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Abstract

Spi-C is an E26 transformation-specific transcription factor closely related to PU.1 and Spi-B.
Spi-C has lineage-instructive functions important in antibody-generating responses, B cell
development, and red pulp macrophage generation. Spi-C is inducible by heme- and NF-xB-
dependent pathways in macrophages. The present research aimed to examine the regulation of
Spi-C in B cells. RT-qPCR revealed that Spic expression was reduced in B cells following
addition of lipopolysaccharide, anti-lgM antibodies, CD40L, or cytokines BAFF+IL-4+IL-5.
Blocking proliferative signaling partially prevented downregulation of Spic. Unstimulated B
cells upregulated Spic over time. To determine the mechanism of Spic regulation, we examined
the Spic promoter and regulatory elements. The Spic promoter had unidirectional activity,
which was reduced by mutation of a predicted NF-xB binding site. Bach2 and Spi-C formed a
negative regulatory loop, repressing transcription of one another. Taken together, these data

indicate that Spi-C is dynamically regulated by external signals in B cells.
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Lay Summary

Immune cell fate decisions are important for generating the cells that protect the body from
invading pathogens. One cell type that contributes to immune responses by detecting
dangerous stimuli and producing antibodies is the B cell, which can aid in the elimination of
threats such as bacteria, viruses, and parasites. The development and differentiation of B cells
into antibody-secreting cells relies heavily on the actions of transcription factors, including the
E26-transformation-specific factors PU.1, Spi-B, and Spi-C. While PU.1 and Spi-B have well-
defined roles in B cell fate decisions, the contributions and regulation of Spi-C in B cells are
largely unknown. The goal of my thesis was to investigate the regulation of Spi-C in B cells

and determine the biological implications of its up- or downregulation.

Gene expression analysis revealed that Spic expression was decreased when B cells were
treated with signals that cause cell division. Blocking cell division partially prevented the
downregulation of Spic. B cells cultured without any growth factors upregulated Spic over
time. To determine how Spic is regulated, we examined the gene sequences responsible for its
up- or downregulation. We identified several transcription factors that altered the expression
of Spi-C by interacting with its regulatory gene sequences, including one factor known to be
important in B cell fate decisions. Overall, our findings indicate that Spi-C is dynamically
regulated by external signals, acting to contribute to important B cell fate decisions necessary

for a robust immune system.
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1 Chapter 1: Background

1.1 The B cell

The immune system is essential to the survival, health, and homeostasis of most organisms.
While the specifics of immune responses vary across species, the two main branches of
immunity — innate and adaptive — act independently and synergistically to promote host
survival in vertebrates. Both forms of immunity rely on the ability to detect threats and mount
a protective immune response. Whether this is driven primarily by discriminating between
‘self” and ‘non-self” or ‘dangerous’ and ‘non-dangerous’ remains a debated topic in the field,
with both theories possessing limitations (Matzinger, 1994; Pradeu & Cooper, 2012).
Regardless, the healthy immune system must balance appropriate and controlled immune
responses, while avoiding damage to host tissues and commensal bacteria. Innate immune cells
are responsible for the earliest detection and action against perceived pathogens, primarily
through the use of germline-encoded pattern recognition receptors (PRRs). Detection of
pathogenic stimuli leads to a rapid and non-specific array of responses, which may include
phagocytosis, cytokine secretion, and killing of cells or pathogens (Chaplin, 2010; Hoebe et
al., 2004).

While innate immunity provides a key preliminary response to microbes, its ability to generate
lasting immunological memory in preparation for subsequent exposures is limited.
Traditionally speaking, the ability to generate immunological memory and fine-tuned
specificity is reserved for B and T lymphocytes. This crucial capacity is made possible by
somatic rearrangement of germline genes to form functional B and T cell receptors.
Rearrangement of these gene elements allows for a nearly unlimited number of combinations
that can recognize and mount an immune response against the plethora of antigens that may be

encountered over a lifetime.

At the center of adaptive immunity is the B cell. The defining phenotype of this cell subset is
the expression of membrane-bound B cell receptors (BCRs) specific to antigens, and upon
differentiation into plasma cells (PCs), these same Immunoglobulin molecules are secreted as
antibodies (Abs) (Chaplin, 2010; Cyster & Allen, 2019). Abs facilitate the resolution of

infections by neutralization, opsonization and complement activation, or induction of
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antibody-dependent cell-mediated cytotoxicity. In addition to the generation of Abs, activated
B cells can acquire the fate of a long-lived memory B cell (MBC) responsible for rapid
reactivation upon secondary antigen challenge. Naive B cells and their differentiated
counterparts are among the most critical immune cells involved in responses to natural
infection and vaccination, and B cell biology remains a thriving field, despite comprehensive

characterization of the subset since the early 1900s.

1.2 Murine B cell development

Murine B cell development in postnatal mice begins in the bone marrow (BM), where
hematopoietic stem cells may initiate expression of lymphoid-restricted genes (Chaplin, 2010;
Hardy & Hayakawa, 2001; Hardy et al.,, 2007; Lebien & Tedder, 2008). The current
understanding of B cell development in mice is summarized in Figure 1-1. While there has
been extensive debate regarding when lymphocyte precursors establish commitment to the
lineage, the current consensus is that common lymphoid progenitors represent the point when
alternate cell fates become highly unlikely (Hardy et al., 2007). These cells may then progress
through the five main stages of intramedullary B cell development: pre-pro B, pro-B,
large/early pre-B, small/late pre-B, and immature. Despite a wide range in nomenclature, these
five terms are now well-accepted and in alignment with the more dated classification system
known as Hardy fractions: A, B/C, C’, D, and E (Hardy et al., 1991, 2007). Each stage is
defined by phenotypic changes, namely expression of cell surface markers and rearrangement
of the V (variable), D (diversity), and J (joining) gene segments to generate functional BCRs
(Hardy & Hayakawa, 2001; Melchers, 2015). These strictly regulated stages give rise to
immature B cells, which exit the BM to complete maturation and become naive B cells ready

for antigen encounter and activation.



Figure 1-1. Overview of murine B cell development. B cell development in postnatal mice
begins in the bone marrow with hematopoietic stem cells (HSC). Common lymphoid
progenitor (CLP) cells represent the earliest commitment to the lymphoid lineage. Pre-pro B
cells (Hardy Fraction A) initiate recombinase activating gene (RAG) 1/2-mediated heavy chain
immunoglobulin gene rearrangement at the D-J locus, followed by pro-B cells (Fraction B/C)
joining a V segment to D-Jn. Large pre-B cells (Fraction C”) signal through the pre-B cell
receptor (BCR) consisting of rearranged heavy chains and surrogate light chains. Proliferation
of large pre-B cells ceases and RAG 1/2 are re-expressed to mediate light chain rearrangement
in small pre-B cells (Fraction D). Immature B cells (Fraction E) expressing successfully
rearranged BCRs undergo selection. These cells exit the spleen and are termed transitional 1
or 2 B cells, depending on their location within the spleen. Transitional 2 B cells give rise to
the B-2 subset: circulating follicular (FO) or non-circulating marginal zone (MZ) B cells.
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Early B cell progenitors begin their complex series of signaling events in close proximity to
BM stromal cells, which provide necessary signals to initiate B cell commitment (Melchers,
2015). Most notably, stromal cells secrete IL-7, which promotes pro-B cell survival,
proliferation, and accessibility of heavy chain gene segments. The eventual expression of Pax5,
which also promotes Ig loci accessibility and induces cell-surface expression of CD19, marks
irreversible commitment to the B cell fate (Lebien & Tedder, 2008). Pre-pro B cells initiate
BCR generation by rearrangement of the heavy chain D-J segments. Rearrangement is
mediated by the recombinase activating genes (RAG1/2) and terminal deoxynucleotidyl
transferase (Lebien & Tedder, 2008). Pro-B cells undergo joining of a heavy chain V segment
to the D-Ju segment, which marks the completion of the pro-B phase and entry into the pre-B

stage of development.

Successfully rearranged p heavy chains may then pair with surrogate light chains to form the
pre-BCR. Signaling through the pre-BCR and IL-7Ra initiates an array of events including a
proliferative burst characteristic of the large pre-B cell stage. However, proliferation is
inherently self-limiting, as pre-BCR stimulation also results in the downregulation of surrogate
light chains and IL-7Ra. As availability of surrogate light chains declines, proliferation ceases
and RAG 1/2 are re-expressed in preparation for light chain rearrangement. Introduction of
double-stranded DNA breaks solidifies the progression to the small pre-B cell stage,
downregulating BLNK and SYK and halting cell cycle entry (Bednarski et al., 2016).
Productive rearrangement of V-J. segments at either the Igk or A loci allows for cell surface
expression of IgM on immature B cells and marks the completion of B cell development within
the BM. In the case of autoreactivity, which may eliminate up to 90% of B cell precursors in
mice, B cells are subjected to central tolerance (Pelanda & Torres, 2012). These self-
recognizing cells undergo negative selection in the form of apoptosis, induction of anergy,
and/or receptor editing by RAG 1/2.

Immature B cells expressing complete, non-autoreactive BCRs egress from the BM and enter
circulation and secondary lymphoid tissues (Herzog et al., 2009). These migrating B cells,
termed transitional B cells, primarily home to the spleen in response to chemotactic signals
(Chung et al., 2003; Debnath et al., 2008; Sims et al., 2005). These cells are further divided
into transitional 1 (T1) and 2 (T2) B cells, based on their phenotype, location, and functional
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characteristics. T1 B cells travel through the splenic red pulp to the outer zone of the
periarteriolar lymphoid sheath, whereas T2 B cells are restricted to B cell follicles. Additional
rounds of negative selection occur during the transitional stage, where T1 B cells in particular
are susceptible to apoptosis in response to BCR cross-linking. The maturation of T1 to T2 B
cells relies heavily on the tumor necrosis factor (TNF) ligand family member known as B-cell
activating factor (BAFF), as well as tonic BCR signaling and IL-4 (Debnath et al., 2008;
Smulski & Eibel, 2018; Zhou et al., 2020). From the T2 stage, B cells may pursue one of two
distinct B-2 fates: differentiation into circulating mature B cells known as follicular (FO) B

cells, or non-circulating marginal zone (MZ) B cells (Allman & Pillai, 2008).

1.3 B cell activation and differentiation

Naive, mature FO B cells freely circulate the blood and lymph, passing through secondary
lymphoid organs, where they may be exposed to antigen (Pillai & Cariappa, 2009). Most of
these cells are characterized by high expression of IgD and low expression of IgM. In contrast,
MZ B cells express high levels of IgM and low levels of IgD and reside between the marginal
sinus and red pulp. In addition to differences in surface phenotype and location, MZ and FO B
cells differ in their function and primary methods of activation (Martin & Kearney, 2002). FO

B cell activation and differentiation are summarized in Figure 1-2.

MZ B cells constitute roughly 15% of B cells in the spleen, and are unique in that they possess
innate-like functions following antigen encounter (Cerutti et al., 2013; Martin & Kearney,
2002). They express BCRs that are often polyreactive, as well as high levels of TLRs. The
location of MZ B cells within the spleen permits high exposure to blood-borne pathogens and
activation by antigens presented by macrophages, dendritic cells, or neutrophils. MZ B cell
activation is typically a T cell-independent process, both in response to carbohydrate and
protein antigens. Despite a preference for T cell-independent activation, MZ B cells express
higher levels of T cell co-signaling molecules than FO B cells (Oliver et al., 1999). In a classic
example of activation, MZ B cells become activated in response to lipopolysaccharide (LPS),
which may involve recognition by both BCRs and TLRs. Activated MZ B cells differentiate
rapidly into short-lived antibody-secreting cells (ASCs), secreting predominantly IgM Abs.
This swift response, while not tailored to the specific antigen to the extent of FO B cell

responses, may provide early protection from pathogens in an innate-like manner.
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FO B cells are typically activated in a T cell-dependent manner which initiates following
binding of antigen to the BCR. BCR ligation induces cross-linking of BCRs, which initiates a
signaling cascade involving proteins including spleen tyrosine kinase (Syk) and the scaffold
protein B cell linker protein (BInk). Many antigens engage other cell surface receptors such as
TLRs or complement receptors, which may further amplify the signal. B cells will internalize
the BCR and bound antigen through receptor-mediated endocytosis. Following enzymatic
processing, antigen-derived peptides are presented on MHC class Il molecules on the cell
surface for presentation to CD4" T follicular helper cells. Chemotactic signals guide B cells to
the interfollicular region, where T cells and activated B cells participate in prolonged cognate
interactions (Kerfoot et al., 2011). CD40-CD40L co-stimulation triggers three significant
events: transcription of Ig genes, B cell proliferation, and T cell secretion of cytokines
including IL-4 and IL-21. Cytokines produced at this stage in activation drive further
proliferation and differentiation, with additional implications for class switch recombination
(CSR). CSR enables B cells to alter the isotype of their BCR from IgM and IgD to 19G, IgA,
or IgE. Each Ab class has distinct functions, in part due to varying binding capabilities. Ab
isotype dictates binding to Fc receptors that mediate key effector mechanisms such as
opsonization and antibody-dependent cell-mediated cytotoxicity. As well, classes may differ
in location, mechanisms of action, and biological roles. While originally considered a process
occurring in germinal centres (GCs), CSR is now thought to occur after T cell priming but
prior to GC formation (Roco et al., 2019).



Figure 1-2. Overview of follicular B cell fate decisions following T cell-dependent
activation. B cells activated by antigen receive co-stimulatory signals from T cells in the
interfollicular region. B cells can then immediately differentiate into short-lived antibody-
secreting cells or memory B cells, or initiate germinal centre formation. Germinal centre B
cells undergo somatic hypermutation and selection to generate high-affinity B cell receptors.
These cells may once again differentiate into either long-lived antibody-secreting cells or

memory B cells.
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In the first few days following antigen exposure but prior to the GC reaction, some activated
FO B cells differentiate into ASCs (Cyster & Allen, 2019). As this early differentiation
typically occurs before somatic hypermutation (SHM) and affinity maturation, BCRs have a
limited capacity for binding to antigen. There has been some disagreement within the field
about the definition of plasmablasts (PBs) vs. PCs, with the former term used somewhat
interchangeably to describe both GC-independent ASCs and immature plasma cells retaining
some capacity for proliferation (Cyster & Allen, 2019; MacLennan et al., 2003; Nutt et al.,
2015). Regardless, ASCs derived from extrafollicular differentiation are defined by a short
lifespan and maintenance in secondary lymphoid tissues. These cells are thought to provide an
early protective Ab response to pathogens in the days between first detection and generation
of GC-independent ASCs. In addition to ASCs, there is evidence of long-lived, but low-
affinity, GC-independent MBCs (Takemori et al., 2014). This population allows cells to retain
adaptability potential, while still generating an early memory response for use during primary

or subsequent encounters (Palm & Henry, 2019).

FO B cells that do not pursue early differentiation go on to generate GCs, which are temporary
biological niches within the B cell follicles of secondary lymphoid organs (Cyster & Allen,
2019; De Silva & Klein, 2015). Within GCs, B cells undergo intense clonal proliferation,
targeted mutagenesis, and successive rounds of selection. GCs are split into two substructures
known as the light zone and dark zone, which are defined on the basis of function and cell type.
The dark zone contains densely packed B cells dividing rapidly and undergoing SHM to further
diversify previously rearranged variable regions of 1g genes. Resulting GC B cells have a wide
range of affinity for the target antigen, and thus cycle to the light zone to experience selection
of clones with high-affinity BCRs (Kurosaki et al., 2015; Takemori et al., 2014). The light
zone contains mainly follicular dendritic cells and T follicular helper cells, the latter of which
mediates positive selection. GC B cells may recirculate through successive rounds of
mutagenesis and selection to further increase BCR affinity for antigen, or proceed to
differentiate into ASCs or MBCs. Antigen-experienced GC B cells ultimately give rise to long-
lived, terminally differentiated PCs capable of secreting high levels of Abs with fine-tuned
specificity (Nutt et al., 2015). GC-derived PCs home to the bone marrow, where they may be
maintained for several months to years, constitutively producing Abs. Similar to their GC-
independent counterpart, MBC generated from the GC circulate the periphery, patrolling for
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antigen. MBCs, baring high-affinity, class-switched BCRs, are primed for rapid differentiation
into PCs or formation of a GC upon antigen re-encounter (Kurosaki et al., 2015). This
immunological memory is the foundation for natural immunity and vaccination (Nutt et al.,
2015; Palm & Henry, 2019).

Many aspects of B cell differentiation may be recapitulated in vitro. To model T cell-dependent
B cell activation, a culture system of CD40L, IL-4, and IL-5 is often utilized (Hasbold et al.,
2004; Nutt et al., 2015). CD40L mimics T cell interaction, inducing activation and
proliferation. IL-4 and IL-5 promote cell survival, CSR, and differentiation into ASCs (Franke
et al., 2020; Hasbold et al., 2004; Horikawa & Takatsu, 2006). T cell-independent B cell
activation and subsequent differentiation may also be achieved through the use of the Anti-
IgM Abs or mitogens such as LPS (Nutt et al., 2015; Wortis et al., 1995). These culture

conditions permit studies of B cell fate decisions of a highly reproducible nature.

1.4 Lineage-instructive transcription factors

Cell fate decisions occur over multiple steps to enable irreversible differentiation from a
pluripotent progenitor into a specialized cell type (Gilbert, 2000). The first stage of cell fate
commitment is known as specification, in which a cell is able to autonomously differentiate in
a neutral environment, but its fate is not yet fully restricted (Gilbert, 2000). Following
specification, cells may progress to a determined state, in which differentiation is irreversible,
regardless of environmental changes. Cell type-specific transcription factors enforce the

changes in gene expression that underly cell fate decisions.

While induction of differentiation of precursor cells into mature, specialized cell types
typically involves hundreds of transcription factors, a relatively small cohort of transcription
factors exert lineage-instructive effects on target cell types (Cole and & Young, 2008;
Wontakal et al., 2012). The term “master regulator” was created to describe genes positioned
at the top of a regulatory hierarchy, that function by regulating the transcription of tens to
thousands of downstream genes, including those encoding other transcription factors (Ohno,
1979). Master regulators were first described in the context of sex determination, but were
soon extended to fields including yeast cell specification, Drosophila development, and

pluripotent stem cells (Boyer et al., 2005; Davis & Rebay, 2017). The term master regulator
11



has evolved to encompass any gene governing developmental lineage, which today is most
commonly represented by genes necessary and sufficient to establish a particular lineage from
a precursor cell (Chan & Kyba, 2013).

PU.1 (encoded by Spil), an E26-transformation-specific (ETS)-family transcription factor, has
been established as a lineage-instructive transcription factor in hematopoiesis (Batista &
DeKaoter, 2018; Burda et al., 2010; DeKoter & Singh, 2000). PU.1 is required for normal
hematopoiesis, as evidenced by the failure of Spil™” to generate B cells and macrophages
(Houston et al., 2007; McKercher et al., 1996; Scott et al., 1994). Using conditional knockout
alleles of Spil, multiple groups showed that PU.1 is required to generate myeloid and lymphoid
progenitors (lwasaki et al., 2005; Polli et al., 2005; Ye et al., 2005). PU.1 acts in a
concentration-specific manner to enforce distinct dendritic cell fates (Chopin et al., 2019).
PU.1 functions as a pioneer protein by accessing nucleosomal target sites to remodel
chromatin, allowing recognition by unrelated, non-pioneer transcription factors (Minderjahn
et al., 2020; Monticelli & Natoli, 2017). Taken together, these studies illustrate the
indispensable role of PU.1's lineage-instructive function in hematopoiesis.

GATA-1, the first member of the GATA transcription factor family to be identified, represents
another example of a lineage-instructive transcription factor in hematopoiesis (Ferreira et al.,
2005). Its absence is marked by severe defects and early embryonic death due to a block in
development of mature red blood cells (Pevny et al., 1991). In addition to its necessity in
erythropoiesis, GATA-1 is also critical for normal generation of megakaryocytes and
eosinophils. Multiple laboratories demonstrated that GATA-1 physically interacts with PU.1
to mutually antagonize functions in hematopoietic cells (Nerlov et al., 2000; Rekhtman et al.,
1999; Zhang et al., 2000). One group utilized mice with GATA-1 and PU.1 transcriptional
reporters to demonstrate that multipotent progenitors upregulating GATA-1 and PU.1 function
as common myeloid progenitors and granulocyte/monocyte/lymphoid progenitors,
respectively (Arinobu et al., 2007). GATA transcription factors, like PU.1, have pioneer
activity that can remodel chromatin by interacting with nucleosomes (Zaret et al., 2008).
Together, PU.1 and GATA-1 function as key lineage-instructive transcription factors in

hematopoiesis and regulate the polarizing decision to pursue myeloid or lymphoid cell fates.
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1.5 The E26-transformation-specific transcription factor Spi-C

1.5.1 Discovery of Spi-C

Spi-C (encoded by Spic) is a member of the ETS transcription factor family (Hollenhorst et al.,
2011). The ETS family is comprised of 28 proteins in humans, each containing the
characteristic and highly conserved ETS DNA-binding domain (Hollenhorst et al., 2011). ETS
proteins are involved in crucial stages of development and differentiation in processes ranging
from embryogenesis to adult immune responses (Hollenhorst et al., 2011). Spi-C was named
for its high degree of similarity to two ETS transcription factors, PU.1 (encoded by Spil) and
Spi-B (encoded by Spib), together making up the SPI subfamily (Bemark et al., 1999). SPI
factors have been identified as important regulators of hematopoiesis, with contributions to the
generation of both myeloid- and lymphoid-lineage cell subsets (Turkistany & Dekoter, 2011).
Originally identified by yeast one-hybrid screening of a cDNA library using LPS-stimulated
murine splenic B cells, Spi-C was found to interact with the SP6 k promoter kY element. The
Spic gene encoding Spi-C is located on chromosome 10 and 12 of the mouse and human
genomes, respectively (Carlsson et al., 2002). Months after its original discovery, a second
group identified the same protein interacting with PU.1 binding motifs including the
Immunoglobulin k 3’ enhancer, but published their findings describing Spi-C as PU.1-related
factor (Hashimoto et al., 1999).

1.5.2 Structure and function of Spi-C

Murine Spi-C has 242 amino acids and has a mass of 29.2 kDa (Carlsson et al., 2002). The
human protein is highly related, showing 65% amino acid identity to murine Spi-C. Both
murine and human genes contain a 5’ non-coding exon preceding 5 coding exons. ETS family
proteins including Spi-C contain a conserved DNA-binding domain, which allows protein
interactions through a helix—turn—helix motif (Hollenhorst et al., 2011; Sharrocks, 2001).
Similar to other ETS family transcription factors, Spi-C is able to bind to the 5'-GGA(A/T)-3’
core motif of purine-rich sequences (Bemark et al., 1999; Oikawa & Yamada, 2003). Whether
Spi-C has pioneer activity like PU.1 has not yet been investigated. The murine Spi-C DNA-
binding domain exhibits 57 and 60% sequence identity with that of PU.1 and Spi-B,
respectively. In addition to a DNA-binding domain, Spi-C contains an acidic N-terminus
transactivation domain, consistent with other SPI subfamily transcription factors (Carlsson et
al., 2003). Spi-C lacks the proline/glutamic acid/serine/threonine domain present in both PU.1
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and Spi-B, which is known to interact with IRF transcription factors (Brass et al., 1999). Spi-
C lacks the critical S148 amino acid residue that is necessary for ternary complex formation
with IRF4 and IRF8 (Brass et al., 1999; Li, et al., 2015).

1.5.3 Spi-C expression

The first studies of expression suggested that Spi-C was expressed at highest levels in the B
cell compartment, with high expression in mature B cells (Bemark et al., 1999; Hashimoto et
al., 1999). Soon after, Spi-C was found to be temporally expressed in B cells during
development and differentiation into antibody-secreting cells, as well as in splenic
macrophages (Carlsson et al., 2002, 2003). In the context of B cell development, Spi-C is
expressed at the pre-B, transitional, and mature B cell stages, with peak expression occurring
in transitional B cells (Debnath et al., 2008; Zhu et al., 2008). In mature and differentiated
subsets, Spi-C expression is highest in antibody-secreting cells compared to all other
populations, most notably in terminally differentiated ASCs (Shi et al., 2015). Expression of
Spi-C and its highly related family member PU.1 during B cell development and differentiation
is summarized in Figure 1-3. Spi-C is expressed at the very highest levels in red pulp
macrophages (RPMs) (Kohyama et al., 2009). Spi-C has been detected in a number of other
cell types, although with little insight into significance. For example, these studies showed that
Spi-C is expressed in preimplantation embryos (Inoue et al., 2015; Kageyama et al., 2006),
eosinophils (Fulkerson et al., 2006; VVoehringer et al., 2007), and cells in inflammatory lung
disease (Lian et al., 2005). As will be discussed below, Spi-C expression is induced in
macrophages during inflammation in response to sterile injury (Bennett et al., 2019; Kayama
et al., 2018b) or toll-like receptor (TLR) ligands (Akilesh et al., 2019; Z. Alam et al., 2020;
Wang et al., 2019). High-throughput expression studies such as InmGen have failed to detect
high levels of Spi-C in cells other than RPM (Heng et al., 2008). These studies relied on
expression of steady-state mRNA levels in cell subsets purified from disease-free mice, and
therefore may have missed dynamic induction of Spi-C expression in response to specific

stimuli.
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Figure 1-3. Expression of Spi-C and PU.1 during B cell development and differentiation.
Spi-C is dynamically regulated throughout B cell development and differentiation. Expression
is low in early stages of B cell development and is elevated to drive commitment to the small
pre-B cell stage. Expression is high during the transitional B cell stage and lower in follicular
(FO) B cells. Spi-C expression drops during the germinal centre (GC) reaction and increases
sharply in plasma cells. Expression of PU.1 is consistently high throughout B cell development
and drops only during commitment to the plasma cell fate. Darker colours indicate higher

levels of expression.
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1.5.4 Interaction partners of Spi-C

ETS factors exhibit a high degree of similarity in DNA binding motifs, as evidenced by
occupancy of similar purine-rich GGAA consensus motifs (Hollenhorst et al., 2011). PU.1 and
Spi-B act as transcriptional activators, while Spi-C primarily represses target genes (Li et al.,
2015; Schweitzer et al., 2006). Although PU.1 and Spi-B are functionally complementary,
studies show that Spi-C antagonizes their actions at multiple stages of B cell development and
function (Laramée et al., 2020; Soodgupta et al., 2019; Zhu et al., 2008). PU.1 and Spi-B
activate genes including Nfkb1, Bach2, Syk, and BInk during crucial stages of development and
differentiation, whereas Spi-C represses these target genes (DeKoter et al., 2010; Laramée et
al., 2020; Li, et al., 2015). Chromatin immunoprecipitation-sequencing studies demonstrated
that PU.1, Spi-B, and Spi-C interact as monomers primarily with single GGAA consensus
motifs (Laramée et al., 2020; Solomon et al., 2015). The binding sites occupied by PU.1, Spi-
B, and Spi-C are largely overlapping, although not identical (Laramée et al., 2020; Solomon et
al., 2015). Soodgupta et al. recently showed that ectopic expression of Spi-C in pre-B cells
caused significant changes in genome-wide chromatin binding of PU.1, while PU.1 expression
remained constant, suggesting that Spi-C displaces PU.1 from binding sites (Soodgupta et al.,
2019). These results suggest that the mechanism of action of Spi-C repression of target genes

is primarily by competition for PU.1 and/or Spi-B binding sites.

Although there is no direct evidence for a transcriptional repression function of Spi-C, it differs
from PU.1 and Spi-B in proteins with which it can partner to regulate transcription. Spi-C lacks
the Serine-148 amino acid residue in PU.1 (S149 in Spi-B) that is necessary for interaction
with IRF transcription factors (Brass et al., 1999; Li et al., 2015). Therefore, Spi-C likely
displaces not just PU.1 and Spi-B, but also PU.1/Spi-B/IRF4/IRF8 ternary complexes from
ETS-IRF composite elements. Spi-C selectively forms complexes with BCLAF1 (Bcl2-
associated factor 1), another transcription factor expressed in response to DNA damage, to
exert transcriptional regulatory function distinct from PU.1/Spi-B (Soodgupta et al., 2019).
This study was the first to identify a specific binding partner for Spi-C, and to provide evidence
that Spi-C directly displaces PU.1 (complexed with IRF factors) throughout the genome to

modify gene expression and influence cell fate decisions (Soodgupta et al., 2019).
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1.6 Biological roles of Spi-C

1.6.1 Spi-C in monocyte and macrophage development

The role of Spi-C in RPM development represents a clear example of transcription factor
lineage-instructive function in hematopoiesis (Kohyama et al., 2009). RPMs are critically
important for degrading senescent erythrocytes and recycling heme-associated iron (Ganz,
2012). Kohyama et al. (2009) first discovered that RPMs have very high expression of Spic
compared to other immune cell subsets including dendritic cells, bone marrow-derived
macrophages, and B cells. Kohyama et al. went on to generate the first Spic™~ mice using gene
targeting to investigate the contributions of Spi-C to RPM development. Initial observations
of Spic™~ mice revealed that both sexes were viable, fertile, and had a normal lifespan. Despite
the absence of any major abnormalities, breeding of mice heterozygous for Spic produced a
frequency of only 9% Spic”’~ mice, suggesting embryonic lethality. Flow cytometry
experiments revealed that Spic”~ mice entirely lacked RPMs, resulting in an iron overload in
splenic red pulp due to inefficient phagocytosis of red blood cells (Kohyama et al., 2009).
Retroviral expression of Spi-C in BM cells was necessary and sufficient to promote the
development of RPMs from Spic”~ BM cells. Taken together, these findings demonstrate that

Spi-C has a lineage-instructive role in the generation of splenic RPMs.

The same group went on to explore the mechanism of induction of Spi-C in RPMs (Haldar et
al., 2014). Expression of enhanced green fluorescent protein under control of the Spic locus
revealed expression in RPMs and bone marrow macrophages (BMMs). Similar to RPMs,
BMMs are involved in iron homeostasis and erythrocyte degradation (Ganz, 2012).
Investigation by flow cytometry confirmed the absence of BMMs in Spic™”™ mice, illustrating
its key role in the generation of multiple macrophage subsets (Haldar et al., 2014). Iron-
recycling macrophages in the liver also had notably high steady-state expression of Spic. Given
the association of RPMs and BMMs with iron homeostasis and erythrophagocytosis, heme, a
metabolite of erythrocyte degradation, was selected as a candidate inducer of Spi-C expression.
Interestingly, heme rapidly upregulated Spic expression in bone-marrow derived macrophages
(Haldar et al., 2014). Induction of Spic expression in myeloid cells by heme was confirmed in
multiple in vivo systems. This unique process was the first described instance of a metabolite
driving differentiation of a tissue-resident macrophage subset through a single lineage-specific
transcription factor (Alam et al., 2017).
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Haldar et al. (2014) determined the mechanism of Spi-C induction in RPMs by showing that
Spic is constitutively repressed by the transcription factor Bachl (BTB And CNC Homology
1). Bachl is a member of the basic region leucine zipper family and is highly expressed in the
myeloid lineage (Itoh-Nakadai et al., 2014; Oyake et al., 1996). Bachl and the highly related
factor Bach2, which conversely has lymphoid-restricted expression, repress target genes
through a BTB protein—protein interaction motif (Igarashi et al., 2017). Bachl requires
dimerization with musculoaponeurotic fibrosarcoma (MAF) proteins in order to bind to target
DNA sequences, while Bach2 may bind to DNA as a homodimer (Oyake et al., 1996). Binding
of heme to Bachl induced proteasome-dependent Bachl degradation, in turn leading to the de-
repression of Spic. De-repression of Spic by heme can drive the generation of RPMs and
BMMs, respectively (Haldar et al., 2014). Recently, it was shown that IL-33 synergizes with
heme to further upregulate Spic expression and drive the generation of RPMs through
activation of MyD88 and ERK1/2 kinases (Lu et al., 2020). Overall, these studies were the first
to describe differentiation of a tissue-resident macrophage subset driven by a metabolite, and

to define the lineage-instructive role of Spi-C.

Akilesh et al. (2019) recently characterized a subset of macrophages generated in response to
TLR7 activation that have high hemophagocytic capacity and Spi-C expression. These
macrophages are similar to RPMs, but have a distinct phenotype and arise during
inflammation, leading to the term inflammatory hemophagocytes (iHPCs). These cells were
found to be responsible for anemia observed in mice overexpressing TLR7, which display a
disease resembling the hyperinflammatory condition known as macrophage activation
syndrome (MAS). While Spi-C was not required for iHPC development, high expression of
the transcription factor was noted as a hallmark of the cell type. Additional exploration of TLR
agonists demonstrated that iHPCs are also generated from Ly6C" monocytes following TLR9
activation. While LPS and IL-1B did not generate cells with the full iHPC transcriptional
profile, both were sufficient to induce Spic expression in BM Ly6Chi monocytes. Taken
together, this work suggests that MyD88 adaptor signaling upregulates Spic expression, which

represents a novel pathway of Spic induction (Akilesh et al., 2019).
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Alam et al. (2020) further explored the contributions of Spi-C to inflammatory states in
monocytes and macrophages. LPS induced Spic expression in patrolling monocytes and
macrophages in a heme-independent manner, which in turn altered the transcriptional profile
of BMMs to an anti-inflammatory state. Interestingly, LPS treatment caused robust Spic
induction in lung and peritoneal resident macrophages, which do not express Spic under normal
conditions. Spic expression was found to be inhibited by IFNy in a STAT-1-dependent
mechanism both alone and following LPS treatment in BMMs. Finally, Spic was shown to be
induced in lung and kidney models of sterile inflammation. Upregulation of Spi-C was shown
to occur in a pathway dependent on canonical NF-xB signaling, which is of particular note,
given Nfkb1 transcription is repressed by Spi-C and activated by its family members PU.1 and
Spi-B (Li et al., 2015a; Li et al., 2015b). Together with work by Akilesh et al., these studies
demonstrate that Spi-C is inducible by inflammatory stimuli in macrophages in sterile and
disease environments. While Spi-C induction in macrophages has been characterized, little is

known about the pathways which regulate its expression in the B cell compartment.

1.6.2 Spi-C in B cell development

In B cells, Spi-C has been implicated in regulation of B cell development, antibody-generating
responses, and suppression of pre-B cell receptor (BCR)-mediated proliferation (Bednarski et
al., 2016; DeKaoter et al., 2010; Laramée et al., 2020; Li et al., 2015; Zhu et al., 2008).
Schweitzer et al. (2006) first set out to examine the biological function of Spi-C in B cells.
Ectopic overexpression of Spi-C in cultured pro-B cells using a retroviral vector suggested that
Spi-C functions as a negative regulator by opposing PU.1 and/or Spi-B activity on target gene
expression (Schweitzer et al., 2006). Ectopic Spi-C expression in pro-B cells caused
phenotypic changes indicating differentiation towards the pre-B cell stage, including increased
CD25 and reduced c-Kit expression (Schweitzer et al., 2006). Spi-C downregulated expression
of FcyRI1b and increased transcription of IgH, acting in contrast to PU.1. Overall, Schweitzer
et al. demonstrated an opposing role for Spi-C in which it antagonizes PU.1 and promotes B

cell differentiation.

To further explore the biological function of Spi-C, transgenic Epu-Spic mice were generated
that ectopically express Spi-C in developing B cells (Zhu et al., 2008). These mice had reduced

numbers of total splenic B cells, impaired B cell development at the pro-B cell to pre-B cell
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stage, and reduced frequencies of immature and transitional-1 B cells in the BM. Immunization
of Eu-Spic transgenic mice with haptenated keyhole limpet hemocyanin resulted in an increase
in IgM titers, and decrease in 1gG titers (Zhu et al., 2008). Splenic B cells from of Eu-Spic
transgenic mice treated with anti-IgM or anti-CD40 had reduced proliferation and increased
cell death, illustrating impaired B cell signaling due to dysregulation of BCR-associated genes.
In a follow-up study, transgenic expression of Spi-C was shown to rescue reduced CD23
expression observed in Spil*~ Spib™" mice (DeKoter et al., 2010). Experiments showed that
Spi-C activated expression of CD23, reduced the frequency of marginal zone B cells, and
increased the frequency of follicular and transitional 2 B cells (DeKoter et al., 2010). However,
experiments involving ectopic or overexpression of a transcription factor must always be
interpreted carefully and in conjunction with loss-of-function experiments. Spic~~ mice were
generated in 2009, but B cell development and B cell function were not extensively analyzed
in their initial publications (Haldar et al., 2014; Kohyama et al., 2009). To analyze the function
of Spi-C in B cells using loss-of-function experiments, the DeKoter lab compared Spib™~ and
Spib™ Spic*~ mice. Heterozygosity for Spic rescued impairments in B cell development and
proliferation observed in Spi-B knockout mice (Laramée et al., 2020; Li et al., 2015). This
phenotype was in part attributed to the opposing regulation of Nfkb1 by PU.1/Spi-B and Spi-
C, where PU.1 and Spi-B activated, and Spi-C repressed Nfkb1 transcription (Li et al., 2015b).
Upon immunization, heterozygosity for Spic also partially rescued frequencies of IgG:
antibody-secreting cells relative to Spib™~ mice, suggesting that Spi-B and Spi-C may
oppositely regulate B cell differentiation into antibody-secreting or MBCs. Taken together,

these results demonstrate that Spi-C plays a role in B cell function.

As described above, de-repression of Spic by heme interaction with Bachl in macrophages is
an important mechanism for induction of RPM differentiation (Haldar et al., 2014). B cells
express high levels of the related family member Bach2 rather than Bachl (lIgarashi & Itoh-
Nakadai, 2016). Interestingly, the lymphoid-lineage repressor Bach2 also interacts directly
with heme, indicating the possibility of a similar mechanism of induction of Spic in
lymphocytes (Watanabe-Matsui et al., 2015). Whether heme induces Spi-C expression in B

cells, as well as the biological consequences of its potential induction, remains unknown.
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Bach2 is a key regulator at numerous stages of B cell development and differentiation during
immune responses. At the pre-B cell stage of development, Bach2 opposes Bcl6 during
negative selection to promote deletion of B cells with non-productive heavy chain
rearrangements (Swaminathan et al., 2013). In the context of T cell-dependent immunization,
Bach2~ mice failed to form GCs, exhibited impaired CSR, and generated few high-affinity
Abs (Muto et al., 2004, 2010). Shinnakasu and colleagues reported that haploid-insufficiency
of Bach2 inhibited MBC differentiation in GC B cells, instead promoting the PC fate
(Shinnakasu et al., 2016; Shinnakasu & Kurosaki, 2017). As well, repression of Bach2 is an
important step in the generation of ASCs (Kometani et al., 2013; Muto et al., 2010). Together,
these findings demonstrate that Bach2 expression strongly promotes the MBC fate, while
directly opposing ASC generation. We previously found that Bach2 expression was reduced
in Spib™" mice, whereas Spib™~ Spic*~ mice had Bach2 expression restored nearly to the level
of the WT control (Laramée et al.,, 2020). Bach2 and Spib were also concordantly
downregulated following commitment to the ASC fate. These findings indicate that Spi-B may
activate Bach2 transcription to promote GC formation and MBC generation, while Spi-C
represses Bach2 and leads cells to pursue an ASC fate. However, no work has been done to

directly examine the potential regulatory system involving Spi-B, Spi-C, and Bach2.

Bednarski et al. (2016) observed that Spi-C expression is induced in pre-B cells following the
RAG-dependent generation of DNA double-stranded breaks in immunoglobulin light chain
genes. Spi-C was shown to directly repress transcription of Syk and Blnk, which act as key
transcription factors necessary for BCR signaling, including during the pre-B cell stage
(Herzog et al., 2009). Conversely, PU.1 is required for expression of SYK and subsequent
signaling through the BCR (Garrett-Sinha et al., 1999). RAG-mediated double-stranded breaks
sequentially activate ATM and NF-«kB2, leading to induction of Spic. Spi-C's repression of pre-
BCR signaling prevented the cycling of small pre-B cells, therefore functioning to prevent the
proliferation of cells during a period of severe genomic instability. Bednarski's group recently
elaborated on the mechanism, solidifying a crucial role for Spi-C during B cell development.
They found that once activated in response to double-stranded DNA breaks, Spi-C recruits
BCLAF1 to chromatin and causes displacement of PU.1 chromatin binding throughout the
genome (Soodgupta et al., 2019). While PU.1 activity promotes proliferation and expansion

characteristic of large pre-B cells, DNA double-stranded break-driven expression of Spi-C
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promotes transition to the small pre-B cell stage of development. These studies demonstrate
that Spi-C has numerous important roles in the B cell compartment, including directing B cells

as they progress through the final stages of intramedullary B cell development.

1.6.3 An emerging role for Spi-C in inflammation and disease

As described above, high levels of Spi-C expression were discovered to be a biomarker of
hemophagocytic macrophages in inflammatory disease states (Akilesh et al., 2019; Alam et
al., 2020; Haldar et al., 2014). Does Spi-C play a role in modulating cellular function in
inflammatory disease? Kayama et al. (2018) utilized a mouse model of ulcerative colitis
induced by dextran sodium sulfate. In this model, Spi-C is induced at high levels in intestinal
CX3CR1"9" macrophages (Kayama et al., 2018). These highly phagocytic cells take up
residence in the large and small intestine and mediate innate immune responses to intestinal
microorganisms. A myeloid-specific knockout for Spic was utilized to assess its function in
this disease model. Mice lacking Spi-C exhibited exacerbated colitis and increased expression
of TLR-responsive inflammatory genes such as 116 and Il1a, indicating an anti-inflammatory
role for Spi-C in intestinal macrophages (Kayama et al., 2018). Finally, this study showed that
Spi-C can interfere with formation of the IRF5-NF-«xB p65 complex required for pro-
inflammatory signaling, thus dampening the inflammatory environment (Kayama et al., 2018).
Further, Harusato et al. reported that Bach1-deficient mice exhibit an improved phenotype in
another model of ulcerative colitis (Harusato et al., 2013). While the authors attribute the
improved disease state to increased expression of heme oxygenase-1, Spic expression in
intestinal macrophages is presumably upregulated and likely contributes to the suppression of
pathological inflammation. Indeed, another study reported that Spic”’"Bach1™ mice exposed
to LPS lost the anti-inflammatory phenotype in BMDMs, illustrating the need for Spi-C in

promoting the resolution of inflammation (Alam et al., 2020).

Spi-C was shown to be highly expressed in a mouse model of secondary hemophagocytic
lymphohistiocytosis (SHLH) induced by repeated Poly I:C and LPS injection (Wang et al.,
2019). sHLH is a hyperinflammatory condition characterized by activated, RBC-containing
macrophages in the bone marrow, spleen, and liver, as well as impaired cytotoxicity and
cytokine storm (Henderson & Cron, 2020). sHLH is known to develop secondary to infection,

primary immunodeficiencies, or autoimmune disease. MAS, briefly described above, is
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considered a form of sHLH in patients with pre-existing autoimmune disease (Crayne et al.,
2019). Children with systemic juvenile idiopathic arthritis are thought to be particularly
susceptible to MAS, with as many as 30-40% of patients developing the disease. As SHLH has
an estimated mortality rate of approximately 80%, the disease continues to gain attention
within the medical and research communities (Crayne et al., 2019; Henderson & Cron, 2020).
Investigation of cultured sHLH macrophages found that they exhibit a unique transcriptional
profile that included high expression of Spi-C (Wang et al., 2019). Interestingly, Spi-C
transcription was also notably increased in bone marrow-derived macrophages collected from
SHLH patients and the mouse model. Spi-C was found to be highly upregulated in macrophages
stimulated with IC:LPS, and this upregulation correlated with upregulation of the target gene
Treml4. However, neither Spi-C nor Treml4 were strictly required for the macrophage
phenotype in this model (Wang et al., 2019). Based on these findings, it is plausible that Spi-
C is a candidate for the maladaptive macrophage state of sHLH based on its coordination of

the erythrophagocytic program.

Finally, the function of Spi-C in macrophages was studied in several different models of sterile
inflammation induced by LPS and bleomycin (Alam et al., 2020) or zymosan (Bennett et al.,
2019). In the Alam et al. study, absence of Spic in BMMs resulted in a shift to a pro-
inflammatory cytokine profile. In addition to altering the inflammatory state of activated
macrophages, Spic induced genes responsible for iron export and heme metabolism,
particularly Fpnl. Interestingly, Alam et al. demonstrated that Spic is an NF-kB-dependent
secondary response gene in activated macrophages, suggesting a regulatory loop in which Spi-
C downregulates NF-kB signaling to balance macrophages between a pro- and anti-
inflammatory state (Alam et al., 2020). In zymosan-induced erythrophagocytosis, Spi-C was
found to be highly induced through a TLR2-dependent pathway (Bennett et al., 2019). Absence
of Spic led to a reduction in the ability of zymosan to induce stress erythropoiesis. The target
gene Gdf15 was found to be partially responsible for the Spi-C-dependent induction of stress
erythropoiesis during inflammation (Bennett et al., 2019). In summary, there is an emerging
role for Spi-C in regulation of the inflammatory state in macrophages in response to external
stimuli. Spi-C functions to reduce inflammatory gene expression and cytokine production in

macrophages, while activating hemophagocytic ability and iron recycling mechanisms.
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1.7 Summary

In summary, Spi-C is a lineage-instructive transcription factor that is important in the
generation of multiple myeloid and lymphoid cell subsets. In the B cell compartment, Spi-C is
tightly regulated during development and differentiation, functioning to promote the transition
from large to small pre-B cells and regulate antibody-generating responses. Despite its
important contributions to B cell fate decisions, the regulation of Spi-C in B cells remains
largely undetermined. Numerous signals capable of inducing Spi-C expression in macrophages
have been identified, though none have been assessed in B cells. In addition, there has been no
work done at the molecular level to characterize regulatory elements at the Spic locus.
Understanding how Spi-C expression is regulated by external signals and downstream

signaling pathways in B cells will enhance knowledge of adaptive immune responses.

1.8 Hypothesis & Specific Aims

The present study aimed to investigate the regulation of the lineage-instructive ETS
transcription factor Spi-C in B cells. The governing hypothesis is that Spi-C expression is
dynamically regulated by external signals in B cells.
We propose the following research aims:
l. To determine the effects of a diverse panel of external signals on Spic expression
in primary splenic B cells.
. To characterize regulatory elements at the Spic locus and investigate the molecular
mechanisms underlining regulation of Spic transcription.
I1l.  To determine the biological relevance of Spi-C’s dynamic patterns of expression in

B cells.
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2 Chapter 2: Methods

2.1 Mice

Spib” and Spib™ Spic*”~ mice were generated as previously described (Li et al., 2015).
Wildtype (WT) C57BL/6 mice were purchased from Charles River Laboratories (Pointe-
Claire, QC, Canada). All animals were housed under specific pathogen-free conditions at the
West Valley facility (London, ON), and were monitored in accordance with an animal use
protocol approved by the Western University Council on Animal Care. Genotyping was
performed by PCR, as previously described, using the primers outlined in Table 1 (DeKoter et
al., 2010; Kohyama et al., 2009).

Table 1. Primer sequences for genotyping

Primer Name DNA Sequence (5° — 3°) Source
Spib KO fwd GGG CTCCTTGGC TTATGC TCC
rev CAG AAA GCG AAG GAG CAAAGCTG
Spib WT fwd GGG CTCCTTGGC TTATGC TCC
Rev CGC GCT GTC AAACTG GTAGGT
Spic KO fwd AAG CTT GGC TGG ACG TAA ACT CCT
rev AGA ACC AAG ACT ACC AGC CCA GAT
Spic WT CGG CAGACACTTTGCTATTTC (Kohyama et al., 2009)
rev CCTCAACTGAAGCTCCTTTCT

2.2 B Cell Enrichment

Spleens were removed from male and female mice aged 6-12 weeks and dissociated into a
single cell suspension with ground glass tissue homogenizers. Red blood cells were lysed with
ammonium-chloride-potassium buffer and B cells were enriched by negative selection using
the Miltenyi system comprised of the QuadroMACS™ Separator magnet, LD depletion
columns, streptavidin microbeads (Miltenyi Biotec, Germany) and biotin-conjugated mouse
anti-CD43 (BD Biosciences; clone S7). Effective enrichment was confirmed by flow

cytometry with staining for CD19.
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2.3 Cell Culture
Primary mouse B cells were cultured in RPMI-1640 (Wisent, St-Bruno, QC) containing 10%

fetal bovine serum, 10 units penicillin/1 mg/mL streptomycin/20 mM L-glutamine, and 10° M
B-mercaptoethanol (BME). Additional stimulants used for culture of primary B cells are listed
in Table 2.

Mouse 38B9 pro-B cells were cultured in RPMI-1640 containing 10% fetal bovine serum, 10
units penicillin/1 mg/mL streptomycin/20 mM L-glutamine, and 10° M BME. Mouse WEHI-
279 cells were cultured in DMEM containing 4.5 g/L glucose, 10% fetal bovine serum, 10
units penicillin/1 mg/mL streptomycin/20 mM L-glutamine, and 10° M BME.

Bone marrow was flushed from the femur and tibia of C57BL/6 WT mice aged 6-10 weeks.
Following erythrocyte lysis, BM cells were plated at 2 x 10° in 6-well plates and cultured for
6 days in IMDM + 10% fetal bovine serum (Wisent) supplemented with 20 ng/mL of GM-CSF
(Peprotech, Rocky Hill, NJ). BMDMs were washed twice with D-PBS (Wisent) to remove
non-adherent cells and cultured in fresh IMDM + 10% FBS alone or containing 1000 ng/mL
LPS (List Biological Laboratories, Campbell, CA) or 40 uM hemin (Sigma-Aldrich, St. Louis,
MO). After 48 hours, BMDMs were harvested for RNA extraction.

All cells were cultured at 37°C and 5% CO..

Table 2. Reagents used in primary B cell culture

Reagent Concentration Source
Anti-IgM Antibodies 20 pg/mL Jackson ImmunoResearch, West Grove, PA
BAFF 100 ng/mL Peprotech, Rocky Hill, NJ
Cytochalasin D 1 pg/mL Sigma-Aldrich, St. Louis, MO
CD40L 50 ng/mL R&D Systems, Minneapolis, NE
Hemin 20-40 uM Sigma-Aldrich, St. Louis, MO
Imatinib 10 uM Sigma-Aldrich
LPS 10 pg/mL List Biological Laboratories, Campbell, CA
Recombinant murine IL-4 10 ng/mL R&D Systems, Minneapolis, NE
Recombinant murine IL-5 10 ng/mL R&D Systems

27



2.4. T Cell-Dependent Immunizations

Six- to eight-week-old mice were immunized intraperitoneally with 100 ug of NPs-KLH
(Biosearch Technologies, Novato, CA) adjuvanted with 50% (vol/vol) of Imject™ alum
(ThermoFisher Scientific, Rochester, NY).

2.5 Plasmids and Cloning

The Spic promoter, ROI 1 and ROI 2, and Bach2 ROI 1 and ROl 3 were amplified from
C57BL/6 genomic DNA by PCR using the Q5® High-Fidelity DNA Polymerase (New
England BioLabs, Ipswich, MA). PCR products were ligated into pSCB-Amp/Kan using the
StrataClone Blunt PCR Cloning Kit (Agilent Technologies, La Jolla, CA). The Spic promoter
was cloned into pGL3-Basic (Promega, Madison, WI) using HindlIl cut sites. Predicted NF-
kB subunit binding sites within the Spic promoter were identified using CiiiDER (Gearing et
al., 2019) and ConTra v3 (Kreft et al., 2017) software packages. Site-directed mutagenesis was
performed on one common predicted site. Spic ROI 1 and ROI 2 were each ligated into the
Spic promoter-containing pGL3-Basic vector using Kpnl/Sacl and Xhol/Sacl sites. Site-
directed mutagenesis was performed on one predicted Bach2 binding site in each construct.
Bach2 ROI 1 and 3 were each cloned into the pGL3-Promoter vector using Kpnl/Sacl and
Xhol/Sacl sites. Predicted Spi-C binding sites were mutated by site-directed mutagenesis.
Ligations were performed with T4 DNA Ligase (New England BioLabs). All PCR products
were purified with the QIAEX Il Gel Extraction Kit (Qiagen, Hilden, Germany) prior to
subsequent cloning. Site-directed mutagenesis was performed using the Q5® Site-Directed
Mutagenesis Kit (New England BiolLabs). Constructs were verified by Sanger DNA
Sequencing at the London Regional Genomics Centre. Each cloned region was cloned and
investigated in both the forward and reverse orientations. All restriction enzymes were

purchased from New England Biolabs. Cloning and mutagenesis primers are listed in Table 3.

28



Table 3. Primer sequences for cloning and site-directed mutagenesis

Primer Name

DNA Sequence (5 — 3°)

Bach2 ROI 1 cloning fwd
rev

Bach2 ROI 1 SDM fwd
rev

Bach2 ROI 3 cloning fwd
rev

Bach2 ROI 3 SDM fwd
rev

Spic promoter cloning fwd
rev

Spic promoter SDM fwd
rev

Spic ROI 1 cloning fwd
rev

Spic ROI 1 SDM fwd

rev

Spic ROI 2 cloning fwd
rev

Spic ROI 2 SDM fwd

rev

CCACAT ATGTTAAAC ACCTCC TATGT
ATT CAAATC TCC TGA GCC AGT TAAT
GAA AAACAGGCCCTGTGCTTC GG

GGA AGA GAC TTG CAT TCA AAG

TGC TTA GGA TAG AAG ACACAAATCT
TGG ATCTCATAG TCATTT GGA GAAA
AAA AAC AGG ACC TGT GCT TCG

CGG AAG AGACTT GCATTC

GTT ATA AAG ACC CACAGCCTCTAC

CAA GCT TCA AGT GGC GAT ATCTGT ACT G
CGATTTTTT TTA AAA GGC ACAGTG
GCTTTG CAG CACTTC CTT AAAAAATAG
TAA GTA ATA GGG AGG GAA ATA CCA AGC
ATT CATGTGACTTTCCCACGTC

AAA AAA CCC ACA ACT AAG CAAAACTGG
TTITTTTTTTTTC CAAAAG CTATTT TG
CTCCTTTCCATATTG CTC ACT TAAATC
CCAAGTCTGAGCTTT CAAATTCTAC
CTG AGA ACA ACA AGT CAG CAA ACT TGC
AGG AAC ATC ACG AGC CAT

2.6 Transient Transfection

WEHI-279 or 38B9 B cells in early log-phase growth were washed three times in serum-free
DMEM (4.5¢/L glucose) or RPMI-1640 (Wisent, St-Bruno, QC). Cells were incubated for 10
minutes at room temperature with 0.35 pg of pRL-TK (Promega) and either 10 pg of each
luciferase reporter vector or 5 pg of each reporter and 5 pg of an additional expression vector.
Samples were electroporated at 220 VV and 950 mF in 4-mm gap cuvettes (ThermoFisher
Scientific, Rochester, NY) using a GenePulser Il with Capacitance Extender (Bio-Rad). Cells

were recovered at room temperature for 10 minutes and plated in 6-well culture plates in

complete DMEM or RPMI for 24 hours at 37°C, 5% CO..
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2.7 Luciferase Assays

Cells were washed twice in D-PBS (Wisent) and lysates were collected using the Dual-
Luciferase Reporter Assay System (Promega) according to the manufacturer’s instructions.
Luminescence was measured in 96-well opaque, white plates using a Synergy H4 plate reader
(BioTek, Winooski, VT). Data was collected using Gen5 software (BioTek).

2.8 Flow Cytometry

Cell-surface staining was performed using phycoerythrin (PE)-conjugated anti-CD19.
Live/dead staining was performed using the Fixable Viability Dye eFluor 506 (eBioscience,
San Diego, CA) according to manufacturer’s instructions. Samples were run on a FACSCanto

SORP or LSR Il (BD Biosciences).

Cell sorting was performed on the FACS Aria I11 Cell Sorter. Anti-Fc-y receptor blocking was
performed using purified rat anti-mouse CD16/CD32 (BD Bioscience, Franklin Lakes, NJ).
Cell-surface staining was performed using the following antibodies diluted in MACS buffer,
purchased from eBioscience (San Diego, CA), BD Bioscience (Franklin Lakes, NJ) or
Biolegend (San Diego, CA): Brilliant Violet 421-conjugated anti-CD138 (1:200), Brilliant
Violet 711-conjugated anti-CD19 (1:200), fluorescein (FITC)-conjugated anti-CD4 (1:1000),
R-phycoerythrin-Cyanin dye 7 (PE-Cy7)-conjugated anti-CD95 (1:100), and allophycocyanin
(APC)-conjugated CD38 (1:500). Germinal centre B cells were defined as CD19"CD138"
CD95"CD38.

All data was acquired at the London Regional Flow Cytometry Facility using FACSDiva
(Version 8.0.1) and analyzed with the FlowJo software (TreeStar, Ashland, OR) (Version
10.4.2).

2.9 Reverse transcription-quantitative PCR

Total RNA was extracted from fresh or cultured primary B cells using the RNeasy Minikit
(Qiagen) or Trizol reagent (Ambion, Austin, TX). cDNA synthesis (iScript cDNA Synthesis
Kit, Bio-Rad, Mississauga, ON) was performed using equal starting RNA concentrations,
followed by RT-gPCR analysis, which was conducted using the SensiFAST SYBR No-ROX
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Kit (Bioline, Singapore) on the QuantStudio 5 or QuantStudio 3 Real-Time PCR System
(ThermoFisher Scientific). Relative transcript levels were normalized to TATA-binding
protein (Tbp) and/or B-actin (Actb) and calculated as fold change using the comparative
threshold cycle (2-AACT) method (Pfaffl, 2004). Primer sequences are listed in Table 4.

Table 4. Primer sequences for RT-qgPCR

Primer Name DNA Sequence (5 — 3°) Source
Acly fwd CCAGTG AACAAC AGACCTATGA (Rhee et al., 2019)
rev AAT GCT GCC TCC AAT GAT G
Actb fwd TCATCACTATTG GCA ACG AGC GGTTC
rev TAC CAC CAG ACAGCACTGTGT TGG CA
Bach2 fwd CATCTCTTCCTCTGC CCAGT (Kometani et al.,
rev AGA CAT GCC GTT CAAACCAT 2013)
Spil fwd ATTCGCCTGTACCAGTTCCTGC
rev TGG ACG AGA ACT GGA AGG TACC
Spib fwd GAG CGC TGC GCAACT ATGC
rev GAC ATG CCG GGA GGC TG
Spic fwd AAA GGG AGG AAG AGG CAG GAG AAA
rev AAG TCT TTG GAG AAC AGC CTC GCT
Thp fwd ACC GTG AAT CTT GGC TGT AAAC (Eissa et al., 2016)
rev GCAGCAAATCGCTTGGGATTA
Tp53 fwd CTC ACT CCA GCT ACC TGA AGA (J. Lietal., 2008)
rev AGA GGC AGT CAGTCAGTCTGAGTCA

2.10 Statistical Analyses
All statistical analyses were performed using Prism 9.1.2 (GraphPad, La Jolla, CA). Statistical

tests used are indicated in the figure legends.
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3  Chapter 3: Results

3.1 Heme induces Spic in primary splenic B cells and bone-marrow derived

macrophages

Spic expression has previously been found to be induced following signaling cascades initiated
by heme or NF-kB in numerous myeloid and lymphoid cell subsets (Reviewed in Raczkowski
& DeKaoter, 2021). We sought to determine how Spic expression is influenced by external
signals in primary B cells isolated from spleens of WT C57/BL6 mice. B cells were enriched
by CD43 column depletion and efficient isolation was confirmed by flow cytometry (Figure
3-1A). Spi-C is known to be induced in macrophages following stimulation with heme to
promote differentiation into RPMs (Haldar et al., 2014). To evaluate if Spic is inducible by
heme in B cells, we cultured enriched B cells for 48 or 72 hours in the presence of 20 or 40
MM heme and assessed Spic expression by RT-gPCR. Spic expression was upregulated by 3.4-
fold in response to 40 UM heme in B cells cultured for 72 hours (Figure 3—1B). As prolonged
culture of primary B cells is limited in the absence of pro-survival signals, we performed viable
cell counts to confirm adequate cell viability (Howard et al., 1981). Counts indicated that the
viability of B cells cultured in the presence of heme was stable over time (Figure 3—-1C). To
validate our system of detecting Spic expression, we also sought to confirm upregulation of
Spic in BMDMs cultured with heme reported in Haldar et al. (2014). BM was isolated from
WT mice and cultured for 6 days in the presence of GM-CSF, after which adherent BMDMs
were plated in the presence or absence of heme (Figure 3-1D). Corroborating previous
findings, we found heme-treated BMDMs upregulated Spic expression by roughly 5-fold
compared to untreated cells (Figure 3-1E). These results indicate that heme-mediated
induction of Spi-C expression is not limited to myeloid-lineage cells and may play a role in B

cell responses.

3.2 Spic expression remains stable in B cells cultured with IL-4, IL-5, or
BAFF

Previous experiments in our lab investigating antibody-secreting cell generation involved ex
vivo culture of murine B cells in the presence of IL-4 and IL-5, which act as strong pro-survival

signals in biological environments and can promote survival and/or differentiation in longer-
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term cultures (Laramée et al., 2020). We sought to characterize how these cytokines affect Spic
expression and found that independently, IL-4 or IL-5 does not affect Spic expression
compared to freshly enriched B cells (Figure 3-2A-B). Cell counting experiments revealed no
differences in B cell counts following culture with IL-4 or IL-5 (data not shown).

B cell activating factor (BAFF) was previously identified as a cytokine that may increase Spic
expression due to overlapping patterns of expression during B cell development, and activation
of the non-canonical NF-kB pathway known to upregulate Spic. Of particular interest, Spic
expression peaks during the transitional 1 B cell stage of development, where BAFF is known
to be a key signaling molecule that promotes maturation and migration as B cells exit the BM
(Smulski & Eibel, 2018; Zhu et al., 2008). We examined Spic expression in B cells cultured in
the presence of BAFF but found that BAFF alone did not affect Spic expression over a 72-hour
time course (Figure 3—2C). Expression of Spic exhibited a minor, albeit nonsignificant upward
trend over time, with a maximum increase of approximately 2-fold. Corresponding cell counts
showed a similar upward trend, but no significant differences over the same time period (Figure
3-2D). We next examined Spic expression following combinations of pro-survival signals IL-
4 or IL-5 with BAFF to assess if the cytokines may exhibit synergistic effects. B cells cultured
with BAFF + IL-4 or BAFF + IL-5 once again exhibited no differences in Spic expression
(Figure 3—2E). These data indicate that Spic expression remains unchanged in B cells cultured
with pro-survival cytokines IL-4 or IL-5, while BAFF may cause a limited increase in

expression.
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Figure 3-1. Heme induces Spic in B cells and bone-marrow derived macrophages. (A)
Flow cytometry quantifying CD19* B cell frequency. (B) RT-gPCR analysis of Spic expression
in primary B cells enriched from WT mouse spleens and cultured with heme under the
indicated conditions. Bars indicate mean = SD, n = at least 4 mice, two-way ANOVA, *p <
0.05, ****p < 0.0001. Data points indicate mean of duplicate wells for each mouse. Expression
was determined relative to freshly enriched B cells. (C) Viable cell counts for B cells cultured
in (B). Data points indicate mean of triplicates for each mouse. (D) Representative
photomicrographs of bone-marrow macrophages cultured in cIMDM alone (top) or with 40
UM heme (bottom). Original magnification 20X. Scale bar indicates 50 uM. Images were taken
with the Zeiss AxioObserver and A1 AxioCam ICM1 using ZEN 2 Pro software. (E) RT-gPCR
analysis of Spic expression in primary bone-marrow derived macrophages obtained from WT
mice and cultured with heme for 48 hours. Bars indicate mean = SD, n = at least 4 mice, one
sample Wilcoxon test, **p < 0.01. Data points indicate mean of duplicate wells for each mouse.
Expression was determined relative to unstimulated cells. Relative gene expression for all RT-

gPCR was normalized to Thp.
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Figure 3-2. Spic expression remains constant in B cells cultured with IL-4, IL-5, or BAFF.
(A-B) RT-gPCR analysis of Spic expression in primary B cells enriched from WT mouse
spleens and cultured with IL-4 or IL-5, respectively for 24 hours. Bars indicate mean + SD, n
= at least 6 mice, one sample Wilcoxon test. (C) RT-gPCR analysis of Spic expression in B
cells cultured in BAFF for the indicated times. Bars indicate mean + SD, n = at least 4 mice,
Kruskall-Wallis with Dunn’s multiple comparisons test. (D) Viable cell counts for B cells
cultured in (C). Bars indicate mean + SD, n = 3 mice, one-way ANOVA. (E-F) RT-gPCR
analysis of Spic expression in primary B cells enriched from WT mouse spleens and cultured
with combinations of BAFF + IL-4 or BAFF + IL-5, respectively for 24 hours. Bars indicate
mean £ SD, n = at least 6 mice, one sample Wilcoxon test. Relative gene expression for all
RT-qPCR was relative to freshly isolated B cells and normalized to Thp. All data points

represent mean of duplicate wells for each mouse.
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3.3 Proliferative signaling reduces Spic expression in primary splenic B

cells

We continued to screen combinations of stimuli to determine their impact on Spic expression
in primary splenic B cells. We next cultured B cells with IL-4 and IL-5 in combination and
observed a modest decrease in Spic expression over time (Figure 3—3A). Expression of Spic
was lowest at 72 hours, decreasing by 5-fold compared to freshly isolated cells. Interestingly,
we noted that decreased Spic expression appeared to correlate with a slight, but insignificant
increase in B cell counts over time (Figure 3-3B). Finally, the combination of BAFF + IL-4 +
IL-5 resulted in a robust decrease in Spic expression by 40-fold over 72 hours (Figure 3-3C).
B cells cultured in this condition also increased substantially in number over the same time
course, exceeding the 10° cells initially placed into culture on day zero (Figure 3-3D). To
examine the apparent link between B cell proliferation and Spic expression, we utilized the
drug Cytochalasin D, a potent inhibitor of actin polymerization that therefore prevents cell
division (Figure 3-3D; Hao & August, 2005). We examined Spic expression following culture
of B cells with BAFF + IL-4 + IL-5 for 72 hours in the presence or absence of Cytochalasin D
and found that addition of Cytochalasin D partially blocked downregulation of Spic (Figure 3—
3E). B cells cultured with the cytokine mixture downregulated Spic by approximately 15-fold,
while those cultured in the presence of Cytochalasin D decreased Spic expression by ~5-fold.
This indicates that downregulation of Spic by BAFF + IL-4 + IL-5 is dependent on actin
polymerization and blocking cell division may impair Spic downregulation.

We previously reported that stimulation of B cell co-receptors with CD40L reduced Spic
expression in B cells compared to freshly isolated cells (Figure 3—4A; Laramée et al., 2020).
We further examined the effect of CD40L by comparing Spic expression of stimulated cells to
unstimulated B cells across three time points. Spic expression was reduced over time, with its
lowest expression at 72-hours, showing a 20-fold reduction in expression (Figure 3-4B). B
cells cultured with the addition of CD40L increased in number over time (Figure 3—4C). We
went on to examine how CD40L affects Spic expression in combination with the cytokines
discussed above. We found that compared to freshly isolated B cells, Spic was downregulated
in the presence of CD40L regardless of the presence of IL-4, IL-5, or BAFF in any
combination, suggesting a strong transcriptional pull towards Spic repression by CD40L

(Figure 3-4D-1). Of the combinations including CD40L assessed, CD40L + IL-4 + IL-5 caused
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the greatest downregulation of Spic, reducing expression by over 20-fold (Figure 3-4F). B cells
cultured in CD40L and BAFF reduced Spic expression by approximately 5-fold and was the
condition in which Spic expression was downregulated the least (Figure 3—4G).
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Figure 3-3. Certain combinations of IL-4, IL-5, and BAFF repress Spic expression. (A)
RT-gPCR analysis of Spic expression in primary B cells enriched from WT mouse spleens and
cultured with IL-4 and IL-5. Bars indicate mean = SD, n = at least 3 mice, Kruskall-Wallis
with Dunn’s multiple comparisons test. ** p < 0.01 (B) Corresponding viable cell counts for
(A). (C) RT-gPCR analysis of Spic expression in B cells cultured in BAFF + IL-4 + IL-5 for
the indicated times. (D) Viable cell counts for B cells cultured in (C) or with the addition of
Cytochalasin D. Bars indicate mean + SD, n = 3, two-way ANOVA **p < 0.01, ***p < 0.001.
(E) RT-gPCR analysis of Spic expression in B cells cultured with BAFF + IL-4 + IL-5 for 72
hours in the presence of absence of Cytochalasin D. Bars indicate mean + SD, n = at least 4
mice, Kruskall-Wallis with Dunn’s multiple comparisons test, **p < 0.01. Relative gene
expression for all RT-qPCR was relative to freshly isolated B cells and normalized to Thp. All
data points for gPCR experiments represent mean of duplicate wells for each mouse. Cell count

data points indicate mean of triplicate counts for each mouse.
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Figure 3—4. CD40L downregulates Spic expression in B cells. (A) RT-gPCR analysis of Spic
expression in primary B cells enriched from WT mouse spleens and cultured with CD40L for
24 hours. Bars indicate mean £ SD, n = 6 mice, one sample Wilcoxon test, **p < 0.01. (B) RT-
gPCR analysis showing Spic expression in B cells cultured with or without CD40L for the
indicated times. Bars indicate mean £ SD, n = 3 mice, two-way ANOVA, *p <0.05. (C) Viable
cell counts for B cells cultured with CD40L for 72 hours. Bars indicate mean + SD, n = 3 mice,
one-way ANOVA **p < 0.01, ***p < 0.001. Data points indicate mean of triplicate counts for
each mouse. (D-1) RT-qPCR analysis of Spic expression in B cells cultured with the indicated
conditions for 24 hours. Bars indicate mean = SD, n = at least 3 mice, one sample Wilcoxon,
*p <0.05, **p <0.01. Relative gene expression for all RT-qPCR was relative to freshly isolated
B cells, with the exception of (B), which was relative to time-matched unstimulated cells. All
expression data was normalized to Tbp. All data points for gPCR experiments represent mean

of duplicate wells for each mouse.
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Figure 3-5. Treatment with anti-lgM Abs or LPS downregulates Spic expression in B
cells. (A) RT-gqPCR analysis of Spic expression in primary B cells enriched from WT mouse
spleens and cultured with anti-lgM Abs for the indicated times. Bars indicate mean + SD, n =
3 mice, two-way ANOVA, *p < 0.05, **p < 0.01. (B) Corresponding viable cell counts for
(A). Bars indicate mean £ SD, n = 3 mice, one-way ANOVA with Tukey’s multiple
comparison test. **p < 0.01. (C) RT-gPCR analysis showing Spic expression in B cells
cultured with or without LPS for the indicated times. (D) Viable cell counts from (C). (E)
Representative photomicrograph of bone-marrow derived macrophages cultured with LPS.
Original magnification 20X. Scale bar indicates 50 M. Images were taken with the Zeiss
AxioObserver and A1 AxioCam ICM1 using ZEN 2 Pro software. (F) RT-qPCR analysis of
Spic expression in primary bone-marrow derived macrophages obtained from WT mice and
cultured with LPS for 48 hours. Bars indicate mean + SD, n = 4 mice, one sample Wilcoxon
test, **p < 0.01. Relative gene expression for all RT-gPCR was relative to time-matched
unstimulated cells, with data was normalized to Thp. All data points for g°PCR experiments
represent mean of duplicate wells for each mouse. Cell count data points indicate mean of
triplicate counts for each mouse.
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To determine the extent of the relationship between B cell proliferation and reduced Spic
expression, we selected two additional signals to investigate their effect on Spic expression in
B cells. We first asked how signaling through the BCR influenced Spic expression. B cells
were cultured with anti-IgM Abs for 24-72 hours and Spic expression was quantified by RT-
gPCR relative to time-matched unstimulated cells. We found that BCR engagement reduced
Spic expression in a time-dependent manner, with expression decreasing by as much as 50-
fold (Figure 3-5A). As expected, stimulation through the BCR also significantly increased the
number of live cells in culture over time (Figure 3-5B). Alam and colleagues recently reported
that treatment of BMDMs with LPS activated Spic in an NF-kB-dependent pathway to push
macrophages towards an anti-inflammatory phenotype and control the immune response
(Alam et al., 2020). To evaluate whether a similar transcriptional program exists in B cells, we
treated primary splenic B cells with LPS for 24-72 hours. Despite activating transcription of
Spic in BMDMs, we discovered that LPS treatment robustly downregulated Spic expression in
B cells (Figure 3-5C). Spic expression was lowest at 48 hours with a negative fold change of
over 200 compared to unstimulated cells. Corresponding cell count data displayed a
considerable increase in live B cells over time, peaking at over 2.5 x 10° cells following 72
hours in culture (Figure 3-5D). To validate our findings, we sought to reproduce the previously
described reports of LPS treatment activating Spic expression in macrophages (Alam et al.,
2020). We utilized the aforementioned culture system to generate BMDMs and plated adherent
cells in the presence or absence of LPS. Macrophages morphology for BMDMs treated with
LPS is shown for a representative experiment (Figure 3—1D). We found that LPS increased
Spic expression in BMDMs by approximately 5-fold, which confirmed the modest
upregulation observed by the Haldar laboratory (Figure 3-5F; Alam et al., 2020). These data
further support the correlation between B cell division and downregulation of Spic, including

in the context of a signal that activates Spic expression in the myeloid lineage.

46



3.4 Spic expression is increased by quiescence or anti-proliferative
signaling in primary splenic B cells

Based on our previous observations, we next asked how expression of SPI-family transcription
factors changes over time in unstimulated B cells. To assess Spic expression in cells serving as
an unstimulated control, we quantified expression in cells cultured in cRPMI alone for 24-72
hours relative to freshly isolated B cells. We observed a time-dependent increase in Spic
expression, culminating in a 20-fold increase by the 72-hour timepoint (Figure 3-6A). To
determine if the observed upregulation was an apoptosis-related artifact, we examined
transcript levels of closely related family members Spil and Spib using matched samples.
Expression of Spil and Spib increased over time, peaking at approximately 10- and 5-fold
increases, respectively (Figure 3-6B-C). Cell count data showed stable numbers of live B cells
over time after an initial decrease from 24 to 48 hours (Figure 3-6D). These results suggest
that Spic expression is increased in unstimulated B cells, relative to the related ETS

transcription factors Spil and Spib.

To further explore the upregulation of Spic in unstimulated B cells relative to other genes, we
sought to examine the expression of genes with known patterns of expression during nutrient
starvation and/or apoptosis. We selected Tp53 as a gene that is expected to be upregulated in
unstimulated B cells due to its well-documented increase in expression during apoptosis (Kiraz
et al., 2016). Acly was chosen as a gene expected to be downregulated because of its essential
role in fatty acid synthesis during cell division (Rhee et al., 2019). We found that Tp53 was
upregulated over time by nearly 12-fold in unstimulated B cells, whereas Acly expression
decreased at 24 hours and increased by up to 3-fold following 72 hours in culture (Figure 3—
6E-F). To validate our findings, we selected B-actin as an additional reference gene. We found
that relative to Actb, Spic and Tp53 transcript levels increased in a similar time-dependent
manner and to the same extent, peaking at approximately 4-fold (Figure 3-6G-H). Conversely,
Acly expression decreased slightly and remained low throughout the assessed time period
(Figure 3-61). Overall, these findings support the notion that Spic expression is increased in

quiescent B cells.

Finally, we investigated Spic expression in B cells treated with drugs known to inhibit cell
division. Primary splenic B cells were treated with Cytochalasin D, followed by quantification

of Spic expression and cell counting. Spic expression increased modestly over 72 hours, with
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a peak increase of approximately 4-fold observed at 48 and 72 hours (Figure 3—7A). Cell counts
remained stable over the same time period (Figure 3-7B). We utilized Imatinib to evaluate
how inhibition of Bcr-Abl Tyrosine-kinase signaling affects Spic expression in B cells.
Imatinib (also known as Gleevec or Glivec) is an Abl kinase inhibitor that blocks proliferation
of v-Abl-transformed B cell lines (Muljo & Schlissel, 2003). We treated the v-Abl-transformed
pro-B cell line 38B9, and as a control treated IL-7-withdrawn fetal liver-derived WT pro-B
cells — with 10 uM Imatinib for 48-72 hours and assessed Spic expression. Preliminary data
indicated that Imatinib treatment induced Spic expression in 38B9 pro-B cells but not WT pro-
B cells (Figure 3—7C-D). While not yet significant, Spic expression appears to increase by over
10-fold in 38B9 pro-B cells, while remaining unchanged in WT pro-B cells. These data further
support the proposed model of quiescence or the absence of stimulation inducing Spic

expression in B cells.
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Figure 3-6. Expression of SPI family members in unstimulated B cells. (A-C) RT-qPCR
analysis of mRNA transcript levels of Spic, Spil, and Spib. WT primary splenic B cells were
cultured in complete RPMI for the indicated times. Bars indicate mean + SD, n = at least 4
mice, Kruskall-Wallis with Dunn’s multiple comparisons test, *p < 0.05, ****p < 0.0001. (D)
Live cell counts for unstimulated B cells. Bars indicate mean £ SD, n = 4 mice, one-way
ANOVA with Tukey’s multiple comparison test. (E-F) RT-qPCR analysis quantifying
expression of the indicated genes in unstimulated B cells. Data shown as mean + SD, n =4
mice, Kruskall-Wallis with Dunn’s multiple comparisons test, ***p < 0.001. (G-1) RT-gPCR
analysis quantifying expression of the indicated genes in unstimulated B cells normalized to
Actb expression. n = 4 mice, Kruskall-Wallis with Dunn’s multiple comparisons test, **p <
0.01. (F) Relative gene expression for all RT-gPCR was relative to freshly isolated B cells.
Expression was normalized to Tbp for all RT-gPCR, with the exception of panels G-I.
Individual data points for gPCR experiments represent mean of duplicate wells for each mouse.

Cell count data points indicate mean of triplicate counts for each mouse.
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Figure 3—7. B cells treated with drugs that impair proliferation activate Spic expression.
(A) RT-gPCR analysis of Spic expression in WT primary splenic B cells cultured with
Cytochalasin D for the indicated times. Expression data is relative to freshly isolated B cells
and relative to Tbp. Data is shown as mean £ SD, n = at least 5 mice, Kruskall-Wallis with
Dunn’s multiple comparisons test, **p < 0.01, ***p < 0.001. (B) Live cell counts for cells in
(A). Bars indicate mean £ SD, n = 4 mice, one-way ANOVA with Tukey’s multiple
comparison test. (C) RT-gPCR analysis of Spic expression in v-Abl-transformed 38B9 pro-B
cells or (D) IL-7-withdrawn fetal liver-derived WT pro-B cells treated with Imatinib for 24
hours. Data represents mean £ SD, n = 3 mice, one sample Wilcoxon test. Expression data for
C-D is relative to untreated cells on Day 0 and normalized to Actb expression. Individual data
points for qPCR experiments represent mean of duplicate wells for each mouse. Cell count
data points indicate mean of triplicate counts for each mouse.
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3.5 NF-kB activates transcription of Spic through interaction with its

promoter

Previous sections of this thesis investigate stimuli that influence expression of Spic. Following
identification of numerous signals that can up- or downregulate Spic expression, we sought to
characterize three important regulatory elements of Spic. The Spic promoter has not been
previously characterized. We selected a region immediately upstream of the transcription start
site spanning approximately 500 base pairs, amplified and cloned it using PCR, and finally
ligated it into the pGL3-Basic vector compatible with the Dual-Luciferase Assay system
(Figure 3-8A-B). Analysis of cross-species DNA sequence identity confirmed that the cloned
region is highly conserved across multiple vertebrates (Figure 3-8A). We tested the activity of
the promoter by transiently transfecting the promoter-containing vector into two B cell lines:
38B9 pro-B cells and WEHI-279 lymphoma cells. Luciferase assays showed that the promoter
possesses activity in only the forward orientation in both cell lines, with higher relative
luciferase activity observed in WEHI-279 B cells (Figure 3-8C-D). These data indicate that
the Spic promoter has unidirectional activity in two B cell lines.

Based on evidence that signaling through the canonical or non-canonical NF-kB pathways can
activate Spic expression in myeloid- and lymphoid-lineage cells, we asked whether NF-xB
might mediate promoter activity (Alam et al., 2020; Soodgupta et al., 2019). CiiiDER and
ConTra v3 software packages were used to identify predicted NF-kB subunit binding sites
within the cloned region of the promoter (Figure 3-8A-B; Gearing et al., 2019; Kreft et al.,
2017). One common predicted NF-xB binding site at approximately 400 bp into the cloned
promoter region was identified by both programs. We next performed site-directed
mutagenesis to mutate two crucial guanine nucleotides required for NF-xB subunit binding
(Figure 3-8C-D). Transfection of the mutant vector caused a significant reduction in relative
luciferase activity compared to the wildtype vector, suggesting that NF-kB activates
transcription of Spic by binding to the identified site (Figure 3—8E).
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Figure 3-8. Characterization of the Spic promoter. (A) UCSC Mouse Genome Track
showing Spic exon 1 and surrounding sequence. Arrow represents exon 1 and box denotes
upstream region of conservation. (B) Schematic of luciferase reporters, pGL3-basic (top)
and Spic promoter (bottom). (C) Activity of the Spic promoter in 38B9 pro-B cells and (D)
WEHI-279 B cells. Relative luciferase activity represents Renilla/Luciferase readings. (n =
at least 3 independent experiments in triplicate, one-way ANOVA with Tukey’s multiple
comparisons test). Individual data points represent mean of triplicate wells for a single
experiment. *p < 0.05, **p < 0.01, ****p < 0.0001.
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Figure 3-9. Activation of Spic transcription by NF-kB. (A) CiiiDER transcription factor
binding site prediction within cloned promoter sequence including two possible RelB binding
sites. (B) ConTra v3 cross-species transcription factor binding site prediction within one 110
bp region of the cloned promoter. Possible NF-kB subunit binding sites shown as coloured
segments. (C) Schematic of NF-kB consensus binding site. (D) Sanger sequencing of cloned
region of Spic promoter showing wildtype sequence and mutant. (E) Transient transfection of
WEHI-279 B cells and luciferase assays indicated a reduction in luciferase activity following
site-directed mutagenesis. Relative luciferase activity represents Renilla/Luciferase readings.
Bars indicate mean + SD, n = at least 3, one-way ANOVA with Tukey’s multiple comparisons
test. Individual data points represent mean of triplicate wells for a single experiment. ***p <
0.001. Data shown in (E) are derived from the same experiments as 3-8D and split up for

clarity.
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3.6 Bach2 represses transcription of Spic

Previous studies showed that Spic expression is increased in B cells from Bach2 knockout mice
(Figure 3-10A; Laramée et al., 2020; Miura et al., 2018). Reanalysis of published anti-Bach2
ChlP-Seq data led to the identification of two peaks approximately 40 kb upstream of the Spic
transcription start site where Bach2 binds to DNA (Figure 3-10B; Itoh-Nakadai et al., 2014;
Larameée et al., 2020). These two regions, arbitrarily named region of interest (ROI) 1 and 2
are in accordance with previous reports of Spic regulatory sequences (ltoh-Nakadai et al.,
2014). To determine if Bach2 regulates expression of Spic by interacting with the identified
regulatory regions, we used PCR to clone ROI 1 and 2, and ligated these potential regulatory
regions upstream of the Spic promoter in a luciferase-containing vector (Figure 3-10C).
WEHI-279 B cells were transiently transfected with luciferase constructs (Figures 3-8B, 3—
10C) and luciferase activity was quantified. We found that transfection of ROl 1- or 2-
containing vectors alone did not enhance or repress luciferase expression relative to the vector

containing only the Spic promoter (Figure 3-10D).

We next asked whether our cell lines expressed sufficiently high levels of endogenous Bach2
to observe the effects of its interaction with the ROIs. We performed RT-gPCR to assess Bach2
expression in WEHI-279 B cells and 38B9 pro-B cells. We found that both 38B9 pro-B cells
and WEHI-279 mature B cells expressed low or undetectable levels of Bach2 compared to
primary splenic B cells (Figure 3—10E). Therefore, we obtained a MIGR1-Bach2 expression
vector allowing for co-transfection and high levels of expression in electroporated cells (Figure
3-10F). Co-transfection of WEHI-279 cells with the Bach2 expression vector and the Spic
promoter-containing vector appeared to modestly increase relative luciferase activity
compared to the combination of the Spic promoter and empty MIGR1 vectors (Figure 3-10G).
Transfection of vectors containing ROl 1 or 2 in either orientation caused a significant
reduction in relative luciferase activity in the presence of Bach2 (Figure 3-10G). We next
performed site-directed mutagenesis on one Bach2 consensus binding site within each ROI
(Laramée et al., 2020). Co-transfection experiments showed that vectors containing mutated
Bach2 sites increased relative luciferase activity to the level observed following transfection
with the Spic promoter (Figure 3—10H). These data indicate that Bach2 represses transcription
of Spic by interacting with ROI 1 and 2, and that this function is lost upon mutation of one

Bach2 binding site.
58



Figure 3-10. Bach2 represses Spic expression in B cells. (A) Increased Spic mRNA
expression in anti-lgM-stimulated splenic B cells lacking Bach2. Agilent microarray data from
Miura et al., 2018 was re-analyzed; y-axis shows Spic normalized signal. Result is shown as
mean + SD (n = 3 biological replicates, unpaired t-test), *p < 0.05. (B) Interaction of Bach2
with regulatory regions in the Spic locus. ChIP-seq data from Itoh-Nakadai et al., 2017 was re-
analyzed to show interaction of Bach2 with a putative regulatory element located —39 and —41
kb upstream of the Spic transcription start site. Black arrows indicate locations of Bach?2
binding sites (C) Schematic of luciferase reporters Spic promoter + ROl 1 (top) and Spic
promoter + ROI 2 (bottom). (D) Spic ROI 1 and ROI 2 have no significant activity in WEHI-
279 B cells. Relative luciferase activity represents Renilla/Luciferase readings. n = 4
independent experiments in triplicate, one-way ANOVA with Tukey’s multiple comparisons
test. ****p < 0.0001. (E) RT-gPCR analysis of Bach2 expression in 38B9 pro-B cells and
WEHI-279 cells compared to primary splenic B cells. Data represents a single representative
experiment. (F) RT-gPCR analysis of Bach2 expression in WEHI-279 B cells transfected with
MIGR1, MIGR1-Bach2, or untransfected. Data represents a single representative experiment.
(G) Relative luciferase activity of ROl 1 and ROI 2 in WEHI-279 B cells co-transfected with
MIGR1-Bach2. Bars indicate mean + SD, n = 3 independent experiments in triplicate, one-
way ANOVA with Tukey’s multiple comparisons test. *p < 0.05 **p < 0.01. (H) Relative
luciferase activity of ROl 1 and ROI 2 in WEHI-279 B cells co-transfected with MIGR1-Bach?2
following mutation of one Bach2 consensus binding site. Bars indicate mean + SD, n = 4
independent experiments in triplicate, one-way ANOVA with Tukey’s multiple comparisons
test. *p < 0.05.
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3.7 Spi-B and Spi-C oppositely regulate transcription of Bach2

We previously identified Bach2 as a candidate gene that is oppositely regulated by SPI factors
PU.1, Spi-B, and Spi-C (Laramée et al., 2020). ChIP-Seq analysis revealed four peaks within
the Bach2 locus indicative of binding by all three members of the SPI subfamily (Figure 3—
11A). Reanalysis of ATAC-Seq confirmed chromatin accessibility at all four ROI, further
suggesting that these ROI act as regulatory regions to influence expression of Bach2 (Figure
3-11A). Cross-species analysis of evolutionary conservation revealed substantial conservation
of ROI 1 and 3 in particular (Figure 3-11B). We constructed luciferase reporter vectors using
the pGL3-Promoter construct and cloned ROl 1 and 3 upstream in both orientations.
Transfection into WEHI-279 lymphoma cells revealed enhancer activity for ROI 1, but no
activity in ROI 3 (Figure 3-11C). As WEHI-279 cells are not expected to express high levels
of Spi-C, we performed co-transfection with a pcDNA3-Spi-C expression vector. As well, we
mutated one ETS factor consensus binding site and evaluated luciferase activity in the presence
or absence of the Spi-C expression vector. We found that mutation of one ETS binding site
and/or co-transfection with pcDNA3-Spi-C quenched luciferase activity to the level of the
promoter, indicating that Spi-B and Spi-C oppositely regulate transcription of Bach2 (Figure
3-11D).

Finally, we sought to further explore the regulation of Bach2 by Spi-B and Spi-C using WT,
Spib™~, and Spib™ Spic*~ mouse models. We asked whether loss of one Spic allele could alter
expression of Bach2 compared to WT mice or those lacking Spi-B. We performed RT-gPCR
to determine transcript levels of Bach2 in GC B cells — where Bach2 is known to be highly
expressed — derived from each of our genotypes of interest (Laramée et al., 2020). Mice were
immunized with NP-KLH adjuvanted with alum and GC B cells were harvested by FACS on
day 10 post-immunization. We found that Bach2 was significantly downregulated in GC B
cells from Spib™~, while heterozygosity for Spic restored transcript levels to WT levels (Figure
3-11E). Taken together, these data show that Bach?2 is oppositely regulated by Spi-B and Spi-

C in B cells, with Bach2 and Spi-C forming a negative regulatory loop.
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Figure 3-11. Regulation of Bach2 by Spi-B and Spi-C. (A) UCSC genome browser tracks
of ChIP-seq analysis of 3XFLAG-tagged Spi-B in WEHI-279 cells (top panel) and Spi-C in
38B9 cells (middle panel). Also shown is IMMGEN ATAC-seq analysis performed in enriched
follicular B cells (Fo B) (bottom panel). Bach2 gene structure is shown below, with black boxes
denoting exons and lines representing introns. Red boxes indicate regions-of-interest (ROIs 1-
4), while the blue box denotes the negative control region (NCR). (B) Multi-species
conservation analysis (in red) visualized as superimposed UCSC tracks of ChiP-seq (ROI 1
and 3, in black) within the Bach2 locus for PU.1 and Spi-B. (C) Schematic of luciferase
reporters (top to bottom): pGL3-Basic, pGL3-Promoter (SV40), pGL3-Promoter-ROI 1, and
pGL3-Promoter-ROI 3. (D) Bach2 ROI 1, but not ROI 3, displays enhancer activity in WEHI-
279 B cells. Relative luciferase activity represents Renilla/Luciferase readings. (n = at least 3
independent experiments in triplicate, mixed-effects ANOVA with Tukey’s multiple
comparisons test). ** p <0.01. (E) Bach2 ROI 1 enhancer activity in WEHI-279 cells is reduced
by mutation of the ETS binding site or co-transfection with pcDNA3-Spi-C (h = 4 independent
experiments in triplicates, mixed-effects ANOV A with Tukey’s multiple comparisons test). **
p < 0.01. (F) Reduced Bach2 mRNA transcript levels in Spib”~ GC B cells. RT-gPCR analysis
was performed on RNA prepared from splenic GC B cells enriched from WT, Spib™", and
Spib™~Spic*~ mice by cell sorting, 10 days post-immunization with NP-KLH. Result is shown
for representative experiment with triplicate technical replicates, Kruskal-Wallis with Dunn’s
multiple comparisons test, *p < 0.05.
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4 Chapter 4: Discussion

4.1 General Discussion

The present study aimed to investigate the regulation of Spic by external signals and to
characterize the molecular mechanisms responsible for its dynamic patterns of expression. We
provided evidence that expression of Spi-C is highly sensitive to the presence of various
stimulants in B cells, particularly following exposure to proliferative stimuli. We showed that
the absence of stimuli or use of drugs that activate a quiescent-like state upregulate Spic, though
the exact molecular basis for this remains unknown. We also showed that NF-«kB activates
transcription of Spic by interacting with its promoter, while Bach2 represses its transcription
through interaction with two upstream regulatory regions. Finally, we showed that Spi-B and
Spi-C oppositely regulate transcription of Bach2, a key factor involved in processes including
germinal centre formation and MBC differentiation (lgarashi et al., 2017; Igarashi & Itoh-
Nakadai, 2016). Taken together, our findings suggest that Spi-C is a tightly regulated factor
opposing its related factor Spi-B.

Spi-C was induced in B cells in response to the metabolite heme. Though the molecular
mechanism for its upregulation due to degradation of its constitutive repressor Bach2 is now
well understood, the biological relevance of Spi-C induction by heme in B cells remains
unknown (Dutra & Bozza, 2014; Itoh-Nakadai et al., 2014; Watanabe-Matsui et al., 2011,
2015). First, it is unclear if and how heme gains entry into B cells. While there is evidence that
treatment of B cells with heme increases transcription of the endosomal transporter HRG-1,
the mechanism of entry into the plasma membrane is not known (Watanabe-Matsui et al.,
2011). Despite early studies reporting that phagocytosis and pinocytosis occur rarely in
lymphocytes, there is growing evidence that B cells may have a higher capacity for non-
specific uptake than previously thought (Goldmacher et al., 1986; Martinez-Riafio et al., 2018).
Therefore, it is plausible that B cells pinocytose free heme. Alternatively, heme may be sensed
externally as a danger-associated molecular pattern that drives a Spi-C-mediated immune
response (Laramée et al., 2020; Martins & Knapp, 2018). While not thought to strongly activate
PRRs, there is evidence that heme may be able to signal weakly through TLRs such as TLR4

(Figueiredo et al., 2007). These possible mechanisms of detection of heme by B cells provide
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insight into how it may be sensed, but further investigation of the downstream signaling

pathways is warranted.

Since free heme is a potent catalyst of reactive oxygen species generation, it is maintained
almost exclusively in the more stable form of hemoglobin (Aich et al., 2015; Martins & Knapp,
2018). High levels of free heme are typically indicative of excessive hemolysis, which can
arise due to disease or infection. Together with evidence that heme accelerates antibody-
secreting fate commitment, it is plausible that heme-dependent activation of Spi-C is one
signaling pathway that promotes the generation of ASCs in response to a nonspecific threat
(Watanabe-Matsui et al., 2011). Specifically, we propose that in the case of hemolytic
infections, such as malaria or some forms of Streptococcus, B cells detect and become activated
in response to free heme (Martins & Knapp, 2018; Orf & Cunnington, 2015). This leads to the
proteosome-dependent degradation of Bach2, which frees Spi-C from constitutive repression
(Laramée et al., 2020). Spi-C may then act to counter its related factor Spi-B and promote B
cell differentiation into ASCs. This proposed mechanism would allow for the rapid generation

of antibodies to initiate immunity while the longer-term immune response begins to develop.

Across all stages of B cell development and differentiation, Spic expression is highest during
the transitional stage of development (Zhu et al., 2008). This pattern of expression, and the
known signaling pathway of BAFF by the non-canonical NF-kB pathway, led to the
investigation of BAFF as a possible activator of Spic transcription (Bednarski et al., 2016).
Despite the nonsignificant increase in Spic expression, we observed a slight upward trend
across time points. Specifically, we observed an approximately 2-fold increase in Spic
expression in B cells cultured with BAFF. Based on our findings that Spic is readily
downregulated, an important question is how high expression of Spic must be to effect its
biological functions. Work from other groups in macrophages has showed that even during
critical signaling events, Spic expression may only increase slightly (Alam et al., 2020; Haldar
et al., 2014). Numerous experiments by Alam and colleagues in particular reported increases
in Spic expression of as little as 1.75-fold, despite their noteworthy overall findings (Alam et
al., 2020). As such, extremely tight regulation of the factor may lead to mere modest changes

in expression that still result in biological consequences.

65



CD40L downregulated Spic expression in splenic murine B cells both alone and in combination
with other cytokines. Interestingly, of all the combinations assessed, Spic was downregulated
to the greatest extent in cells cultured in CD40L + IL-4 + IL-5. Compared to freshly isolated
B cells, expression of Spic was reduced by only 5-fold in B cells cultured with only CD40L,
but over 20-fold in B cells cultured with CD40L + IL-4 + IL-5. This combination of cytokines
is a well-established model of T cell-dependent B cell activation and ASC generation, and Spic
is known to be highly expressed in PBs and PCs (Hasbold et al., 2004; Laramée et al., 2020;
Nutt et al., 2015). The initial downregulation of Spic observed is likely due to the early 24-
hour time point, when differentiation into ASCs has not yet occurred. In general, experiments
examining Spic expression over time must consider the possibility of a diverse population of
activated and differentiated B cells arising over a 72-hour period. For example, in experiments
involving CD40L + IL-4 + IL-5, the combination of cytokines first initiates B cell activation
and proliferation. It is not until 3-5 days in culture that high frequencies of CD138* ASCs are
generated (Laramée et al., 2020). This is also corroborated by the downregulation of Spic in
actively cycling GC B cells, as well as the requirement for several rounds of B cell division
prior to commitment to the ASC fate (Hasbold et al., 2004; Laramée et al., 2020). Therefore,
loss of Spic expression in a time of abundant proliferation is plausible, and upregulation may
not occur until later in differentiation when PBs begin to lose their proliferative capacity as
they mature into terminally-differentiated PCs (Nutt et al., 2015). In fact, downregulation of
Spic to allow for rounds of cell division may be required for initiation of the early ASC-

generation pathway.

One noteworthy finding was the opposing effects of LPS on Spic expression in B cells and
BMDMs. Of all signals assessed, LPS downregulated Spic expression to the greatest extent —
over 200-fold — whereas LPS treatment upregulated Spic by approximately 5-fold in BMDMs.
It is known that the NF-kB pathway becomes activated in both B cells and macrophages
following TLR4 engagement (Sakai et al., 2017; Sharif et al., 2007). However, one main
distinction between macrophages and B cells treated with LPS is in their proliferative response.
LPS-activated macrophages experience cell cycle arrest and instead respond with abundant
production of pro-inflammatory cytokines and nitric oxide (Sharif et al., 2007; Vadiveloo et
al., 2001). Even in the presence of M-CSF, proliferation is inhibited due to repression of cyclins
(Lotze & Hamilton, 2003). In contrast, B cells activated by LPS initiate a response
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characterized by robust proliferation and differentiation (Xu et al., 2008). Therefore, while
both cell types activate the NF-kB pathway in response to LPS treatment, additional signaling

events linked to the cell cycle may be responsible for differences in Spic expression.

Of the SPI family factors, Spic was upregulated to the greatest extent in unstimulated B cells.
This finding, in combination with evidence that Spic expression is increased in response to
drugs that block cell division, led to the conclusion that Spic is induced in quiescent B cells. It
should be noted that Cytochalasin D does not block cell cycle entry specifically, and rather
inhibits actin polymerization, which may have global consequences for cellular signaling
cascades. Therefore, experiments using the drug should be interpreted carefully. Previous
findings show that Spi-C is highly expressed in transitional B cells, PBs, and PCs — all of which
have a fairly low capacity for proliferation and respond abnormally to BCR engagement
(Laramée et al., 2020; Zhu et al., 2008). As well, Spi-C was found to directly inhibit
proliferation of B cells during the pre-B cell stage of development (Bednarski et al., 2016;
Soodgupta et al., 2019).

Given the abundance of evidence that Spi-C is active in quiescent cells and turned off during
proliferation, we propose that Spi-C is a cell cycle-responsive gene. This may be mediated in
a similar fashion as seen in the regulation of RAG 1/2, which are well-established examples of
cell cycle-dependent regulation (Lin & Desiderio, 1994; Ochodnicka-Mackovicova et al.,
2016; Schlissel et al., 1993). Taken together, we believe it is likely that Spi-C both represses
cell cycle entry and is regulated by cell cycle-regulated genes to become active during periods

of quiescence and repressed during proliferation.

We found evidence that NF-xB activates transcription of Spic through interactions with its
promoter. This is corroborated by work done by Alam et al. that identifies a role for Spi-C in
modulating inflammatory responses in macrophages (Alam et al., 2020). They showed that
LPS signaling activates expression of Spi-C in an NF-xB-dependent manner, pushing
macrophages to an anti-inflammatory phenotype to control and/or resolve the inflammatory
environment. In the B cell lineage, activation of the non-canonical NF-xB pathway was found
to be crucial for activation of Spi-C expression during B cell development (Bednarski et al.,
2016; Soodgupta et al., 2019). Previous observations from our group also identified Nfkbl as
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a target of the SPI family, with Spi-C and Spi-B repressing and enhancing its transcription,
respectively (Li., et al., 2015a; Li, et al., 2015b). Taken together, we propose that Spi-C exists
as a key factor in a regulatory loop involving NF-kB-family members across the myeloid and
lymphoid lineages, with its expressing controlling cell cycle entry during development,

inflammation, and differentiation.

We also noted greater activity of the Spic promoter when transfected into WEHI-279
lymphoma cells than 38B9 pro-B cells. This difference in activity may be explained by the
signaling pathways constitutively active in each cell line. 38B9 pro-B cells are a leukemic cell
line dependent on the Abl kinase pathway for survival and proliferation (Kawano et al., 2021,
Muljo & Schlissel, 2003). Alternatively, constitutive expression of the NF-kB pathway is a
hallmark of many lymphomas and is directly linked to the dysregulation of cell cycle entry
(Davis et al., 2001; Nagel et al., 2014). Electrophoretic mobility shift assays performed by
another group using WEHI-279 nuclear extracts indeed showed high constitutive activation of
the NF-xB pathway (Fields et al., 2000). Therefore, WEHI-279 B cells may express
substantially higher levels of NF-kB proteins localized to nuclei than 38B9 pro-B cells, which
could enhance transcription of the luciferase reporter through interaction with the Spic
promoter. Overall, this finding emphasizes the need for careful interpretation of cell line work

and the need for validation in more than one in vitro model.

Opposing regulation of Bach2 by Spi-B and Spi-C provides insight into the mechanism by
which Spi-C promotes ASC differentiation. As described previously, Bach2 is important in the
generation of MBCs and must be downregulated to allow for PC differentiation (Kometani et
al., 2013; Muto et al., 2010). We propose the following model of regulation in B cells: Spi-B
may upregulate expression of Bach2 in activated B cells to promote GC formation and/or MBC
differentiation. Downregulation of Spib would in turn decrease expression of Bach2, allowing
for the de-repression of Spic. Alternatively, Spi-C expression may be upregulated through a
heme-dependent mechanism in response to infection. As Spi-C expression increases, it would
enforce continued repression of Bach2 to promote the generation of ASCs. This model

highlights the importance of Spi-B and Spi-C in B cell fate decisions during immune responses.
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4.2 Future Directions

This work characterized the regulation of the lineage-instructive transcription factor Spi-C in
response to external signals in B cells. While the downstream effects of Spi-C in B cell
development and differentiation have been described to some extent, this is to our knowledge
the first study to examine its upstream regulation in mature B cells.

Research on Spi-C has in part been limited by the lack of reliable antibodies for the protein.
This thesis has reported changes in Spic at the mRNA transcript level in response to a variety
of stimuli, but questions remain regarding whether these findings can be observed at the protein
level. As demand for anti-Spi-C antibodies grows, we hope to be able to repeat key experiments
of interest, with a focus on investigating changes in protein expression. Lack of antibodies has
also prevented genome-wide identification of binding sites, as has been done for other
members of the SPI subfamily (Solomon et al., 2015). As a result, no detailed studies have
been performed to correlate Spi-C with histone modifications, chromatin structure, or genomic
organization using techniques including chromatin immunoprecipitation-sequencing, Assay
for Transposase-Accessible Chromatin using Sequencing or Chromosome Conformation
Capture-sequencing technologies such as Hi-C. Overall, the development of higher quality
antibodies for Spi-C will allow for further study of the transcription factor.

While numerous roles for Spi-C in B cell development and differentiation have emerged, we
aim to continue to explore its contributions to B cell fate decisions. We have previously made
use of Spib~~ Spic”~ and transgenic Ep-Spic mice to investigate its roles in B cell responses.
However, use of Spic”’™ mice has been limited to studies on its roles in macrophages, with
minimal characterization of changes in the B cell compartment. We are in the process of
generating Spic”~ mice, which will be used to extensively investigate the frequency and
function of numerous B cell subsets and responses to antigen. As well, we aim to perform
single-cell RNA sequencing (scRNA-seq) with a focus on trajectory inference to determine
how the loss of Spi-C impacts the polarizing decision to pursue a memory or antibody-secreting
B cell fate. Software such as Slingshot will allow for the positioning of single cells as a function
of pseudotime along the differentiation pathway (Street et al., 2018). This will allow for the
determination of the frequency of cells at different stages of differentiation between genotypes

of interest. Additionally, this technology will allow for the examination of global gene
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expression in mice with modified Spi-C expression, leading to the discovery of novel Spi-C

target genes in B cells.

One exciting frontier in Spi-C knowledge is to identify drugs that can target this transcription
factor. Although transcription factors have been considered “undruggable” for many years,
several breakthrough studies have begun to alter this perception (Bushweller, 2019).
Immunomodulatory drugs such as lenalidomide have been shown to induce downregulation of
PU.1 and Spi-B through alteration of ubiquitin-mediated degradation pathways (Pal et al.,
2010). More direct inhibition of PU.1 has been achieved with small heterocyclic diamidine
molecules that allosterically interfere with PU.1 chromatin binding by disruption of the
interaction of the DNA binding domain with the DNA minor groove that flanks PU.1 binding
motifs (Antony-Debré et al., 2017). Other small molecules called YK-4-279 and TK-216 have
been shown to inhibit Spi-B in lymphoma cells by blocking protein—protein interaction with
RNA helicases, as well as by other mechanisms of action that are not fully understood (Spriano
etal., 2019). In summary, there are strong prospects for using small molecule inhibitors to alter
Spi-C activity in disease.

Finally, the development of a disease model which incorporates in vivo activation of Spi-C in
B cells would allow for examination of its possible translational relevance. Diseases marked
by abnormally high levels of free heme such as p-thalassemia or hemolytic anemia may cause
aberrant activation of Spi-C expression in macrophages and B cells (Kayama et al., 2018;
Martins & Knapp, 2018). Since administration of heme is known to push B cells towards
premature commitment to the ASC fate, it would be valuable to examine if this is occurring in
a Spi-C-dependent manner in mouse models and human patients (Watanabe-Matsui et al.,
2011). These types of studies can further elaborate on the role of Spi-C in vivo, while also

introducing novel clinical considerations.
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Figure 4-1. Proposed model for Spi-C regulation during B cell development and
differentiation. Spi-C expression can be induced in NF-xB- or heme-dependent pathways, or
by quiescence. Spi-C represses NF-kB protein expression. Spi-C is readily downregulated in
response to proliferation and/or Bach2, and Spi-C in turn represses Bach2 expression and
proliferation. Depending on when Spi-C expression is induced in the life of a B cell, it may

promote differentiation into antibody-secreting cells or maturation into small pre-B cells.
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