was
added to the co-culture and incubated for 4 hours prior to analysis.

Quantitative Gene and Protein Analysis

For gene expression analysis, human cell lines were harvested at a concentration of 8x10°
cells/mL, and RNA was isolated from these samples using the Quick-RNA Miniprep Kit (Zymo
Research). RNA was reverse transcribed using the High-Capacity cDNA Reverse Transcription Kit
(ThermoFisher) and run in technical triplicate for real-time, quantitative PCR (RT-gPCR) reactions
utilizing the SYBR™ Green PCR Master Mix (ThermoFisher). Sigl5 expression was normalized using
reference genes GAPDH and 18srRNA. Publicly available data was queried from the Oncomine
(https://www.oncomine.org; accessed online 5/2018), TARGET ALL Phase 2
(https://ocg.cancer.gov/programs/target; accessed online October 2020), and St. Jude PeCan
(https://pecan.stjude.cloud/; accessed online 8/2020) databases. For survival analyses relative to mMRNA
expression, the median SIGLEC15 level was used as a cutoff to define high versus low expression.

For protein expression analysis, human cell lines were harvested at a concentration of 8x10°
cells/mL and lysed on ice for 45 minutes in RIPA lysis buffer (ThermoFisher) containing protease
inhibitors (Roche). Lysates were then clarified at 14,000 g for 10 minutes and quantified using the BCA
protein assay kit (ThermoFisher). Western immunoblots were probed for Sig15 using a polyclonal

antibody from Invitrogen (1:2000) and monoclonal antibodies from Creative Biolabs (Clone A9ES;
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1:1000) and NextCure (Clone 1F7; 2 ug/mL). Additional probes included DAP12 (Sigma Aldrich; 1:250),
FcRy (Cell Signaling Technology; 1:1000), and B-actin (Sigma Aldrich; Clone AC-15; 1:2000).
Immunofluorescence

Human B-ALL cells were seeded at a concentration 5x10° cells/mL to a poly-L-lysine (Sigma
Aldrich) coated 8-well removable chamber microscope slide (ibidi) and allowed to adhere for 24 hours at
37°C prior to treatment. At harvest, the wells were washed twice with cold phosphate buffered saline
(PBS), fixed with 4.2% paraformaldehyde (PMA) at 4°C for 10 minutes, permeabilized with 0.2% Triton
X-100 (Sigma Aldrich) for 10 minutes at room temperature, and blocked for 30 minutes at room
temperature. Wells were stained for Sig15 (Invitrogen; 1:400) and Golgin-97 (ThermoFisher; Clone
CDF4; 1:200) for 20 minutes at room temperature, washed in triplicate with PBS, and stained with
fluorescent secondary antibodies against either antigen. Slides were mounted using Prolong Gold
Antifade with DAPI (Invitrogen) and imaged on an Olympus FVV1000 confocal microscope. All co-
localization analysis was performed using the Coloc2 plugin in Fiji (157).
Primary Human Samples

All research involving samples from human subjects was approved by the Institutional Review
Board of Emory University (Atlanta, GA) and performed in accordance with recognized ethical
guidelines (e.g., U.S. Common Rule). Plasma samples from pediatric leukemia patients were obtained
from the Leukemia/Lymphoma Biorepository of the Aflac Cancer & Blood Disorders Center at
Children’s Healthcare of Atlanta (Atlanta, GA; IRB#34535). Peripheral blood and plasma from healthy
individuals were obtained from the Clinical and Translational Discovery Core at Emory University
(Atlanta, GA; IRB#89506). All samples were acquired after written informed consent was provided.
Residual, fresh bone marrow aspirate and peripheral blood samples from pediatric B-ALL patients were
analyzed for Sig15 expression by flow cytometry under protocol (IRB#96145). Bone marrow aspirate
from healthy donors was purchased from AllCells (Alameda, CA).

Flow Cytometry
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Human cell lines were harvested at a concentration of 8x10° cells/mL and stained with
LIVE/DEAD™ Fixable Aqua Stain (ThermoFisher) and Sig15 (NextCure; Clone NP159; 1:100), washed
with PBS in triplicate, and stained with an Alexa Fluor 488 goat anti-mouse secondary antibody.
Intracellular stains were performed using the BD Cytofix/Cytoperm™ (BD Biosciences) kit. Fresh
pediatric B-ALL samples from bone marrow aspirate (BMA) and peripheral blood (PBL) were collected,
counted, washed, and then stained with a pre-selected antibody cocktail. Samples were then RBC-lysed
with Ammonium Chloride Lyse Reagent (Medialab), washed, decanted, and fixed with 1% buffered
formalin (Medialab) prior to flow cytometric analysis. FlowJo Software (BD Biosciences;
RRID:SCR_008520) was used for all flow cytometry data analyses.

Secreted/Soluble Sig15 (sSigl5) and Cytokine/Chemokine Detection

Aliquots from plasma samples and human B-ALL cell line supernatants were analyzed for Sig15
using electrochemiluminescence on a Meso QuickPlex reader (Meso Scale Diagnostics, Rockville, MD).
Patient plasma was also analyzed for cytokines and chemokines using the Cytokine 35-plex Human Panel
(ThermoFisher) for the Luminex 200 System, which has been previously reported (47). Secreted or
soluble Sig15 (sSig15) was captured using the 5G12 monoclonal antibody (NextCure) and detected via
the NP159 antibody (NextCure) for analysis. A subset of reliably detected cytokines was selected for
correlation with sSigl5 levels. Data were log2 transformed prior to analyses using Pearson’s correlation
test. Pearson r values are depicted in the heatmap that was generated using Morpheus
(www.software.broadinstitute.org/Morpheus).

In vivo Experiments

C57BL/6 mice of either wildtype (WT; RRID:MGI:2159769) or Ragl™ (B6.129S7-Rag1t™Mem/J:;
RRID:IMSR_JAX:002216) background were obtained from the Jackson Laboratory. Female mice used in
this study were 4-8 weeks of age. Mice were housed in pathogen free conditions in the Division of
Animal Resources Facility in the Health Sciences Research Building on Emory University campus
(Atlanta, GA). All animal studies in this investigation were approved by the Emory University

Institutional Animal Care and Use Committee (Atlanta, GA).
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For survival experiments, unirradiated wildtype (WT) or Rag1” mice were injected with 2x10° murine B-
ALL cells via tail vein injection. Isoflurane-anesthetized mice were intraperitoneally injected with
luciferin and imaged on the In Vivo Image System (IVIS) Spectrum (Perkin Elmer) to measure leukemia
progression. Recipient mice were removed from the study upon either manifesting an ill appearance or
when their luciferase signal exceeded 108 photons/second based on previous experience (46).

For short-term immunophenotyping experiments, wildtype mice were injected with 2x10°
leukemia cells and monitored for seven days, at which point all recipients were euthanized. Bone marrow
supernatant was harvested and analyzed using the Mouse Cytokine 44-plex Array (Eve Technologies;
Calgary, AB, Canada). Bone marrow cells were harvested and analyzed via flow cytometry using a multi-
parameter panel on a Cytek Aurora (RRID:SCR_019826).

Statistical Analyses

Statistical analyses were performed using GraphPad Prism software (RRID:SCR_002798).
Statistical significance between groups was determined using ANOV A with Tukey’s multiple
comparisons test, unless otherwise specified. Error bars in figures represent the standard deviation and
may be obscured when narrow. Animal experiments included at least 3 mice per group and were repeated
at least once. Data from all mice are included in the results.

Data Availability Statement

The results published here include data generated by the Therapeutically Applicable Research to
Generate Effective Treatments (https://ocg.cancer.gov/ programs/target) initiative, phs000218. The data
used for this analysis are available at https://portal.gdc.cancer.gov/projects.

3.4 Results
Sig15 is widely expressed across hematological malignancies.

Sig15 expression has been documented in subsets of dendritic cells, macrophages, and mature
osteoclasts, and there exists some evidence that it is also expressed in some acute myeloid leukemias
(AML) (158, 159). The extent of Sigl5 expression in hematological malignancies, specifically of

lymphoid origin, remains undefined. We queried the Oncomine cancer microarray database, finding
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higher SIGLEC15 expression in both B-ALL and AML patient samples compared to healthy donor
peripheral blood mononuclear cells (PBMCs) (Fig. 3.1A). From the St. Jude PeCan database, among
common pediatric cancers, we found higher SIGLEC15 expression in B-ALL, AML, mixed lineage
leukemia (MLL), and osteosarcoma (OS) relative to the median expression across all tumors (Fig. 3.1B).
Among pediatric B-ALL subtypes, SIGLEC15 expression was highest in patients with the ETV6-RUNX1
translocation, the most common fusion gene in childhood ALL. Notably, higher expression of SIGLEC15
MRNA in the bone marrow was associated with longer event-free survival in a cohort of 98 children with
B-ALL enriched for those with early relapse.

Across a panel of eight immortalized human B-ALL cell lines, we observed higher SIGLEC15
expression compared to healthy donor PBMCs (Fig. 3.1C) by Western blot. This was consistent across
AML, and diffuse large B cell lymphoma (DLBCL) (Fig. 3.1D). We also performed flow cytometry for
Sigl5 on primary B-ALL cells gated from fresh bone marrow aspirate (BMA) and peripheral blood (PBL)
samples from pediatric B-ALL patients. Three of seven pediatric B-ALL BMA and one of eight PBL
samples stained positive/dim-positive for Sigl5 on their surface, while all normal bone marrow
hematogones and circulating B cells from non-leukemia donors (n=8) were Sig15-negative (Fig. 3.1E).
The expression and localization of Sig15 are regulated by NF-«B.

Immunosuppressive cytokines, such as M-CSF and IL-10, have previously been demonstrated to
induce Sigl5 expression in macrophages (116, 118). Although we tested these and several other candidate
cytokines for their effects on Sigl5 expression after 24 hours of treatment in an immortalized B-ALL cell
line, REH, only chemical stimulation with PMA strongly induced Sig15 expression (Fig. 3.2A). This
PMA-mediated induction was dependent upon PKC activation, as SIGLEC15 upregulation was abrogated
when cells were stimulated for 24 hours with a combination of PMA and a pan-PKC inhibitor, G66983
(Fig. 3.2B). As PKC activation is upstream of both calcineurin/NFAT and NF-«B activation, we used an
IKK-2 inhibitor (BOT64) and a calcineurin inhibitor (Cyclosporin A; CSA) in combination with 24-hour
PMA stimulation to demonstrate that PMA-induced upregulation of Sig15 expression is dependent upon

NF-«B activation (Fig. 3.2C-D). Analyses of gene expression from the ALL project of the TARGET
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Program demonstrated strong positive correlations of SIG15 expression with markers of PKC,
calcineurin, and NF-kB activity in pediatric B-ALL samples (Fig. 3.2E). As CD40L is a major
immunoregulatory molecule upstream of NF-«B activation in mature B cells, we tested its role in
stimulating Sig15 expression in B-ALL cells. We found that stimulation for 24 hours with CD40L
increased levels of SIG15 (Fig. 3.2F), suggesting that this inducer of the B cell NF-«B signaling axis are
involved in regulation of SIG15 in B-ALL. Due to its critical role in lymphocyte development and
survival, constitutive or overactivation of the NF-kB pathway is common in subsets of B cell
malignancies (160, 161), which may contribute to the pathological overexpression of Sig15.

Though we have demonstrated the high pathological expression of Sig15 in B-ALL, none of the
B-ALL cell lines expressed the primary Sigl5 binding partner DAP12 (Fig. 3.1C) or alternative binding
partner FCcRy (data not shown), which are required for downstream activation of Syk kinase and PI3K in
myeloid cells (123). Binding of Siglec family members to these adapter proteins has been demonstrated to
anchor these molecules at the cell membrane when they would otherwise turnover in the endosomal
complex (162). Indeed, flow cytometry demonstrated that Sig15 appeared to be primarily localized
intracellularly in human B-ALL cell lines (Fig. 3.3A). Further, immunofluorescence revealed that
intracellular Sig15 strongly co-localized with the Golgi apparatus and trans-Golgi network (TGN) marker,
Golgin-97 (Fig. 3.3B), suggesting retention of Sigl5 in the Golgi apparatus in B-ALL cells with limited
trafficking to the membrane along the TGN. In accordance with other transmembrane proteins that
possess regulated trafficking to the membrane, the intracellular domain of Sigl5 contains a rapid
internalization motif which can promote recycling of the protein back through the endosomal
compartments (113), resulting in eventual localization in the lysosome (Fig. S3.1A) unless otherwise
stabilized at the membrane. Interestingly, PMA-induced NF-«xB activation for 24 hours reduced
localization of Sig15 in the Golgi compartment and increased Sig15 at the surface of B-ALL cells (Fig.
3.3C-D). This increase in surface localization of Sig15 was mediated through NF-«xB activation, with
peak surface expression at approximately 8 hours post-stimulation (Fig. S3.1B).

Sig15 circulates in the plasma of B-ALL patients.
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As the TGN along which Sig15 traffics is known to regulate vesicular secretion of proteins (163),
and as other Siglec family member proteins have been demonstrated to exist in soluble form (164, 165),
we hypothesized that B-ALL cells have the capacity to release a secreted or soluble form of Sig15
(sSig15). We detected sSigl5 in the supernatant of REH cells in culture using MSD, which was increased
with PMA stimulation (Fig. 3.4A). Combination treatment with the calcineurin inhibitor, cyclosporine A,
demonstrated that calcineurin activation, downstream of PKC, regulates sSig15 release into the
supernatant but not its mMRNA expression level. We then assayed cryopreserved plasma from healthy
subjects and pediatric leukemia patients collected at the time of diagnosis for sSig15 levels, finding
significantly higher sSig15 in the plasma of pediatric B-ALL patients relative to healthy donors (Fig.
3.4B).

Though some members of the Siglec family proteins are known to circulate in plasma (164, 165),
to our knowledge, this is the first demonstration of a circulating, secreted/soluble form of Sig15. Further
analyses of circulating cytokine levels in these leukemia patient plasma samples via Luminex multiplex
assay found a correlation between sSig15 and the cytokines MCP-1/CCL2 and IL-6 (Fig. 3.4C), which
have been demonstrated to support the formation of the pro-leukemic bone marrow microenvironment
(166, 167). Notably, sSig15 strongly negatively correlated with IL-12 levels, a pro-inflammatory cytokine
with potent anti-leukemia activity (46, 47). To address the functional capacity of sSigl5 to suppress
immune activity, we treated CD19-CAR expressing Jurkat cells with recombinant human Sig15 in co-
culture with a CD19* B-ALL cell line. Recombinant Sig15 significantly suppressed the early activation of
the CAR* Jurkat cells (Fig. 3.4D-E), suggesting that sSig15 may directly suppress T cell activation and
function.

Sig15 is required for immune evasion by B-ALL cells.

With data supporting the pathological expression and immunosuppressive effects of Sigl5 in B-
ALL, we next sought to characterize the effects of Sig15 ablation in a murine model of B-ALL. We
performed shRNA knockdown and CRISPR-mediated deletion of Sig15 in a well-characterized BCR-

ABL1* Arf” murine B-ALL cell line (Fig. 3.5A-B)(153). In immune-competent wild-type (WT) and
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immune-deficient Rag1™ recipients, the control leukemias progressed rapidly, necessitating euthanasia of
all recipients within 2-3 weeks of leukemia transfer (Fig. 3.5C-D). In stark contrast, after 7-10 days, the
leukemia burden in WT recipients of Sigl5-deficient leukemia dramatically declined to below the limit of
detection, and the WT recipients of Sig15-deficient leukemia survived significantly longer than recipients
of the control leukemias (Fig. 3.5E-F). Sigl5 ablation did not alter basal apoptosis levels nor proliferation
rates of these cells (Fig. S3.2A-B). The initial increase in leukemia burden in immunocompetent
recipients of Sigl5-deficient leukemia, followed by regression around day 7, is consistent with well-
described kinetics of T cell responses in vivo(168).

To better understand the effects of Sigl5 on immune response to B-ALL, we engrafted
immunocompetent recipients with control or Sig15 knockout (Sigl5 KO) leukemia and harvested bone
marrow at Day 7 post-engraftment for immunophenotyping by flow cytometry. The numbers of bone
marrow CD3* T cells, NK cells, and neutrophils were all significantly higher in Sigl5 KO leukemia
recipients compared to control leukemia (Fig. 3.6A-D), characterizing a more robust anti-leukemia
immune response. Among T cell subsets (Fig. 3.6E), CD8" cytotoxic T cells (CTLs) were significantly
expanded in Sig1l5 KO recipients, making the proportion of CD8:CD4 T cells comparable to levels in
mice without leukemia (Fig. 3.6F-H). In addition, markers of T cell activation and degranulation were
significantly increased in CD8* T cells in Sig15 KO recipients (Fig. 3.61; S3.3A-B), while activation
markers were more variably elevated in NK cells, classical dendritic cells, and neutrophils (Fig. S3.3E-J).
Those CD8* T cell populations expected to be critical in the early stages of immunologic control, such as
short-lived effector cell (SLEC) and memory precursor effector CD8* cells (MPEC) populations, were
significantly higher (Fig. 3.6J-K) along with precursors to central and effector memory T cells (Fig.
3.6L-M), suggesting both heightened early response and long-term immunologic benefit. Lastly, we
observed a significant decrease in IL-6, LIF, and IL-5 in the bone marrow of Sig15 KO recipients (Fig.
3.6N-P). LIF and IL-5 have been demonstrated to mediate antigen-specific immune tolerance through
induction and modulation of regulatory T cells (169, 170), while IL-6 is known to suppress CD8* T cell-

mediated clearance of B-ALL in response to chemotherapy (171). Thus, Sig15 expressed by B-ALL cells
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may contribute to the formation of a more immunologically favorable leukemia bone marrow niche via
these factors.
3.5 Discussion

The results of our investigation support Sig15 as a critical immunomodulator in suppression of T
cell-mediated response to leukemia and disease clearance in B-ALL. Sig15 is widely expressed across
hematological malignancies at consistently higher levels compared to healthy controls in primary samples
and in B-ALL, T-ALL, and DLBCL cell lines. This overexpression of Sigl5 compared to paired healthy
tissue has been demonstrated in several solid tumors, including non-small cell lung cancer (NSCLC)
(118) and clear cell renal cell carcinoma (143), but has yet to be described in ALL. Our findings in
primary pediatric populations also corroborate the published overexpression of Sigl5 in other diseases
such as osteosarcoma (141) and AML (158). The scope of malignancies which overexpress this molecule
provide support for a selective advantage to pathological upregulation of Sigl5 by cancer cells and tumor-
associated immune cells.

To date, most publications on Sigl5 have characterized its role in the context of mature
osteoclasts, which have shared precursors with myeloid cells (172), as well as tumor-infiltrating myeloid
cells and myeloid blood cancers. These myeloid-derived cells often express abundant amounts of the
adaptor proteins DAP12 and FcRy (173), which can couple with sialic acid-bound Sig15 to recruit Syk
kinase and PI3K to their ITAM domains (116, 123), allowing for intracellular signal transduction. As we
did not detect these adaptor molecules in lymphoid blood cancers, this intracellular signaling axis is likely
not active, which could suggest that ALL-expressed Sigl5 does not function primarily as a receptor in
ALL. Rather, alongside data from others demonstrating inhibition of T cell activity with recombinant
Sigl15 (118), our observations of dynamic Sig15 surface localization and circulating sSig15 could suggest
the possibility of a primary function as a ligand, locally and systemically. Indeed, recombinant Sig15
attenuated activation of CD19-CAR expressing Jurkat cells, when cultured with CD19" B-ALL cells.
Though recent studies have demonstrated binding of recombinant Sig15 protein to partners such as CD44

(174), the canonical receptor for cancer-expressed Sig15, particularly as expressed on T cell populations,
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remains to be defined. An important consideration of all of the data regarding extracellular Sig15 is that
the studied recombinant forms are tagged with His or Fc sequences that may alter function.
Characterization of the sequence and structure of sSig15 will be critical to fully understand its physiologic
function.

Lack of expression of adaptor molecules DAP12 and FcRy in lymphoblastic leukemias could also
contribute to the select trafficking and localization of Sig15 at the membrane in ALL. We observed that
Sigl5 localized primarily intracellularly in B-ALL cell lines unless stimulated with an inducer of NF-«B,
which increased both total Sig15 and cell surface expression. As a cell surface molecule, Sigl15 has been
demonstrated to be localized on the surface of mature osteoclasts (123, 175) as well as subsets of
macrophages (118). Some subsets of DC-SIGN-expressing macrophages and dendritic cells, however,
have been shown to have intracellular Sig15 (113), which suggests dynamic regulation of the expression
and localization of Sigl5 in these cells and in B-ALL, the latter being mediated through NF-xB
activation.

NF-«B has been demonstrated in some contexts to regulate membrane protein trafficking through
activation of downstream mediator AKT (176) or through direct regulation of expression of intracellular
trafficking proteins Rab10 and Acp5 (177). Though the mechanism by which NF-«kB activation regulates
Sigl5 localization in ALL is still being explored, our analysis revealed Sig15 on the surface of many
primary B-ALL leukemia samples from the bone marrow which was not seen in comparable healthy
donor B cell progenitors. As the NF-xB pathway is often active in B-ALL cells and enhanced in the
leukemia bone marrow niche (160, 161, 178), this could drive both the pathological expression and
surface-localization of Sig15 in B-ALL. Our findings also suggest a role for the CD40L-CDA40 signaling
axis, upstream of NF-kB, in regulating Sigl5 expression. CD40L is upregulated during T cell activation,
and its binding with CD40 has been demonstrated to result in upregulation of PD-L1 in tumor-infiltrating
macrophages (179). It is thus possible that CD40L in the B-ALL bone marrow niche may locally enhance
Sig15 expression through NF-«xB activation, which could further suggest a role for Sigl5 in regulating

inflammation and T cell activation alongside other immune checkpoint molecules.
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Immunofluorescent imaging revealed that intracellular Sig15 strongly colocalized with Golgin-97
signal in human B-ALL cells. The protein sequence of Sigl5 also contains a signal peptide motif often
present in secreted proteins (180), which together suggests these cells have the capacity to release Sig1l5
through the secretory pathway. Other Siglec family member proteins are also known to be released as
soluble proteins through expression of alternative isoforms lacking transmembrane domains or
undergoing ectodomain shedding at the membrane (165, 181). Though the method by which sSig15 is
released from B-ALL cells is still in ingoing investigation, sSig15 was in fact detectable both in the
supernatant of human B-ALL cell lines and in the plasma of pediatric B-ALL patients. This is to our
knowledge the first demonstration of a secreted/soluble form of Sigl15 in humans. In contrast to the
regulatory axis of Sigl5 expression, the release of sSigl5 appears to be regulated by calcineurin
activation. Calcineurin has been demonstrated through activation of NFAT and other downstream targets
to regulate vesicular trafficking and secretion of proteins (182) as well as the expression and activity of
extracellular proteases such as cathepsins responsible for protein shedding (183). sSig15 in pediatric B-
ALL patients was found to negatively correlate with anti-leukemia cytokines such as IL-12 and positively
correlate with immunosuppressive factors such as MCP-1/CCL2 and IL-6, suggesting sSigl5 is one
component of a complex immunosuppressive local and systemic microenvironment in B-ALL. Our
demonstrations of the capacity of recombinant Sig15 to suppress early activation in a CAR-T cell model
further suggest its functionality in directly regulating immunosuppression. Nonetheless, whether cell
surface or extracellular Sig15 is most functional in B-ALL remains to be demonstrated.

Although higher Sigl5 mRNA levels are associated with prolonged event-free survival in the
cohort that we analyzed, these data need to be interpreted cautiously, as the cohort is enriched in those
with early relapse and is clinically and molecularly diverse. Moreover, the protein levels of Sigl5, cell
surface or circulating, are not known. Most importantly, Sigl5 was found to be critical for the capacity of
B-ALL cells to evade immune clearance in a murine model of B-ALL. Ablation of Sig15 expression in
these leukemia cells resulted in increased expansion and activation of multiple immune populations in the

bone marrow, including NK cells, classical dendritic cells, neutrophils, and CD8* T cells. For the former,
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the CD8*/CD4" T cell ratio was returned to basal levels observed in mice without leukemia, and early
effector populations were highly expanded at the Day 7 timepoint in the bone marrow of Sigl5 KO
leukemia recipients. These SLEC and MPEC populations are predicted to be the primary effectors at the
peak of acute inflammatory response (184), suggesting that their expansion in Sigl5 KO leukemia
recipients facilitates greater leukemia control. There were also notable reductions in the leukemia-induced
immunosuppressive cytokine milieu of Sigl5 KO leukemia recipients, marked by decreases in I1L-6, LIF,
and IL-5 that all contribute to a more immune-privileged bone marrow niche. These results, combined
with our data in primary human samples, suggest Siglec-15 is a novel, potent immunosuppressive
molecule active in leukemia that may be targeted therapeutically to activate cytotoxic T cells against

leukemia.
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Figure 3.1. Sig15 is highly expressed in B-ALL and additional hematological malignancies. A. Relative

SIG15 expression. B cell acute leukemia (B-ALL; N=147; P=3.6x10°) and acute myelogenous leukemia

(AML; N=542; P=2.0x107) samples showed higher SIG15 than normal peripheral blood mononuclear

cell samples (PBMC; N=74). Data adapted from Haferlach et al through Oncomine.org (185) B. Relative

SIG15 expression across a panel of common childhood cancers from the St. Jude PeCan database. Dotted

red line indicates median expression for all tumors in the graph (*P<0.05, ****P<0.0001, ANOVA). C-

D. Western blot analysis shows higher SIG15 expression across a panel of (C) B-ALL, (D) AML, and

diffuse large B cell lymphoma (DLBCL) human cell lines compared to normal healthy peripheral blood

mononuclear cells (NML). No B-ALL or DLBCL cell lines show detectable levels of the Sig15 binding

partner DAP12. SIG15 was probed using the Invitrogen polyclonal antibody. E. Representative flow

cytometry of primary childhood B-ALL. 3 of 7 BMA samples had B-ALL cells which stained

positive/dim-positive for Sig15 and 1 of 8 PBL samples had B-ALL cells which stained positive. 0 of 2

hematogones from non-leukemia donor BMA samples and 0 of 6 B cells from PBL samples from non-



leukemia donors were positive for Sig15. Dotted lines represent the mean fluorescence intensity from
normal hematogones and B cells. SIG15 was probed using the NP159 monoclonal antibody (NextCure)

conjugated to Alexa Fluor 647.
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Figure 3.2. Sig15 expression is regulated by NF-«xB activation in B-ALL. A. Western blot shows
upregulated SIG15 expression in REH cells stimulated for 24 hours with a PMA/ionomycin stimulation
(81 nM PMA and 1.3 uM ionomycin) but not with 30 ng/mL of recombinant human M-CSF and/or IL-10.

Densitometric analysis of SIG15 is quantified above. SIG15 was probed using the Invitrogen polyclonal
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antibody. B. RT-qPCR from REH cells treated with PMA (81 nM) with or without pan-PKC inhibitor G
6983 (5 uM) for 24 hours, showing that PKC inhibition abrogates SIG15 induction by PMA.
(****P<0.0001). C. RT-gPCR from REH cells stimulated with PMA (81 nM) and/or treated with
calcineurin inhibitor CSA (1 pM) or IKK-2 inhibitor BOT64 (10 uM) for 24 hours, demonstrating that
NF-xB inhibition but not calcineurin inhibition abrogates PMA-induced SIG15 transcription
(****P<0.0001). D. Western blot analysis shows SIG15 expression in REH cells following 24 hours of
stimulation with 81 nM PMA alone or in combination with 10 uM of the IKK-2 inhibitor BOT64. NF-xB
inhibition attenuates PMA-induced upregulation of SIG15. SIG15 was probed using the 1F7 monoclonal
antibody (NextCure). E. SIG15 expression from the B-ALL TARGET database correlated with protein
kinase C 3 (PRKCB; r=0.35; p<0.0001, Pearson’s correlation), calcineurin catalytic subunit alpha
(PPP3CA; r=0.42; p<0.0001), and IL-1p (IL1B; r=0.33; p<0.0001, Pearson’s correlation). F. Western blot
shows increased SIG15 protein in REH cells stimulated for 24 hours with increasing doses of
recombinant human CD40L. Densitometric analysis of SIG15 is quantified above. SIG15 was probed

using the 1F7 monoclonal antibody (NextCure).
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Figure 3.3. B-ALL-expressed Sigl5 has dynamic sub-cellular localization. A. Flow cytometry of human
B-ALL cell lines probed for SIG15 in both permeabilized and unpermeabilized (Surface) cells. Dotted
line marks mean fluorescence intensity (MFI) of healthy PBMC (hPBMC) signal (data representative of 3
independent experiments). Leukemia and PBMCs had modest surface expression of SIG15, while
leukemia cells expressed higher intracellular SIG15 compared to PBMCs. SIG15 was probed using the
NP159 monoclonal antibody (NextCure). B-C. Immunofluorescence of REH cells staining for DAPI,
Sigl5, and Golgin-97. (B) Imaging depicts limited surface localization of Sig15 and strong co-
localization with the Golgi apparatus and TGN in unstimulated REH cells. (C) Representative images
depict REH cells treated for 24 hours with DMSO (vehicle control) or 81 nM PMA and 1.3 uM
ionomycin. Stimulated REH cells show decreased colocalization of Sigl5 signal with Golgin-97. SIG15
was probed using the Invitrogen polyclonal antibody. D. Flow cytometry of unpermeabilized REH cells
treated with PMA with or without BOT64 for 6 hours, demonstrating that NF-kB activation stimulates

Sigl5 localization at the cell surface (data representative of 3 independent experiments; dotted line
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represents MFI of isotype staining). SIG15 was probed using the NP159 monoclonal antibody (NextCure)

conjugated to Alexa Fluor 647.
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Figure 3.4. B-ALL cells release secreted/soluble Sig15 (sSigl5) that circulates in plasma and inhibits

activation of CAR-expressing Jurkat cells. A. sSIG15 detected via electrochemiluminescence (MSD)
from the supernatant of REH cells treated for 24 hours with combinations of PMA (81 nM), BOT64 (10
uM), and CSA (1 uM). Dotted line represents the assay limit of detection (10 pg/mL). PMA induces a
calcineurin-dependent increase in the release of sSigl5. B. sSIG15 detected via MSD from the plasma of
pediatric patients with B-ALL, AML or T-ALL and healthy controls (sample size in parentheses).
Pediatric B-ALL patients showed higher plasma concentration of sSIG15 than healthy donors
(****P<0.0001). C. Cytokines were measured in the plasma from children with leukemia using Luminex
and compared to sSigl5. Pearson’s correlation of a subset is depicted graphically using the nearest
neighbor algorithm (*P<0.05). D-E. Jurkat cells expressing CD19-CAR constructs cultured alone (UT =

untreated) or co-cultured with CD19" REH B-ALL cells (REH) at an E:T of 2:1 with or without 50 ug/mL
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protein control (Ctrl = human 1gG) or recombinant Sig15 (rSig15) for 4 hours and stained for early
activation markers CD69 and PD-1. (D) Representative contour plots of flow cytometry data. (E)
Quantification of 4 independent experiments. Recombinant Sig15 inhibits early Jurkat activation when in

co-culture with B-ALL cells.
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Figure 3.5. Sig15 is required for adaptive immune escape in murine B-ALL. A-B. RT-gPCR shows

genetic knockdown of Siglec15 expression in a murine model of B-ALL by (A) shRNA (shSig15) or
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knocked out using (B) CRISPR/Cas9 (Sigl5 KO). Data are normalized to the expression levels of a non-

silencing vector control (shNS) or Cas9 expressing cells without gRNA (Cas9). C-D. Un-irradiated

wildtype (WT) or Ragl” C57BL6 mice were injected via tail-vein with 5x10° control or Sig15 deficient

leukemia cells. Luciferase signal over time represents disease burden as measured via VIS imaging over

14 days. E-F. Kaplan Meier curve shows prolonged survival of WT recipients of Sig15-deficient

leukemia. (E) P<0.0001; shNS WT v. shSigl5 WT, Mantel-Cox log-rank test; n=10 per group from 2

independent experiments. (F) P<0.0001, Cas9-only WT v. Sig15 KO WT; n=10 per group from 2

independent experiments.
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Figure 3.6. Sig15 promotes an immunosuppressive tumor microenvironment in B-ALL. A-M. Un-
irradiated WT C57BL6 mice were injected via tail vein with 5x10° Cas9-only (n=8 from 2 independent
experiments) or Sigl5 KO (n=8) leukemia. Bone marrow was harvested 7 days later for highly
dimensional flow cytometry of non-leukemia bone marrow populations. Healthy, leukemia-naive mice
(Naive) were included as controls (n=6). (A) CD3* T cells, (B) NK cells, (C) classical dendritic cells
(cDC), and (D) neutrophils were variably present at higher totals in the bone marrow of Sigl5 KO
recipient mice compared to control leukemia. (E) Representative contour plots of T cell populations.
Proportions of (F) CD8* but not (G) CD4* T cells were higher in Sigl5 KO recipients than control
leukemia, increasing the (H) CD8*/CD4" T cell ratio to levels comparable to Naive mice. (1)
Degranulated CD8* T cells were higher in Sigl5 KO recipient mice, as were (J) SLEC and (K) MPEC
CD8" T cell populations. Early memory-like populations consistent with (L) central and (M) effector
memory CD8* T cell populations were also higher in Sigl5 KO recipients. N-P. From the same
experiments, bone marrow supernatant from control and Sig1l5 KO leukemia recipient mice was analyzed
via 44-plex cytokine/chemokine assay. Levels of (N) IL-6, (O) LIF, and (P) IL-5 were all significantly
lower in the bone marrow of Sig15 KO recipients as compared to control leukemia (*P<0.05, **P<0.01,
***p<0.001, ****P<0.0001). Sig15 expression on B-ALL cells suppresses CD8* T cell expansion and

activation and contributes overall to formation of a more pro-leukemia bone marrow microenvironment.
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Supplementary Figure 3.1. Sig15 localizes to the Golgi apparatus and TGN in B-ALL.

(A) Immunofluorescence of REH cells staining for DAPI, Sigl5, and LAMP2, a marker of the lysosomal
compartment. Imaging depicts modest co-localization of Sig15 with LAMP2 in unstimulated REH cells.
SIG15 was probed using the 1F7 monoclonal antibody (NextCure). (B) Flow cytometry of
unpermeabilized REH cells dosed with 81 nM PMA at various timepoints, demonstrating that peak Sig15
localization at the cell surface occurs at approximately 8 hours post-stimulation with a modest,

maintained increase at 24 hours (dotted line represents isotype MFI).
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Supplementary Figure 3.2. Sig15 is not required for maintenance of proliferation or intrinsic survival in
murine B-ALL. (A) Flow cytometry of three monoclonal knockouts of Siglec15 in mB-ALL and the
parental cell line to assess basal apoptosis levels as measured via Annexin V and Propidium iodide
double-positive staining. Siglec15 knockout did not alter basal apoptosis levels as compared to parental
cells. Clone 3 was selected for further analysis in murine experiments. (B) Cell proliferation of three
monoclonal knockouts of Siglec15 in mB-ALL and the parental cell line as measured by cellometer at 48

hours. Siglec15 knockout did not alter proliferation of the mB-ALL cells as compared to parental.
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Supplementary Figure 3.3. Sig15 ablation in murine B-ALL promotes an adaptive immune response
against leukemia. A-J. Un-irradiated WT C57BL6 mice were injected via tail vein with 5x10° Cas9-only
or Sig15 KO cells. Bone marrow was harvested 7 days later for highly dimensional flow cytometry of
non-leukemia bone marrow populations. A. CD107b as a marker of degranulation was non-significantly
higher in Sig15 KO recipients compared to Cas9-only control leukemia. B. PD-1 as a marker of CD8* T
cell activation was significantly higher in Sigl5 KO recipients. C-D. Memory-like early CD4* Tcm but
not Tem populations were significantly higher in Sigl5 KO recipients. E-F. Degranulation of NK cells in
Sig15 KO recipients had a non-significant increase comparable to baseline levels. G-H. CD86
costimulatory expression but not MHC-I1 expression was significantly higher in Sigl5 KO recipients. 1-J.
CD86 but not CD80 costimulatory expression on neutrophils was significantly higher in Sigl5 KO

recipients.
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Chapter 4: Siglec-15 possesses unique localization and alternative isoform expression in
lymphoblastic cancers

As discussed in the previous chapter, unique localization patterns and extracellular release of
Sigl5 are observed in B-ALL, some of which are suspected to occur due to lack of co-expression with
DAP12 and related adaptor proteins. Sigl5 appears to rapidly cycle back into the endosomal and
lysosomal compartments in B-ALL unless otherwise stabilized at the membrane through a to-be-
determined mechanism which is independent of adaptor protein expression and dependent upon NF-xB
activation. Yet there remains much to be understood about Sig15, particularly in the context of B-ALL,
where its NF-kB-driven expression and intracellular localization may drive a more aberrant expression
pattern and pathogenic functionality than in other physiological contexts and myeloid-derived/associated
diseases. The first of these pertinent investigations involves study of the splice variants expressed in
normal leukocytes and hematological malignancies, which may dramatically alter Sig15 biology.
4.1 Siglec-15 isoform expression differs between normal and malignant leukocytes

RNA splicing is the process of cleaving out the intronic sequences of pre-mRNA and splicing the
exonic regions together to form the matured mRNA sequence (186). Alternative splicing is an expansion
on this, wherein different exons in the same gene may be alternatively spliced together, creating multiple
different MRNAs from the same gene sequence which may or may not be protein-coding. Alternative
splicing of these isoforms, also known as spliceoforms or splice variants, may result in the inclusion of
parts of or different exons, shifts in or complete ablation of the open reading frame (ORF) required for
protein translation, as well as inclusion of intronic sequence within the fully matured mRNA. Siglec
family members have been demonstrated across diseases and normal physiology to undergo alternative
splicing, though the regulation and consequence of these alternative isoforms is still emerging.
Alternative isoforms across Siglecs often contain variable numbers of intracellular signaling domains,
which may alter functional capacity (187, 188), or are deficient in their transmembrane domains,

generating a soluble form of the Siglec protein which may be released into circulation (164, 165, 189).
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Though we have demonstrated aberrant expression of the canonical sequence of Sig15 in B-ALL, the
expression and pathogenicity of its alternative isoforms has yet to be explored.

The genomic sequence of Sig15 is approximately 65% GC content (113), an overall high score
for GC enrichment which should contribute to consistent, stable expression of Sigl5 in humans. Yet the
GTEXx data portal (dbGaP Accession phs000424.v8.p2) demonstrates highly variable expression of the
different Sig15 exons according to tissue type (Fig. 4.1A), with Exon 8 being the most highly and
consistently expressed, while Exon 1 is minimally expressed in nearly all tissue types aside, notably, from
EBV-transformed lymphocytes. Aside from the canonical mRNA sequence of SIGLEC15 (Sig15-201),
shotgun sequencing data from the Human Genome Project has identified four predicted alternative
isoforms of human Sig15 (Fig. 4.1B) which can account for the differential expression of exons across
tissue types. Though lacking a putative translation start codon and thus not predicted to be protein coding,
Sig15-204 is the most highly and widely expressed isoform of Sigl5, commencing in the intronic region
between Exons 4 and 5 and extending past an alternative polyadenylation site “AGTAAA” at the end of
the canonical Sigl5 3” UTR region. Expression of this isoform is enriched across a broad spectrum of
tissue types, particularly compared to the canonical Sigl5 isoform, which is most heavily enriched in
EBV-transformed lymphocytes. Distribution of coding sequences for the different Sig15 protein domains
ranges widely across exons (Fig. 4.1C), with only the canonical form containing the full sequence for the
N-terminus signal peptide and Sig15-204 lacking the V-set domain coding sequence. As indicated,
MRNA sequences can vary widely between these predicted Sig15 isoforms, which may consequently
affect the protein structure for those isoforms which are protein coding.

Using the predicted RNA sequences of each Sig15 isoform, we designed primer sets (Fig. 4.2A)
which allow for selective amplification of either the canonical Sig15-201 sequence (by amplifying across
Exons 1, 3, and 4; “First 3 Exons™), Sigl15-201 and Sig15-203 protein-coding isoforms (by placing both
forward and reverse primers within Exon 4; “Exon 4”), Sig15-204 (by placing the forward primer in the
retained intronic region preceding Exon 5; “Pre-Exon 57), and Sig15-201, -202, and -205 using a primer

set within the 3> UTR sequence. All JPCR reactions were performed on DNase-treated RNA samples so
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as to eliminate the possibility of off-target amplification of genomic DNA. Fascinatingly, though
canonical Sigl5 mRNA expression is roughly equivalent to or higher across most human B-ALL cell
lines as compared to healthy PBMCs, expression of the alternative isoforms in B-ALL is relatively less
(Fig. 4.2B). When probing for SIGLEC15 expression in these cell lines, alternative bands to canonical
Sigl5 (at 36 kDa) are observable at approximately 25 and 55 kDa in healthy PBMCs which are largely
missing from B-ALL cells (Fig. 4.2C). The predicted molecular weight of both protein-coding isoforms,
Sig15-202 and Sig15-203, is approximately 18 kDa. While the signal at 25 kDa could be resultant from a
glycosylated or otherwise post-translationally modified version of these isoforms, our preliminary data
(not shown) suggest this signal is instead derived from a fully deglycosylated form of canonical Sig15.
This is also further corroborated with data from GTEX, which identifies near exclusive expression of these
alternative protein-coding isoforms in testis tissue (queried from dbGaP Accession phs000424.v8.p2).
Thus further isolation and analysis of these alternative Sig15 protein signals is required. Interestingly, we
found alternative isoform expression was not limited to leukemias compared to healthy PBMCs but rather
within hematological malignancies as well. A small panel of DLBCL cell lines appeared to lack
expression of Sig15-201 and Sig15-203 but expressed moderate amounts of Sig15-204 (Fig. 4.2D),
suggesting B cell maturation state and/or disease localization can also alter Sig15 isoform expression.
Having observed this difference in Sig15 isoform expression between early pre-B leukemia and
mature B cell lymphoma, we next sought to better understand the mechanisms by which these isoforms
are differentially expressed. Stimulation with PMA for 24 hours strongly upregulated expression of all
Sigl5 isoforms in both a human B-ALL cell line and a healthy PBMC sample, where the latter
consistently demonstrated higher baseline expression levels of alternative Sig15 isoforms (Fig. 4.3A). As
PMA has pleiotropic stimulatory effects across PBMC populations, we further stimulated healthy PBMCs
from two donors with antibodies against CD3 and CD28 to induce activation and proliferation of T cells
for 24 hours (Fig. 4.3B). Stimulation of T cells induced a strikingly significant decrease in expression of
all Sig15 isoforms, which can likely be attributed to either a downregulation of Sigl5 expression across

all or select PBMC populations, or a decrease in the proportion of Sig15-expressing PBMCs upon
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expansion of stimulated T cells. To better understand this effect, we isolated T cells from 3 healthy
PBMC samples and assessed Sig15 isoform expression. Sig15-201 and Sig15-203 were only present at
background levels, but considerable expression of Sig15-204 was found in the T cells of all three donors
(Fig. 4.3C). This demonstrates the decreased expression of Sig15 isoforms following T cell stimulation
cannot solely be attributed to increased T cell proportions in the PBMCs, as the relative levels of Sigl15-
204 (which T cells appear to express) also decreases upon stimulation. This likely suggests a greater cell-
cell interactive change is occurring upon T cell stimulation which changes Sig15 levels across Sig15-
expressing populations. Though T cells have not been demonstrated to express detectable levels of
canonical Sigl5 protein (118), our preliminary studies concur with the GTEXx database that Sig15-204
may be highly expressed across PBMC populations, including T cells.

Due to its lack of a putative ORF and its enhanced expression across tissues, Sig15-204 could
likely operate as a non-coding RNA (ncRNA) in leukocytes and leukocyte-derived cancers. Non-coding
RNAs have well-characterized roles in B cell malignancies (190), where expression of ncRNAs has been
demonstrated to be both enriched and highly specific across malignant B cell subsets, including in B-ALL
and DLBCL (191, 192). Sig15 expression has been demonstrated in some cancers to be regulated by
nNcRNAs encoded from different parts of the genome (142, 143), yet the possible existence of a Sig15
alternative ncRNA and its function in pathogenesis is undefined. While some Siglec family proteins,
including Siglec-1 and Siglec-7 (193), have demonstrated non-coding alternative isoforms, the
pathological (or, further, physiological) contributions of any of these Siglec family alternative isoforms
remains to be discovered. Nevertheless, the enhanced expression of Sig15-204 on normal PBMCs and T
cells as compared to human B-ALL and DLBCL cell lines would suggest that this isoform is likely
suppressed in B cell malignancies, perhaps suggesting it may have tumor suppressive function.

4.2 Siglec-15 expression changes through the cell cycle and is highest in mitosis in leukocytes

NF-«kB activation in both B-ALL and healthy PBMCs can induce downstream pro-growth
pathways, modulating expression of cell-cycle regulated proteins. In order to resolve whether active cell

cycling, independent of NF-«xB activation, could regulate Sigl5 expression, we began experiments in a
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murine model of B-ALL. Though Sig15 knockout in this model did not alter proliferation rates of these
murine B-ALL cells (Fig. 3SA), Siglec15 expression was demonstrated to be highly sensitive to
population growth phase and confluency. Cells which were seeded from confluence and harvested in lag
phase of growth displayed a remarkable 70% decrease in Siglec15 expression, while those cells which
were seeded from logarithmic growth and harvested at the height of late logarithmic phase had the highest
Sig15 expression (Fig. 4.4A). Culturing of healthy human PBMCs following cryopreservation revealed a
similar sensitivity to active cell cycling, wherein PBMCs cultured for 24 hours following thaw had
significantly higher amounts of detectable SIGLEC15 as compared to PBMCs cultured for only 4 hours
post-thaw (Fig. 4.4B). While RNA synthesis of most genes will naturally accumulate through the cell
cycle, with peak at S phase, Sigl5 expression in both murine and human models appeared to have
enhanced sensitivity to cell cycling compared to reference genes.

With these data suggesting a role for active cell cycling in regulation of Sig15 expression, we
performed cell cycle arrest and synchronization experiments using serum starvation conditions and the
mitosis-arresting agent nocodazole. The entry of cells into G1 using serum synchronization induced a
marked increase in SIGLEC15 expression, while release of mitotically-arrested cells from M phase with
nocodazole synchronization slightly decreased SIGLEC15 (Fig. 4.4C). This data would suggest that
Sigl5 is in fact increased during active cell cycling. We consequently performed flow cytometry on REH
cells to characterize the total SIGLEC15 expression of B-ALL cells through the phases of the cell cycle
and observed that B-ALL cells in G2/M phase had the highest levels of detectable Sig15, which increased
gradually through the cell cycle (Fig. 4.4D-F). Sig15 has been demonstrated to regulate actin filament
organization and the formation of the actin ring in osteoclasts (123), which could suggest a critical role
for it in mitosis. Though this mechanism has been established through Sig15 interaction with DAP12,
which does not occur in B-ALL, the role of Sig15 in mitotic structural organization and its consequent
regulation by the cell cycle could have interesting implications for a multifaceted function in leukemia
progression, perhaps by stabilizing the actin filament network in rapidly proliferating leukemia cells

during mitosis.
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4.3 The extracellular domain of Sig15 has the capacity to localize to the nucleus

Though we have established the trafficking of Sig15 in human B-ALL cell lines from retention in
the Golgi apparatus to and from the membrane and lysosome, we have observed an interesting
phenomenon of Sig15 localization utilizing antibodies targeted towards different epitopes of the protein
sequence. While the 1F7 clone antibody specific for the intracellular domain (ICD) of Sig15 detects the
protein as previously established in perinuclear aggregates and cytoplasmic puncta, the A9ES8 clone
antibody raised against the Sig15 extracellular domain (ECD) demonstrates limited surface localization as
well as a striking aggregate pattern within the nucleus (Fig. 4.5A). Nuclear Sig15 is observed consistently
across B-ALL and osteosarcoma cell lines (Fig. 4.5B), with osteosarcoma cells displaying a more
nuclear-diffuse distribution while nuclear Sigl5 in B-ALL cells tended to concentrate in perinucleolar
aggregates. To validate our findings, we performed a nuclear extraction of unstimulated REH cells and
were successfully able to demonstrate strong SIGLEC15 signal in the nuclear compartment with an
extracellularly-targeted antibody for Sigl5 (Fig. 4.5C). The ICD-targeted antibody, however, did not
demonstrate any Sigl15-specific signal, further supporting that nuclear Sig15 does not possess the
intracellular domain.

As the nuclear Sig15 signal in both B-ALL and osteosarcoma cells appears to be distanced from
the nuclear envelope, it is also likely that this nuclear Sig15 is deficient in both its intracellular and
transmembrane domains. Separation of the Sig15 extracellular domain from the latter two domains is
possible through two primary means: cleavage of the protein in a similar manner to the suspected
mechanism of generation of sSig15, or expression of an alternative isoform which lacks these domains. In
the case of the latter, it should be noted that there are currently no predicted or validated isoforms of
Sig15 which include the mRNA sequence for the extracellular domains (Exons 1, 3-5) and not those of
the transmembrane and intracellular domains. Further isolation and mass spectrometry analysis is
required to better understand the composition and generation of this nuclear-localized form of Sig15, but
this is, to our knowledge, the first demonstration of a Siglec family member which may translocate to the

nucleus, and the mechanism by which it does so is in ongoing investigation.
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As the majority of proteins which translocate to the nucleus contain a classical importin a nuclear
localization signal (NLS) (194), we analyzed the protein sequence of Sigl5 but did not detect any
canonical NLS motifs. Further investigation revealed the presence of a suspected PY-NLS in the V-set
domain of Sig15 (Fig. 4.6A), an NLS motif that allows for recognition and direct binding of cargo to the
transportin family proteins for nuclear translocation (195). Typically characterized by the proline-tyrosine
motif, this possible PY-NLS is located on a short loop connecting two P strands in the V-set domain and
is easily accessible for binding on the Sig15 protein (Fig. 4.6B). A positively-charged arginine residue is
located three amino acids to the N-terminal side and, further beyond that, a short series of five basic
amino acids is present which would classify this predicted motif as the basic subtype of PY-NLS. It
should be noted, however, that PY-NLS motifs have been characterized to primarily be expressed on
long, disordered protein regions free of secondary structure, which is not seen with this predicted motif.
Thus, binding of the transportins to this motif on Sigl5 remains to be experimentally verified.

Though no Siglec family members have demonstrated capacity to localize to the nucleus, the role
of nuclear-localized immune checkpoint molecules, including PD-L1, has recently emerged. PD-L1 has
been demonstrated to localize to the nucleus through acetylation-dependent binding to importin o to
regulate transcription of interferon-related genes through direct DNA binding (196). Nuclear PD-L1 has
been demonstrated to have several other functions, such as regulating genomic instability and pyroptosis,
and it negatively correlates with patient outcomes across solid tumors (197), which suggests the utility of
nuclear-localized immune checkpoints can be highly pleiotropic and impactful. The localization of Sig15
to the perinucleolar region in B-ALL cells could implicate a role for the protein in the perinucleolar
compartment (PNC), a compartment found primarily in cancer cells which maintains the intersection of
RNA binding proteins, RNA polymerases, and newly synthesized RNA messages (198). Though the role
of the PNC in cancer is still under investigation, it has been proposed to regulate RNA metabolism to
meet the increased need for biosynthesis in cancer cells, perhaps suggesting a role for nuclear Sig15 in

involvement of RNA processing and metabolism.
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Figure 4.1 Predicted alternative splicing isoforms of human Siglec-15, adapted from GTEXx (dbGaP
Accession phs000424.v8.p2). (A) Relative exon read counts from RNA-sequencing data, with median
read count displayed by increasing blue intensity and corresponding exon numbers below. Graphic
displays highest and broadest detection of Exons 5-6 and 8 across all tissue types and minimal detection
of Exon 1 aside from in EBV-transformed lymphocytes. (B) Alternative splicing isoforms of human

Sigl15, with common names listed to the left (canonical isoform in bold and underlined, protein-coding

isoforms in bold) and Ensembl stable ID numbers listed to the right. Exons are depicted as large grey
boxes while introns are displayed as the thin grey lines between. Non-coding Sig15-204 has the highest
and most widely distributed expression across tissues. (C) Protein domain coding of Sig15 as distributed
across the Sig15 exonic sequence. The first three exons of the canonical sequence (Exons 1, 3-4) code
only for the signal peptide which is cleaved upon protein maturation, while the V-set domain is coded in
Exon 4, the C2-set domain (“C-set domain”), transmembrane domain (“TMD”), and the beginning of the

intracellular domain (“ICD”) are all coded for in Exon 5, extending on through to Exon 8.
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Figure 4.2 Normal leukocytes have differential Sigl5 isoform expression from leukemia cells. (A)

Diagram showing the four generated sets of Sig15 primers designed to amplify specific Sigl5 isoforms.
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The alternative splicing isoforms of human Sig15, adapted from GTEx (dbGaP Accession

phs000424.v8.p2), with common names listed to the left (canonical isoform in bold and underlined,

protein-coding isoforms in bold). Primer sets are matched to left-facing and right-facing arrows which
represent forward and reverse primers targeted to that part of the sequence, respectively. Primer sets
included the First 3 Exons (which crossed the junctions between Exon 1 and 3 and Exon 3 and 4) which
detects only the canonical Sig15 isoform, the E4 primers (mid-Exon 4) which detect Sig15-201 and
Sig15-203, the Pre-Exon 5 primers (with a forward in the retained intronic region upstream of the start of
Exon 5 and a reverse mid-Exon 5) which detects only Sig15-204, and the 3° UTR primers (mid-3’ UTR)
which detects Sig15-201, Sig15-202, and Sig15-204. (B) RT-gPCR of SIGLEC15 expression in a panel of
human B-ALL cell lines compared to a healthy PBMC control. Canonical Sig15 expression is equal to or
greater than healthy controls across B-ALL but all B-ALL cell lines possessed comparatively lower
expression of the 3° UTR amplified isoforms, suggesting these are more highly expressed in normal
leukocytes. (C) Western blotting for SIGLEC15 in a panel of human B-ALL cell lines as compared to a
healthy PBMC control. The canonical Sigl5 signal (cSig15) appears around the expected 36 kDa, where
as healthy PBMCs also show strong signal at 25 and 55 kDa, bands which can be attributed to yet-
unidentified alternative Sig15 (aSigl5). (D) RT-gPCR of SIGLEC15 expression in a panel of human B-
ALL and DLBCL cell lines compared. REH cells were also stimulated for 24 hours with 81 nM PMA
(“PMA”) or DMSO (Veh Ctl”) prior to harvest. DLBCL cell lines do not express canonical Sigl5 nor the
alternative Sig15-203, but they do appear to have modest expression of Sig15-204 at levels slightly lower
than control REH cells. These results suggest a reduction in expression of Sig15-204 non-coding isoform
and an upregulation in canonical Sig15-201 expression in the context of hematological malignancies as

compared to healthy leukocyte controls.
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Figure 4.3 Alternative Sigl5 isoform expression is present in healthy PBMCs and inducible through

PMA stimulation. (A) RT-gqPCR of SIGLEC15 expression in REH cells and a healthy donor PBMC
sample, which were stimulated for 24 hours with 81 nM PMA (“PMA”) or DMSO (Veh Ctl”) prior to
harvest. Healthy PBMCs express minimal canonical Sig15 as observed prior, which is inducible
following 24 hour stimulation with PMA. PBMCs also express significantly higher levels of Sigl5
alternative isoforms Sig15-203 and Sig15-204 relative to REH controls (****P<0.0001). (B) RT-gPCR of
SIGLEC15 expression in two healthy donor PBMC samples which were treated with either PBS (“Veh
Ctl”) or stimulated with 10 ug/mL plate-bound anti-CD3 and 1 ug/mL soluble anti-CD28
(“aCD3/aCD28”) to promote T cell activation for 24 hours prior to harvest. Stimulation of T cells caused
significantly decreased expression of all Sig15 isoforms (****P<0.0001). (C) RT-gPCR of SIGLEC15
expression in T cells isolated from 3 healthy donor PBMC samples. T cells expressed low-to-background

levels of canonical Sig15-201 but significant amounts of Sig15-204 relative to REH cells. Despite the
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detectable signal observed in T cells using the Exon 4 primers, the melting curves of these reactions
suggests a non-specific amplification of these primers occurred in T cell samples and cannot be fully
interpreted. These data together suggest PMA may increase Sig15 expression in healthy PBMCs while T

cell activation significantly decreases it, which is independent of Sig15 expression on T cells.
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Figure 4.4 Sig15 expression is regulated by active cell cycling in human B-ALL cells. (A) RT-qgPCR of

Siglec15 expression in murine B-ALL cells which were cultured at logarithmic growth (approx. 8.0x10°

cells/mL; “From Log”) or confluence (approx. 3x10° cells/mL; “From Conf”) prior to reseeding, at

which point cells were seeded to concentrations consistent with lag phase growth (2.0x10° cells/mL;
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“Lag”), early logarithmic growth (4.0x10° cells/mL; “Early Log”), or late logarithmic growth (8.0x10°
cells/mL; “Late Log”) and cultured for another 24 hours prior to harvest. Under or overconfluent cells
demonstrated significant reductions in Sig15 expression (**P<0.01; ****P<0.0001). (B) RT-gPCR of
SIGLEC15 expression in two healthy donor PBMC samples which were cryopreserved, thawed, and
cultured for either 4 hours (“4H Post-Thaw”) or 24 hours (‘“24H Post-Thaw™) prior to harvest. All
detectable isoforms of Sig15 are significantly upregulated in PBMCs which have been cultured for longer
periods post-thaw (*P<0.05; ***P<0.001). (C) Western blotting for SIGLEC15 in REH cells which were
stimulated with 81 nM PMA for 24 hours (“PMA (24H)”), cultured in 0.5% FBS serum starvation
conditions for 48 hours (“0.5% FBS 48H”), serum synchronized 1 hour prior to harvest (“Serum Sync
1H”), treated with 1.66 uM nocodazole for 24 hours (“NOC 24H”), and nocodazole synchronized 1 hour
prior to harvest (“NOC Sync 1H”). Densitometric analysis of relative fold change is given by the bold
numbers above the blot. Sigl5 expression increased when REH cells began synchronized cycling as
mediated by serum but decreased when mitosis-arrested nocodazole cells were released and synchronized,
suggesting Sigl5 expression increases in active cell cycling with highest expression in M phase. D-F.
Cell cycle analysis of REH cells stained with EdU and Pl to discriminate GO/G1, S, and G2/M phase
populations and Sig15 to assess alterations in SIGLEC15 expression through the cell cycle. (D) Dot plot
showing the gating for cell cycle phases. Percentages per phase of one representative sample are shown.
(E) Demonstrated by representative Sig15 histogram plots, Sig15 expression was found to increase
gradually through the cell cycle, with highest expression being observed in G2/M phase. (F)
Quantification of changes in Sigl5 MFI across different phases of the cell cycle in REH cells. Sig15 MFI
was significantly higher in G2/M phase REH cells compared to GO/G1 and S phase cells, suggesting

Sigl15 expression is highest in mitosis in B-ALL cells.
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Figure 4.5 Sig15 extracellular and intracellular domains localize to different compartments of B-ALL and
osteosarcoma cells. (A) Immunofluorescence imaging of REH cells stained for DAPI nuclear signal
(blue), nucleoli (fibrallarin; magenta), and two different Sig15 antibodies: the 1F7 antibody specific for
the intracellular domain of Sig15 (“Sigl5 ICD”; red) and the A9E8 antibody specific for the V-set
domain in the extracellular region of Sig15 (“Sigl5 ECD”; ). The intracelluarly-targeted antibody
depicts Sig15 in the perinuclear space and trafficking to and from the surface as previously described,
while the extracellularly-targeted antibody depicts both surface-localized and strong perinucleolar
aggregates of Sig15, suggesting differential compartmentalization of these protein domains in B-ALL. (B)
Immunofluorescence imaging of MG-63 osteosarcoma cells stained for DAPI nuclear signal (blue), a
polyclonal extracellularly-targeted Sig15 antibody ( ), and the Golgi-localized marker Golgin-97.
Strong colocalization of Sigl5 with Golgin-97 was not observed as previously seen in B-ALL cells. Sig15
instead appeared to be widely distributed across the cellular compartments, including small puncta
through the cytoplasm and nucleus. Osteosarcoma lines thus also demonstrate detection of the Sig15
extracellular domain within the nucleus. Data were generated in collaboration with Maggie Phillips. (C)
Nuclear and cytoplasmic extraction of Sigl5 from REH cells, blotted alongside whole cell lysate
(“Input”). An extracellularly-targeted Sig15 antibody detects enriched signal in the nuclear compartment
compared to cytoplasmic or whole cell, while an intracellularly-targeted antibody only detects Sig15 in
the cytoplasmic and whole cell samples (*indicates a non-specific band from actin staining). It should be
noted that the cytoplasmic compartment control, Actin, stained modestly positive in the nuclear
compartment which could suggest slight cytoplasmic contamination, though this remains to be verified.
These results suggest the nuclear translocation of the extracellular (but not the intracellular) domain of

Sigl15 in human B-ALL and osteosarcoma cell line models.
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Figure 4.6 A short amino acid sequence within the Sigl5 V-set domain resembles the established model
for a PY-NLS motif. (A) Within the protein sequence of Sig15, there exists two extracellular domains (an
N-terminal V-set domain and C2-set domain further C-terminal, in blue), a transmembrane domain (in
orange), and an intracellular domain ( ). The “RAGE-PY” motif highlighted in red within the
V-set domain closely resembles that of other putative PY-NLS sequences, with a region of five basic
amino acids further N-terminal (highlighted in green) would further subclassify this motif as a basic PY -
NLS. The extracellular domain of Sigl5 thus may have the capacity to translocate to the nucleus through

binding of this motif to the transportin proteins in B-ALL and osteosarcoma. (B) The region for this
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suspected PY-NLS motif is easily accessible in the protein structure of Sig15, being on a short loop
(highlighted in pink) between B strands in the folded V-set domain structure which is easily accessible
(highlighted region, ) and contains several hydrophobic amino acids that could facilitate
interface with the hydrophobic interface domain of importin 3 (195). Adapted from the AlphaFold Protein
Structure Database (199). Nuclear Sig15 thus may be able to traffic into the nucleus through utilization of

this NLS motif, though this still requires experimental demonstration.
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Chapter 5: General Discussion and Closing Remarks

5.1 Sig15 is pathologically expressed in blood cancers

We have demonstrated aberrant expression of Sig15 in human blood cancers, including B-ALL,
T-ALL, AML, and DLBCL, as compared to healthy PBMCs. In the case of B-ALL, this upregulated
expression of Sigl5 was demonstrated in silico, in cell line models, and in primary patient samples. In the
case of the latter, surface-detectable Sig15 was found on B-ALL cells from 3 of 7 bone marrow aspirate
samples and 1 of 8 peripheral blood samples as compared to non-leukemia bone marrow hematogones
and circulating mature B cells, indicating both pathological expression of Sigl5 and its enhanced
expression or surface localization in the bone marrow context. Pathological overexpression of Sig15 in
cancer is a phenomenon that has emerged in the literature through the last five years, being widely
expressed across such cancers as NSCLC, bladder, colon, endometrial, kidney, liver, thyroid, clear cell
renal cell carcinoma, osteosarcoma, and AML (118, 141, 143, 158). While some of this pathological
expression can be attributed to tumor-infiltrating macrophages (118), there are nevertheless some cancer
types which have been demonstrated to directly upregulate Sig15 expression, including B-ALL.

Interestingly, the canonical Sig15 sequence (Sig15-201) was found to be most highly expressed in
B-ALL compared to normal PBMCs, T cells, and even lymphoma cells, while the non-coding alternative
isoform Sig15-204 was much more highly expressed across healthy leukocytes and other tissue types.
This could suggest differential roles for canonical Sig15 and this ncRNA in physiological leukocytes as
compared to B-ALL cells. Most literature to-date on alternative isoforms in Siglec family members
characterizes protein-coding isoforms with alternative numbers of intracellular signaling domains (187,
188) or generation of soluble isoforms which lack hydrophobic transmembrane domains (164, 165, 189).
While Sig15 does possess a secreted/soluble form in B-ALL which could be generated through alternative
splicing of a yet-undiscovered isoform, immunoprecipitation mass spectrometry studies by collaborators
(data not shown) have demonstrated that sSig15 consists solely of the V-set and C2-set extracellular
domains and truncates just above the transmembrane domain, suggesting sSig15 is likely cleaved at the

membrane and shed from the cell instead. It is currently unknown how these Sig15 isoforms are
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differentially regulated across normal and malignant lymphocytes, though our data suggest all isoforms
are downregulated following T cell stimulation in healthy PBMCs and upregulated following PMA
stimulation in B-ALL and PBMC:s.

PMA-mediated NF-«B activation was found to be a powerful regulator of Sigl5 expression in B-
ALL cells and PBMCs. As an activation pathway important to lymphocyte biology, NF-xB
hyperactivation is commonly observed in subsets of lymphocytic cancers (161, 176, 200). SIGLEC15
expression correlates with upstream markers of NF-kB activation in the pediatric TARGET database, and
experimental inhibition of PMA-induced NF-«B activation significantly abrogates Sig15 upregulation at
both the RNA and protein levels. CD40L, an upstream activator of NF-xB, was able to increase Sigl5
protein in B-ALL cells but notably did not cause change in expression at the RNA level, suggesting a
stabilization effect that is still currently under investigation.

5.2 NF-kB and calcineurin activation drives Sig15 pathology in B-ALL

While NF-«xB activation was found to regulate Sig15 expression in B-ALL, it was also
demonstrated to regulate Sig15 localization to the cellular membrane. B-ALL cells lack expression of all
characterized adaptor protein binding partners, including DAP12, DAP10, and FcRy, and lack of
expression of these binding partners is not altered following PMA stimulation in REH cells. Thus it
appears that Sig15 in NF-kB-activated B-ALL cells is stabilized at the membrane through a DAP12-
independent process which is yet to be elucidated.

One hypothesis is that upregulation of Sigl5 increases the total amount of Sig15 protein at the
membrane, which in turn could increase the odds for Sig15 dimerization and stabilization at the
membrane. Roughly half of the Siglec family members have been previously demonstrated to form
dimers or multimers at the cellular membrane, such as CD22 (201), Siglec-5 (202), and the murine
homolog of Siglec-9 (203), where disulfide-linked dimerization has been shown to stabilize this rapidly
internalized Siglec at the membrane. SIGLEC15 does possess approximately 6 extracellular cysteine
amino acid residues in its fully processed form which could potentially mediate disulfide linkages, though

each of these residues is predicted to be involved with maintaining B strand folding of the V-set and C2-
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set domain and thus may not be “available” for disulfide linking. Whether or not Sig15 has the capacity to
dimerize remains unanswered, though future experiments such as native gel electrophoresis on Sig15
from B-ALL cells could elucidate this possibility.

Yet another hypothesis is that NF-xB activation alters expression of other Sigl5 binding partners
aside from the adaptor proteins. As the V-set domain of Sig15 has the capacity to bind sialylated proteins,
it is possible that upregulation of sialoglycans could increase Sig15 binding and stabilization at the
membrane. NF-kB activation has been shown in some non-cancer diseases to promote expression of
sialyltransferases (204, 205), leading to increased global sialylation of surface membrane proteins. Due to
the short length of the Sig15 extracellular domain, it is likely that the majority of its sialoglycan binding
capacity is in cis- rather than trans- interactions. If NF-kB activation can be demonstrated to increase
sialyltransferase expression and global sialylation levels in B-ALL, it is possible that this is the
mechanism by which Sig15 is stabilized at the membrane, though investigation is required.

5.3 Sig15 mediates immunosuppression in B-ALL

Our studies demonstrated a critical role for Sig15 in regulating B-ALL-mediated
immunosuppression in both in vivo and ex vivo model systems. Ablation of Sig15 in a murine B-ALL
model significantly increased survival in immunocompetent but not immunodeficient recipients,
indicating B-ALL-expressed Sigl5 mediates immune evasion in this disease. The leukemia bone marrow
microenvironment at Day 7 post-engraftment was dramatically altered in Sig15 knockout recipients,
where CD8* T cell were demonstrated to be more expanded, activated, and differentiated into a variety of
different anti-leukemia effector populations. Other populations, such as NK cells, neutrophils, and
classical dendritic cells, were also shown to be more reactive to Sig15 leukemia, suggesting an overall
more robust immune response to B-ALL. These changes also corresponded with changes to the leukemia
bone marrow cytokine milieu, where Sig15-knockout marrow had baseline levels of IL-6, LIF, and IL-5,
all of which have implicated roles in immunosuppression and leukemia (169-171).

These studies corroborate those which have recently been published characterizing Sigl5 as a

new immune checkpoint molecule in solid tumors (118), where it has been shown to play a role in
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suppressing antigen-specific T cell cancer immunity. Stimulation of human T cells (118) or CAR-
expressing Jurkat models (Fig. 4E) followed by exposure to recombinant Sigl5 promotes decreased
activation and proliferation, which demonstrates a role for Sig15 to act directly on T cells in suppressing
immune response. The receptor for Sig15, however, has yet to be identified. Early studies into Sig15
ligation in artificial model systems have proposed a number of probable, heavily-glycosylated binding
partners, including CD44 (174), yet demonstrations of Sig15 binding endogenous protein on T cell
populations or indeed any others remain elusive. Possible reasons for this obscurity could include the
reduced sialic acid binding capacity of human vs. murine Sig15 (113), the modest length of the Sig15
extracellular domain which may limit interactions to only cis- configurations, and the possibility of a
context-dependent expression of the purported Sigl5 “receptor” on T cells.

Though the sialic acid binding of Sig15 has been suggested to be weaker and perhaps more
promiscuous than the CD33-related Siglecs, this raises an interesting possibility that Sigl5 may instead
have an elevated capacity for binding non-sialylated proteins. Tumor-expressed CD24 has been
demonstrated to bind Siglec-10 on TAMS even when completely removed of all sialic acid modifications
(92), suggesting some Siglecs do have the capacity for non-sialylated binding. Regarding preferential cis-
interactions, recombinant Sig15 has shown efficacy in binding and suppressing T cell activation in co-
culture models, and the existence of sSigl5 might render this caveat of less concern. Yet it nevertheless
remains poorly understood how capable surface-bound Sig15 is of interacting with T cells. It is possible
that the receptor for Sigl5 expressed on T cells has an especially long, protruding extracellular domain
which allows for trans- interactions. Perhaps more likely, though Sigl5 protein has not been shown to be
expressed by human T cells, they may nevertheless acquire Sig15 protein at their cellular membrane
through interaction with cancer cells and the process of trogocytosis. Trogocytosis is the pinching off and
endocytosis of parts of the membrane from neighboring cells, which occurs often during immune
response in a variety of lymphocytes and myeloid cells, including T cells (206). Through trogocytosis,
Sig15 could be obtained by T cells from cancer cells or TAMS and undergo cis- binding of its receptor

along the T cell membrane. While we are currently in ongoing investigation of the receptor of Sigl50on T
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cells, the possibility of context-dependent expression of this receptor remains a consideration which may
require more complex ex vivo assays to properly observe.
5.4 Secreted/soluble and nuclear Sigl5 may demonstrate unique roles in Sigl5 pathology

While calcineurin activity was found to have no effect on Sigl5 expression, it was demonstrated
to regulate the release of sSig15 from REH cells. Being another activation pathway critical to normal and
malignant lymphocyte function, calcineurin/NFAT activation is often enhanced in blood cancers and is in
fact critical for both lymphocytic leukemias and normal lymphocyte survival (49, 207). sSig15 contains
the extracellular domain of Sig15 and is likely cleaved at the membrane through extracellular proteinases
which may be regulated by calcineurin activity, such as the cathepsins (183). High levels of sSig15 were
found to circulate in the plasma of pediatric B-ALL patients as compared to healthy, T-ALL, or AML
patients. sSig15 also correlated with pro-leukemia immunosuppressive factors MCP-1/CCL2 and IL-6
while negatively correlating with immunostimulatory IL-12, suggesting sSigl15 is a part of a systemically
immunosuppressed cytokine profile. The functionality of sSig15 is still under investigation, though, being
that sSig15 contains the full extracellular domain of Sig15, it is likely to maintain the same binding
capacity as surface-bound Sig15 for receptors on populations such as T cells.

Nuclear Sig15 was yet another novel discovery, being detected in both B-ALL and osteosarcoma
cells. The method by which Sig15 enters the nucleus is yet to be putatively demonstrated, but the
implications for its presence in the nucleus of these cancer cells are fascinating. As previously discussed,
other immune checkpoint molecules such as PD-L1 (196) have been shown to translocate to the nucleus
in cancer cells, where they play diverse roles in transcriptional regulation, promotion of anti-apoptosis
pathways, and cellular proliferation, acting as a prognostic indicator for tumor invasion and overall
reduced patient survival. While the function of nuclear Sig15 is currently unknown, its structure (similar
to that of its secreted/soluble form) appears to lack its intracellular domain, suggesting its mediated
effects are performed exclusively through interaction with its extracellular domain. Considering nuclear
Sigl5 appears to localize to the PNC in B-ALL cells, nuclear Sig1l5 may have the capacity to regulate

RNA metabolism and broader gene expression profiles, though this remains to be explored.
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5.5 Future Directions

We have thus characterized a complex, unique regulatory and localization profile of Sigl15 as an
immunomodulator in the context of B-ALL (Fig. 5). As concluded in the previous sections, there remain
several questions at large about the biology and function of Sig15 in both physiological and pathological
contexts. Regarding differentially spliced Sigl5 isoforms, the functionality and regulation of the non-
coding Sig15-204 remains unknown despite its enriched expression and distribution across a wide variety
of tissues. RNAI can be employed to induce trapping and degradation of the Sig15-204 RNA sequence
through targeting of its intronic region upstream of Exon 5, allowing for specific targeting of Sig15-204
as compared to the other fully spliced and matured isoforms. Though B-ALL and lymphoma cells express
detectable levels of this isoform, the largest expression is in normal leukocytes, which suggests the
possibility of knocking down Sig15-204 in normal PBMCs alongside leukemia cells and performing
unbiased proteomics to assess which proteins are affected by the ablation of this isoform. Expression
levels of the other Sigl5 isoforms may also be assessed in this context to observe any regulation Sig15-
204 may have on the expression of other Sig15 isoforms.

More broadly, though T cells have demonstrated expression of this Sig15-204, it remains unclear
which PBMC populations express Sig15-204, which could also provide suggestion to its function. Flow-
based sorting or MACS column selection of the major PBMC populations, including T cells, B cells,
monocytes, NK cells, and others, can be performed to isolate these populations, at which point gPCR
analysis can be used to assess the expression of all Sig15 isoforms in these different populations. If
samples can be obtained from both healthy donor and leukemia peripheral blood, this analysis could also
extend to circulating leukemia cells, which could be used to correlate the different Sig15 isoforms with
leukemia pathology in the primary setting by comparing expression to circulating normal B cells. This
would be particularly useful across different leukemia genetic subtypes, which may hint at the differential
regulation of these isoforms depending on the driving oncogenic pathway in these cells.

There are many interesting directions to proceed with investigation of the role of Sig15 in

immunity. While we and our collaborators have previously attempted to use antibody inhibition of Sig15
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in syngeneic murine and humanized mouse B-ALL models (data not shown), results have been
inconsistent, suggesting the targeting of Sigl5 in these diseases requires further investigation. This may in
part be due to the tightly regulated surface localization of Sig15 in B-ALL, in which case understanding
the dimerization capacity of Sigl5 and how it may be enhanced using extracellular targeting constructs
would be critical in therapeutic development. We are also in the process of developing a co-culture-based
screening assay, using CRISPR knockout libraries on CAR-expressing Jurkats with NF-kB/NFAT GFP
reporters and co-culturing with Sig15-expressing or deficient B-ALL cells to identify a putative T cell
receptor for Sig15.

Aside from our demonstrations of broad immune profile changes within the bone marrow,
another important investigation which remains is the study of how B-ALL-expressed Sigl5 changes the
interaction and activity of osteoblasts and osteoclasts in the bone marrow. IL-6, LIF, and IL-5 all have
implicated roles in immunosuppression and leukemia, they are also very important factors in the
interactions and function of osteoblasts and osteoclasts in the bone (208, 209). The contributions of these
populations to the formation of the leukemia bone marrow niche are still emerging in the literature, but
wide data support shows that they are capable of interacting with leukemia cells directly and through
cytokine-mediated crosstalk which can promote B-ALL progression (133). Due to the importance of
Sigl5 in physiological osteoclast development and function, it is possible leukemia-expressed Sigl5 may
affect these populations and thus should be further explored.

The presence of sSigl5 and nuclear Sig15 appear thus far to be unique to the pathological
context, which could support a role for them as prognostic biomarkers alongside functional molecules.
We are currently in the process of working with the Children’s Oncology Group (COG) to begin
correlating sSig15 levels with patient outcomes in pediatric B-ALL. As experiments inhibiting sSig15
from B-ALL cell line supernatant are inconsistent, we plan to perform these experiments using plasma
from pediatric B-ALL patients instead, characterizing the effects of sSig15 inhibition on stimulated T cell

activation in B-ALL plasma.
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For nuclear Sigl15, flow imaging could be used to efficiently characterize nuclear localization of
Sigl5 in B-ALL cell line models and primary patient samples. Better understanding of the nuclear Sig15
structure can also be performed using a nuclear extraction followed by an immunoprecipitation (with an
antibody targeted to the extracellular domain of Sig15) to isolate nuclear Sig15 and send for mass
spectrometry analysis. As a suspected NLS has been identified in our studies, site-directed mutagenesis of
that motif in B-ALL and osteosarcoma cell lines is the next logical step. Pending confirmation of Sig15
exclusion from the nucleus, we will characterize any changes in cell proliferation, basal apoptosis, and
lysis in co-culture assays with healthy PBMCs. We would also send these samples for RNA-seq analysis

to assess in nuclear Sigl5 directly affects gene expression in these diseases.
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Figure 5. Model figure depicting the role of Sigl15 in B-ALL-mediated immunosuppression. NF-xB
activation downstream of PKC activation in B-ALL induces expression of Sig15, which is retained
primarily in the Golgi apparatus and cycles rapidly to and from the membrane through the endosomal
compartment unless otherwise stabilized at the membrane through NF-«B activation. Calcineurin
activation regulates the release of a secreted/soluble form of Sig15 (sSig15) into the extracellular space,
which, alongside surface-bound Sig15, is proposed to bind a yet-undiscovered receptor on T cells to
attenuate T cell activation and proliferation during immune response. The extracellular domain of Sig15
is also demonstrated to localize to the nucleus in the perinucleolar compartment, where it may have

function interacting with RNA-binding proteins.
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