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Abstract

BCAP functions as a dynamic regulator of hematopoiesis and myeloid cell development

Jeffrey Mitchell Duggan

Chair of the Supervisory Committee:
Affiliate Associate Professor Jessica A. Hamerman
Department of Immunology

Hematopoiesis governs the production of mature cells of the lymphoid, myeloid and
erythroid lineages. This process occurs in the bone marrow of adult mammals, and generates
these lineages throughout life. Furthermore, hematopoiesis is sensitive to multiple insults that
drive demand for new hematopoietic cell differentiation, including infection, inflammation and
myeloablation. These situations of demand alter hematopoietic differentiation to favor myeloid
cell production, in a process known as emergency myelopoiesis. Both steady state
hematopoiesis and emergency myelopoiesis are tightly regulated by a variety of signals in order
to properly control the output of the different hematopoietic lineages. BCAP (B cell adaptor for
PI-3 kinase) is a signaling adaptor protein expressed in hematopoietic cells, where it has a wide

array of functions. Here we show that BCAP is expressed in the Hematopoietic Stem and



Progenitor cells in the bone marrow, and acts as an inhibitor of myeloid cell development in both
the steady state and during demand situations. Furthermore, we show that BCAP inhibits
proliferation of the Long-Term Hematopoietic Stem cells, and therefore may regulate the
quiescence and/or the self-renewal of this population in the BM. Overall, we have identified

BCAP as a novel dynamic regulator of hematopoiesis and myeloid cell development.
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CHAPTER 1: INTRODUCTION

Hematopoiesis governs the production of mature cells of the erythroid, lymphoid and
myeloid lineages'”>. These hematopoietic cells provide critical functions to vertebrate biology,
including oxygen transport, blood clotting, host defense and immunity. Hematopoiesis begins in
bone marrow (BM) in adult mammals, including mice, with the quiescent, self-renewing Long-
Term Hematopoietic Stem Cells (LT-HSC), that provides life-long generation of mature
hematopoietic cells (Figure 1.1). LT-HSC differentiate into Short-Term (ST) HSC, and
subsequently into Multipotent Progenitors (MPP), which have decreased self-renewal capacity
and differentiate into all the hematopoietic lineages. In mice, the LT-HSC, ST-HSC and MPP
populations together are identified by their absence of mature Lineage markers, and their
expression of CD117 (cKit) and Sca-1, and are therefore called Lin'Scal "c¢Kit" (LSK) cells. The
MPP differentiate into lineage-specific progenitors that produce lymphoid cells, the Common
Lymphoid Progenitor (CLP), and myeloid cells, the Common Myeloid Progenitor (CMP). The
CMP then differentiates into more committed progenitors, including the Megakaryocyte-
Erythrocyte Progenitor (MEP), the Common Dendritic Progenitor (CDP), and the Granulocyte-
Macrophage Progenitor (GMP), and produce mature cells of erythroid, dendritic cell, and
granulocyte-macrophage lineages, respectively’*. Together, these populations are collectively
called the Hematopoietic Stem and Progenitor cells (HSPC).

Hematopoiesis is tightly regulated to ensure continual replacement of these mature
hematopoietic lineages in the steady state. During demand situations, including myeloablation
and infection, hematopoiesis is altered to favor myeloid cell generation at the expense of

lymphoid generation, known as emergency myelopoiesis’. Emergency myelopoiesis is induced
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by a variety of cytokines and other danger signals, which act directly on HSPC. These include
agonists for several Toll-like receptors (TLR), including TLR2°, TLR4®’, and TLR7® and
cytokines including G-CSF”'° 1L-3"" IL-6'*"4, IFNylS, and Type | Interferons'®'”. Altogether, a
wide variety of cytokines, transcription factors and signaling pathways control hematopoiesis at
both the steady-state and during demand situations.

Multiple factors govern myelopoiesis, including transcription factors and growth factors.
The transcription factor Pu.1 is the master regulator of myelopoiesis, and governs differentiation
of LSK into CMP and CLP, and its deletion results in a lack of all myeloid cells and B cells in

adult mice'®".

The transcription factor C/EBPa regulates CMP differentiation into GMP and
supports granulocyte differentiation”, whereas the transcription factor IRF8 cooperates with
Pu.l to promote monocyte differentiation from GMP?*'. A number of cytokines modulate
myelopoiesis both at the steady state and during infection. The cytokines of the Colony-
Stimulating Factor family (CSF), including Granulocyte-CSF (G-CSF), Macrophage-CSF (M-
CSF) and Granulocyte/Macrophage-CSF (GM-CSF) have been well characterized as stimulators
of myelopoiesis and each instruct HSPC to differentiate into distinct lineages”>. G-CSF
promotes neutrophil differentiation, and G-CSF” mice have severe reductions in circulating
neutrophil numbers’. M-CSF, which signals through CSFIR (CD115), is critical for monocyte

development, as M-CSF” mice are devoid of monocytes’**

, and can instruct myeloid
differentiation within HSC?**. GM-CSF can stimulate the differentiation of both neutrophils and
monocytes>’, and is critical for maintaining myeloid development during infection™. However,
GM-CSF"" mice exhibit normal hematopoiesis, but are lacking in certain tissue macrophage

27,29

populations, including alveolar macrophages Overall, these factors and others govern the

production of myeloid cells both at the steady state and during situations of demand.
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The LT-HSC represent the least-differentiated population among hematopoietic cells, and
produce all the hematopoietic lineages throughout life*®. Hematopoiesis drives differentiation of
LT-HSC to ST-HSC, and subsequently to MPP cells, which lose their self-renewal capacity, are
highly proliferative, and differentiate into lineage-restricted progenitor cells. The LT-HSC pool
must balance the ability to remain quiescent with the capacity to self-renew, and with their
potential to proliferate and differentiate into the hematopoietic progenitors that produce the
mature hematopoietic lineages. The control of these states is critical for both the production of
new erythroid, lymphoid and myeloid cells throughout life, while also adapting to rapidly
respond to hematopoietic needs during demand situations, including infection or myeloablation”.

Multiple factors control the maintenance of the LT-HSC population in the BM, including
transcription factors, cell cycle regulators and cytokines and chemokines. Proliferation in LT-
HSC is coupled with their differentiation into MPP cells, and therefore causes them to leave their
quiescent state and lose their capacity to self-renew’'. The transcription factors Scl, Runx1 and
GATA?2 all maintain the balance between HSC quiescence and self-renewal’®, often working
within the same transcriptional network®. Scl is highly expressed in LT-HSC and maintains
their numbers through inhibiting cell cycle progression®. Runx1 is required for the emergence
of LT-HSC during embryonic development'. GATA2 is also critical for LT-HSC formation
during development, and promotes the survival of LT-HSC during adult hematopoiesis®~°.
Furthermore, LT-HSC quiescence in the in Gy stage of the cell cycle is controlled by multiple
cell cycle regulators, including p21, p53, and CDK6’'*. The cytokine Stem Cell Factor (SCF),
which signals through the receptor cKit (CD117), promotes the survival and self-renewal of LT-

HSC?'. The chemokine CXCL12 (SDF-1), which binds to CXCR4, retains LT-HSC within the

. . . 33 .
BM and maintains HSC quiescence™. These factors, as well as others, ensure the maintenance
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of the LT-HSC in the BM, and therefore the steady production of hematopoietic cells, throughout

life,

B-cell adaptor for PI3-kinase (BCAP) is a signaling adaptor protein expressed in cells of
the hematopoietic lineage (Figure 1.2)’". BCAP was first identified in B cells, where it activates
Phosphoinositol-3 kinase (PI3K) downstream of the B-cell receptor (BCR)*™®. Upon BCR
ligation, BCAP becomes phosphorylated at its four YxxM motifs and binds to the p85 subunit of
PI3K, therefore mediating PI3K activation. BCAP is a positive regulator of B cell development
and homeostasis, and BCAP”" mice have reduced mature B cell numbers®”*’. BCAP is recruited
to the BCR through interactions with the adaptor protein Nck*™. BCAP promotes PI3K
activation in conjunction with CD19*'| which is critical for B cell development in the BM*.
Accordingly, BCAP” mice had fewer pre-B cells in the BM, and decreased numbers of B1 cells
and mature B cells in the spleen compared to WT mice’’. Furthermore, BCAP has been shown
to mediate NFkB activation in mature B cells, as c-Rel expression was decreased in BCAP”™ B
cells, resulting in reduced B cell proliferation and survival after BCR stimulation in the absence
of BCAP”. BCAP is also expressed in Natural Killer (NK) cells, where it functions as a
negative regulator of NK cell maturation and function, as BCAP”™ NK cells survive longer and
have more functional activity compared to WT NK cells*’. More recently, we and others showed
that BCAP functions in macrophages to promote PI3K activation downstream of Toll-like
Receptor (TLR) ligation, thereby negatively regulating TLR-induced inflammation****. These
findings demonstrated that BCAP is expressed in both myeloid and lymphoid lineages, and can
perform varying functions within different hematopoietic cell populations.

As a signaling adaptor protein, BCAP contains several protein-protein interaction

domains in addition to YxxM tyrosines important for PI3K binding (Figure 1.2). These include
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ankyrin repeats, a DBB domain, coiled-coil domains, proline-rich sequences and a “cryptic-TIR
domain®”*** ” This multi-domain structure suggests BCAP may interact with many signaling
pathways. In fact, proteomic analysis of BCAP-interacting proteins in bone narrow-derived
macrophages has identified a variety of binding partners for BCAP, suggesting broad functions
in these cells (Ni, James and Hamerman, unpublished observations). This suggests that BCAP
can interact with several other signaling pathways outside of PI3K activation, and thus may have
multiple unique functions in hematopoietic cells.

Here we show that BCAP is expressed in the HSPC in the bone marrow, and acts as an
inhibitor of myeloid cell development in both the steady state and during demand situations.
Furthermore, we show that BCAP maintains LT-HSC numbers and inhibits LT-HSC
proliferation at the steady state, suggesting that BCAP is critical for HSC quiescence and/or self-
renewal. Overall, we have identified BCAP as a novel dynamic regulator of hematopoiesis and

myeloid cell development.



Chapter 1 Figures
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Figure 1.1. Diagram of hematopoiesis. Diagram of hematopoietic differentiation as it occurs
within the bone marrow of mice. Blue shaded box shows the LSK compartment (containing the
Hematopoietic Stem cells and Multipotent Progenitors). Tan shaded box shows lymphopoiesis.
Green shaded box shows myelopoiesis.
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Figure 1.2. Diagrams of protein domains within BCAP and identified functions for BCAP.
(A) Schematic of the protein domains present within BCAP (with YxxM motifs marked as
indicated) throughout its 811 amino acid-long structure. (B) Schematic of the positive regulatory
role of BCAP in B cell receptor (BCR) signaling and B cell development. (C) Schematic of the
negative regulatory role of BCAP in Natural Killer (NK) cell development and function. (D)
Schematic of the negative regulatory role of BCAP in TLR signaling in macrophages. Positive
and negative regulatory roles are written in blue and red italics, respectively (B-D).




CHAPTER 2: BCAP INHIBITS PROLIFERATION AND
DIFFERENTIATION OF MYELOID PROGENITORS IN THE
STEADY STATE AND DURING DEMAND SITUATIONS

Abstract

B cell adaptor for PI3-kinase (BCAP) is a signaling adaptor expressed in mature hematopoietic
cells including monocytes and neutrophils. Here we investigated the role of BCAP in the
homeostasis and development of these myeloid lineages. BCAP” mice had more bone marrow
(BM) monocytes than WT mice, and in mixed WT:BCAP” BM chimeras, monocytes and
neutrophils skewed towards BCAP” origin, showing a competitive advantage for BCAP™
myeloid cells. BCAP was expressed in bone marrow hematopoietic progenitors, including LSK
(Lineage'Scal "cKit"), CMP (Common Myeloid Progenitor) and GMP (Granulocyte/Macrophage
Progenitor) cells. At the steady state, BCAP” GMP expressed more IRF8 and less CEBPa than
WT GMP, which correlated with an increase in monocyte progenitors and a decrease in
granulocyte progenitors amongst GMP.  Strikingly, BCAP™” progenitors proliferated and
produced more myeloid cells of both neutrophil and monocyte/macrophage lineages than WT
progenitors in myeloid colony forming unit (CFU) assays, supporting a cell-intrinsic role of
BCAP in inhibiting myeloid proliferation and differentiation. Consistent with these findings,
during cyclophosphamide-induced myeloablation or specific monocyte depletion, BCAP”™ mice
replenished circulating monocytes and neutrophils earlier than WT mice. During myeloid
replenishment after cyclophosphamide-induced myeloablation, BCAP” mice had increased LSK
proliferation, and increased numbers of LSK and GMP cells, compared to WT mice.

Furthermore, BCAP”" mice accumulated more monocytes and neutrophils in the spleen than WT
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mice during Listeria monocytogenes infection. Together, these data identify BCAP as a novel
inhibitor of myelopoiesis in the steady state and of emergency myelopoiesis during demand

conditions.
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Introduction

Hematopoiesis governs the production of mature cells of the erythroid, lymphoid and
myeloid lineages'. Hematopoiesis begins in bone marrow (BM) in adult mice, with the
quiescent, self-renewing Long-Term Hematopoietic Stem Cells (LT-HSC), that provides life-
long generation of mature hematopoietic cells. Hematopoiesis from LT-HSC occurs through a
series of progenitor cells that have increasingly restricted lineage potential throughout their
differentiation™*. Hematopoiesis ensures maintenance of all lineages in the steady-state.
However, this process is tightly regulated to respond to demand situations, including
myeloablation and infection, when hematopoiesis is accelerated and altered to favor myeloid cell
generation at the expense of lymphoid cell generation, known as emergency myelopoiesis’. A
wide variety of signaling pathways and transcription factors regulate hematopoiesis at both the
steady-state and during demand situations allowing for control of this dynamic system.

B cell adaptor for PI3-kinase (BCAP) is a signaling adaptor protein expressed in
hematopoietic cells’’. BCAP was identified in B cells, where it activates PI3K downstream of
the B cell receptor’®, and is a positive regulator of B cell development and homeostasis® .
BCAP is also expressed in Natural Killer cells, where it functions as a negative regulator of
maturation and function®. More recently, we and others showed that in mature macrophages
BCAP promotes PI3K activation downstream of Toll-like Receptors (TLR), thereby negatively

regulating TLR-induced inflammation****.

Thus, BCAP is expressed in both myeloid and
lymphoid lineages and can perform varying functions within different hematopoietic cell

populations. Here we show that BCAP is expressed within hematopoietic stem and progenitor

cells (HSPC) and functions as a novel negative regulator of myeloid cell development.



11
Materials and Methods

Mice, BM chimeras and in vivo treatments
All mice were bred at the Benaroya Research Institute, and C57BL/6 and B6.SJL mice were also
purchased from Jackson Laboratories. BCAP”™ mice®’ with a disrupted Pik3ap! gene were back-
crossed nine generations to C57BL/6 background, and Cecr2-depleter mice*® were bred to
C57BL/6 or BCAP”™ mice. All experiments were performed under an IACUC-approved
protocol.

Mixed BM chimeras were generated by lethally irradiating (1000 rad) recipient C57BL/6
x B6.SJL F1 mice and reconstituting with a 1:1 ratio of 5x10° B6.SJL (CD45.17) and either
5x10° C57BL/6 (CD45.2") or BCAP™ (CD45.2") BM cells. For experiments with Ccr2-depleter
mice, mice were injected i.p. with 10 ng/g Diphtheria Toxin (DT) (List Biological Laboratories)
in PBS. For myeloablation experiments, mice were injected i.p. with 175 mg/kg
cyclophosphamide (Sigma-Aldrich) in PBS. For proliferation, mice were injected i.p. with 1
mg/mL BrdU for 1 hour. BrdU incorporation was assayed using the BD BrdU Flow Kit (BD
Biosciences). Blood samples were obtained via saphenous vein. For infection experiments,
mice were injected i.v. with 3000 CFU of L. monocytogenes strain 10403S.
Cell isolation and staining

Mouse splenocytes, blood cells, and BM cells were isolated and stained with antibodies
for flow cytometry as previously described'*’. Lineage” BM cells were isolated using a Lineage
Cell Depletion Kit (Miltenyi Biotec). Intracellular staining for BCAP was conducted by fixing
lineage™ BM cells with Cytofix/Cytoperm buffer and staining in Perm/Wash buffer (BD
Biosciences). Cells were blocked with rat IgG (Sigma-Aldrich), stained with mouse anti-BCAP

IgG1 antibody, and then stained anti-mouse IgG1-Allophycocyanin (BD Biosciences), followed
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by staining for surface proteins with all steps conducted at 4°C. Apoptosis was analyzed by
staining for Annexin-V with Annexin-V Binding Buffer (eBioscience) and Propidium lodide
(Sigma-Aldrich). Intranuclear staining for IRF8 was conducted by fixing and permeabilizing
sorted lineage™ BM cells with FoxP3/Transcription Factor Fixation/Permeabilization buffer
(Tonbo). Intracellular staining for TNF and iNOS was conducted by incubating cells for 4 hours
at 37°C in GolgiPlug (BD Biosciences) directly ex vivo, followed by permeabilization and
intracellular staining. All mAbs used for flow cytometry are listed in Table 2.1. Data were
acquired using an LSR II or FACSCanto (BD Biosciences) and analyzed using FlowJo software
(TreeStar). Doublets were excluded from live cell gating using forward light scatter and side
scatter. Cell sorting was conducted using a FACSAria II (BD Biosciences). Cells were
quantified by flow cytometry using polystyrene counting beads (Polysciences).
In vitro progenitor differentiation and BrdU incorporation

Progenitor CFU assays were conducted using Methocult GF M3534 (containing SCF, IL-
3 and IL-6) or M3234 (StemCell Technologies) with 50 ng/mL M-CSF (Gibco), 50 ng/mL. GM-
CSF or 50 ng/mL G-CSF (PeproTech) as previously described'’. For BrdU incorporation, cells
were removed from Methocult and incubated in StemPro-34 SFM Complete media (Thermo
Fisher) containing 10 pg/mL BrdU for 1-4 hours at 37°C. For CMP to GMP differentiation, 5000
cells were sorted into StemPro-34 SFM Complete media with 50 ng/mL SCF (Thermo Fisher),
10 ng/mL IL-3 (PeproTech), and IL-6 (BioLegend), and incubated at 37°C for up to 24 hours.
Cells were stained with anti-CD16/32 mAb, fixed, and analyzed by flow cytometry.

Quantitative Real-Time PCR
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Samples were prepared as previously described'*" and SYBR-green-based quantitative
RT-PCR was performed on a ABI 7500Fast Real-Time PCR system. Primer sequences are listed
in Table 2.2.

Statistical analyses

Data were analyzed by Student’s unpaired # test using Prism (GraphPad).
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Results

BCAP differentially regulates myeloid and lymphoid cell development and/or homeostasis

The role of BCAP in the development and homeostasis of myeloid cells has not been
investigated. We therefore examined the numbers of neutrophils and monocytes of WT and
BCAP mice in the steady-state. ~WT and BCAP” mice had similar numbers of
CD11b"Ly6G Ly6C™ neutrophils in the BM, blood and spleen, and similar numbers of
CD115°CD11b'Ly6G Ly6C™ resident monocytes in the blood (Figure 2.1). However, whereas
WT and BCAP” mice had similar numbers of CD11b'Ly6G Ly6C" inflammatory monocytes in
the blood and spleen, BCAP”™ BM had a significant ~25% increase in inflammatory monocyte
numbers compared to WT BM. Increases in the percentage of neutrophils and inflammatory
monocytes in the spleen were likely due to the decrease in mature B cells (not shown)’ .

To determine whether this increased monocyte number in BCAP” BM was cell-intrinsic,
we created mixed BM chimeras by transferring congenically marked WT (CD45.1") and BCAP™"
(CD45.2") BM at a 1:1 ratio to lethally irradiated F1 recipient mice (CD45.1°CD45.2") followed
by reconstitution for >8 weeks. Whereas WT:WT chimeras reconstituted inflammatory
monocytes in a ~1:1 ratio, BCAP”:WT chimeras exhibited a ~2.5:1 ratio of BCAP” into WT
monocytes in the BM, blood, and spleen (Figure 2.2A-B). This selective advantage for BCAP™"
cells was also present within neutrophils (Figure 2.2A-B). In contrast, splenic follicular and
marginal zone B cells were skewed towards WT origin, showing a selective disadvantage for
BCAP”-derived B cells (Figure 2.2C). Therefore, BCAP plays distinct roles in myeloid and
lymphoid cell development and/or homeostasis.

We asked whether the competitive advantage of BCAP”™ myeloid cells may be due to

increased survival compared to their WT counterparts, and therefore we examined ex vivo



15

apoptosis by staining monocytes and neutrophils for Annexin-V and Propidium Iodide.
However, we found that WT and BCAP™ neutrophils and monocytes undergo apoptosis at
similar rates (Figure 2.3). Because this selective advantage of BCAP”™ myeloid cells began in
the BM and was independent of cell survival, we hypothesized that BCAP regulates myeloid cell

development within the BM.

BCAP is expressed within hematopoietic stem and progenitor cells

Inflammatory monocytes and neutrophils develop during myelopoiesis from HSPC in the
BM*. To determine if BCAP regulates myelopoiesis, we first examined whether BCAP is
expressed within BM HSPC. BCAP was expressed in Lineage Sca-1"c-kit" (LSK), Common
Myeloid Progenitor (CMP), and Granulocyte-Macrophage Progenitor (GMP) populations,
whereas no BCAP expression was detected in Megakaryocyte-Erythrocyte Progenitor (MEP)
cells (Figure 2.4A-B, Figure 2.5A-B). LSK cells expressed the highest amount of BCAP,
whereas BCAP expression was similar in CMP and GMP cells. We also examined BCAP
expression in the LT-HSC, Short-term HSC (ST-HSC) and Multipotent Progenitor (MPP)
populations using CD150 and CD48 to identify these cells amongst LSK (Figure 2.4A). BCAP
was expressed as early as LT-HSC, and had the highest expression in MPP cells (Figure 2.5C-
D). Therefore, BCAP is expressed at the earliest stages of hematopoiesis and exhibits sustained

expression throughout myelopoiesis, suggesting that BCAP may play a role in this process.

BCAP"" mice have similar numbers of hematopoietic progenitors to WT mice
Because in the steady-state BCAP”™ BM had an increased number of inflammatory

monocytes and a competitive advantage in repopulating myeloid lineages, we hypothesized that



16

BCAP” mice may have increased BM progenitor populations. Contrary to our hypothesis, we
found similar numbers and frequencies of LSK, CMP, GMP and MEP cells within WT and
BCAP"" BM (Figure 2.4Bm Figure 2.6A). WT and BCAP”" mice also had similar numbers of
Common Lymphoid Progenitors (CLP) within the BM (Figure 2.4C-D). Therefore BCAP”" mice

exhibit similar progenitor homeostasis as WT mice in the steady state.

Altered myeloid-specifying transcription factor expression in BCAP™ progenitors

Although WT and BCAP” mice have similar numbers of myeloid progenitors, we
hypothesized that BCAP may affect the expression of transcription factors that control
myelopoiesis™. Pu.l, the master regulator of myeloid differentiation, governs the differentiation
of LSK into CMP and CLP'®". C/EBPa regulates CMP differentiation into GMP and supports
granulocyte differentiation®, whereas IRF8 cooperates with Pu.l to promote monocyte
differentiation from GMP*'.

We examined the expression of Pu.l, C/EBPa and IRF8 by gRT-PCR in sorted
progenitors. Pu.l was expressed at similar or slightly increased levels in WT and BCAP™” LSK,
CMP and GMP cells (Figure 2.6B). BCAP” LSK and CMP had significantly increased
expression of C/EBPa and IRF8 compared to WT cells, whereas BCAP”” GMP had less C/EBPa
and higher IRF8 than WT GMP. When examining IRF8 protein levels in progenitors, we found
that BCAP”" mice had a greater proportion of IRF8" LSK, CMP and GMP (Figure 2.6C-D).
However, the amount of IRF8 protein per cell, as measured by MFI of the IRF8-expressing
population, was similar in WT and BCAP™" progenitor cells. Therefore, the increased number of
IRF8" progenitors combined with the decreased expression of C/EBPa in BCAP”” GMP suggests

that BCAP”~ GMP may favor monocyte over granulocyte production in the steady state,
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consistent with the increased monocyte numbers found in the BM of BCAP"™ mice (Figure

2.1B).

Increased proportion of monocyte progenitors in BCAP” mice

Recently, several subsets of GMPs were identified through differential expression of
Ly6C and CD115%. Ly6C°CD115" oligopotent GMP (Early GMP) differentiated into both
monocytes and neutrophils. Ly6C"CD115"° GMP differentiated primarily into neutrophils and
were termed Granulocyte Progenitors (GP), whereas Ly6C"CD115" GMP primarily
differentiated into monocytes and were called Monocyte Progenitors (MP). Due to the increased
frequency of IRF8" cells and decreased expression of C/EBPo in BCAP”” GMP, we examined
whether BCAP”~ GMP have altered frequencies of MP and GP compared to WT GMP. Indeed,
BCAP”" mice had an increased frequency of MP and a decreased frequency of GP than WT
mice, whereas the frequency of Early GMP was similar (Figure 2.6E-F). Therefore, while
progenitor frequencies are identical between WT and BCAP™™ mice up to the Early GMP stage,
BCAP™"" mice have more MP, suggesting steady state myelopoiesis in BCAP”" mice may favor

monocyte differentiation over neutrophil differentiation.

BCAP™ myeloid progenitors out-compete WT progenitors in mixed BM chimeras

Next, we asked whether BCAP™" progenitors have a competitive advantage compared to
WT progenitors by examining their repopulation in mixed BM chimeras reconstituted with equal
numbers of WT and BCAP” BM. In these mixed chimeras, CMP cells were significantly
skewed towards BCAP™ origin, and LSK, GMP and MEP cells had a trend in skewing towards

BCAP™" origin (Figure 2.4E). In contrast, CLP populations in BCAP”: WT chimeras were
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similar to WT:WT control chimeras (Figure 2.4F). Therefore, BCAP deficiency may confer a

selective advantage for myeloid and megakaryocyte-erythroid progenitors, but does not appear to

affect lymphoid progenitors.

Increased myeloid cell production from BCAP” HSPC

To directly assess whether BCAP-deficient HSPC have an increased capacity to produce
myeloid cells, we sorted LSK, CMP and GMP cells into methylcellulose media containing SCF,
IL-3 and IL-6, which drives granulocyte and macrophage colony differentiation. At day 5, WT
and BCAP”” LSK, CMP and GMP formed similar numbers of total colonies and of Granulocyte,
Macrophage, and mixed Granulocyte/Macrophage colonies (Figure 2.7A). However, when we
quantified the cell yields in the cultures, BCAP” LSK, CMP and GMP produced significantly
more cells than their WT counterparts (Figure 2.7B). Interestingly, BCAP” GMP cultures
produced increased numbers of both mature macrophages and neutrophils compared to WT GMP
cultures (Figure 2.7C, Figure 2.8A), suggesting that upon strong cytokine stimulation, BCAP™
progenitors lose their bias towards monocyte production and produce more cells of both the
monocyte/macrophage and neutrophil lineages.

To determine if this increased cell yield is unique to specific myelopoiesis-promoting
cytokines, we sorted WT and BCAP”~ GMP into methylcellulose media containing M-CSF, GM-
CSF, or G-CSF. Similarly to the SCF, IL-3, and IL-6 cultures, BCAP” GMP produced more
myeloid cells than their WT counterparts in response to M-CSF and GM-CSF, while minimal
differences were apparent in G-CSF-stimulated cultures (Figure 2.8B). Additionally, BCAP™

cultures stimulated with GM-CSF produced more mature macrophages and neutrophils than WT
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cultures (Figure 2.7D). Thus, similar to the skewing in mixed BM chimeras, BCAP”" progenitors
cell-intrinsically produce increased numbers of myeloid cells compared to WT progenitors.

Because BCAP” HSPC produced more myeloid cells, we hypothesized that BCAP limits
either survival or proliferation during myeloid differentiation. BCAP” LSK cultures had more,
not less, active Caspase-3" cells than WT at day 6 post-culture (Figure 2.8C), showing that the
increased cell yield was not due to BCAP™" cells being more resistant to apoptosis. We next
examined proliferation in the methylcellulose cultures using BrdU incorporation. At all days of
culture examined, BCAP"~ LSK-derived cells incorporated more BrdU than their WT
counterparts (Figure 2.7E). Similarly, at day 4, BCAP”" CMP-derived cells incorporated more
BrdU than their WT counterparts. GMP cultures had very low BrdU incorporation and we found
no significant difference in WT and BCAP” GMP cultures at any times examined. Thus,
cultures derived from early BCAP™" progenitors have increased proliferation and produce more
myeloid cells than those from WT progenitors, supporting a model in which BCAP restrains
myeloid differentiation via suppressing progenitor proliferation in a cell-intrinsic manner.

Due to the increase in cells produced by BCAP” HSPC, we asked whether BCAP
regulates the maturation of myeloid progenitors. As shown previously, the differentiation of
CMP into GMP cells can be observed ex vivo by up-regulation of the Fcy receptors CD16/32.
BCAP"™ CMP cultures had more CD16/32" cells than WT cultures starting at 4 hours, with this
increase being maintained throughout the culture (Figure 2.9A-B). Therefore, BCAP” CMP

exhibited accelerated differentiation into GMP compared to WT CMP.

BCAP™ have an increased proportion of IL-6Ra" cells among HSPC
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Because BCAP™” mice had an increased proportion of IRF8" cells in all HSPC (Figure

2.6D), we next asked if BCAP”" HSPC are better primed for myeloid differentiation.
Myelopoiesis is predominantly induced by cytokine signals, including by IL-6°""'. The IL-6
receptor is comprised of the IL-6 receptor alpha subunit (IL-6Ra) and the gp130 chain, both of
which are expressed on HSPC'**?. Because the IL-6/IL-6Ra. axis promotes myelopoiesis during

infection and myeloablation'*'***>*

, we examined the expression of the IL6Ra subunit on WT
and BCAP”™ HSPC. As expected, IL-6Ra was expressed at increasing levels on HSPC as
monocyte/neutrophil commitment increased, from LSK to CMP to GMP (Figure 2.10A).
Interestingly, BCAP”" LSK, CMP, and GMP had significantly more IL-6Ra™ cells than their WT
counterparts (Figure 2.10B), suggesting that BCAP regulates HSPC fate decision from as early

as the LSK stage to inhibit myeloid cell production.

BCAP"" mice have increased monocytes and neutrophils during demand situations

During situations of demand, such as infection or myeloablation, hematopoiesis adapts to
produce increased numbers of myeloid cells in a process known as emergency myelopoiesis. To
determine if BCAP controls monocyte and neutrophil production during demand situations, we
used several in vivo models. First, we utilized Ccr2-depleter mice, in which the gene for the
simian Diphtheria Toxin (DT) receptor is expressed under control of the regulatory elements for
Cer2*, which is highly expressed in inflammatory monocytes™. A single dose of DT in Ccr2-
depleter mice depletes mature inflammatory monocytes for 48 hours. After a single DT
injection, we compared the reconstitution of blood inflammatory monocytes and neutrophils in
WT/Cer2-depleter and BCAP”/Ccr2-depleter mice. Monocytes were similarly depleted from

WT/Ccr2-depleter and BCAP”/Ccr2-depleter mice by 24 hours post-DT treatment, and depletion
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was maintained for 48 hours (Figure 2.11A). At 96 hours post-DT treatment, BCAP”/Ccr2-

depleter mice had fully replenished their circulating monocytes to steady-state numbers, whereas
WT/Ccr2-depleter mice had replenished their monocytes to only ~50%. BCAP™/Ccr2-depleter
mice also had increased numbers of neutrophils in the blood compared to WT/Ccr2-depleter
mice, suggesting that replenishment of monocytes occurs from a bi-potent progenitor with
monocyte and neutrophil potential. Therefore, after specific monocyte depletion, BCAP”"
monocytes are replenished faster than WT monocytes, with a concomitant increase in circulating
neutrophil numbers.

We also examined monocyte and neutrophil replenishment after myeloablation with the
chemotherapeutic cyclophosphamide. Cyclophosphamide causes rapid depletion of mature

myeloid cells followed by recovery due to new hematopoiesis ™’

. A single dose of
cyclophosphamide induced monocyte and neutrophil depletion to ~1% of pretreatment numbers
in both WT and BCAP”" mice by 48 hours (Figure 2.11B). Strikingly, BCAP”" mice had fully
replenished their circulating monocytes and neutrophils to steady-state levels by 96 and 120
hours, respectively, while WT mice had only reached ~40% of steady-state levels at these time
points. Therefore, BCAP”" mice replenish their monocytes and neutrophils faster than WT mice
after cyclophosphamide-induced myeloablation.

Due to this accelerated replenishment of mature myeloid cells in BCAP” mice, we
hypothesized that BCAP”™ HSPC cells would have increased proliferation after
cyclophosphamide treatment compared to WT mice. BCAP” LSK cells exhibited increased
BrdU incorporation in comparison to WT LSK cells 48 hours after cyclophosphamide treatment

(Figure 2.11C-D), while BrdU incorporation was not significantly different in WT and BCAP™

CMP and GMP cells. Furthermore, BCAP” mice exhibited increased numbers of LSK and
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GMP cells compared to WT mice by 48 hours post-cyclophosphamide (Figure 2.11E).
Therefore, the increase in monocyte and neutrophil reconstitution after cyclophosphamide
treatment correlated with changes in HSPC.

Lastly, we examined monocyte and neutrophil numbers during infection with the Gram-
positive bacteria Listeria monocytogenes (Lm). Neutrophils and CCR2" monocytes accumulate
in the spleen during Lm infection and monocytes are critical for Lm clearance™ ",
Concurrently, this infection-induced demand drives emergency myelopoiesis in the BM for rapid

61,62 .
~“. In WT mice, monocyte

production of monocytes and neutrophils to further combat Lm
numbers rose in the spleen at day 2 after Lm infection, and peaked at day 3 post-infection (Figure
2.11F). In contrast, BCAP”" mice reached peak monocyte numbers in the spleen at day 2 post-
infection, a full day ahead of WT mice. Neutrophil numbers peaked at day 2 post-infection for
both WT and BCAP” mice, however peak neutrophil numbers were significantly higher in
BCAP"™ mice. Consistent with the critical role monocytes play during Lm infection®~**,
BCAP” mice had increased numbers of activated monocytes, as determined by TNF and iNOS
staining, in the spleen at day 2 post-infection compared to WT mice, despite a lower frequency
of TNF" and iNOS" monocytes in the spleen of BCAP”™ mice compared to WT mice at this time
point (Figure 2.12).  Furthermore, the increased accumulation of monocytes and neutrophils
BCAP” mice correlates with increased clearance of Lm in the spleen and liver compared to WT

mice (Figure 2.11G). Therefore, in demand situations requiring rapid emergency myelopoiesis,

BCAP serves to restrain monocyte and neutrophil generation.
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Discussion

Here, we show that BCAP”™ mice exhibit an increased ability to generate myeloid cells
from their HSPC compared to WT mice. Specifically, BCAP”~ HSPC produced more myeloid
cells than WT HSPC both in culture, and in vivo at the steady state and during demand situations
(Figure 2.13). Whereas BCAP has several different functions in mature hematopoietic cells, we
have identified a unique role for BCAP during myelopoiesis.

The most profound effect of BCAP during myelopoiesis is its ability to restrain
differentiation and proliferation of HSPC when they are placed in demand situations. In the CFU
assays, where HSPC are removed from their niche and induced to proliferate and differentiate
with strong cytokine signals, BCAP” LSK, CMP and GMP all produced increased numbers of
myeloid cells compared to WT cells. In all three in vivo situations of demand-adapted
myelopoiesis we examined, including cell ablation and bacterial infection, BCAP” mice also
showed an increased output of monocytes and neutrophils at early times. Furthermore, in the
Ccr2-depleter model, though only inflammatory monocytes were specifically depleted, both
monocyte and neutrophil numbers were increased in BCAP” mice, showing the effect of BCAP
is on an oligopotent progenitor, not a committed monocyte progenitor, in this model. That BCAP
can inhibit demand-adapted myelopoiesis in these diverse models suggests that BCAP regulates
a critical early step in these processes.

Proliferation of HSPC is modulated by multiple factors, including cytokines, signaling
pathways and transcription factors®®**%*** BCAP” HSPC exhibited increased proliferation
both in the CFU assays, as well as during cyclophosphamide-induced myeloablation.
Interestingly, BCAP” GMP produced increased numbers of myeloid cells than WT GMP in

response to M-CSF, GM-CSF, and combined SCF, IL-3 and IL-6, cytokines that signal in from
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distinct receptors, suggesting that BCAP regulates expression or function of a downstream
common component of diverse signaling pathways.

In addition to restraining proliferation, BCAP may also contribute to increased demand-
adapted myelopoiesis by slowing differentiation. Indeed, we found that BCAP-deficient CMP
progressed to the GMP stage faster than WT GMP, and BCAP-deficient GMP generated mature
macrophages in response to GM-CSF faster than WT cells. Similarly, during infection with
Listeria monocytogenes, BCAP-deficient mice generated myeloid cells faster than WT mice by
day 2 after infection. Whereas many studies have investigated factors that regulate HSPC
proliferation, little is known about what regulates the speed of this process and how this links to
proliferation, which increases as HSPC become more committed. Our study shows BCAP is a
novel inhibitor of this process.

We also found that in the absence of BCAP, all HSPC populations examined had

increased proportions of IL-6Ra" cells. IL-6R signaling on HSPC blocks lymphopoiesis and

13,53 14,65

. . P . . . . .. 13
increases myelopoiesis As IL-6 is induced during infection "™, autoimmunity ~, and

cyclophosphamide-induced myeloablation®”*

, IL-6 signaling likely is critical for altering
hematopoiesis during demand situations and the increased frequency of IL-6Ra" cells we see in
BCAP” HSPC may contribute to increased emergency myelopoiesis in BCAP”™ mice. We also
identified IL-6Ra expression as a marker of HSPC maturation along the myeloid differentiation
pathway, and therefore the increased proportion of IL-6Ra™ cells among BCAP” HSPC suggests
they are more myeloid-primed than WT HSPC.

In addition to its potent effects on HSPC proliferation in demand situations, in the steady

state, BCAP affects the GMP stage of myelopoiesis. BCAP”~ GMP cells appear more primed for

monocyte differentiation, as their GMP cells are enriched for IRF8" cells and Ly6C"CD115"
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MP cells**®”. This correlates with BCAP”" mice having increased BM monocyte numbers at the
steady-state. Interestingly, we see increases in both monocytes and neutrophils in the demand-
adapted situations we examined, suggesting that during emergency myelopoiesis new monocyte
and neutrophil production originates from earlier HSPC populations such as LSK or CMP cells.
BCAP was originally described to activate PI3K by interacting with the p85 subunit of

37,38 )
738 However, BCAP contains several

PI3K upon phosphorylation of its four YxxM motifs
protein-protein interaction domains, including ankyrin repeats, a DBB domain, coiled-coil
domains, proline-rich sequences and a “cryptic-TIR domain®”*.” Thus BCAP may interact with
several signaling pathways in addition to PI3K. Preliminary studies examining signaling
pathways within BCAP” HSPC suggests that BCAP does not impact PI3K signaling during
progenitor CFU assays, as phosphorylation of the PI3K/mTOR target ribosomal protein S6 was
not decreased in BCAP” progenitor-derived cells (JJM. Duggan and J.A. Hamerman,
unpublished observations). Additionally, lower PI3K activation, as would be predicted in
BCAP” HSPC, would be expected to reduce, not promote, myeloid differentiation, given the
positive role of PI3K in myelopoiesis™®®. We have also not found a direct effect of BCAP in
regulating proximal STAT3 activation downstream of IL-6 (J.M. Duggan and J.A. Hamerman,
unpublished observations), an important cytokine in our in vitro CFU assays and in emergency

131457.6366 " Therefore, identifying the signaling pathways BCAP regulates to

myelopoiesis in vivo
inhibit myeloid differentiation is of particular interest. Overall, we have identified BCAP as a
novel negative regulator of myeloid cell development from hematopoietic progenitors. Defining
novel regulators of emergency myelopoiesis is important to understanding this critical process,

and for future efforts to therapeutically accelerate monocyte and neutrophil reconstitution

following myeloablation after BM transplantation or chemotherapy.



Chapter 2 Tables

Antibody Clone Conjugate Source Dilution
Ly6C HK1.4 FITC BiolLegend 1:400
Ly6G 1A8 Pacific Blue BioLegend 1:200
CD11b M1/70 PerCP-Cy5.5; Biotin eBioscience 1:600
CCR2 475301 APC R&D Systems 10 uL/ test
CD115 AFS98 APC; PE eBioscience 1:100
CD45.1 A20 BV421; PE-Cy7 BioLegend 1:100
CD45.2 104 APC; Af700 eBioscience 1:100
CD19 eBio1D3; Af700; APC; Biotin eBioscience; 1:100
6D5 BioLegend
CD45R (B220) | RA3-6B8 PerCP-Cy5.5; APC- eBioscience 1:100
ef780
TCRB H57-597 APC-ef780 eBioscience 1:200
CD21 7G6 PE BD Biosciences | 1:500
CD23 B3B4 PE-Cy7 eBioscience 1:250
F4/80 BM8 Biotin eBioscience 1:100
Gr1 RB6-8C5 Biotin eBioscience 1:600
CD11c N418 Biotin eBioscience 1:100
CD3 eBio500a2 Biotin eBioscience 1:100
NK1.1 PK136 Biotin eBioscience 1:100
CD127 (IL- A7R34 Pacific Blue; BV605; | BioLegend; 1:100
7Ra) Biotin eBioscience
Streptavidin @~ | - APC-ef780 eBioscience 1:100
CD34 RAM34 FITC; Af700 eBioscience 1:10
Sca-1 D7 PerCP-Cy5.5; BV510 | eBioscience 1:100
CD117 2B8 PE-Cy7 eBioscience 1:100
CD16/32 93 PE; Pacific Blue BioLegend 1:100
CD48 HM48-1 PerCP-Cy5.5; PE BioLegend 1:100
CD150 RC15- Pacific Blue BioLegend 1:100
12F12.2
BCAP (mouse | 4L8E6 Ref. 8 1:16000
IgG1)
a-mouse IgG1 | A85-1 APC BD Biosciences | 1:100
CD126 (IL- D7715A7 PE BioLegend 1:100
6Ra)
a-BrdU MoBU-1 Pacific Blue Invitrogen 5 uL/ test
IRF8 V3GYWCH | APC eBioscience 1:100
Rat 1IgG1 K eBRG1 APC eBioscience 1:100
Isotype
iINOS Rabbit Millipore 1:50
polyclonal
a-rabbit IgG Goat F(ab’), | PE Jackson 1:1000
polyclonal Laboratories
TNF MPG6-XT22 PE eBioscience 1:100
F4/80 BM8 BVv421 BioLegend 1:200
Annexin-V purified APC eBioscience 5 uL/ test
protein
Propidium Sigma-Aldrich 5 uL/ test
lodide

Table 2.1: Antibodies used for flow cytometry and cell sorting
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Gene Primer sequences Source
HPRT F 5- TGAAGAGCTACTGTAATGATCAGTCAAC -3 IDT
R 5- AGCAAGCTTGCAACCTTAACCA -3’
Pu.1 F 5- AGGCGTGCAAAATGGAAGGG -3 IDT
R 5- GTGCGGAGAAATCCCAGTAGT -3’
C/EBPa F 5- GCGGGAACTCAACAACATC -3 IDT
R 5- GTCACTGGTCAACTCCAGCAC -3
IRF8 F 5- GACCATGTTTATCCCCTGGAA -3’ IDT
R 5- GGGACCGGTCAGTCACTTCTTCA -3

Table 2.2: Primers used for qRT-PCR
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Figure 2.1. Increased number of BM monocytes in BCAP” mice. (A) Representative flow
cytometry plots identifying neutrophils and inflammatory monocytes in the BM, blood and
spleen of WT mice. Neutrophils were identified as Ly6G Ly6C™CDI11b" live cells and
inflammatory monocytes were identified as Ly6G Ly6C"CD11b" live cells. Absolute numbers
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(B) and frequencies (C) of neutrophils (left column) and inflammatory monocytes (right column)
in the BM (top row), blood (middle row) and spleen (bottom row) of WT and BCAP” mice. BM
absolute numbers were determined from two tibias and two femurs per mouse; data pooled from
7 independent experiments. Absolute numbers per mL blood were determined from 25 pL of
blood; data pooled from 3 independent experiments. Spleen absolute numbers were calculated
from total spleen cellularity; data pooled from 8 independent experiments. (D) Representative
flow cytometry plots identifying resident monocytes in the blood in WT mice. Resident
monocytes were identified as Ly6G' CD115 Ly6C°CD11b" live cells. (E) Absolute numbers and
frequencies of resident monocytes in the blood of WT and BCAP”™ mice. Absolute numbers per
mL blood were determined from 25 pL of blood; data pooled from 3 independent experiments.
For all graphs, data show mean +/- SEM; each symbol represents data from an individual mouse.
* p<0.05, ** p<0.01, *** p<0.001, **** p< 0.0001, n.s., not significant, as determined by two-
tailed, unpaired Student’s ¢ test.
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Figure 2.2. BCAP differentially regulates myeloid and lymphoid cell development and/or
homeostasis. (A) Representative flow cytometry plots identifying CD45.1" and CD45.2"
inflammatory monocytes and neutrophils in the BM of control mixed WT:WT and BCAP”:WT
BM chimeras reconstituted for >8 weeks; plots are representative of 3 independent experiments.
Numbers represent frequency of CD45.1" or CD45.2" cells within indicated gated population.
(B) Ratio of CD45.2"/CD45.1" cells from WT:WT and BCAP”:WT mixed chimeras; data
pooled from 2 independent experiments. Inflammatory monocytes and neutrophils in were
identified as in Supplementary Figure 1. (C) Ratio of CD45.2"/CD45.1" cells from WT:WT and
BCAP":WT mixed chimeras; data pooled from 2 independent experiments. Follicular mature B
cells were identified as CD19"B220"CD21"CD23" live cells and marginal zone B cells as
CD19'B220°CD21™CD23" live cells. B and C show mean +/- SEM; each symbol represents
data from an individual mouse, with n= 11 mice per group, and dotted lines represent a 1:1
reconstitution ratio. * p< 0.05, ** p< 0.01, *** p< 0.001, **** p< (0.0001, n.s., not significant,
as determined by two-tailed, unpaired Student’s ¢ test.
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Figure 2.3. Similar apoptosis in WT and BCAP™ neutrophils and inflammatory monocytes.
(A) Representative flow cytometry plots identifying apoptotic cells among WT and BCAP™
neutrophils (top) and monocytes (bottom) after ex vivo culture. 2 x 10° CDI9TCRBNKI.1
cells were isolated from WT and BCAP”™ BM and cultured ex vivo for up to 24 hours at 37C.
Upon harvest, neutrophils and monocytes were identified as Ly6G'Ly6C 'CD11b" live cells and
Ly6GLy6C"CDI11b" live cells, respectively, and apoptotic cells were identified by staining of
both Annexin-V and Propidium lodide (PI). (B) Graphs showing the frequencies of Annexin-
V'PI" neutrophils (top) and monocytes (bottom) at indicated times post-culture. Data are
representative of 2 independent experiments, with n= 3 mice per group. For all graphs, data show
mean +/- SEM. * p<0.05, as determined by two-tailed, unpaired Student’s ¢ test.
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Figure 2.4. Identification of BM HSPC populations. (A) Identification of HSPC populations
from Lineage” BM of WT mouse by flow cytometry. Cells were identified from live cell gating
as follows: LSK (Lin'CD117"Scal"), LT-HSC (Lin'CD117'Scal 'CD150°CD48"), ST-HSC (Lin’
CD117"Scal 'CD150°CD48"), MPP (Lin'CD117 Scal 'CD150°CD48"), CMP (LinCD117 Scal
CD34'CD16/32™), GMP (Lin'CD117'Scal 'CD34'CD16/32™), MEP (Lin'CD117'Scal CD34"
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CD16/32"). (B) Frequency of LSK (top), and CMP, GMP and MEP (bottom) cells within Lin
BM cells. Data are pooled from 4 independent experiments, with n= 16 mice per group. (C)
Identification of CLP cells from Lineage” BM of WT mice by flow cytometry. CLP cells were
identified as Lin'CD117™Scal™IL-7Ra" live cells. (D) Absolute numbers of CLP cells in WT
and BCAP”" Lin" BM; data are pooled from 2 independent experiments, with n= 8 mice per
group. (E) Ratio of CD45.2"/CD45.1" cells among the LSK, CMP, GMP and MEP populations
from WT:WT and BCAP”:WT mixed chimeras reconstituted for >8 weeks; data representative
of 3 independent experiments. Each symbol represents data from an individual mouse, with n=
12 mice per group. (F) Ratio of CD45.2"/CD45.1" CLP cells from WT:WT control and BCAP™"
:WT mixed chimeras reconstituted for >8 weeks. Dotted line represents a 1:1 reconstitution
ratio. Data are representative of 1 experiment, with n= 5 mice per group. For all graphs, data
show mean +/- SEM; each symbol represents data from an individual mouse.
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Figure 2.5. BCAP is expressed within BM HSPC. (A) Representative histograms of BCAP
protein expression in LSK, CMP, GMP and MEP cells from WT (black, open histogram) and
BCAP™" (gray, shaded histogram) Lin” BM. BCAP™" cells served as a negative control. HSPC

populations were identified as in Supplementary Figure 3.

(B) Change in BCAP staining Mean

Fluorescence Index (AMFI) between WT and BCAP™" cells. Lineage' cells served as a positive
control for BCAP staining. AMFI was calculated as BCAP MFI in WT cells - BCAP MFI in
BCAP™" cells. (C) Representative histograms of BCAP protein expression in LT-HSC, ST-HSC
and MPP cells from WT and BCAP”" Lin° BM. (D) AMFI between WT and BCAP™" cells.
Graphs show mean + SEM of n= 3 mice per group. Data are representative of 3 independent

experiments.
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Figure 2.6. BCAP” HSPC cells are primed for monocyte differentiation in the steady state.
(A) Absolute numbers of LSK (left) and CMP, GMP and MEP (right) cells in Lin" BM of WT
and BCAP”" mice. Data are pooled from 4 independent experiments, with n= 16 mice per group.
(B) 100,000 LSK, 120,000 CMP, or 120,000 GMP cells were sorted from Lin" BM of 3 pooled
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WT or BCAP” mice. mRNA was isolated from sorted cells, and reverse transcribed into cDNA.
Relative expression of mRNA encoding Pu.1, C/EBPa, and IRF8 was determined by qRT-PCR
from WT and BCAP”™ LSK, CMP, and GMP cells. Transcription factor expression was
normalized to HPRT expression and shown as Arbitrary Units; graphs show mean + SD; data are
representative of 3 independent experiments with n= 3 mice per group. (C) Representative flow
plots of intranuclear staining for IRF8 or isotype control antibody in WT and BCAP”" LSK,
CMP and GMP. (D) Frequencies of IRFS" cells and Mean Fluorescence Index (MFI) for IRF8
staining in WT and BCAP” IRF8" LSK, CMP and GMP. (C-D) Data are representative of 2
independent experiments. Graphs show mean +/- SEM, with n= 5 mice per group. (E)
Representative flow plots of GMP subsets identified by Ly6C and CD115 expression. GMP
were gated as in Supplementary Figure 2 and then Early GMP (Ly6CCD115" GMP), GP
(Ly6C'CD115 GMP), and MP (Ly6C 'CD115" GMP) were identified as shown. (F) Frequencies
of Early GMP, GP, and MP cells within the GMP population; data are pooled from 4
independent experiments, with n= 10 mice per group. For all graphs, data show mean +/- SEM;
each symbol represents data from an individual mouse. * p< 0.05, ** p< 0.01, *** p< 0.001,
*a%E p<0.0001, as determined by two-tailed, unpaired Student’s ¢ test.
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Figure 2.7. BCAP” HSPC produce increased numbers of myeloid cells in vitro. (A)
Methylcellulose cultures were performed by sorting 250 LSK, CMP, or GMP from 3 individual
WT and BCAP”™ mice into methylcellulose containing SCF, IL-3 and IL-6. After 5 days,
differential Macrophage, Granulocyte, and mixed Macrophage/Granulocyte colony forming units
were quantified. Data are pooled from two independent experiments with n= 6 mice per group.
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(B) At indicated days, cells were harvested from LSK, CMP, and GMP methylcellulose cultures
and quantified by flow cytometry. (C) Absolute numbers of mature macrophages (left) and
mature neutrophils (right) from WT and BCAP”~ GMP methylcellulose cultures containing SCF,
IL3 and IL-6 at various days post-culture. (D) Absolute numbers of mature macrophages (left)
and mature neutrophils (right) from WT and BCAP”~ GMP methylcellulose cultures containing
GM-CSF at various days post-culture. (E) 5000 LSK, 250 CMP, and 250 GMP cells were sorted
from 3 individual WT or BCAP™" mice into methylcellulose containing SCF, IL-3 and IL-6. At
indicated days, progenitor-derived cells were harvested from methylcellulose and cultured in
media containing 10 pg/mL BrdU. Cells were incubated at 37°C in BrdU-containing media for
the following: 1 hour for LSK, 4 hours for CMP and GMP. Cells were then harvested, fixed,
stained, and examined for BrdU incorporation by flow cytometry. Frequency of BrdU" cells
from LSK, CMP, and GMP methylcellulose cultures at indicated days. (B-E) Data are
representative of 2-3 independent experiments; all graphs show mean +/- SEM with n= 3 mice
per group. * p< 0.05, ** p< 0.01, as determined by two-tailed, unpaired Student’s t test.
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Figure 2.8. Increased myeloid cell output from BCAP™ progenitors. (A) Representative flow
cytometry plots identifying mature macrophages (CD117°CD11b'F4/80 Ly6CLy6G" live cells)
and mature neutrophils (CD117°CD11b'F4/80Ly6C Ly6G" live cells) from methylcellulose
cultures containing 50 ng/mL GM-CSF at 2 (top) and 4 (bottom) days post-culture. (B) 250 GMP
were sorted into methylcellulose containing M-CSF, GM-CSF, or G-CSF. Cultures were
harvested at indicated days and quantified by flow cytometry. Graphs show total cell yield each
day and data are representative of 2-4 independent experiments with n= 3 mice per group. (C)
Frequency of Active Caspase-3" cells in WT and BCAP” LSK methylcellulose cultures
containing SCF, IL-3 and IL-6. Data representative of 2 independent experiments, with n= 3
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mice per group. For all graphs, data show mean +/- SEM. * p< 0.05, as determined by two-
tailed, unpaired Student’s ¢ test.
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Figure 2.9. Accelerated differentiation of BCAP” CMP cells in vitro. (A) 5000 CMP cells
from WT Lin" BM were cultured with SCF, IL-3, and IL-6 for up to 24 hours for maturation into
GMP cells. Histogram overlay of CD16/32 expression on WT CMP cells at indicated times; data
are representative of 2 independent experiments. B) Frequency of CD16/32" cells at indicated
times as in (A) from WT and BCAP”~ CMP cultures; data are representative of 2 independent
experiments; data show mean of n= 3 mice per group; for all time points, SD < 3%. * p<0.05,
** p<0.01, *** p<0.001, as determined by two-tailed, unpaired Student’s ¢ test.
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Figure 2.10 Increased proportion of IL-6Ra’ cells among BCAP”™ HSPC cells. (A)
Representative histogram overlay of IL-6Ra expression on LSK, CMP, and GMP cells in Lin’
BM of WT mice. Data are representative of 4 independent experiments. (B) Top: Representative
histogram overlays of IL-6Ra expression on LSK (left), CMP (middle), and GMP (right) cells
from Lin" BM of WT and BCAP'/' mice; data are representative of 4 independent experiments.
Bottom: Frequency of IL-6Ra™ cells within LSK (left), CMP (middle), and GMP (right)
populations from Lin® BM of WT and BCAP”" mice; data are pooled from 4 independent
experiments and each symbol represents an individual mouse, graphs show mean +/- SEM, with
n= 12 mice per group. (A-B) Isotype control antibody staining shown as gray shaded
histograms. * p< 0.05, ** p< 0.01, *** p< 0.001, as determined by two-tailed, unpaired
Student’s ¢ test.
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Figure 2.11. BCAP” mice exhibit accelerated monocyte and neutrophil replenishment
and/or accumulation during demand situations. (A) Absolute number of inflammatory
monocytes and neutrophils per mL of blood from WT/Ccr2-depleter and BCAP™/Ccr2-depleter
mice at the indicated times after Diphtheria Toxin (DT) treatment; data are representative of 3
independent experiments with n= 4 mice per group. (B) Absolute number of inflammatory
monocytes and neutrophils per mL of blood from mice at the indicated time points after
cyclophosphamide (CP) treatment; data are representative of 3 independent experiments with n=
10 mice per group. (C) Representative flow plots showing LSK from WT and BCAP”" mice
treated for 48 hours with cyclophosphamide, followed by 1 hour pulse i.p. with 1 mg BrdU.
Numbers represent frequency of BrdU" cells within indicated population. (D) Frequencies of
BrdU" LSK and GMP from WT and BCAP”" mice 48 hours post-CP treatment. (E) Absolute
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numbers of LSK, CMP and GMP in Lin® BM of WT and BCAP”" mice 48 hours post-
cyclophosphamide treatment. (C-E) Data represent 2 independent experiments with n= 11 mice
per group. (F) Absolute number of inflammatory monocytes and neutrophils per spleen of mice
at the indicated time points during Listeria monocytogenes (Lm) infection; data are representative
of 3 independent experiments with n= 3-5 mice per group. Data show mean +/- SEM, and each
symbol represents data from an individual mouse. (G) Graphs showing the number of Lm
colony-forming units (CFU) present within the whole spleen and liver of WT and BCAP™ mice
at the indicated days post-Listeria monocytogenes infection. CFU were calculated and are shown
as CFU per total organ. Graphs show mean +/- SEM, with n=4 mice per group. * p< 0.05, **
p<0.01, *** p<0.001, as determined by two-tailed, unpaired Student’s ¢ test.
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Figure 2.12. Activation of neutrophils and inflammatory monocytes in WT and BCAP™
mice during Listeria monocytogenes infection. Mice were infected i.v. with 3000 CFU Lm. At
days 1-3 post-Lm, spleens were harvested and digested, and 5 x 10° splenocytes were incubated
with brefeldin A for 4 hours, fixed, permeabilized, stained intracellularly for TNF or iNOS, and
examined by flow cytometry. (A) Representative flow cytometry plots identifying TNF" cells
among splenic neutrophils (top) and monocytes (bottom) from uninfected mice (left) and mice
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infected with Lm for 2 days. (B) Graphs showing the frequency (left) of TNF' cells among
splenic neutrophils (top) and monocytes (bottom) and the absolute number (right) of splenic
TNF' neutrophils and monocytes at the indicated days post-Lm infection. (C) Representative
flow cytometry plots showing intracellular staining for control (top) or iNOS (bottom) in
inflammatory monocytes from uninfected mice and mice infected with Lm for 2 days. iNOS
intracellular staining was conducted using a Rabbit anti-mouse iNOS antibody, followed by
secondary staining with a PE-conjugated Goat anti-rabbit F(ab’), antibody. iNOS" cells were
compared to control samples stained with the secondary PE-conjugated antibody alone. (D)
Graphs showing the frequency of splenic monocytes staining for iNOS (left) and the absolute
number of iNOS" inflammatory monocytes (right) at the indicated days post-Lm infection.
Graphs show mean +/- SEM, with n= 5 mice per group. * p< 0.05, ** p< 0.01, *** p< 0.001,
*xkx p<0.0001 n.s., not significant, as determined by two-tailed, unpaired Student’s  test.
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Figure 2.13. Summary diagrams showing myelopoiesis in WT and BCAP™ mice in the
steady state and during demand situations. Purple shaded box shows bone marrow
myelopoiesis in the steady state. Red shaded box shows bone marrow myelopoiesis during
situations of demand, including infection and myeloablation. Weight of arrows shows the
magnitude of differentiation at each stage of myelopoiesis. Curved arrows show proliferation in
the LSK compartment during demand situations.
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CHAPTER 3: BCAP ACT AS A POSITIVE REGULATOR OF

HEMATOPOIETIC STEM CELL QUIESCENCE AND/OR SELF-
RENEWAL

Abstract

BCAP is a signaling adaptor protein expressed in cells of the hematopoietic lineage, including
the Long-Term Hematopoietic Stem cells (LT-HSC) in the bone marrow. Here we examined the
role of BCAP in the homeostasis of the LT-HSC population, and its oligopotent downstream
progeny, including the Short-Term Hematopoietic Stem cells (ST-HSC) and the Multipotent
Progenitors (MPP). BCAP” mice had decreased numbers of LT-HSC in the bone marrow
compared to WT mice at the steady state, suggesting that BCAP functions as a positive regulator
of LT-HSC numbers. This is in contrast to the equal numbers of MPP in WT and BCAP™ mice.
Furthermore, BCAP”~ LT-HSC and MPP were hyper-proliferative compared to their WT
counterparts in the steady state, as determined by BrdU incorporation. These data suggest that
BCAP is critical for the quiescence or self-renewal of LT-HSC in the bone marrow. To further
examine the impact of BCAP within the HSC compartment, we sorted WT and BCAP” LT- and
ST-HSC and examined global gene expression via RNA sequencing. This resulted in identifying
274 genes differentially expressed in BCAP” LT- and ST-HSC compared to their WT
counterparts, with 57 of these genes having a >2-fold change in expression in BCAP” HSC
compared to WT HSC. These genes included transcription factors critical for hematopoiesis,
MAP kinase signaling, insulin signaling, and Type I Interferon signaling. Lastly, BCAP”" LT-
HSC failed to replenish their numbers as well as WT LT-HSC after HSC transplantation into
lethally irradiated mice, but were capable of producing similar frequencies of mature

hematopoietic cells as WT LT-HSC after transplantation. Together, these data suggest that
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BCAP may play a role in the quiescence and/or self-renewal of the LT-HSC, and therefore

identifies a novel function for BCAP within the Hematopoietic Stem cell compartment.
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Introduction

Long-Term Hematopoietic Stem cells (LT-HSC) represent the least-differentiated
population among hematopoietic cells, and produce all the hematopoietic lineages throughout
life'°. Hematopoiesis drives differentiation of LT-HSC to ST-HSC, and subsequently to MPP
cells, which lose self-renewal capacity, are highly proliferative, and differentiate into lineage-
restricted progenitor cells. The LT-HSC pool must balance the ability to remain quiescent and
the capacity to self-renew with their potential to proliferate and differentiate into the
hematopoietic progenitors that produce the mature hematopoietic lineages. The control of these
states is critical for both the steady production of new erythroid, lymphoid and myeloid cells
throughout life, and also for adapting to rapidly respond to hematopoietic needs during demand
situations, such as myeloablation and infection™®.

Many genes have been implicated to function in the quiescence and self-renewal ability
of LT-HSC. These include transcription factors, components of signaling pathways, and genes
involved in controlling cell cycling and proliferation'”*"°. Altering the expression or function of
many of these genes leads to deleterious effects in mice, including hematopoietic malignancies,

7071 Therefore,

myeloproliferative disorders, and bone marrow failure after transplantation
identifying genes critical for maintaining both the capacity of LT-HSC to self-renew and for
proliferation and lineage differentiation may lead to clinical interventions for patients undergoing
transplantation.

As previously described, we have identified BCAP as an inhibitor of myelopoiesis in
LSK cells in both the steady state and during demand situations”. Additionally, BCAP is

expressed within the LT-HSC population within the bone marrow, suggesting that BCAP

functions within the LT-HSC. Furthermore, we found that BCAP”" LT-HSC did not reconstitute
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the HSC pool as well as WT LT-HSC in HSC after transplantation into lethally irradiated mice,

further showing that BCAP is a critical regulator for HSC maintenance. Therefore, we examined

whether BCAP was important for the homeostasis of the LT-HSC population.
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Materials and Methods

Mice, BM chimeras and in vivo treatments

All mice were bred at the Benaroya Research Institute, and C57BL/6 mice were also
purchased from Jackson Laboratories. BCAP”™ mice®’ with a disrupted Pik3ap! gene were back-
crossed nine generations to C57BL/6 background. All experiments were performed under an
IACUC-approved protocol.

HSC transplant mice were generated by lethally irradiating (1000 rad) recipient C57BL/6
x B6.SJL F1 (CD45.17 CD45.2") mice and reconstituting with 250 sorted LT-HSC from the BM
of either WT (CD45.2") or BCAP”" (CD45.2") mice and 2.5 x 10° whole BM cells from B6.SJL
(CD45.17) mice.

For proliferation, mice were injected i.p. with 1 mg/mL BrdU for 1 hour. BrdU
incorporation was assayed using the BD BrdU Flow Kit (BD Biosciences).
Cell isolation and staining

Mouse BM cells were isolated and stained with antibodies for flow cytometry as

. : 8,17,72
previously described®'””’

. Lineage” BM cells were isolated using a Lineage Cell Depletion Kit
(Miltenyi Biotec). All mAbs used for flow cytometry are listed in Table 2.1. Data were acquired
using an LSR II or FACSCanto (BD Biosciences) and analyzed using FlowJo software
(TreeStar). Doublets were excluded from live cell gating using forward light scatter and side
scatter. Cell sorting was conducted using a FACSAria II (BD Biosciences). Cells were
quantified by flow cytometry using polystyrene counting beads (Polysciences).

cDNA amplification and RNA sequencing

cDNA was reverse transcribed from mRNA from 750 sorted LT-HSC and 750 sorted ST-

HSC from WT or BCAP” BM using a SMARTer cDNA synthesis kit (Takara). LT-HSC were
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sorted from 4 individual WT and 4 individual BCAP”" mice using a FACSAria II system (BD

Biosciences). RNA sequencing of cDNA libraries was conducted by the Genomics Core at the
Benaroya Research Institute.
Bioinformatics and Statistics

For Figures 3.1-3.2 and 3.4, data were analyzed by Student’s unpaired # test using Prism
(GraphPad). RNA sequencing analysis was completed by the Bioinformatics Core at the
Benaroya Research Institute. Raw RNA-seq data was processed and aligned to the
GRCm37/mm9 reference genome with bowtie and TopHat. Read counts were generated using
htseg-count. Quality control cutoffs for each cDNA library examined by RNA-seq included the
following: > 1 x 10° total FASTQ reads, >80% aligned reads to genome, < 1.0 median CV
coverage (calculated by Picard). Potential confounding variables that drove variance in the data
were removed by Surrogate Variable Analysis with the sva package. Identification of
significantly differentially expressed genes was identified between WT and BCAP” HSC using
the following variables: BCAP gene status, combined population of LT- and ST-HSC, and RNA

concentration.
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Results

BCAP™ mice have decreased numbers of LT-HSC in the BM

As previously described, BCAP”" mice had similar frequencies and numbers of BM
HSPC in the steady state, including within the LSK population (Figure 2.6). Due to the LSK
population being composed of the LT-HSC, ST-HSC and MPP cells, we therefore utilized the
markers CD150 and CD48 to distinguish these populations among LSK cells in WT and BCAP™"
mice (Figure 3.1A). When examining the frequency among Lineage” BM cells, BCAP”™ mice
trended towards a lower frequency of LT-HSC compared to WT mice (Figure 3.1B). In contrast,
WT and BCAP” mice had similar frequencies of ST-HSC and MPP cells. When examining
absolute numbers of these populations within the BM, we found that BCAP” mice had
significantly fewer LT-HSC compared to WT mice (Figure 3.1C). BCAP” BM also exhibited a
trend towards fewer ST-HSC compared to WT BM. In contrast, WT and BCAP” BM had
similar numbers of MPP cells. Therefore, BCAP”" mice have decreased numbers of HSC,
suggesting that BCAP is involved in the homeostasis of the HSC populations.
BCAP” LT-HSC and MPP are hyper-proliferative in the steady state

We next asked whether this decreased LT-HSC number in BCAP”™ mice coincided with
alterations in the steady-state proliferation of the LSK populations. Using BrdU incorporation
as a measure of proliferation, we found that BCAP”™ LT-HSC had significantly increased uptake
of BrdU compared to their WT counterparts (Figure 3.2A-B). BrdU incorporation in the ST-
HSC population was similar between WT and BCAP” mice. Furthermore, BCAP”~ MPP also
exhibited increased uptake of BrdU compared to WT MPP. This increase in proliferation within
the LT-HSC population in BCAP”" mice suggests that BCAP inhibits the proliferation of LT-

HSCs, and thus may promote quiescence and/or self-renewal capacity in the HSC compartment.
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Furthermore, BCAP also restricts proliferation at the MPP stage, showing that the role of BCAP

in progenitor proliferation occurs throughout early hematopoietic differentiation.
Global alterations in gene expression in BCAP” HSC

With the exception of the PI3K pathway, the signaling pathways that BCAP associates
with remain unclear. Therefore, to examine the impact of BCAP within the HSC compartment,
we examined global gene expression via sequencing of RNA isolated from sorted LT- and ST-
HSC from WT and BCAP” mice. The analysis of RNA from WT and BCAP” HSC yielded a
total of 274 significantly differentially expressed genes in BCAP” HSC compared to WT HSC
(Figure 3.3, Table 3.1). Of these 274 genes, 57 genes showed > 2 fold change difference
between WT and BCAP”™ HSC. A wide array of genes involved in signaling pathways and
cellular processes were represented within these 274 genes. These include genes involved in
MAPK signaling (Map3kl, Braf, Fosb, Jun, Junb, Jund), Wnt/B-catenin signaling (Dv/3, Tcf712,
Ccnd2), Insulin-like Growth Factor signaling (Igf1r, Grb10), and Type I Interferon signaling and
responses (Statl, Oas2, Oasla, Ifi27, Ly6a, Irf2, Irf2bp2). Furthermore, several transcription
factors known to function within HSC were differentially regulated in BCAP™" cells, including
Spl, Runxl, Gata2, and Egrl. Only 40 of the 274 genes exhibited increased expression within
BCAP"" HSC. Interestingly, this subset included several genes downstream of Type I Interferon
signaling (Statl, Oasla, Oas2, Ifi27, Ly6a), suggesting that BCAP”~ HSC may be hypersensitive
to Type I Interferon signaling, which has previously been shown to drive HSC out of quiescence

and promote myeloid differentiation during hematopoiesis'®’

. Examining the 234 genes
showing decreased expression in BCAP”™ HSC revealed the gene for BCAP itself (Pik3apl), as
well as additional genes involved in PI3K signaling (Inpp4a, Pten). Interestingly, both Inpp4a

and Pten negatively regulate the PI3K pathway, suggesting that PI3K signaling is altered in HSC
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in the absence of BCAP, potentially to compensate for diminished PI3K activation in BCAP™"
HSC. Furthermore, BCAP” HSC exhibited decreased expression of /2, a known antagonist of
the Type I Interferon pathway”, as well as a promoter of HSC quiescence. Overall, genes
controlling multiple cellular functions and signaling pathways are altered in BCAP” HSC,
further showing that BCAP functions in the homeostasis of the HSC compartment in the BM.
Diminished HSC compartment reconstitution in BCAP” HSC transplant mice

To better test the fitness of BCAP” LT-HSC, we made HSC transplant mice’*"”” by
transferring 250 LT-HSC from WT or BCAP”" (CD45.2") mice with 2.5 x 10°> whole BM cells
(CD45.1") into lethally irradiated F1 recipient mice (CD45.1°CD45.2") followed by
reconstitution for >12 weeks (Figure 3.4A). By 12 weeks post-transplantation, we found similar
reconstitution of B cells, T cells, neutrophils and inflammatory monocytes in the blood of WT
and BCAP"™ HSC transplant mice (Figure 3.4B), showing that BCAP” LT-HSC are as capable
as WT LT-HSC to reconstitute the myeloid and lymphoid cells after transfer. However, when
examining the HSPC populations in the BM at 25 weeks post transplantation, we found BCAP™"
transplant mice had a trend towards lower frequency of donor-derived LT-HSC and MPP, and a
significantly decreased frequency of donor-derived ST-HSC compared to WT transplant mice
(Figure 3.4C). Similarly decreased frequencies of donor-derived CMP, GMP and MEP were
found in BCAP™" transplant mice compared to their WT counterparts (Figure 3.4D). Therefore,
while BCAP”™ LT-HSC are as capable as WT LT-HSC in reconstituting the mature
hematopoietic populations, BCAP” LT-HSC are incapable of regenerating the HSPC pool as
well as WT LT-HSC, further indicating that BCAP promotes the maintenance of the HSC pool in

the BM.
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Discussion

Here we have identified a novel role for BCAP as a regulator of LT-HSC homeostasis
within the BM of adult mice. BCAP”" mice had fewer LT-HSC in their BM, as well as a
concomitant increase in LT-HSC proliferation compared to the LT-HSC in WT mice.
Furthermore, we identified 274 differentially expressed genes in the HSC compartment of
BCAP"" mice compared to their WT counterparts. Additionally, BCAP” LT-HSC exhibited
diminished reconstitution of the BM HSC pool compared to WT LT-HSC in HSC transplant
mice. Overall, these data suggest that BCAP serves as a positive regulator of LT-HSC
quiescence and/or self-renewal, and a negative regulator of HSC proliferation.

The increased proliferation of LT-HSC and MPP is likely related to the decreased LT-
HSC pool size in BCAP”" mice, as proliferation of LT-HSC is linked to their differentiation out
of the quiescent population of HSC. Therefore, the increased proliferation in BCAP”~ HSC
correlates with the increased ability of BCAP” HSPC to produce myeloid cells’®, and further
suggests that BCAP maintains HSC quiescence by limiting their ability to proliferate and begin
differentiating into more restricted progenitor cells. The increased proliferation in LT-HSC and
MPP cells correlates with the selective advantage of BCAP™" myeloid progenitors, monocytes
and neutrophils in mixed BM chimeras (Figure 2.2), rapid differentiation of BCAP” CMP to
GMP cells (Figure 2.9), and the increased proportion of IL-6Ra” cells in BCAP” mice (Figure
2.10). Furthermore, the increased proliferation in steady state BCAP” LT-HSC and MPP is
enhanced during demand situations both in vitro and in vivo, as BCAP” LSK cells are hyper-

proliferative within methylcellulose cultures (Figure 2.7) and after cyclophosphamide-induced



58

myeloablation (Figure 2.11). Therefore, the increased myeloid cell differentiation capacity of
BCAP” HSPC coincides with increased proliferation in the LT-HSC population.

RNA sequencing revealed a diverse array of genes that are differentially regulated within
the LT- and ST-HSC in BCAP” BM. These included multiple pathways important for
hematopoietic differentiation and function, both by promoting and inhibiting HSC proliferation.
The transcription factors Runx1’®, Spl”’, Gata2’® and Egrl™ all play critical roles in LT-HSC
self-renewal and control HSC proliferation. Thus, decreased expression of these transcription
factors in BCAP”™ HSC supports a role for BCAP in HSC maintenance. The role of the Wnt/p-
catenin pathway during hematopoiesis is complex, as low levels of Wnt activation promote HSC
self-renewal, intermediate signaling drive enhanced myelopoiesis, and high Wnt signaling cause
HSC depletion”*’. Interestingly, we observed decreased expression of several members of the
Whnt/B-catenin signaling pathway in BCAP” HSC, including the genes Dvi3, Tcf712, and Cend?2.
These data suggest that the absence of BCAP possibly causes reduced Wnt signaling and,
therefore, the enhanced myelopoiesis observed in BCAP” mice.

BCAP™ HSC had decreased expression of Irf2, an inhibitor of Type I Interferon
signaling”, and increased expression of several Type I Interferon signaling components and
downstream targets, including Statl, Oasla, Oas2, Ifi27, Ly6a, Irf2, Irf2bp2. Previously, Type I
Interferon signaling has been shown to promote the cycling of HSC to drive progenitor
expansion and increased hematopoietic cell output™'®, and this HSC cycling is inhibited by
IRF2"”. Therefore, our data suggest a role for BCAP in inhibiting Type I Interferon signaling by
promoting IRF2 expression, thereby inhibiting HSC proliferation.

We additionally saw decreased expression in several pathways known to promote HSC

maintenance. BCAP” HSC had decreased expression of several genes involved in MAPK
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signaling, including Map3kl, Braf, Fosb, Jun, Junb, and Jund, which is known to promote HSC

proliferation and therefore diminish HSC self-renewal®’. Genes involved in Insulin/Insulin-like
Growth Factor signaling, which promote hematopoietic differentiation from HSPC®**, also
exhibited decreased expression in BCAP” HSC. Together, these differences in gene expression
observed by RNA sequencing suggest that BCAP may interact with multiple pathways, either by
promoting or inhibiting HSC proliferation, with the aggregate result yielding a decreased number
of LT-HSC and increased proliferation within the HSC compartment.

Along with its functions in mature hematopoietic cells, the PI3K-Akt pathway plays a
number of functions during hematopoiesis. PI3K is activated downstream of multiple cytokines
stimulating HSPC differentiation, including SCF*, GM-CSF*, and IL-3*. PI3K signaling has
been shown to promote proliferation and differentiation of HSPC, and particularly supports
myeloid differentiation®. Additionally, mice deficient in both AKTI and AKT?2, the
downstream targets of PI3K activation, showed increased HSC quiescence, and decreased ability
to differentiate into mature hematopoietic cells®. Therefore, PI3K signaling promotes HSC
proliferation and differentiation. Interestingly, the reported phenotype of AKT1""AKT2" LT-
HSC, in which LT-HSC are more quiescent and fail to enter the cell cycle, is unlike that of
BCAP"™ LT-HSC, as BCAP” LT-HSC had increased proliferation despite lacking BCAP, an
adaptor that promotes PI3K activation. Therefore, the difference in these phenotypes suggests
that BCAP may have a function in the HSC compartment that is independent of PI3K activation.
Although no PI3K-independent functions have been identified for BCAP, the broad array of
protein-protein interaction domains present in BCAP, as well as proteomic identification of
BCAP-interacting proteins found in macrophages (Ni, James and Hamerman unpublished

observations), indicates that BCAP performs multiple functions outside of PI3K activation.
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Conversely, the absence of BCAP may lead to the increased activation of the PI3K pathway via
other mechanisms. This is supported by decreased expression of two critical inhibitors of PI3K
activation, Pten and Inpp4a, in BCAP” LT-HSC (Table 3.1). However, we observed similar
phosphorylation of the PI3K/mTOR target ribosomal protein S6 in WT and BCAP™” cells
produced from cultured HSPC (J.M. Duggan and J.A. Hamerman, unpublished observations),
suggesting that BCAP may not modulate PI3K activation in HSPC. Further examination into the
proteins directly interacting with BCAP will provide a greater understanding of the pathways
BCAP regulates to modulate the LT-HSC population and hematopoietic differentiation.

The factors controlling the LT-HSC population size remain unclear. While LT-HSC are
capable of repopulating the hematopoietic lineages after lethal irradiation of mice®, it remains
unclear how critical the LT-HSC population is during steady state hematopoiesis. Recently, it
was reported that upon depletion of the LT-HSC pool in mouse BM, the LT-HSC only
rebounded to ~10% of their number in the steady state®. However, both the more differentiated
HSPC populations as well as mature hematopoietic populations reconstituted to steady state
levels after LT-HSC depletion. These data suggest that the majority of the LT-HSC population
is dispensable, and that a minimal number of LT-HSC are required to provide long-lasting
generation of hematopoietic cells*®. Therefore, the decreased number of LT-HSC in BCAP™"
mice may reflect a defect in HSC quiescence, but may not impact long-term maintenance of the
mature hematopoietic lineages. This is supported by our HSC transplant data, where BCAP-/-
LT-HSC did not replenish their compartment as well as their WT counterparts, but produced
equal frequencies of the mature hematopoietic populations as WT LT-HSC (Figure 3.4).
Therefore, it will be of interest to test the self-renewal ability of BCAP” HSC during demand

situations, such as in serial HSC transplantations and after 5-FU treatment.
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Overall, we have identified a novel function for BCAP as an inhibitor of HSC
proliferation in the BM. The reciprocal decreased number of LT-HSC BCAP” mice, and
increased LT-HSC proliferation in BCAP”" mice strongly suggest that BCAP functions to
maintain either the quiescent state of the LT-HSC pool, or in sustaining the ability of LT-HSC to
self-renew. Furthermore, we identified 274 significantly differentially expressed genes in
BCAP"™ HSC compared to WT HSC, suggesting that BCAP interacts with several signaling
pathways within the HSC compartment. Future work will aim to determine the fitness of BCAP”
" HSC during serial transplantation, as well as identifying the pathway components that BCAP
interacts with in order to identify the direct molecular functions of BCAP in the HSC

compartment.
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Chapter 3 Tables

Gene logFC Gene logFC Gene logFC Gene logFC Gene logFC
Slc1at -5.615349 Ogt 0.357619 Foxp1 0.515751 Egr1 0.687812 Cstf2t 0.924796
Logz fOld Change Plscr2 -3.75403 Zfp36 0.35776 Lbr 0.529605 Stk24 0.690703 Plec 0.940381
: H 4430402118F -2.984049 Zfp3612 0.368949 Rlim 0.530806 Tgfbr3 0.691812 Atgdc 0.953396
In gene expreSS|on Gm4955 -2.603954 HIf 0.378178 Hipk1 0.530927 Zfp266 0.7009 Fgfbp3 0.965124
Compal’ed tO WT Vsig2 -2.539017 Set 0.382089 Cpsf6 0.535064 Klhl20 0.700972 Trim6 0.976006
Prune2 -1.942666 Ccnd2 0.386114 Sp1 0.536172 Alyref 0.700993 Myof 0.978425
Ppapdc2 -1.676817 Smarce1 0.386619 Slc25a36 0.538784 Map3k1 0.704152 Zbtb10 0.978792
6 Zfp296 -1.560999 Crebrf 0.388951 Pigm 0.53902 Zfp652 0.704366 Marcks 0.98387
Mfsd2b -1.426081 4833420G17 0.390949 Eya1l 0.540507 2410002F23 0.707066 Etv3 0.990854
Hspa1b -1.360032 Capns1 0.392958 Tmx4 0.541656 Chchd7 0.712474 Cacfd1 0.991979
Ticrr -1.318415 Vmp1 0.394207 Socs4 0.548354 Hemk1 0.720805 Kdelc2 0.996096
Oas2 -1.294014 Taok1 0.397028 Nufip2 0.551162 Fgd4 0.728067 Bend4 1.006302
0 NA -1.034451 Coro1c 0.402166 Bcl11a 0.555508 Vps72 0.737129 Pde4dip 1.006802
Dcpia -1.025599 Ywhae 0.405528 Fstl1 0.562656 Rc3h2 0.737375 Ptpda1l 1.016943
Six4 -0.906263 Cdk17 0.407375 Hmgb1 0.563377 42258 0.738232 Zfhx3 1.019129
Cd52 -0.869186 Tram1 0.409944 Hcls1 0.567999 Gtf2a1 0.73825 NA 1.043233
Dhx29 -0.835879 Tpm3 0.411921 Nsd1 0.571416 Abi2 0.741689 Pik3ap1 1.051362
-6 Tnfaip2 -0.82717 Fam208a 0.414782 Uty 0.571912 9130023H24 0.746863 Btg1 1.063223
Gm20467 -0.770655 Fnbp1 0.415695 Ide 0.576963 Poldip3 0.748311 Hgs 1.067731
Ms4a6c -0.737684 Malat1 0.416856 Sirpa 0.577564 Cbx6 0.752975 Inpp4a 1.070182
Hsh2d -0.731279 Zc3h7a 0.425745 Meis1 0.584412 Tmem170b 0.755389 NA 1.075536
Plac8 -0.689226 Gimap5 0.427413 Dfna5 0.586555 Wasl 0.756925 Cblb 1.081797
Oas1a -0.677579 Foxn3 0.438626 Spin1 0.586586 Znf512b 0.768221 Gm15467 1.082767
Xaf1 -0.677563 Rnf167 0.441054 Cd44 0.594835 Hsdl1 0.768714 Ggt5 1.089669
Ifi27 -0.669297 Zbtb38 0.443164 42249 0.594838 2010012005 0.772353 Fam53c 1.090556
Zfp622 -0.655408 Med13l 0.444289 AW549877 0.597621 Vamp4 0.77517 NA 1.103045
Luzp1 -0.587993 Irf2bp2 0.446603 Junb 0.604697 Exoc8 0.77845 Mn1 1.11405
Stard4 -0.579044 Ywhaz 0.446897 Kdsr 0.606194 C330006A1¢ 0.779183 Sugct 1.16595
Asap1 -0.521456 Srpk1 0.454197 Rnf44 0.608543 Spcs3 0.782648 Tpt1 1.182575
Ly6a -0.496104 Pten 0.457739 Nucks1 0.615732 Trim23 0.784026 Bcl7a 1.184595
Tmem40 -0.495912 Runx1 0.458596 Larp4b 0.619502 Dhrs3 0.784875 Ets1 1.19043
Nop56 -0.480951 Jun 0.459759 Cdc42bpa 0.631717 Slc35d1 0.786075 Tspan5 1.223421
Ndufs2 -0.474775 Tnpo1 0.466439 Zak 0.631886 Msi2 0.786227 Gm9958 1.231344
Atp6via -0.459412 Irf2 0.46683 Nrxn1 0.631921 Mysm1 0.791004 Dip2c 1.247991
Ncapd2 -0.438992 Gata2 0.468637 Ganc 0.635841 Wrb 0.794275 Sic5a3 1.280366
Stat1 -0.437949 Pafah1b2 0.471237 UbI3 0.638132 Sfxn3 0.797032 Samd14 1.294522
Cops8 -0.385101 Krit1 0.478513 Jund 0.639029 Ski 0.811259 Nck2 1.337125
Rapgef6 -0.381949 Nipsnap1 0.483207 Tcf712 0.639307 Dpysl2 0.813428 Arl3 1.341642
Lims1 -0.272389 Zfand5 0.483728 Mtx3 0.641214 Tnfrsf26 0.819913 Zfp395 1.342877
Bbx -0.243625 Srsf5 0.484129 Tmem248 0.642836 Ubfd1 0.821188 Ybey 1.384436
Prkar1a 0.226637 Git2 0.484522 Tug1 0.646727 Dip2b 0.83245 NA 1.402995
Cops6 0.242062 Mecp2 0.490243 Ypel5 0.647011 Ppm1k 0.840095 Gm21685 1.405615
Sdf4 0.26636 Hiatl1 0.490787 Ccdcé 0.647361 4930447C04 0.842894 NA 1.457064
Famé5b 0.278757 Ino80d 0.491982 Pfas 0.648963 Ecscr 0.843264 Khsrp 1.487609
Zfp608 0.2819 Csde1 0.494719 Naa30 0.649759 NA 0.844632 Igfir 1.542266
MkIn1 0.299361 Clk1 0.495524 Ppp5c 0.652844 Mief1 0.858339 Fosb 1.549126
Mtdh 0.302243 Rab31 0.499462 Sec61al 0.655023 Alg11 0.859388 Kmt2d 1.551819
Trp53 0.315038 Znrf1 0.50015 Qk 0.657037 Braf 0.866633 DvI3 1.614423
Canx 0.320254 SlIc38a2 0.50018 Rfx3 0.661149 Gm9752 0.869198 NA 1.618157
NA 0.322659 SlIc2a3 0.501784 Med1 0.661396 BC030336 0.873078 Alpk3 1.656754
Mgea5 0.325648 Pan3 0.5033 Mier3 0.666354 Vash1 0.880119 NA 1.67275
Thrap3 0.331101 Grb10 0.504126 Lrrc58 0.670313 Trio 0.894267 Mfsd4 2.794268
Apobec3 0.342621 Syncrip 0.504443 Ubl7 0.673666 Ptges3 0.899288 Cnr1 3.43788
Sp110 0.350575 Gls 0.512782 Hk2 0.676231 Arl15 0.919016 Kazald1 5.199631

Ikzf2 0.352403 Arglu1 0.51565 Cd274 0.679366 VIdIr 0.919488

Table 3.1 Differentially expressed genes in BCAP” HSC. Table listing the 274 differentially
expressed genes in BCAP” HSC compared to WT HSC, according to RNA sequencing analysis
as shown in Figure 3.3. RNA sequencing conducted on total mRNA isolated from 750 sorted
LT-HSC and 750 sorted ST-HSC from steady-state WT and BCAP”" mice, with n= 4 mice per
group. Differentially expressed genes in table were identified as genes showing differences in
expression between WT and BCAP”™ HSC with an adjusted p-value < 0.05. Numbers reflect log,
fold change, with negative values representing increased expression in BCAP”™ HSC, and
positive values representing increased expression in WT HSC. Heatmap colorization was used
to visualize differences in log, fold change, as indicated in legend.
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HSPC populations from Lineage” BM of WT mouse by flow cytometry. Cells were identified

from live cell gating as follows: LT-HSC (LinCD117 Scal ' CD150°CD48"), ST-HSC (Lin’
CDI117'Scal 'CD150°CD48"), MPP (Lin'CD117'Scal 'CD150°'CD48"). (B) Frequency of LT-
HSC (left), ST-HSC (middle), and MPP (right) within Lin" BM of WT and BCAP” mice. (C)

Absolute numbers of LT-HSC (left), ST-HSC (middle), and MPP (right) in BM of WT and

BCAP™" mice. Data are pooled from 4 independent experiments, with n= 16-17 mice per group.

For all graphs, data show mean +/- SEM; each symbol represents data from an individual mouse.
* p<0.05, ** p<0.01, as determined by two-tailed, unpaired Student’s 7 test.
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Figure 3.2. Increased Proliferation in steady-state LT-HSC and MPP in BCAP”" mice. (A)
Representative flow plots showing BrdU" cells among LT-HSC (top), ST-HSC (middle), and
MPP (bottom) from WT and BCAP” mice given a 1 hour pulse i.p. with 1 mg BrdU. Numbers
represent frequency of BrdU" cells within indicated population. (B) Frequencies of BrdU™ LT-
HSC, ST-HSC, and MPP from WT and BCAP”" mice. Data are pooled from 3 independent
experiments, with n= 10-11 mice per group. Graph shows mean + SEM; * p< 0.05, ** p<0.01,
as determined by two-tailed, unpaired Student’s ¢ test.
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Figure 3.3. Volcano plot analysis of differentially expressed genes in BCAP” HSC. The
differentially expressed genes from RNA sequencing between BCAP”™ and WT HSC displayed
as a volcano plot. RNA sequencing conducted on total mRNA isolated from 750 sorted LT-
HSC and 750 sorted ST-HSC from steady-state WT and BCAP” mice, with n= 4 mice per
group. Differential gene expression shown as log, fold change comparing WT to BCAP” HSC
on the x-axis, with adjusted p-value (-log;o) shown on the y-axis. Each colored dot represents an
individual gene detected by RNA sequencing. Horizontal red line represents demarcation for
genes with adjusted p-value < 0.05. Yellow dots represent genes with adjusted p-value < 0.05.
Dots inside the dashed black lines represent genes with differential expression fold change of < 2
(logoFC < 1). In total, 274 genes were differentially expressed in BCAP” HSC compared to WT
HSC, with 57 genes showing > 2 fold change difference between BCAP” and WT HSC.
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Diminished HSC reconstitution in BCAP”" primary HSC transplants. A.

Protocol showing production of WT or BCAP” HSC transplant mice. B. Frequency of donor-
cell-derived (CD45.2") B cells (CDI19" cells), T cells (TCRB" cells), Neutrophils (Ly6G"
Ly6C™CDI11b" cells) and Inflammatory Monocytes (Ly6G Ly6C"CD11b" cells) in the blood of
HSC transplant mice at the indicated time points post-transplant. C. Frequency of donor-cell-
derived (CD45.2") LT-HSC, ST-HSC, and MPP cells in the BM of HSC transplant mice at 25
weeks post transplantation. D. Frequency of donor-cell-derived (CD45.2") LSK, CMP, GMP,

and MEP cells in the BM of HSC transplant mice at 25 weeks post-transplant.

Graph shows

mean +/- SEM; * p< 0.05, ** p<0.01, as determined by two-tailed, unpaired Student’s 7 test.
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CHAPTER 4: CONCLUDING REMARKS

Here we have identified several novel functions for BCAP within HSPC. BCAP
functions as an inhibitor the proliferation and differentiation of myeloid cells from the HSPC in
the steady state and during demand situations’>. Additionally, BCAP maintains the LT-HSC
population size and inhibits proliferation of LT-HSC and MPP, suggesting that BCAP functions
as a positive regulator of HSC quiescence and/or self-renewal. Lastly, we identified 274
differentially expressed genes within BCAP”™ HSC, providing greater insight into the role BCAP
plays within the various transcriptional and signaling pathways controlling HSC function.
Overall, we have identified BCAP as a dynamic regulator of hematopoiesis and myeloid cell
differentiation.

BCAP was originally described to activate PI3K by interacting with the p85 subunit of
PI3K upon phosphorylation of its four YxxM motifs’®. However, BCAP contains several
additional protein-protein interaction domains, including ankyrin repeats, a DBB domain, coiled-
coil domains, proline-rich sequences and a “cryptic-TIR domain’’~**” Thus, BCAP may
interact with several signaling pathways in addition to PI3K, and additionally may regulate more
than one pathway in HSPC. Interestingly, PI3K signaling has been shown to promote
proliferation and differentiation of HSPC, and particularly supports myeloid differentiation®®.
Therefore, the increased proliferation in LT-HSC found in BCAP™" suggests that BCAP interacts
with other pathways to modulate HSC proliferation. Further examination into the proteins
directly interacting with BCAP will provide a greater understanding for which signaling
pathways critical for HSPC differentiation associate with BCAP.

Over 150 genes have been identified via knockout mouse studies to have a role in

hematopoiesis, with phenotypes ranging from mild to severe’’. Whereas the majority of these
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knockout mice had defects in hematopoiesis, only 24 of the studied mouse strains exhibited
increased hematopoiesis. These included the E3 ubiquitin protein ligase Cbl*’, the transcription
factors Egrl’® and Hiflo®, and the dioxygenase Tet2*. Many genes whose deficiency results in
increased hematopoiesis are also associated with malignancy, such as Ter2”, and with
myeloproliferative disorders, such as the combination of Chl and ChIb’'. Here, we show that
BCAP™" mice represent a strain with increased hematopoietic activity, though we have not seen
leukemia or myeloproliferative disorders in BCAP” mice. Future work will examine whether
BCAP deficiency promotes these hematopoietic disorders using leukemia prone mouse models.
Understanding the pathways that control hematopoiesis at the steady state and during
demand situations is of great interest, as disruption of this process can result in BM failure and

L7071 Furthermore, factors that affect HSPC differentiation may lead to clinical

malignancy
interventions, such as supporting HSPC engraftment following BM transplantation, augmenting
HSPC myeloid differentiation during infection or drug-induced myeloablation, and repairing
HSPC defects that result in hematological malignancy. Additionally, BCAP may function as a
positive regulator of LT-HSC numbers, suggesting that BCAP either promotes or inhibits
hematopoietic differentiation at different stages. BCAP represents a unique protein that
functions in hematopoiesis by inhibiting myeloid differentiation from both early and late
hematopoietic progenitors. Further examination of the mechanisms by which BCAP controls
HSPC differentiation is of substantial interest, and may lead to new strategies in manipulating
HSPC differentiation and survival within clinical settings. Overall, we have identified BCAP as a

novel dynamic regulator of hematopoiesis and myeloid cell development from HSPC in both the

steady state and during situations of demand.
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