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The ability to regenerate niches or to create new niches after injury is critical to
accelerate tissue repair and may underlie the regenerative capacity of mammalian tissues.
Despite its physiological importance, almost nothing is known about how mammalian tissues
activate facultative niches after injury. The mouse hematopoietic system provides a dynamic
example of new stem cell niche activation. After hematopoietic injury, hematopoietic stem cells
(HSCs) mobilize from the bone marrow to the spleen and participate in extramedullary
hematopoiesis (EMH), which supplements bone marrow hematopoiesis for as long as the
hematopoietic stress persists. The induction of hematopoiesis in the spleen involves the creation

or activation of a facultative niche in the spleen, yet no niche in this tissue has been



characterized. Understanding the nature of the extramedullary niche in the spleen will clarify
how the hematopoietic microenvironment regulates HSC and other progenitor function to
reestablish homeostasis after injury.

The work in this thesis identifies the cell types in the spleen that are physiologically
important sources of the niche factors SCF and CXCL12 during extramedullary hematopoiesis.
By using fluorescent reporter alleles for each niche factor, I have discovered that spleen
endothelial and perivascular stromal cells secrete SCF, and a subset of spleen perivascular
stromal cells secretes CXCL12. Conditional deletion of Scf from spleen endothelial or
perivascular stromal cells impairs EMH after injury by depleting HSCs and myeloerythroid
progenitors from the spleen. Conditional deletion of Cxcl//2 from spleen perivascular stromal
cells impairs EMH by depleting myeloerythroid progenitors and mobilizing a minority of HSCs
from the spleen.

This work conclusively demonstrates that spleen endothelial cells maintain EMH by
secreting SCF, and spleen perivascular stromal cells maintain EMH by secreting both SCF and
CXCLI12. These cell types represent the first stromal populations in the spleen shown to maintain
HSCs and EMH after injury. Further analyses of these cells during injury may reveal how

hematopoietic niches are created.
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CHAPTER 1

BACKGROUND AND OBJECTIVE

1.1 Introduction

The hematopoietic stem cell (HSC) is the only cell type in the hematopoietic system with
the capacity to generate all hematopoietic lineages, including more HSCs through self-renewal.
Hematopoiesis in the bone marrow proceeds from HSCs through a series of committed
progenitor cells to generate terminally differentiated red and white blood cells (Figure 1.1).
Proper HSC function is maintained through both cell autonomous and non-cell autonomous
factors produced by heterologous cell types in hematopoietic tissues. These heterologous cells
that make up the HSC microenvironment and regulate HSC self-renewal are collectively termed
the HSC niche. Recent work has elucidated major components of the HSC niche in the bone
marrow, yet very little is known about hematopoietic niches in other tissues. An introduction to

the history and biology of HSCs and the HSC niche is presented in this chapter.

1.2 The discovery of the HSC

The term “stem cell” (in German, “stammzelle”’) was coined by Ernst Haeckel to describe
the common unicellular organism from which all living species descended (Haeckel, 1868). The
stem cell was first considered to be a phylogenetic entity. Haeckel was the first to use the term
“stem cell” to describe primary cell of ontogeny, the fertilized egg (Haeckel, 1877). The
hematopoietic system was the first tissue after the germline to be hypothesized as derived from a
specific stem cell. Paul Ehrlich’s work on hematological staining revealed that the white blood

cell pool was a heterogeneous mixture of cell types (Ehrlich, 1879). Some hematologists, notably



Artur Pappenheim and Alexander Maximow, began to use the term “stem cell” to refer to a
progenitor cell for both red and white blood cells (Maximow, 1909; Pappenheim, 1896).
However, the idea of a common precursor cell for all hematopoietic lineages was controversial,
and experimental techniques to test the stem cell hypothesis were only developed decades later.

The discovery of hematopoietic stem cells was ultimately dependent on bone marrow
transplantation assays in lethally irradiated mice. Studies in the 1940’s and 1950°s demonstrated
that restoration of the hematopoietic system by either protecting the spleen from irradiation with
lead shielding or infusing bone marrow cells intravenously was sufficient to prevent death from
the minimal lethal dose of irradiation (Jacobson et al., 1949; Lorenz et al., 1951). Transplanting
donor bone marrow that was cytogenetically distinguishable from host cells definitively
demonstrated that the reconstituted immune system in recipients was derived from donor
hematopoietic cells (Ford et al., 1956). Reconstitution of the immune system by transplanted
bone marrow cells provided evidence that cells within the bone marrow could regenerate the
entire hematopoietic system. Still, it remained unclear if single cells in the bone marrow could
differentiate into all hematopoietic lineages.

Ernest McCulloch and James Till were the first to experimentally demonstrate the
existence of clonogenic bone marrow cells capable of generating all cell types of the
hematopoietic system. While initially studying the radiation sensitivity of bone marrow cells,
McCulloch and Till injected bone marrow into lethally irradiated recipient mice and examined
hematopoietic colonies that formed in the spleen 11 days after transplantation. Single colonies in
the spleen contained erythrocytes, myeloid cells, and megakaryocytes (Till and McCulloch,
1961). Introduction of radiation-induced genetic markers into transplanted cells helped to

demonstrate that single, clonogenic bone marrow cells gave rise to multilineage hematopoietic



colonies (Becker et al., 1963; Wu et al., 1967). Donor cells from dissociated spleen colonies
generated more spleen colonies when injected into lethally irradiated recipient mice,
demonstrating that single spleen colony forming units (CFU-S) generated more CFU-S in
addition to differentiated hematopoietic cells; CFU-S self-renewed (Siminovitch et al., 1963).
Finally, CFU-S with radiation-induced genetic markers were discovered to produce
cytogenetically indistinguishable thymic lymphocytes (Wu et al., 1968). CFU-S were thus self-
renewing cells capable of generating all hematopoietic lineages. This series of experiments
suggested the existence of a hematopoietic stem cell capable of multilineage differentiation and
self-renewal but could not determine whether CFU-S were true stem cells with indefinite self-
renewal potential or instead were multipotent progenitor cells with limited capacity for self-

renewal.

1.3 Purification of HSCs

Efforts to isolate HSCs from the bone marrow proceeded from McCulloch and Till’s
seminal discoveries. Early HSC purification protocols relied on discrimination of CFU-S activity
based on physical properties of bone marrow cells. The advent of multiparameter fluorescence
activated cell sorting (FACS) greatly enhanced the ability to separate well-defined cell
populations from complex mixtures and to isolate HSCs from bone marrow. Cell surface markers
that identify HSCs with high sensitivity and specificity have since been discovered. These
markers are essential to studying HSC biology. A brief history of HSC isolation and marker
identification is reviewed in this section.

The first attempts to separate HSCs from heterogeneous bone marrow preparations relied

on the physical properties of cells with CFU-S activity. McCulloch and Till’s groups were the



first to demonstrate that CFU-S with different self-renewal capacity could be discriminated by
velocity sedimentation (Worton et al., 1969). Further refinements to this technique allowed the
discrimination of quiescent CFU-S from cycling CFU-S (Monette et al., 1974). The single
parameter of cell size drastically limited the CFU-S purity of these physical preparations.
Nonetheless, the ability to at least partially purify CFU-S activity by physical characteristics
provided clear evidence that heterogeneity among CFU-S could not be entirely explained by
environmental or stochastic processes.

A major advance in HSC isolation involved cell surface labeling with fluorescently
conjugated lectins and monoclonal antibodies to separate cells by FACS. The first cell surface
marker that differentially labeled cells with CFU-S activity was wheat germ agglutinin (WGA), a
lectin that binds sialic acid (Visser and Bol, 1982). Electrophoretic mobility assays demonstrated
that CFU-S could be separated from other bone marrow colony forming cells based on
differences in electrical charge. Pre-treatment with neuraminidase, which cleaves negatively-
charged sialic acid residues from cell surface glycoproteins, reduced the electrophoretic mobility
of CFU-S more than other bone marrow populations, indicating that these cells had the highest
number of cell surface sialic acid groups (Bol et al., 1981). Density centrifugation followed by
cell surface labeling with FITC-conjugated WGA could isolate a population by FACS that had
80-fold enriched CFU-S activity (Visser and Bol, 1982). Additional labeling with a fluorescently
conjugated monoclonal antibody against H2" further purified CFU-S activity (Visser et al.,
1984).

Irving Weissman’s group was the first to discover cell surface markers that labeled a
highly pure population of HSCs. Initially examining the early stages of B lineage differentiation,

Weissman’s group discovered that lineage marker-negative cells expressing low levels of Thy-1



(Lin"Thy-1") representing approximately 0.2% of all bone marrow cells had enriched capacity to
rescue and reconstitute all hematopoietic lineages in lethally irradiated recipient mice. A Thy-1"
cell preparation containing 200-400 Lin"Thy-1' cells rescued and reconstituted all irradiated
recipient mice. Lin Thy-1" cells lacked the capacity to reconstitute all hematopoietic lineages
(Muller-Sieburg et al., 1986). Lin Thy-1' cells were later discovered to exhibit heterogenous
labeling with a monoclonal antibody against Sca-1. A minor population of Lin Thy-1" cells
representing 0.05% the bone marrow stained positive for Sca-1 and contained all bone marrow
HSC activity, as defined by the ability to multilineage reconstitute lethally irradiated recipients.
As few as 30 Lin Thy-1"Sca-1" cells could rescue lethally irradiated recipient mice, representing
greater than 1000-fold purification of stem cell activity over whole bone marrow; Lin Thy-
1°Sca-1" cells could not rescue irradiated recipients, although they had CFU-S activity
(Spangrude et al., 1988).

The currently most widely used HSC markers can yield about a 50% pure population of
HSCs. By comparing the gene expression profile of HSCs to more committed progenitors, Sean
Morrison’s group discovered that the SLAM family of cell surface proteins identified HSCs with
high sensitivity and specificity. Single Lin'Sca-1"¢c-Kit'CD150"CD48" cells could multilineage
reconstitute lethally irradiated recipient mice, and approximately 1 in 2 Lin'Sca-1"c-
Kit'CD150"CD48" cells had HSC activity. HSC activity was not detected in CD150" or CD48"
bone marrow populations. Identification of Lin CD150"CD48 HSCs was also performed in
tissue sections (Kiel et al., 2005). Additional SLAM family proteins identified myeloid-biased
and lymphoid-biased HSCs (Oguro et al., 2013). These simple, highly pure markers for HSCs

have facilitated the study of HSC biology.



1.4 Genetic regulation of HSCs

High purity HSC markers combined with genetic mouse models has allowed for detailed
studies of the genes that regulate HSC self-renewal. HSCs exhibit heterochronic regulatory
programs, depend on metabolic sensing pathways, and are responsive to certain hormonal cues.
While a complete review of HSC genetic programs is beyond the scope of this chapter, some
representative examples are presented in this section.

HSCs are regulated by different genetic programs at different points during development.
Sox17 is highly expressed in fetal and neonatal, but not adult, HSCs. Genetic deletion of Sox/7
from fetal endothelial and hematopoietic cells causes a failure to generate or maintain fetal
HSCs. Deletion of Sox/7 from neonatal hematopoietic cells depletes HSCs and causes lethality
within 14 days, whereas deletion of Sox/7 from adult hematopoietic cells has no effect (Kim et
al., 2007). Overexpression of Sox/7 in adult HSCs confers some properties of fetal HSCs to adult
HSCs (He et al., 2011). Conversely, Bmi-1 maintains adult, but not fetal, HSCs. Bmi-1 " mice
exhibited normal fetal hematopoiesis but had reduced HSC numbers in adults. Bmi-/ acted by
suppressing Ink4a and Arf expression (Park et al., 2003).

Maintenance of HSC activity and self-renewal require multiple components of the PI3-
kinase pathway. HSCs show a temporal dependence on Pfen, in which adult HSCs require PTEN
for their maintenance while fetal and neonatal HSCs do not (Magee et al., 2012). Pten deletion
from adult HSCs rapidly depleted HSCs in the bone marrow and progressed to a fatal acute
leukemia. Treatment of Pten-deficient mice with rapamycin rescued HSC depletion and delayed
leukemia onset (Yilmaz et al., 2006). Pten deficiency increased the global protein translation rate
in HSCs, and restoration of normal or sub-normal protein translation rates in Pten-deficient

HSCs also rescued HSC depletion and delayed leukemogenesis (Signer et al., 2014). Other



components of the PI3-kinase pathway, such as Lkb1, are also necessary to maintain HSCs,
although Ampkal and Ampka?2 are dispensable. Loss of Lkb1 depleted HSCs, likely by causing
large-scale chromosomal aberrations (Gan et al., 2010; Gurumurthy et al., 2010; Nakada et al.,
2010). These PI3-kinase regulating pathways are critical to maintaining HSCs.

HSCs are sensitive to the hormonal status of the organism. Estrogen signaling has
recently been shown to regulate cell cycle dynamics in HSCs. HSCs in female mice divide
slightly more frequently than in male mice. Increased cycling in female HSCs was abolished
when estrogen receptor-o. was conditionally deleted from HSCs. Estradiol administration
increased HSC cycling in both males and females, and HSC cycling increased during pregnancy
(Nakada et al., 2014). Whether HSCs are responsive to physiological hormones other than

estrogen is unknown.

1.5 The niche hypothesis

McCulloch and Till’s work on CFU-S revolutionized the field of stem cell biology.
However, it was clear that CFU-S and bone marrow HSCs differed significantly. Most
importantly, CFU-S had impaired ability to reconstitute the hematopoietic systems of lethally
irradiated mice relative to bone marrow HSCs. While it is now known that the CFU-S assay
developed by McCulloch and Till measures predominantly multipotent progenitors, at the time
of their discovery the discrepancies between CFU-S and bone marrow HSCs were mysterious. In
1978, Ray Schofield hypothesized that a stem cell niche in the bone marrow accounted for the
different properties of CFU-S and HSCs (Schofield, 1978).

Schofield’s niche hypothesis proposed that HSCs reside in the bone marrow “in

association with other cells which determine [their] behavior” (Schofield, 1978). These resident



bone marrow cells prevent premature HSC differentiation, maintaining HSC proliferative
potential and ability to reconstitute the hematopoietic systems of irradiated recipient mice. HSC
progeny that do not occupy a niche lose the ability to proliferate as HSCs and are instead fated to
differentiate. Thus, CFU-S are progeny of HSCs that have left the bone marrow niche and are on
a path toward differentiation, unable to proliferate indefinitely and reconstitute irradiated
recipients. Further, the niche hypothesis explains why irradiation is required for donor bone
marrow engraftment. In an unirradiated mouse receiving a bone marrow transplant, donor HSCs
fail to displace host HSCs from bone marrow niches; without support from niche cells, donor
HSCs prematurely differentiate and fail to engraft long-term. By killing host HSCs, irradiation
clears out bone marrow niche space, allowing donor HSCs to engraft in the niche and
reconstitute the hematopoietic system long-term. Schofield’s niche hypothesis had remarkable
explanatory power for a variety of experimental observations. However, the identities of niche

cells and niche factors remained unknown.

1.6 Early studies of niche factors

Spontaneous mutant mice from the Jackson Laboratory provided the first evidence that
mutations in genes not expressed by hematopoietic cells could cause hematopoietic disorders.
Steel (S1, later discovered to encode Scf) and white-spotting (W, later discovered to encode Kir)
mice both exhibit macrocytic anemia. However, bone marrow harboring mutations in the S/
locus did not transplant the anemia to irradiated recipient mice, whereas bone marrow harboring
W mutations readily transplanted anemia to recipients (Russell, 1979). These observations along

with the strikingly similar phenotypes of W and S/ mutant mice suggested a receptor-ligand



relationship between W and S/ genes, where the S/ gene product non-cell autonomously regulates
HSCs through the W gene product.

If mice with S/ mutations truly have a compromised hematopoietic microenvironment,
then wild-type hematopoietic tissue should rescue anemia in these mice. This hypothesis was
tested in the 1970’s through various spleen transplantation assays. The first such experiments
were published by Seldon Bernstein in 1970, 8 years before the niche hypothesis was proposed.
Bernstein transplanted 7 mutant spleens ectopically into the omental fat of SI/SI mice, which
have one null S/ allele and one hypomorphic S/ allele. Although W mutant mice exhibit the same
anemia as SI//SI¥ mice, Bernstein observed that spleens from W mutants rescued the macrocytic
anemia in SI/SI? mice. This rescue was specific to hematopoietic tissue, as transplantation of non-
hematopoietic tissues had no effect on anemia (Bernstein, 1970). These experiments
demonstrated that a wild-type hematopoietic microenvironment could rescue hematopoietic
defects in S/ mutant mice.

Further spleen transplantation experiments performed by Norman Wolf in 1978
demonstrated that the S/ gene product was a short-range factor. Wolf performed spleen
transplants where he anastomosed a wild-type donor spleen directly to the endogenous spleen of
a SI/SI” mouse. By tissue histology, he observed that normal hematopoiesis occurred in the wild-
type donor spleen but not in the mutant host spleen (Wolf, 1978). This observation suggested
that the S/ gene product acts at short-range, and that hematopoietic cells must be in close contact
with a functional hematopoietic microenvironment for normal hematopoiesis to occur. These
spleen transplantation experiments in conjunction with the niche hypothesis established S/ as a

likely niche factor. Moreover, they demonstrated that a hematopoietic niche exists in the spleen.



1.7 Early experimental investigation of the niche and the endosteal niche hypothesis

Early investigation into the bone marrow cell types that maintained HSCs in an
undifferentiated state occurred in the 1970’s and was thus limited to rather primitive techniques.
Nonetheless, the experiments conducted in this era shaped the future of the HSC niche field.
Early in vitro efforts to describe the cellular components of the HSC niche were performed by
Michael Dexter and colleagues in 1977. They observed that a liquid culture system of
heterogeneous bone marrow cells could support CFU-S proliferation in vitro for several months.
The cultures contained both non-adherent hematopoietic cells and adherent cells comprised of
mononuclear phagocytes, epithelial-like cells, and stromal cells referred to as “giant fat” cells.
Hematopoietic clusters tended to form around adherent stromal cells, and culture conditions that
promoted robust expansion of the adherent fraction also promoted greater CFU-S activity and
cell density (Dexter et al., 1977). These findings supported the idea that stromal cells from the
bone marrow comprise an important component of the HSC niche. As the stromal compartment
in the bone marrow is complex, the precise identity of the stromal cells in vivo remained
undefined.

A series of studies from Brian Lord and colleagues pointed to the bone as the nurturing
component of the marrow. They separated bone marrow cells into “axial cells” that reside closest
to the center of the bone marrow and “marginal cells” that reside closest to the bone surface. The
separation technique they employed involved flushing the marrow using a needle to recover
“axial cells” followed by vigorously washing the remaining cells from the bone surface to
recover “marginal cells.” Variation of initial flushing pressure generated axial cores of different
diameters and allowed the researchers to assay for CFU-S activity along a rough radial gradient

of the bone marrow. Marginal zone bone marrow fractions demonstrated increased progenitor

10



activity relative to axial zone fractions (Lord and Hendry, 1972). Further work using the same
experimental fractionation technique examined both CFU-S and more differentiated colony
forming activity in the marginal zone and axial zone. This study found that CFU-S activity
peaked at the bone surface whereas more differentiated colony forming activity peaked near the
middle of the bone radius. The authors suggested that bone cells supported CFU-S, and
differentiation of their progeny occurred in a spatial manner along the radius of the bone marrow
(Lord et al., 1975). This was the first clear postulation that HSC niche cells in vivo were found
close to the bone surface. Despite the imprecise experimental data supporting this hypothesis, the
idea of an endosteal niche that supported HSCs formed the foundation for decades of future HSC
niche research.

Further evidence that bone supports primitive hematopoietic cells came from in vitro co-
culture assays of osteoblasts and hematopoietic cells. Taichman and Emerson tested whether
human bone-derived osteoblasts could support hematopoiesis in culture. They found that
osteoblasts in culture produced a number of hematopoietic cytokines and were capable of
supporting cultured immature hematopoietic cells, assayed by morphology, for up to two weeks.
Notably, osteoblasts in culture did not express Scf (Taichman and Emerson, 1994). This study
further supported the idea of an endosteal niche for hematopoiesis and implicated osteoblasts as a
likely niche cell type.

The advent of sophisticated mouse genetic tools allowed investigation of the HSC niche
in vivo for the first time. Initial genetic evidence of an osteoblastic niche in vivo relied on mouse
models that increased the number of osteoblasts in the bone marrow. Linheng Li’s group used
Mx1-Cre to delete the Bmprla gene from stromal cells in the bone marrow. This model caused

an increase in both osteoblasts and HSCs in the bone marrow. The authors also localized putative
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HSCs in sections using BrdU label retention as a marker and showed that BrdU-retaining cells
that coexpressed some HSC markers associated closely with osteoblasts. They also proposed that
close contact between osteoblasts and HSCs was mediated through homotypic N-cadherin
interactions based on immunostaining in sections (Zhang et al., 2003). In concurrent studies,
David Scadden’s group generated mice expressing a constitutively active parathyroid hormone
receptor (caPPR) in osteoblasts and observed that these mice had increased osteoblast and HSC
numbers. Systemic administration of parathyroid hormone also expanded HSC number.
Osteoblasts expressing caPPR were found to express higher levels of some cytokines and Notch
ligand, which the authors argued was responsible for increased HSC number (Calvi et al., 2003).
These studies suggested that osteoblasts were a component of the HSC niche in vivo but relied on
indirect methodology and did not test necessity.

Subsequent studies did not support initial observations that osteoblast number correlated
with HSC number in the bone marrow. If osteoblasts regulated HSCs directly, modulation of
osteoblast number would exhibit acute effects on HSC number. Multiple studies either ablating
or increasing the numbers of osteoblasts failed to detect acute effects on HSCs. Hector Aguila’s
group expressed the herpesvirus thymidine kinase gene in osteoblasts using the Col2.3 promoter,
allowing them to conditionally ablate osteoblasts with ganciclovir. While osteoblast ablation
caused progressive bone loss and loss of bone cellularity, it did not cause acute reductions in
HSCs. Instead, osteoblast ablation acutely depleted lymphoid, myeloid, and erythroid lineages
but only depleted HSCs after longer periods (Visnjic et al., 2004). Using the same model, Zhu
and colleagues demonstrated acute depletion of B cell progenitors after osteoblast ablation that
preceded any HSC depletion (Zhu et al., 2007). A different genetic model constitutively reduced

osteoblast number through biglycan (Bgn) deficiency. While Bgn” mice exhibited reduced
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osteoblast numbers and less trabecular bone, they did not have any hematopoietic deficits and
had normal HSC function (Kiel et al., 2007b). Finally, Lymperi and colleagues treated mice with
strontium to increase osteoblast number in part by inhibiting osteoclast activity. They observed
an increase in some hematopoietic progenitors but no effect on HSC number or function after
strontium treatment (Lymperi et al., 2008). None of these studies supported direct regulation of
HSCs by osteoblasts. Taken together, these studies indicated that while osteoblasts may directly
regulate some hematopoietic progenitors, especially B cell progenitors, their regulation of HSCs
was likely to be indirect.

The notion that HSCs reside in close contact with osteoblasts in vivo was also
inconsistent with subsequent analyses. N-cadherin-mediated osteoblast and HSC contact was
undermined by numerous studies showing lack of N-cadherin expression in HSCs and no
dependence of HSC maintenance or hematopoiesis on N-cadherin expression in osteoblasts or
HSCs (Foudi et al., 2009; Greenbaum et al., 2012; Kiel et al., 2009; Kiel et al., 2007b; Li and
Zon, 2010; Morita et al., 2010). In their original study, Zhang and colleagues used BrdU label
retention to identify HSCs in sections based on the assumption that HSCs divide less frequently
than other hematopoietic populations (Zhang et al., 2003). However, this assumption was never
explicitly tested, and the sensitivity and specificity of BrdU retention as a marker for HSCs was
unknown. Kiel and colleagues found that most BrdU-retaining cells in the bone marrow were not
HSCs and that most HSCs did not retain BrdU (Kiel et al., 2007a). Therefore, the label-retaining
cells that Zhang and colleagues identified were most likely not HSCs, and the localization of
label-retaining cells did not necessarily reflect the localization of HSCs. Finally, staining tissue
sections with antibodies against SLAM markers allowed for localization of a relatively pure

population of HSCs in situ for the first time. HSCs were found to localize near vasculature in the
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bone marrow, with only a small fraction localizing near osteoblasts (Kiel et al., 2005). HSC

localization studies suggested a perivascular, not endosteal, niche.

1.8 The perivascular niche hypothesis

The HSC niche is an anatomical structure associated with HSCs, and many studies
support the existence of a perivascular HSC niche in the bone marrow. Visualizing HSCs in
tissue sections provided the first evidence of a perivascular niche. Although HSCs could be flow
cytometrically isolated for decades, the marker combinations used for FACS were too complex
to identify HSCs in tissue sections and simpler combinations were essential to define the
anatomical location of the niche. HSC localization experiments using simple, highly sensitive
and specific SLAM markers were the first to propose that HSCs are located near blood vessels.
Under steady-state conditions, most HSCs reside near endothelial cells in the bone marrow, with
only a small fraction residing near bone (Kiel et al., 2005). Perivascular localization of HSCs has
been observed by a number of labs (Casanova-Acebes et al., 2013; Kunisaki et al., 2013; Lo
Celso et al., 2009; Nombela-Arrieta et al., 2013; Sipkins et al., 2005; Yamazaki et al., 2011).

While HSC localization studies in tissue sections supported the notion of a perivascular
niche, HSCs are known to exit the bone marrow through sinusoids and mobilize to other tissues
(Wright et al., 2001), and the possibility remained that HSC proximity to blood vessels merely
reflected HSCs exiting or entering the bone marrow. Time-lapsed in vivo microscopy of HSCs
and progenitors in the mouse calvarium revealed that HSCs and progenitors reside near distinct
vascular microdomains that express high levels of CXCL12 and E-Selectin. HSCs and other
progenitors remain in the same location for weeks at a time (Lo Celso et al., 2009; Sipkins et al.,

2005). After irradiation, transplanted HSCs and progenitors homed near the endosteum (Lo
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Celso et al., 2009; Xie et al., 2009), although this localization pattern may have reflected
sinusoidal damage after irradiation (Hooper et al., 2009). Imaging studies of relatively pure
populations of HSCs, both in tissue sections and in living animals, were consistent with a
perivascular niche. However, imaging studies are merely associative, and the cell types that
support HSCs could not be discovered through these methods. Functional studies were necessary
to test the perivascular niche hypothesis directly.

Early functional evidence that cells near bone marrow vasculature produced niche factors
necessary to maintain HSCs focused on the CXCL12-CXCR4 signaling axis. CXCL12 was first
identified as a stimulating factor for B cell progenitors (Nagasawa et al., 1994). Analysis of mice
harboring mutations in the receptor for CXCL12, CXCR4, indicated that CXCL12 had a more
general role in maintaining hematopoiesis and proper homing of HSCs to the bone marrow
during development (Ara et al., 2003; Nagasawa et al., 1996; Zou et al., 1998). Inhibition of
CXCR4 in adult mice mobilized HSCs to the peripheral blood, supporting a role for CXCL12 in
retaining HSCs in the bone marrow (Broxmeyer et al., 2005). Sugiyama and colleagues were the
first to study the CXCL12-CXCR4 signaling axis in adult mice using conditional mouse models.
Conditionally deleting Cxcr4 from adult HSCs rapidly depleted HSCs and impaired
hematopoiesis, demonstrating an essential role for CXCR4 signaling in maintaining functional
HSCs. Cxcl12-GFP knock-in mice showed that CXCL12-abundant reticular stromal cells (CAR
cells) around blood vessels comprised the predominant cellular source of CXCL12 in the bone
marrow, with rare GFP expression near bone. Almost all HSCs identified in tissue sections were
found in close proximity to Cxcl/2-GFP" cells (Sugiyama et al., 2006). This study was the first
to identify the cellular source of a niche factor in the bone marrow, at least based on expression.

A follow-up study demonstrated that short-term ablation of CAR cells reduced HSC numbers,
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providing some evidence that CAR cells maintained HSCs (Omatsu et al., 2010). The data
strongly suggested a perivascular source of niche factors for HSCs.

Ding and Morrison performed the first definitive experiments to determine the
physiologically important sources of niche factors in the bone marrow. Their strategy involved
generating a knock-in reporter allele for a known niche factor to identify its cellular expression
pattern in the bone marrow and generating a floxed allele of the same niche factor to
systematically delete this factor from different cell populations in the bone marrow. The first
niche factor tested using this strategy was SCF, a known non-cell autonomous regulator of HSCs
whose receptor is expressed on all immature hematopoietic progenitors (Ogawa et al., 1991).
Analysis of Sc/*" mice revealed that Scf was expressed at high levels in Leptin receptor (Lepr)-
expressing perivascular stromal cells around sinusoids in the bone marrow. Low Scf expression
was observed in sinusoidal endothelial cells, and no Scf expression was detected in any
osteoblasts. Most HSCs identified in sections were found near Sc/-GFP" perivascular stromal
cells (Ding et al., 2012). Conditional deletion of Scf from perivascular stromal cells using Lepr-
Cre (DeFalco et al., 2001) or from endothelial cells using 7ie2-Cre (Koni et al., 2001), but not
from osteoblasts, hematopoietic cells, or Nestin-expressing cells depleted functional HSCs from
the bone marrow (Ding et al., 2012). These results strongly emphasized that endothelial and
perivascular stromal cells maintain HSCs in a perivascular niche around sinusoids. This work
was the first to establish the functionally important cellular source of any niche factor in vivo and
provided a generalizable strategy for future studies of the HSC niche.

Ding and Morrison and Daniel Link’s group independently employed the same strategy
to identify the physiologically relevant sources of CXCL12 in the bone marrow. While

Nagasawa’s group had previously demonstrated that perivascular stromal cells express high
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levels of Cxcl12 (Sugiyama et al., 2006) and that perivascular stromal cell ablation depleted
HSCs (Omatsu et al., 2010), they did not test whether deletion of Cxc//2 from these cells
depleted HSCs from the bone marrow. Ding and Morrison found that Cxcl//2 was expressed
abundantly in Lepr-expressing perivascular stromal cells and at low levels in endothelial cells
and some osteoblasts. Interestingly, Cxcl/2 deletion from each of these populations perturbed
different aspects of hematopoiesis. Cxc/12 deletion from perivascular stromal cells using Lepr-
Cre mobilized a minority of HSCs to the blood and spleen without appreciably depleting HSCs
from the bone marrow, while Cxc/12 deletion from endothelial cells using 7ie2-Cre depleted
HSCs from the bone marrow without any mobilization to the blood (Ding and Morrison, 2013).
Cxcl12 deletion from osteoblasts using Col2.3-Cre (Liu et al., 2004), by contrast, had no effect
on HSCs but depleted lymphoid progenitors (Ding and Morrison, 2013). Daniel Link’s group
deleted Cxc/12 from perivascular stromal cells and osteoblasts using Prx-/-Cre (Logan et al.,
2002) and observed HSC depletion from the bone marrow, an effect also observed by Ding and
Morrison (Ding and Morrison, 2013; Greenbaum et al., 2013). These studies reinforced the
perivascular niche hypothesis and also revealed new insight into HSC niche biology. The same
niche factor may have different effects on HSCs and other progenitors depending on its cellular

source, and HSCs and other progenitors may occupy anatomically distinct niches.

1.9 Other cell types in the niche

Bone marrow cell types in addition to endothelial and perivascular stromal cells have
been proposed to maintain HSCs. Most of the evidence to support a role for these cell types in
maintaining HSCs comes from cell ablation models, either by genetic, surgical, or

pharmacologic techniques. In any model that modulates cell number of a candidate niche

17



population, indirect effects on HSCs may confound interpretation of results, as occurred in early
in vivo studies supporting the osteoblastic niche. Despite the checkered history of this
experimental design, conclusions drawn from cell ablation studies still shape the niche field and
will be reviewed here.

Nestin-expressing mesenchymal stromal cells have been proposed to be a component of
the HSC niche. Paul Frenette’s group used a Nestin-GFP transgene (Mignone et al., 2004) to
identify rare bone marrow stromal cells that were located near HSCs in tissue sections. Flow
cytometrically isolated Nestin-GFP" cells expressed high levels of Cxc/12 and Scf'by qPCR
(Mendez-Ferrer et al., 2010). They crossed a Nestin-CreER transgene (Balordi and Fishell, 2007)
with a conditional diphtheria toxin receptor (DTR) allele and ablated Nestin-CreER-expressing
cells by administering diphtheria toxin. HSCs were modestly depleted from bone marrow and
increased in the spleen after cell ablation (Mendez-Ferrer et al., 2010). This study led to the
popular acceptance that Nestin-expressing stromal cells in the bone marrow comprise the HSC
niche. However, Ding and Morrison later demonstrated that the expression pattern of Nestin
transgenes differs among different transgenes and that deletion of either Scf or Cxc/12 using
either Nestin-CreER or Nestin-Cre (Tronche et al., 1999) had no effect on HSCs or any other
hematopoietic population (Ding and Morrison, 2013; Ding et al., 2012). Further, they showed
that the Nestin-GFP transgene labels two distinct cell types in the bone marrow that can be
discriminated by reporter fluorescence intensity, and that the cells reported to express high levels
of Cxcl12 and Scf were likely Lepr-expressing perivascular stromal cells, which do not express
endogenous Nestin and do not recombine with either Nestin-CreER or Nestin-Cre (Ding et al.,

2012).
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A subsequent study from Frenette’s group amended their prior conclusions about Nestin
expression in the bone marrow. Frenette’s group divided Nestin-GFP" cells into Nestin-GFP" "
and Nestin-GFPY™ subsets and analyzed the bone marrow distribution of each population by

bright

three-dimensional microscopy. They reported that Nestin-GFP cells were found surrounding

arterioles, stained positive with an NG2 antibody, and did not overlap with Lepr-expressing
perivascular stromal cells. Nestin-GFPY™ cells were found around sinusoids and largely
overlapped with Lepr-expressing perivascular stromal cells. HSC localization experiments
suggested that HSCs, especially non-cycling HSCs, showed a bias toward periarteriolar Nestin-
GFP™&" cells. RNA-seq analyses on flow cytometrically sorted populations revealed 5-fold
higher Scf'and Cxcll2 expression in Nestin-GFP™ cells relative to Nestin-GFPY™ cells
(Kunisaki et al., 2013). To test whether Nestin-GEP™ cells maintained HSCs, they crossed
NG2-CreER (Zhu et al., 2011) with a conditional DTR allele and ablated NG2-CreER-expressing
cells by diphtheria toxin treatment. HSCs were depleted from the bone marrow and spleen after
cell ablation (Kunisaki et al., 2013). These results suggested that NG2-expressing periarteriolar
cells were part of the HSC niche.

The conclusions about NG2-expressing cells from Frenette’s group have been

inconsistent with subsequent studies. Their data indicating that Nestin-GFP" "

cells express
higher levels of Scf and Cxcl12 than Nestin-GFP“™ cells are inconsistent with data published in
the same study. Microscopy and flow cytometry-based colocalization experiments indicated that
Nestin-GFP™ " cells expressed NG2 and Nestin-GFP*™ cells expressed Lepr. However, their
RNA-seq data show the opposite expression pattern for NG2 and Lepr and are consistent with
Lepr-expressing perivascular stromal cells as the major source of Scf'and Cxc/12 in the bone

bright

marrow (Kunisaki et al., 2013). Further, quantitative PCR analyses of Nestin-GFP cells and
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Nestin-GFPY™ cells show that Nestin-GFPY™ cells express much higher levels of Scfand Cxcl12
than Nestin-GFP™&" cells (Figure 1.2a). HSC localization studies using a—catulin-GFP to
identify HSCs shows no bias of HSCs, regardless of cell cycle status, toward arterioles (Acar et
al., 2015). Finally, deletion of Cxc/12 or Scf using NG2-CreER had no effect on HSCs in the
bone marrow or spleen (Figure 1.2b-1.2¢). It is unlikely that NG2-expressing cells maintain
HSCs through SCF or CXCL12 secretion. It remains possible that they regulate HSCs by other
mechanisms, although there is minimal evidence to support this claim.

Non-myelinating Schwann cells may also comprise part of the bone marrow HSC niche.
Hiromitsu Nakauchi’s group conditionally deleted the TGF-f type II receptor, 7gfbr2, from
HSCs and discovered that 7gfbr2-deficient mice had reduced bone marrow stem cell activity
(Yamazaki et al., 2011). TGF- is produced by many cell types in a latent form and requires
interaction with integrin-$8 (ITGBS) for full activity (Munger et al., 1999). Nakauchi’s group
observed that ITGBS labeled bone marrow Gfap-GFP" cells in tissue sections. Gfap-GFP" cells
were discovered to be non-myelinating Schwann cells that ensheathed bone marrow nerves and
were not distributed perisinusoidally. A similar fraction of HSCs were found to localize near
GFAP" cells as with endothelial cells. Surgical denervation of the bone marrow resulted in loss
of TGF-P expression, depletion of of GFAP" cells and depletion of HSCs in the bone marrow
(Yamazaki et al., 2011). While bone marrow denervation profoundly depleted HSCs, it is unclear
that loss of TGF-f activation by non-myelinating Schwann cells mediated this reduction.
Nonetheless, non-myelinating Schwann cells may activate a ligand that maintains HSCs.

Some hematopoietic populations have been suggested as niche components. Frenette’s
group identified a subset of macrophages in the bone marrow expressing CD169 that maintain

niche integrity. Pharmacological depletion of bone marrow macrophages or genetic ablation of
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CD169" macrophages using Cd169-DTR mice mobilizes HSCs from the bone marrow and
modestly reduces CXCL12 produced by stromal cells in the bone marrow (Chow et al., 2011).
Dan Link’s group demonstrated that granulocyte-colony stimulating factor receptor (G-CSFR)
expression restricted to CD68" macrophages in otherwise G-CSFR-deficient mice is sufficient to
promote G-CSF-induced HSC mobilization to the spleen (Christopher et al., 2011). These studies
do not argue that macrophages maintain HSCs directly, but rather regulate the bone marrow
microenvironment.

Finally, megakaryocytes have recently been suggested to maintain HSCs. Frenette’s
group found that genetically ablating megakaryocytes using the conditional DTR allele driven by
Cxcl4-Cre (Tiedt et al., 2007) greatly increased bone marrow HSC number by driving HSCs into
cycle. Cxcl4” mice exhibited a similar effect (Bruns et al., 2014). However, this group defined
HSCs as CD150"LSK cells, a cell population that also contains megakaryocyte progenitors
(Oguro et al., 2013). It is not clear whether megakaryocyte ablation increases HSC numbers and
cell cycle activity or merely increases megakaryocyte progenitors. Linheng Li’s group also
ablated megakaryocytes using the same DTR system and observed mainly increases in bone
marrow ST-HSCs and MPPs and modestly increased HSC cycling activity. Deletion of 7gfb/
from megakaryocytes showed similar effects, suggesting that megakaryocytes maintain HSC
quiescence by secreting TGF-f3 (Zhao et al., 2014). Megakaryocytes may regulate HSCs in the
niche, although these results may also reflect increased HSC and progenitor activity to restore

homeostasis after gross perturbations of the hematopoietic system.
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1.10 Circadian regulation of the niche

The activity of the HSC niche is regulated in a circadian pattern. HSCs periodically
mobilize form the bone marrow to the blood during steady-state hematopoiesis. Mobilized HSCs
eventually home back to the bone marrow or to other hematopoietic tissues (Wright et al., 2001).
Paul Frenette’s group has reported that physiologic HSC mobilization to the blood occurs in a
circadian pattern. Circadian oscillation of HSC mobilization can be disrupted by perturbing the
light-dark cycle in mice, by genetically disrupting the circadian clock, or by disrupting the
sympathetic nervous system. CXCL12 protein level in the bone marrow is inversely correlated
with circadian HSC mobilization and is also dependent on the central circadian clock and
sympathetic tone (Mendez-Ferrer et al., 2008). Sympathetic nerves are proposed to act on bone
marrow stromal cells to modulate the expression of cell adhesion molecules on bone marrow
endothelial cells (Scheiermann et al., 2012). Pharmacologic HSC mobilization is most effective
at the circadian peak of HSC mobilization (Lucas et al., 2008).

Circadian oscillation of HSC mobilization may also be governed by clearance of
neutrophils in the bone marrow. Andrés Hidalgo’s group demonstrated that aged circulating
neutrophils are cleared by CD169" macrophages in the bone marrow. Neutrophil production and
clearance follow a circadian rhythm. Through a series of neutrophil transfer experiments and
macrophage engulfment assays, they showed that neutrophil clearance by bone marrow
macrophages reduces Cxcl12 expression in bone marrow stromal cells and mobilizes HSCs and
other progenitors to the blood (Casanova-Acebes et al., 2013). HSCs mobilize from the bone
marrow in a circadian pattern dependent on both the sympathetic nervous system and bone

marrow macrophage-mediated neutrophil clearance. The physiologic significance of this process
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is unknown, as mice with disrupted circadian HSC mobilization patterns do not have any

hematopoietic sequellae.

1.11 Extramedullary hematopoietic tissues

The HSC niche in the bone marrow has been intensively studied for decades, but niches
in other hematopoietic tissues have received comparatively little attention. The hematopoietic
system is unique among tissues in that its stem cells are mobile and home to different
hematopoietic organs throughout the course of development and during injury in adult mammals.
How HSCs adopt different niches during development and injury, the cellular components of
hematopoietic niches in different organs, and the extent to which these niches are similar are
currently unknown. The extramedullary tissues HSCs adopt during development and injury will

be reviewed here.

1.11.1 The fetal liver

Mammalian hematopoiesis occurs in different organs throughout ontogeny. Primitive
hematopoiesis, characterized by myelopoiesis and the production of nucleated erythrocytes, first
occurs extraembryonically in the yolk sac around 7.5 in mice. Definitive hematopoiesis,
producing all hematopoietic lineages, replaces primitive hematopoiesis beginning around e10.5
in mice. Definitive HSCs emerge from hemogenic endothelium in the aorta-gonad-mesonephros
region to initiate definitive hematopoiesis (Bertrand et al., 2010; Boisset et al., 2010; Eilken et
al., 2009), although lineage tracing studies suggest that some primitive yolk sac HSCs contribute
to definitive hematopoiesis (Samokhvalov et al., 2007), and quantitative analysis suggests that

the placenta produces some definitive HSCs (Gekas et al., 2005). By el1 in mice, definitive
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HSCs are found in the fetal liver where they participate in hematopoiesis. The cellular nature of
the hematopoietic niche in the fetal liver has not been studied, but it is clear that hematopoiesis in
this tissue depends on CXCL12 and SCF secretion (Ding et al., 2012; Nagasawa et al., 1996).
The properties of fetal liver and adult bone marrow HSCs differ significantly. Whereas
most bone marrow HSCs are quiescent, fetal liver HSCs cycle frequently and double in number
every day until e14.5 (Morrison et al., 1995). Most HSCs contribute to hematopoiesis in the fetal
liver, while only about one-third of adult bone marrow HSCs contribute to hematopoiesis
throughout mouse adulthood (Busch et al., 2015). Fetal HSCs also give higher levels of
reconstitution in lethally irradiated recipient mice (Morrison et al., 1995). The functional
differences between fetal liver and bone marrow HSCs may reflect differences in their respective

niches.

1.11.2 The spleen

The spleen is a site of hematopoiesis both during ontogeny and after injuries to the
hematopoietic system. Beginning at e14 and persisting for a few weeks postnatally, the spleen is
an active site of hematopoiesis. In adult mice, few HSCs remain in the spleen and hematopoiesis
occurs mainly in the bone marrow. The remaining HSCs in the spleen are competent to
reconstitute lethally irradiated recipient mice and are more likely to be in cycle than bone
marrow HSCs (Morita et al., 2011). The physiologic significance of the few HSCs in the adult
mouse spleen is not known. Increased hematopoiesis in the spleen supplements bone marrow
hematopoiesis in a number of hematopoietic disorders and accelerates hematopoietic recovery

after injury.
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During steady-state hematopoiesis, the spleen normally functions as a secondary
lymphatic tissue and as a filter for the blood. The spleen can be divided into two morphologically
and functionally distinct regions, the white pulp and red pulp. Histologically, white pulp appears
as white, circular regions surrounded by red pulp. B and T lymphocytes and antigen presenting
cells comprise the major cell types of the white pulp. The adaptive immune response to blood-
borne pathogens is initiated in white pulp germinal centers, where activated B cells proliferate.
The red pulp primarily serves as a filter for the blood. Pathogens, other foreign material, and
aged or damaged red blood cells and platelets are cleared from the bloodstream by resident red
pulp phagocytic cells. Red pulp cell types include macrophages, plasma cells, reticular stromal
cells, and myofibroblasts (Ross and Pawlina, 2006).

The vasculature of the spleen consists of a network of arteries, arterioles and sinusoids.
The splenic artery enters through the spleen hilum and branches into central arterioles. White
pulp organizes around the central arterioles, which further branch into radial arterioles and
capillaries. The white pulp vasculature is thus mainly arterioles and capillaries. Red pulp
vasculature is mainly an open circulation comprised of a large network of sinusoids. Sinusoids
are a specialized blood vessel consisting of a single layer of endothelium with large fenestrations
to allow for cell trafficking. Sinusoids are found in lymphatic tissue, liver, and bone marrow.

Blood exits the red pulp through the splenic vein (Cesta, 2006).

1.12 Extramedullary hematopoiesis in the spleen
During injuries to the hematopoietic system, bone marrow may be insufficient to
maintain homeostasis of the hematopoietic system. Increased hematopoiesis in hematopoietic

tissues other than the bone marrow, a phenomenon termed extramedullary hematopoiesis
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(EMH), supplements bone marrow hematopoiesis during injury. In mice, the spleen is a major
site of EMH. During EMH, HSCs and other hematopoietic progenitors mobilize from the bone
marrow to the spleen and undergo primarily myelopoiesis and erythropoiesis. EMH occurs in the
red pulp of the spleen and can result in massive red pulp expansion and increased overall spleen
size. EMH can persist for the duration of the hematopoietic insult, which may last months or
years. Many injuries can cause EMH. The most relevant hematopoietic injuries resulting in EMH
are reviewed in this section.

Primary myelofibrosis (PMF) is the prototypical bone marrow injury causing EMH. PMF
is a clonal HSC disorder involving increased myelopoiesis and megakaryopoiesis (Ciurea et al.,
2007). Most cases of PMF are caused by activating JAK2 mutations, MPL mutations, or
calreticulin truncations in hematopoietic cells (Baxter et al., 2005; Klampfl et al., 2013;
Kralovics et al., 2005; Levine et al., 2005; Nangalia et al., 2013; Pardanani et al., 2006). Bone
marrow stromal cells do not harbor causal genetic mutations in PMF patients (Wang et al.,
1992), although mouse models with stromal mutations can induce PMF (Walkley et al., 2007a;
Walkley et al., 2007b). Imbalanced hematopoiesis in this disease, especially increased
megakaryopoiesis, leads to overproduction of various cytokines, including TGF-f3 and platelet-
derived growth factor, resulting in a pro-fibrotic bone marrow stromal reaction (Chagraoui et al.,
2002; Reilly, 1992; Tefferi, 2005; Vannucchi et al., 2002). Secondary bone marrow fibrosis
causes hematopoietic insufficiency and anemia, resulting in EMH in the spleen and other tissues;
in some cases, EMH is the only source of hematopoiesis (Ferrant et al., 1982).

Anemia is also a general cause of extramedullary hematopoiesis in the spleen. Many
diseases and injuries can lead to anemia and only representative examples of genetic and

acquired anemia are presented here. Beta thalassemia is a congenital blood disorder caused by
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ineffective hemoglobin production, resulting in defective erythropoiesis and increased peripheral
erythrocyte destruction (Martin and Thompson, 2013). EMH, especially erythropoiesis, occurs in
the spleen and liver of beta thalassemia patients. EMH is directly related to anemia, as blood
transfusion restores normal hemoglobin levels and reverses hepatosplenomegaly associated with
EMH (Rund and Rachmilewitz, 2005). Acquired anemia can also cause EMH. Chronic blood
loss in mice causes mobilization of HSCs and other progenitors to the spleen and massively
increased spleen erythropoiesis (Cheshier et al., 2007).

Pregnancy in mice increases hematopoiesis in the spleen. Blood volume increases
substantially in the pregnant mouse, and erythropoiesis must similarly increase to maintain
appropriate hematocrit levels. The pregnant mouse spleen approximately doubles in weight and
exhibits 40-fold increased erythropoiesis (Fowler and Nash, 1968). EMH in the spleens of
pregnant mice is dependent on estrogen signaling in HSCs, as deletion of the estrogen receptor
from HSCs reduces the EMH response during pregnancy (Nakada et al., 2014). It is not known
whether EMH occurs during pregnancy in humans, but there is evidence that spleen volume
increases during human gestation (Maymon et al., 2006; Sheehan and Falkiner, 1948).

EMH also occurs during infection. In a mouse model of Mycobacterium avium infection,
HSCs are driven into cycle by IFNy and mobilize to the spleen. Other hematopoietic progenitors
mobilize to the spleen as well (Baldridge et al., 2010). Infection with Escherichia coli similarly
mobilizes HSCs and progenitors to the spleen. Mobilization in this context is dependent on TLR
and NOD signaling (Burberry et al., 2014). EMH in the spleen during infection presumably
creates granulocytes to fight the infectious agent.

Finally, myeloablative chemotherapy induces EMH. A number of chemotherapeutics can

induce EMH in the spleen. One well-characterized myeloablative regimen involves a single
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treatment with cyclophosphamide followed by daily injections of granulocyte-colony stimulating
factor (G-CSF). Cyclophosphamide, an alkylating agent, kills dividing hematopoietic cells in the
bone marrow, and G-CSF promotes subsequent hematopoietic recovery. This treatment regimen
has a well-defined and reproducible time course in mice. After the second G-CSF injection,
HSCs in the bone marrow divide symmetrically. By the third injection, HSCs mobilize to the
blood and home to the spleen after the fourth injection. HSCs remain in the spleen for the
duration of treatment (Morrison et al., 1997). EMH in the spleen has also been reported in a
patient who received intermittent G-CSF following a chemotherapy regimen that included

cyclophosphamide (Litam et al., 1993).

1.13 The hematopoietic niche in the spleen

Although EMH in the spleen supplements insufficient bone marrow hematopoiesis in a
number of disease conditions and accelerates hematopoietic recovery after injury, almost nothing
is known about the cellular components of the hematopoietic niche in the spleen. Early spleen
transplantation studies suggest that Scf'is necessary for EMH to occur in the spleen (Bernstein,
1970; Wolf, 1978). Localization of HSCs in the spleens of Cy+G-CSF treated mice using SLAM
markers found that all HSCs localized in the red pulp and most were adjacent to sinusoidal
endothelium (Kiel et al., 2005). This has led to the hypothesis that cells near sinusoids maintain
HSCs during EMH. However, little work has been performed to identify the cellular components
of the hematopoietic niche in the spleen. The current understanding of the hematopoietic niche in
the spleen is reviewed below.

CD169" macrophages, which have been suggested to regulate the HSC niche in the bone

marrow, have also been implicated in supporting EMH. Using mice that expressed DTR under
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control of the CD169 promoter, Paul Frenette’s group discovered that CD169" macrophages
support erythropoiesis in the spleen after injury. Mice were depleted of CD169" macrophages by
diphtheria toxin administration and treated with 5-fluorouracil (SFU), a myeloablative
chemotherapy that induces EMH in the spleen. Macrophage-depleted mice exhibited slowed
erythropoietic recovery and reduced erythroblast numbers in the spleen after SFU treatment.
Further, mice depleted of macrophages exhibited reduced splenic erythropoiesis in a model of
polycythemia vera (Chow et al., 2013). These experiments suggest that CD169" macrophages
support erythropoiesis in the spleen during recovery from at least some hematopoietic injuries.

Splenic CD169" macrophages have recently been suggested to maintain HSCs in the
spleen through VCAM-1. Matthias Nahrendorf’s group used a model of atherosclerosis to induce
EMH in the spleen (Dutta et al., 2012). They used this model in combination with short
interfering RNA (siRNA) knockdown of VCAM-1 in macrophages. siRNA against VCAM-1
was delivered in liposomes, which preferentially target macrophages. Mice with VCAM-1
knockdown had fewer HSCs in the spleen and more HSCs in the peripheral blood than control
mice after atherosclerosis (Dutta et al., 2015). These experiments suggest that VCAM-1

expression in splenic CD169" macrophages retains HSCs in the spleen.

1.14 Statement of purpose

The activation of facultative niches during injury is a fundamental property of HSCs, yet
very little is known about the cellular nature of any extramedullary hematopoietic niche. Indeed,
the activation or creation of secondary niches after tissue injury is critical to accelerate repair and
may underlie the regenerative capacity of mammalian tissues. As explained in previous sections,

the mouse hematopoietic system provides a powerful model of dynamic niche activation. The
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induction of hematopoiesis in the spleen involves activation or creation of a new niche in the
spleen, yet very little work has been done to characterize this niche. I have used validated genetic
tools and a well-characterized hematopoietic injury model to phenotypically and functionally
identify the first stromal components of the hematopoietic niche in the spleen.

I began this project by using Sc/“*" and Cxcl12*** mice to phenotypically identify the
sources of these niche factors in the spleen. I discovered that endothelial and perivascular
stromal cells express Scf and a subset of perivascular stromal cells express Cxc//2. I then
characterized these cells during steady-state hematopoiesis and after various treatment time
points with Cy+G-CSF. I performed gene expression profiling on the Sc/~GFP" cells in the
spleen to find genes specifically expressed in spleen niche cells. Using this list of genes, I tested
many Cre driver mice to find a Cre allele that deleted specifically in these cells. I discovered that
Tcf21-CreER recombines specifically in spleen perivascular stromal cells and that Vavi-Cre
recombines specifically in spleen endothelial cells. I used these Cre alleles to delete Scf or
Cxcl12 from endothelial and perivascular stromal cells to investigate whether endothelial or
perivascular stromal cells maintained HSCs or other hematopoietic progenitors in the spleen after
Cy+G-CSF treatment. I discovered that perivascular cells secrete both SCF and CXCL12 and
that endothelial cells secrete SCF, but not CXCL12, to maintain hematopoiesis in the spleen after
injury. These studies represent the first in depth genetic analysis of the hematopoietic niche in

the spleen.
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Figure 1.1. Hematopoiesis proceeds from HSCs through a series of more committed
progenitors. HSCs reside at the top of the hematopoietic hierarchy. HSCs can divide
asymmetrically to generate a more differentiated hematopoietic progenitor in addition to another
HSC, or symmetrically to generate two new HSCs. HSCs have the greatest self-renewal
potential. Generation of mature, terminally differentiated hematopoietic cells is achieved through
a series of committed progenitor cells with limited self-renewal potential. HSC, hematopoietic
stem cell; MPP, multipotent progenitor; CMP, common myeloid progenitor; CLP, common
lymphoid progenitor; MEP, megakaryocyte-erythroid progenitor; GMP, granulocyte-monocyte
progenitor; RBC, red blood cell. Adapted from (Oguro et al., 2013).
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Figure 1.2. Nestin-GFP""#" cells express low levels of Cxcl/12 and Scf, and NG2-CreER-
expressing cells do not maintain HSCs through CXCL12 or SCF secretion. a, Flow
cytometrically sorted bone marrow Nestin-GFP*#" cells express much lower levels of Cxcl12
and Scf mRNA than bone marrow Nestin-GFP*™ cells as measured by quantitative PCR (n=3-4
independent biological replicates for each population; transcript levels were normalized to -
actin mRNA and bars represent expression level relative to unfractionated bone marrow cells
(BM)). b-¢, Deletion of Cxcl12 using NG2-CreER had no effect on bone marrow or spleen HSC
frequency (b) and no effect on bone marrow long-term competitive reconstitution (¢). d-e,
Deletion of Scf using NG2-CreER had no effect on bone marrow or spleen HSC frequency (d)
and no effect on bone marrow long-term competitive reconstitution (e). Mice aged 4-6 weeks
were injected intraperitoneally with tamoxifen (100 mg/kg) once daily for 5 consecutive days.
After 4 weeks, mice were killed and analyzed for HSC frequency by flow cytometry. 3x10° bone
marrow cells and an equal number of wild-type competitor cells were transplanted into lethally
irradiated recipients for long-term competitive reconstitution assays (n=5-7 mice per genotype in

5-7 independent experiments; +, wild-type or floxed allele; -, null allele; A, recombined floxed
allele).
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CHAPTER 2

THE NICHE FOR EXTRAMEDULLARY HEMATOPOIESIS IN THE SPLEEN

2.1 Summary

Adult hematopoietic stem cells (HSCs) reside primarily in bone marrow (Morrison and Scadden,
2014). However, hematopoietic stresses such as myelofibrosis (Abdel-Wahab and Levine, 2009),
anemia (Bennett et al., 1968; Cheshier et al., 2007), pregnancy (Fowler and Nash, 1968; Nakada
et al., 2014), infection (Baldridge et al., 2010; Burberry et al., 2014) or myeloablation (Morrison
et al., 1997) can mobilize HSCs to the spleen and induce extramedullary hematopoiesis (EMH).
While the bone marrow HSC niche has been studied intensively, the EMH niche has received
little attention. Here, we systematically assessed the physiological sources of the key niche
factors, SCF (Wolf, 1978) and CXCL12 (Kollet et al., 2003), in normal spleen and after EMH
induction by cyclophosphamide plus granulocyte colony-stimulating factor (Morrison et al.,
1997). Scf was expressed by endothelial cells and Tcf21 " perivascular stromal cells, primarily
around sinusoids in red pulp, while Cxc/12 was expressed by a subset of 7cf21" stromal cells.
EMH induction markedly expanded the Scf-expressing endothelial cells and stromal cells by
inducing their proliferation. Deep imaging and digital reconstruction of optically cleared spleen
found more than 80% of HSCs within Spum of a Tcf21 " stromal cell in red pulp. Conditional
deletion of Scf from spleen endothelial cells did not affect bone marrow hematopoiesis but
severely impaired EMH, depleting HSCs and myeloid progenitors from the spleen. Conditional
deletion of Scfor Cxcll2 using Tcf21-CreER also did not affect bone marrow hematopoiesis but
severely impaired EMH. Endothelial cells and 7¢f2/-expressing perivascular stromal cells in red

pulp thus create the splenic niche for EMH.
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2.2 Results and discussion

The hematopoietic system differs from many other tissues by employing facultative niches
that change in response to injury. Adult hematopoiesis occurs primarily in the bone marrow of
mammals. However, a wide range of hematopoietic stresses induce extramedullary
hematopoiesis (EMH) in which hematopoietic stem cells (HSCs) are mobilized to sites outside
the bone marrow to expand hematopoiesis (Johns and Christopher, 2012). While the spleen is
known mainly as a secondary lymphoid organ in which lymphocytes are activated in the white
pulp (Mueller and Germain, 2009), the splenic red pulp is a prominent site of EMH in mice and
humans (Freedman and Saunders, 1981; Johns and Christopher, 2012; Lowell et al., 1996;
Tavassoli and Weiss, 1973). During EMH, HSCs are found mainly around sinusoids in the red
pulp, raising the possibility of a perisinusoidal niche (Kiel et al., 2005). CXCL12 expression has
been observed in sinusoidal endothelial cells in red pulp of the human spleen (Miwa et al., 2013)
and macrophage ablation reduces splenic erythropoiesis after irradiation (Chow et al., 2013).
However, little else is known about the expression patterns of niche factors in the spleen or the
sources of factors that promote EMH. A fundamental but largely unexplored question concerns
the nature of the EMH niche and the changes that enable EMH in adult spleen.

HSCs are rare in normal adult spleen (Morita et al., 2011) but myeloablation with
cyclophosphamide followed by daily administration of granulocyte colony-stimulating factor (G-
CSF) induces HSC mobilization from the bone marrow to the spleen and induction of EMH
(Morrison et al., 1997). We used this model to identify the sources of key niche factors for EMH
in the adult mouse spleen. We distinguished red pulp from white pulp in spleen sections based on

morphology and anti-Laminin antibody staining. White pulp contains a dense network of small-
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diameter radial arterioles branching off central arterioles, whereas red pulp contains a loose
network of large-diameter sinusoids (Cesta, 2006). Laminin staining was bright and continuous
around arterioles but dim and fenestrated around sinusoids (Figure 2.5a and 2.5b). CD3" T cells
clustered in white pulp within regions of dense Laminin staining whereas Ter119" erythroid
progenitors clustered in red pulp with less Laminin staining (Figure 2.5a and 2.5b). Upon EMH
induction by cyclophosphamide plus 21 days of G-CSF (Cy+21d G-CSF), erythropoiesis and
myelopoiesis increased in the red pulp, increasing spleen size, spleen cellularity, HSC number,
and erythroid and myeloid progenitor numbers in the spleen (Figure 2.5¢-2.5j). Spleen B and T
cell numbers did not significantly change (Figure 2.5k).

To characterize the EMH niche we first examined the Scf'and Cxcli2 expression patterns
in spleen sections from Scf“*™™*; Cxcl12”*”* mice (Ding and Morrison, 2013; Ding et al.,
2012). In normal adult spleens and after EMH induction by Cy+21d G-CSF, Sc/~GFP and
Cxcl12-DsRed were primarily expressed throughout the spleen red pulp (Figure 2.1a, 2.1b and
Fig 2.5n, 2.50). Red pulp endothelial cells and perivascular stromal cells expressed high levels of
Scf~GFP, irrespective of EMH induction (Figure 2.1a-2.1c and Figure 2.5n, 2.50). In white pulp,
Scf~GFP was expressed by many fewer stromal cells and central arteriolar endothelial cells
(Figure 2.1a, 2.1b and Figure 2.5n, 2.50). Radial arteriolar endothelial cells in white pulp rarely
expressed Sc/~-GFP (Figure 1b and Figure 2.50). Cxc/12-DsRed was not expressed by endothelial
cells but was expressed by a subset of Sc-GFP" perivascular stromal cells, primarily around red
pulp sinusoids but to a lesser extent around white pulp central arterioles (Figure 2.1a-2.1c and
Figure 2.5n, 2.50).

In normal adult spleen, Sc/~GFP" cells represented 0.48+0.10% (Figure 2.1d) and Cxc/I2-

DsRed" represented 0.031+0.011% (Figure 2.1f) of enzymatically dissociated spleen cells. Most
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Scf~GFP" cells (75+5.8%) were VE-Cadherin CD45 Ter119™ endothelial cells (Figure 2.1 e).
Indeed, 85+8.2% of all VE-Cadherin’CD45 Ter119 spleen endothelial cells were Sc/~GFP" and
none expressed Cxcl/2-DsRed (Figure 2.1 ¢). Non-endothelial Sc/-GFP" cells were virtually all
PDGFRB'CD45 Ter119 stromal cells (Figure 2.1 d). A minority of Sc/~GFP" stromal cells
(22+3.8%) also expressed Cxcll2-DsRed (Figure 2.1 d) while virtually all Cxc//2-DsRed"
stromal cells expressed Scf~-GFP (Figure 2.1 f). Therefore, in adult spleen Scfis expressed by
VE-Cadherin” endothelial cells and PDGFRB" stromal cells while Cxc/12 is expressed by a
minority of the Scf~expressing stromal cells, primarily around red pulp sinusoids.

EMH induction did not appear to alter spleen Sc/~GFP or Cxcl/12-DsRed expression
patterns (see Figure 2.1 a versus Figure 2.5n). Flow cytometric analysis showed no change in
GFP or DsRed fluorescence intensity of individual Sc/~GFP or Cxcl12-DsRed expressing spleen
cells after EMH induction (Figure 2.51 and 2.5m). However, the frequencies and absolute
numbers of Scf/~GFP and Cxcll2-DsRed cells increased significantly upon EMH induction
(Figure 2.1 g-2.11). Scf~GFP" endothelial cells and perivascular stromal cell frequencies
approximately doubled (Figure 2.1 k) and their absolute numbers increased at least 6-fold
(Figure 2.1 1). Sc/~GFP"VE-Cadherin" endothelial cells, Sc/~GFP"VE-Cadherin” stromal cells,
and Cxcl12-DsRed" stromal cells rarely divided in normal adult spleen but all proliferated during
the first 7 days of G-CSF administration when EMH was induced (Figure 2.1 m and 2.1n). This
suggests that niche cell expansion facilitates increases in spleen HSC frequency (Figure 2.5g)
and hematopoiesis (Figure 2.5h-2.5j) after EMH induction.

LepR " stromal cells are the main sources of Scf'and Cxc/12 for HSC maintenance in the
bone marrow (Ding and Morrison, 2013; Ding et al., 2012; Zhou et al., 2014). In the spleens of

Lepr-cre; tdTomato mice, Tomato was expressed mainly in white pulp where HSCs are not
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observed (Kiel et al., 2005). A few Tomato " stromal cells were present around red pulp arteries
and arterioles (Figure 2.6a). Only about 20% of Scf-GFP" stromal cells expressed LepR (Figure
2.6b). LepR" cells were VE-Cadherin” (Figure 2.6b) and PDGFRpB " (Figure 2.6¢) stromal cells
that accounted for 37+13% of the CFU-F formed by enzymatically dissociated spleen cells
(Figure 2.6d).

Consistent with our prior study (Ding et al., 2012), young adult Lepr-cre; Scjﬂ " mice
exhibited a significant decrease in the frequency of CD150"CD48 LSK HSCs in the bone
marrow and a significant increase in spleen cellularity relative to Scf™ and S¢f™" controls
(Figure 2.6¢ and 2.6f). However, upon EMH induction by Cy+4d G-CSF, Lepr-cre; Scf”” mice
exhibited significant declines in spleen cellularity and spleen HSC number relative to S¢f™ and
Scf” " (Figure 2.6f and 2.6g). LepR " perivascular stromal cells could, therefore, contribute to the
EMH niche in adult spleen; however, this may also reflect the depletion of HSCs in the bone
marrow (Figure 2.6e) prior to EMH induction.

To identify Cre alleles that recombine in spleen, but not bone marrow, stromal cells we
assessed the gene expression profile of spleen Sc/~GFP"VE-Cadherin™ stromal cells (Table 2.1).
Nestin, NG2 (Cspg4), and PrxI were expressed at low or undetectable levels (data not shown).
Nestin-Cre (Tronche et al., 1999), NG2-Cre (Zhu et al., 2008), NG2-CreER (Zhu et al., 2011),
and Prx/-Cre (Logan et al., 2002) did not recombine widely or specifically in Sc/-GFP" stromal
cells in the spleen (data not shown). Pdgfira and Pdgfrb were both expressed by spleen Scf-GFP"
stromal cells but neither Pdgfra-CreER (Rivers et al., 2008) nor Pdgfrb-Cre (Cuttler et al., 2011)
recombined efficiently in these cells (data not shown). Sm22 (Tagin), Myhl 1, Sma (Acta2), and
Tcf21 were significantly more highly expressed by spleen than bone marrow Sc/~GFP" stromal

cells (Table 2.1). However, Sm22-Cre (Holtwick et al., 2002), Myh11-Cre (Xin et al., 2002), and
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Sma-CreER (Wendling et al., 2009) recombined in few spleen Sc/~GFP" stromal cells (data not
shown). None of these Cre alleles could be used to analyze the spleen EMH niche.

Tcf21-CreER (Acharya et al., 2011) recombined efficiently in spleen Sc/-GFP" stromal
cells (Figure 2.2a) but not in bone marrow at all (Figure 2.2b and Figure 2.7a). Tcf21-creER;
tdTomato mice that were gavaged with tamoxifen for 12 days at 4-6 weeks of age expressed
Tomato in Sc-GFP" stromal cells throughout red pulp (Figure 2.2a and 2.2c) but only in rare
cells in white pulp (Figure 2.2a) and not in VE-Cadherin" endothelial cells (Figure 2.2¢ and
2.2d). The Tc¢f21-CreER recombination pattern was similar after induction of EMH (Figure
2.7b). By flow cytometry, 85% of Sc/~GFP" stromal cells were positive for Tomato (Figure
2.2d). Tomato CD45 Ter119™ stromal cells from enzymatically dissociated Tcf21-creER;
tdTomato spleens accounted for 0.085+0.045% of spleen cells and 69+2% of spleen CFU-F
(Figure 2.2e and 2.2f). These cells were uniformly positive for PDGFRa, PDGFRf, and Sca-1
but negative for LepR (Figure 2.2e).

We examined the localization of HSCs and c-kit" hematopoietic progenitors in the
spleen relative to Tcf21-CreER-expressing cells. c-kit” hematopoietic progenitors were almost
exclusively within red pulp in the normal spleen (Figure 2.7¢) and after EMH induction (Figure
2.2j). We previously showed that CD150'CD48 Lineage” HSCs localized adjacent to red pulp
sinusoids in spleens with EMH (Kiel et al., 2005). A limitation of imaging rare HSCs in tissue
sections is that only small numbers of HSCs can be localized. To assess larger numbers of HSCs,
we used a new technique that permits deep-imaging of a-catulin-GFP'c-kit" HSCs in optically
cleared hematopoietic tissues (Acar et al., 2015). a-catulin is highly restricted in its expression to
HSCs in the bone marrow, where 1 in 3 a-catulin-GFP c-kit cells give long-term multilineage

reconstitution of irradiated mice (Acar et al., 2015). In the spleens of mice treated with Cy+4d G-
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CSF, only 0.011+0.002% of splenocytes were a-catulin-GFP c-kit™ (Figure 2.2g). In competitive
reconstitution assays, all long-term multilineage reconstituting cells in the spleen were o-catulin-
GFP’, and 1 in 3.6 a-catulin-GFP c-kit" spleen cells gave long-term multilineage reconstitution
(Figure 2.2h). These cells also gave long-term multilineage reconstitution in secondary recipient
mice (data not shown). This level of purity is similar to the best markers available.

After antibody staining of a large segment of Tcf21-creER; tdTomato; a-catulin®™"*
spleen, we cleared the tissue (Figure 2.7d) then used confocal microscopy to acquire tiled, Z-
stacked optical sections to a depth of 300 um and digitally reconstructed the tissue (Video 1). a-
catulin-GFP"c-kit" HSCs were found exclusively within the red pulp, where 49% were
immediately adjacent to Tomato" stromal cells and 81% were within Sum (Figure 2.2i and 2.2j).
By comparison, only 12% and 44% of random spots were immediately adjacent to Tomato"
stromal cells or within Sum, respectively (Figure 2.21). HSCs thus localize adjacent to 7cf21-
CreER-expressing stromal cells associated with sinusoids in the red pulp of the spleen.

To test if Tcf21-CreER-expressing perivascular cells are an important source of SCF for
EMH, we treated Tcf21-creER; Scf/™" and littermate control mice with tamoxifen for 12 days at
4-6 weeks of age. A month later, bone marrow and spleen cellularity, blood cell counts, and bone
marrow hematopoiesis were normal in Tcf21-creER; Scf"” mice relative to littermate controls
(Figure 2.3a-2.3g and Figure 2.8a-2.8f). Then we treated Tcf2/-creER; Sch " mice and littermate
controls with cyclophosphamide followed by 4, 8, or 21 days of G-CSF. Relative to littermate
controls, Tcf21-creER; Scf” ™ mice had significantly reduced spleen cellularity (Figure 2.3a) and
significantly reduced numbers of spleen CD150 CD48 Lineage Sca-1"c-kit” HSCs (Figure 2.3b),
common myeloid progenitors (CMPs (Akashi et al., 2000); Figure 2.3c), granulocyte-monocyte

progenitors (GMPs (Akashi et al., 2000); Figure 2.3d) and megakaryocyte-erythroid progenitors
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(MEPs (Akashi et al., 2000); Figure 2.3e) after 8 to 21 days of G-CSF treatment. 7cf21-creER;
Scf"" mice did not differ from controls with respect to bone marrow cellularity or the numbers of
HSCs, CMPs, GMPs, or MEPs in the bone marrow, irrespective of Cy+G-CSF treatment (Figure
2.3f and 2.3g and Figure 2.8d-2.8f). Consistent with the reduced spleen EMH, Tcf21-creER;
Sc/™" mice had significantly reduced white blood cell, red blood cell, and platelet counts after 8
to 21 days of G-CSF treatment (Figure 2.8a-2.8c). Conditional deletion of Scf'in Tcf21-CreER-
expressing stromal cells thus depletes HSCs and reduces EMH in the spleen without affecting
bone marrow HSC number or hematopoiesis.

We also conditionally deleted Cxc/12 from Tcf21-CreER-expressing cells. Bone marrow
and spleen cellularity, blood cell counts, and bone marrow hematopoiesis were normal in 7¢f21-
creER; Cxcl12" mice relative to littermate controls (Figure 2.3h-2.3n and Figure 2.8j-2.81).
Then we treated Tcf21-creER; Cxcll12”" mice and littermate controls with Cy+G-CSF. Relative
to Cxcl12"" or Cxcl12" controls, Tcf21-creER; Cxcll2™ mice exhibited significantly reduced
spleen cellularity (Figure 2.3h) and significantly reduced numbers of spleen CMPs (Figure 2.3j),
GMPs (Figure 2.3k), and MEPs (Figure 2.31) after 8 to 21 days of G-CSF treatment. In bone
marrow, Tcf21-creER; Cxcll2" mice had normal cellularity and normal numbers of CMPs,
GMPs, and MEPs (Figure 2.8m, 2.8j-2.81). Although the number of HSCs in the spleens of
Tcf21-creER; Cxell2™ mice did not significantly differ from littermate controls (Figure 2.31),
HSC numbers were significantly elevated in the blood and in the bone marrow of Tcf21-creER;
Cxcl12" mice after 21 days of G-CSF treatment (Figure 2.3n and 2.30). This suggests that some
HSCs were mobilized from the spleens of Tcf21-creER; Cxcll2" mice. Tef21-creER; Cxcll2™

mice also had significantly reduced red blood cell counts after 21 days of G-CSF treatment
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(Figure 2.8g-2.81). Tcf21-CreER-expressing stromal cells are thus an important source of
CXCL12 for EMH in the spleen without reducing bone marrow HSC number or hematopoiesis.

To test the significance of SCF expression by spleen endothelial cells we sought a Cre
allele that would recombine in spleen but not bone marrow endothelium. Although Vavi-Cre is
best known for its ability to recombine in hematopoietic cells (de Boer et al., 2003), we
discovered it also recombines efficiently in spleen but not bone marrow endothelial cells. Vavi-
cre; tdTomato mice exhibited Tomato expression throughout the red pulp that overlapped with
VE-Cadherin staining and rare recombined cells in the white pulp (Figure 2.4a and 2.4b).
Tomato CD45 Ter119 cells from Vavi-cre; tdTomato spleens accounted for 0.35+0.05% of
enzymatically dissociated spleen cells and were uniformly positive for VE-Cadherin but
uniformly negative for PDGFRp (Figure 2.4c). 70£5% of VE-Cadherin” spleen endothelial cells
were Tomato' in Vavi-cre; tdTomato mice but only 8.4+0.5% were Tomato" in the bone marrow
(Figure 2.4d). VavI-Cre thus recombined efficiently in spleen endothelial cells but not spleen
stromal cells or bone marrow endothelial cells.

Cxcl12 was not expressed by spleen endothelial cells (Figure 2.1e). Consistent with this,
Vavi-cre; Cxcll12" mice had normal blood counts, cellularity, and numbers of HSCs, CMPs,
GMPs, and MEPs in bone marrow and spleen after Cy+G-CSF (Figure 2.9a-2.9m).

Although VavI-Cre recombines in hematopoietic cells (de Boer et al., 2003),
hematopoietic cells do not express Scfand Vavi-cre; Scf”” mice have normal HSC frequency,
HSC function, and hematopoiesis in bone marrow (Ding and Morrison, 2013; Ding et al., 2012).
Scf transcript levels in spleen endothelial cells from Vavi-cre; Scf’” mice were only at 14+6% of
control levels (Figure 2.4¢). Prior to EMH induction with Cy+G-CSF, Vavi-cre; Scf’” mice did

not significantly differ from Sc/’" controls with respect to bone marrow or spleen cellularity, or
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the numbers of HSCs, CMPs, GMPs, or MEPs in the bone marrow or spleen (Figure 2.4f-2.41
and Figure 2.99-2.9s). However, when we induced EMH we observed significant declines in
spleen cellularity and the numbers of spleen HSCs, CMPs, GMPs, and MEPs in VavI-cre; Scf”
mice relative to littermate controls after 4 to 21 days of G-CSF treatment (Figure 2.4f-2.4;).
Vavl-cre; Scf”" mice did not significantly differ from Sc/” controls with respect to bone marrow
cellularity or the numbers of bone marrow HSCs, CMPs, GMPs, or MEPs irrespective of Cy+G-
CSF treatment (Figure 2.4k, 2.41 and Figure 2.99-2.9s). Consistent with reduced spleen EMH,
Vavl-cre; Scf”" mice had significantly reduced red blood cell counts relative to Scf”” controls
(Figure 2.9n-2.9p). Conditional deletion of Scf from spleen endothelial cells thus depletes HSCs
and reduces EMH in the spleen without significantly affecting bone marrow HSC number or
hematopoiesis.

Our data demonstrate that the EMH niche in mouse spleen is created by endothelial cells
and Tcf2[-expressing stromal cells associated with red pulp sinusoids, providing an explanation
for the long-standing observation that EMH occurs around red pulp sinusoids. These SCF and
CXCLI12-expressing cells are present in normal adult spleen but are largely quiescent. Upon
induction of EMH by cyclophosphamide/G-CSF, both niche cell types are induced to proliferate
and markedly expand in number. The companion study from Grunewald et al. (submitted)
demonstrates that VEGF over-expression in adult liver is sufficient to induce EMH in the liver
and spleen, partly by expanding mesenchymal stromal cells in the spleen - likely the Tcf21-
expressing cells we identified. Grunewald et al. further demonstrate that G-CSF-induced EMH
depends upon VEGF expression, suggesting that VEGF is a key physiological signal for EMH
induction and splenic niche cell expansion. Together these studies characterize both the nature of

the EMH niche and the molecular signals that induce EMH in adult mammals.
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2.3 Methods

Mice

All mice were maintained on a C57BL/6 background, including Scf® P (Ding et al., 2012),
Scf”" (Ding et al., 2012), Cxcl12”%*’* (Ding and Morrison, 2013), Cxcl/2"* (Ding and
Morrison, 2013), Rosa26-tdTomato (Madisen et al., 2010), Vavi-cre (de Boer et al., 2003), Lepr-
cre (DeFalco et al., 2001), Tcf21-creER (Acharya et al., 2011) and a-catulin®”". To induce
CreER activity in Tcf21-creER mice, 4-6-week-old mice were administered 2 mg tamoxifen
(Sigma) daily by oral gavage for 12 consecutive days. For induction of EMH, mice were injected
at day 0 with a single dose of 4 mg cyclophosphamide followed by daily injections of 5 ug G-
CSF for 4 to 21 days. Both male and female mice were used in these studies. All mice were
housed in the Animal Resource Center at the University of Texas Southwestern Medical Center
(UTSW). All procedures were approved by the UTSW Institutional Animal Care and Use

Committee.

Flow cytometric analysis of hematopoietic cells

Bone marrow cells were isolated by flushing the femur or tibia with Ca*" and Mg®" free HBSS
with 2% heat-inactivated bovine serum using a 3 ml syringe fitted with a 25-gauge needle.
Spleen cells were obtained by crushing the spleen between two frosted slides. The cells were
dissociated to a single cell suspension by gently passing through the needle several times and
then filtering through a 40 pm nylon mesh. Blood was collected by cardiac puncture, and white
blood cells were isolated by ficoll centrifugation according to the manufacturer’s instructions

(GE Healthcare). The following antibodies were used to isolate HSCs: anti-CD150 (TC15-

45



12F12.2), anti-CD48 (HM48-1), anti-Sca-1 (E13-161.7), anti-c-kit (2B8) and the following
antibodies against lineage markers (anti-Ter119, anti-B220 (6B2), anti-Gr1 (8C5), anti-CD2
(RM2-5), anti-CD3 (17A2), anti-CD5 (53-7.3) and anti-CDS (53-6.7)). Hematopoietic
progenitors were identified by flow cytometry using the following antibodies: anti-Sca-1 (E13-
161.7), anti-c-kit (2B8) and the following antibodies against lineage markers (anti-Ter119, anti-
B220 (6B2), anti-Gr1 (8C5), anti-CD2 (RM2-5), anti-CD3 (17A2), anti-CD5 (53-7.3) and anti-
CDS8 (53-6.7)), anti-CD34 (RAM34), anti-CD135 (FIt3) (A2F10), anti-CD16/32 (FcyR) (93),
anti-CD127 (IL7Ra) (A7R34), anti-CD24 (M1/69), anti-CD43 (1B11), anti-B220 (6B2), anti-
IgM (11/41), anti-CD3 (17A2), anti-Gr-1 (8C5), anti-Mac-1 (M1/70), anti-CD41 (MWReg30),
anti-CD71 (C2) and anti-Ter119. DAPI was used to exclude dead cells. Antibodies were

obtained from eBioscience or BD Bioscience.

Flow cytometric analysis of stromal cells

To isolate bone marrow stromal cells the marrow was gently flushed out of the bone marrow
cavity with a 3-ml syringe fitted with a 23-guage needle and then transferred into 1 ml pre-
warmed bone marrow digestion solution (200 U/ml DNase I (Sigma), 250 pg/ml Liberase”"
(Roche) in HBSS plus Ca*"and Mg2+) and incubated at 37°C for 30 minutes with gentle shaking.
To isolate splenic stromal cells, the spleen capsule was cut into ~1 mm’ fragments using scissors
and then digested as above in spleen digestion solution (200 U/ml DNase I, 250 pg/ml
Liberase™", 1 mg/ml Collagenase, type 4 (Roche) and 500 pg/ml Collagenase D (Roche) in
HBSS plus Ca*" and Mg®"). After a brief vortex, the spleen fragments were allowed to sediment
for ~3 minutes and the supernatant was transferred to another tube on ice. The sedimented

(undigested) spleen fragments were subjected to a second round of digestion. The two fractions
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of digested cells were pooled and filtered through a 100 um nylon mesh. Anti-PDGFRa (APAS),
anti-PDGFRf (APBS), anti-LepR (R&D), anti-CD45 (30F-11) and anti-Ter119 antibodies were
used to isolate stromal cells. For analysis of endothelial cells, mice were injected intravenously
into the retro-orbital venous sinus with 10 pg Alexa Fluor 660 conjugated anti-VE-Cadherin
antibody (BV13) 10 minutes before sacrifice. Samples were analyzed using a FACSAria or

FACSCanto II flow cytometer (BD Biosciences).

5-bromo-2'-deoxyuridine (BrdU) incorporation assay

To assess BrdU incorporation into spleen cells after EMH induction, mice were intraperitoneally
injected with a single dose of BrdU (2mg BrdU/per mouse) then maintained on 0.5mg BrdU/ml
drinking water for seven days. Endothelial cells were labeled by intravenous injection of an anti-
VE-Cadherin antibody (eBioscience). Enzymatically dissociated spleen cells were stained with
antibodies against surface markers and the target cell populations were sorted then resorted to
ensure purity. The sorted cells were then fixed, and stained with an anti-BrdU antibody using the

BrdU APC Flow Kit (BD Biosciences) according to the manufacturer’s instructions.

Long-term competitive reconstitution assay

Adult recipient mice were irradiated using an XRAD 320 x-ray irradiator (Precision X-Ray Inc.)
with two doses of 540 rad (total 1080 rad) delivered at least 2 hours apart. Cells were injected
into the retro-orbital venous sinus of anesthetized mice. Sorted doses of splenocytes from donor
mice with EMH were transplanted along with 3x10° recipient bone marrow cells. Recipient mice
were bled every 4 weeks to assess the level of donor-derived blood cells, including myeloid, B

and T cells for at least 16 weeks. Blood was subjected to ammonium chloride/potassium red cell
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lysis before antibody staining. Antibodies including anti-CD45.2 (104), anti-CD45.1 (A20), anti-
Grl (8C5), anti-Mac-1 (M1/70), anti-B220 (6B2), and anti-CD3 (KT31.1) were used for flow

cytometric analysis.

Tissue sectioning and confocal imaging

For bone marrow sections, freshly dissected bones were fixed in 4% paraformaldehyde overnight
followed by 3 days of decalcification in 10% EDTA dissolved in PBS. Bones were sectioned
using the CryoJane tape-transfer system (Instrumedics). For spleen sections, freshly dissected
spleens were fixed in 4% paraformaldehyde for 1 hour followed by 1 day incubation in 10%
Sucrose in PBS. Frozen spleens were sectioned with a cryostat (Leica). For whole mount
imaging, spleens were sectioned into ~2 mm pieces. Spleen sections were blocked in PBS with
10% horse serum for 1 hour and then stained overnight with chicken-anti-GFP (Aves), and/or
rabbit-anti-Laminin (Abcam) antibodies. Donkey-anti-chicken Alexa Fluor 488 and/or Donkey-
anti-rabbit Alexa Fluor 647 were used as secondary antibodies (Invitrogen). Specimens were
mounted with anti-fade prolong gold (Invitrogen) and images were acquired with either a Zeiss
LSM780 confocal microscope or a Leica SP8 confocal microscope equipped with a resonant

scanner. Three dimensional images were achieved using Bitplane Imaris v7.7.1 software.

Deep imaging of spleens

Spleens were harvested and fixed for 4 hours in 4% PFA at 4°C. Since the Spleen capsule is
highly autofluorescent, spleens were sectioned perpendicular to the long axis into 300 pm thick
sections using a Leica VT100S vibrotome. These 300 um sections were fixed for an additional 2

hours in 4% PFA and blocked overnight in staining solution (10% DMSO, 0.5% IgePal630
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(Sigma), and 5% donkey serum (Jackson Immunoresearch) in PBS). All staining steps were
performed in staining solution on a rotator at room temperature. Spleen sections were stained for
three days in primary antibodies, washed overnight in several changes of PBS then stained for
three days in secondary antibodies. The stained sections were dehydrated in a methanol
dehydration series then incubated for 3 hours in 100% methanol with several changes. The
methanol was then exchanged with benzyl alcohol:benzyl benzoate 1:2 mix (BABB clearing
(Becker et al., 2013)). The tissues were incubated in BABB for 3 hours to overnight with several
exchanges of fresh BABB. Spleen sections were mounted in BABB between two cover slips and
sealed with silicone (Premium waterproof silicone II clear, General Electric). We found it
necessary to clean the BABB of peroxides (which can accumulate as a result of exposure to air
and light) by adding 10 g of activated aluminum oxide (Sigma) to 40ml of BABB and rotating
for at least 1 hour, then centrifuging at 2000xg for 10 minutes to remove the suspended
aluminum oxide particles. Images were acquired using a Zeiss LSM780 confocal microscope
with a Zeiss LD LCI Plan-Apo 25x/0.8 multi-immersion objective lens, which has a 570 uym
working distance. Images were taken at 512x512 pixel resolution with 2 um Z-steps, pinhole for
the internal detector at 47.7 um. Random spots were inserted into images by generating

randomized X, Y, and Z coordinates using the random integer generator at www.random.org.

Quantitative real-time PCR

Cells were sorted directly into Trizol (Life Technologies). Total RNA was extracted according to
the manufacturer’s instructions. Total RNA was reverse transcribed using SuperScript 111
Reverse Transcriptase (Life Technologies). Quantitative real-time PCR was performed using

SYBR green on a LightCycler 480 (Roche). f-actin was used to normalize the RNA content of
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samples. Primers used in this study were Scf: 5’- GCCAGAAACTAGATCCTTTACTCCTGA-
3’ and 5’-CATAAATGGTTTTGTGACACTGACTCTG-3’; B-actin: 5°-

GCTCTTTTCCAGCCTTCCTT-3’; and 5’-CTTCTGCATCCTGTCAGCAA-3’.

Gene expression profiling

Three independent samples of 5,000 spleen Sc/~GFP"VE-Cadherin” spleen stromal cells and two
independent samples of 5,000 unfractionated spleen cells were flow cytometrically sorted into
Trizol. Total RNA was extracted, amplified, and sense strand cDNA was generated using the
Ovation Pico WTA System V2 (NuGEN) according to the manufacturer’s instructions. cDNA
was fragmented and biotinylated using the Encore Biotin Module (NuGEN) according to the
manufacturer’s instructions. Labeled cDNA was hybridized to Affymetrix Mouse Gene ST 1.0
chips according to the manufacturer’s instructions. Expression values for all probes were
normalized and determined using the robust multi-array average (RMA) method (Irizarry et al.,

2003).

Statistical methods

Panels in all figures represented multiple independent experiments performed on different days
with different mice. Sample sizes were not based on power calculations. No randomization or
blinding was performed. No animals were excluded from analysis. Variation is always indicated
using standard deviation. For analysis of the statistical significance of differences between two
groups we generally performed two-tailed Student's #-tests. For analysis of the statistical

significance of differences among three groups, we performed Repeated Measures one-way
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ANOVAs with Greenhouse-Geisser correction (variances between groups were not equal) and

Tukey’s multiple comparison tests with individual variances computed for each comparison.

2.4 Author contributions

I initiated the project, designed experiments, characterized spleen niche factor expression
patterns, tested and discovered Cre recombination patterns, and performed most experiments,
including all functional analyses of Scf'and Cxcl/2. Bo Zhou characterized marker expression of
spleen stromal cells and spleen stromal cell dynamics during EMH. Melih Acar generated and

GFP/+

characterized the a-catulin mice. Malea Murphy analyzed HSC localization in the spleen.

Zhiyu Zhao performed statistical analyses. I wrote this section with Bo Zhou and Sean Morrison.

This section was submitted to Nature in modified form as:

Inra, C.N., Zhou, B.O., Acar, M., Murphy, M.M., Zhao, Z., and Morrison, S.J. (2015). The niche

for extramedullary hematopoiesis in the spleen. Nature Submitted.
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2.5 Figures, table, and video

Table 2.1. Genes that are significantly (>8-fold and P<0.015) more highly expressed by Scf-
GFP' stromal cells in spleen as compared to the bone marrow. Data show meanzs.d. for log2
transformed expression values (n=3 independent samples/cell population). Maximal background
expression was considered to be 6.6 (log2(100)); all expression values below this threshold were

set to 6.6 for purposes of calculating fold-change. Two-tailed Student’s t-tests were used to

assess statistical significance. Data for bone marrow Sc/~GFP" stromal cells are from (Ding et al.,

2012).
Spleen BM
Scf- Scf- Fold
Gene | Gene name Unigene GFP" | GFP" | change
Coch Coagulation factor C homolog Mm.21325 | 12.1+0.3 | 6.6+0.0 45.4
Mm.45881
Ccl21a | Chemokine (C-C motif) ligand 21A 5 12.5£0.1 | 7.1+0.4 41.1
Mm.21302
Acta2 Actin, alpha 2, smooth muscle, aorta 5 11.9+0.3 | 6.7+0.1 35.2
Cxcll3 | Chemokine (C-X-C motif) ligand 13 Mm.10116 | 11.8+0.3 | 6.8+0.2 30.3
Tcf21 Transcription factor 21 Mm.16497 | 11.3+0.6 | 6.6+0.0 259
Mm.45455
Clecal Chloride channel calcium activated 1 3 11.1£0.3 | 6.6+0.0 22.5
Interferon, alpha-inducible protein 27 like | Mm.27127
Ifi2712a | 2A 5 11.3+0.2 | 7.2+0.4 16.6
Pin Phospholamban Mm.34145 | 10.7+0.1 | 6.6+0.0 16.3
Parml | Prostate androgen-regulated mucin-like 1 | Mm.5002 10.8+0.3 | 6.8+0.1 16.0
Fnl Fibronectin 1 Mm.19309 | 10.7+0.4 | 6.8+0.2 14.9
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9

Coll4a Mm.29785

1 Collagen, type XIV, alpha 1 9 10.4+0.2 | 6.7+0.1 12.6

Nrdal | Nuclear receptor subfamily 4, group A, 1 | Mm.119 10.5+0.6 | 7.0+0.3 11.2

Agtrla | Angiotensin Il receptor, type la Mm.35062 | 10.7+0.7 | 7.3+0.6 11.0
Mm.24651

Fos FBJ osteosarcoma oncogene 3 11.4+0.4 | 8.0+0.4 10.7
Mm.23520

Atplb2 | ATPase, Na+/K+ transporter, beta 2 4 10.6+0.2 | 7.2+0.2 10.6
Mm.29052

Tnxb Tenascin XB 7 9.9+0.5 | 6.6+0.0 9.5
Myosin, heavy polypeptide 11, smooth Mm.25070

Myhll | muscle 5 10.7+0.7 | 7.5+£0.2 9.4

Hspbl | Heat shock protein 1 Mm.13849 | 10.8+0.7 | 7.6+0.2 9.3

Clca2 | Chloride channel calcium activated 2 Mm.20897 | 9.8+0.4 | 6.6+0.0 8.8
Mm.28328

Tagin Transgelin 3 10.4+0.5 | 7.3£0.9 8.6
Mm.15814

Nr2f2 | Nuclear receptor subfamily 2, group F,2 | 3 10.7£0.3 | 7.6+0.3 8.5
Musculoskeletal, embryonic nuclear Mm.22089

Mustnl | protein 1 5 10.8+0.5 | 7.7+0.7 8.2
Mm.38321

Aspn Asporin 6 9.7+0.6 | 6.6+0.0 8.2
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Figure 2.1. Endothelial cells and perivascular stromal cells in the red pulp express Scf and
Cxcl12 in the spleen and proliferate upon induction of EMH. a, b, Sc/~GFP and Cxcli2-
DsRed were mainly expressed by stromal cells in the red pulp of normal spleens. (b) High-
magnification view of the boxed area in (a). Dashed lines depict the boundary between white
pulp and red pulp. Arrow indicates central arteriole in the white pulp, around which rare stromal
cells expressed Cxcll2-DsRed. Scale bar=400 um. ¢, Confocal imaging of red pulp in spleen
from Scf™"; Cxcl12”%"* mice showed that VE-Cadherin® endothelial cells (arrows) expressed
Scf~GFP while VE-Cadherin stromal cells (arrowheads) expressed Scf/~GFP and sometimes
Cxcl12-DsRed. Scale bar=25 pm (representative images from 3 mice in 3 independent
experiments). d-f, Flow cytometric analysis of enzymatically dissociated normal spleen cells
from Scf"™" : Cxel12°%Y* mice. Scf-GFP was expressed by VE-Cadherin” endothelial cells and
PDGFRp" stromal cells, a subset of which also expressed Cxc//2-DsRed (d). Most VE-
Cadherin” endothelial cells were positive for Sc/~GFP but negative for Cxc/I2-DsRed (e). Most
Cxcl12-DsRed" cells were positive for Sc/~GFP (f). Data represent meanss.d. from 3 mice from 3
independent experiments. g-1, The frequencies (g,i, and k) and absolute numbers (h,j, and I) of
Scf-GFP" cells (g, h), Cxcll12-DsRed" cells (i, j), Sc/~GFP"VE-Cadherin” endothelial cells and
Scf~GFP"VE-Cadherin stromal cells (k, 1) all significantly increased upon induction of EMH by
Cy+21d G-CSF (+EMH) (n=5 Sc/“™* mice and 4 Cxcl12"**" mice from 3 independent
experiments). m, n, BrdU was co-administered to Sc/“"* mice (m) or Cxcl12°%/* mice (n)
along with G-CSF for 7 days after cyclophosphamide treatment. Endothelial and stromal cells in
normal adult spleen were largely quiescent but proliferated after cyclophosphamide/G-CSF
treatment. Data represent 3 mice/genotype/condition from 2 independent experiments. Two-
tailed student’s t-tests were used to assess statistical significance (**P<0.01, ***P<0.001).
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Figure 2.2. During EMH most HSCs localize adjacent to Tcf21" stromal cells in the red
pulp. a, Tamoxifen-treated adult 7cf2-creER; tdTomato mice exhibited widespread Tomato
expression by perivascular stromal cells in the red pulp of the spleen. The dashed line depicts the
boundary between white pulp (WP) and red pulp (RP). Scale bar=400 pm (n=4 mice from 4
independent experiments). b, No Tomato expression was detected in whole mount images of
bone marrow in femurs, or femur sections, from tamoxifen-treated adult Tcf2/-creER; tdTomato
mice (similar results were obtained in tibias, pelvises, vertebrae and calvaria, data not shown,
scale bar=500 pm, n=3 mice from 3 independent experiments). ¢, d, Most Sc/-GFP"VE-
Cadherin” stromal cells were Tomato " (arrows) by confocal imaging (c; scale bar=25 um) and
flow cytometry (d). e, Tomato CD45 Ter119 stromal cells from enzymatically dissociated
spleen were uniformly positive for PDGFRa, PDGFRf, and Sca-1 but negative for LepR (n=3
mice from 3 independent experiments). f, Percentage of all CFU-F colonies formed by
enzymatically dissociated Tcf2I-creER; tdTomato spleen cells that were Tomato'. Macrophage
colonies were excluded by staining with anti-CD45 antibody (n=3 mice from 3 independent
experiments). g, a-catulin-GFP c-kit” HSCs represented 0.011+0.002% of dissociated spleen
cells in a-catulin®”" mice with EMH (n=3-4 mice/genotype from 3 independent experiments).
h, Competitive reconstitution assays in irradiated mice showed that a-catulin-GFP"c-kit"
splenocytes were highly enriched for long-term multilineage reconstituting (LTMR) HSCs (n=5-
7 recipient mice/donor from one experiment). i, j, Deep imaging of a-catulin-GFP c-kit” HSCs
(arrows in j) in optically cleared spleen from a Tcf21-creER; tdTomato; a-catulin®™* mouse
with EMH. The distance from a-catulin-GFP c-kit" HSCs or random spots to Tomato' stromal
cells (I; data represent 223 a-catulin-GFP c-kit" cells and 2273 random spots). a-catulin-GFP c-
kit HSCs were exclusively in the red pulp (j). A few megakaryocytes and endothelial cells also
expressed a-catulin-GFP but were easily distinguished from a-catulin-GFP'c-kit" cells based on
morphology and c-kit expression. See Extended Data Fig. 3e for a low magnification view.
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Figure 2.3. Tcf21-expressing stromal cells are an im}mrtant source of Scf and Cxcl12 for
EMH in the spleen. a-g, 7cf21-creER; Scf™" and Sc/™" control mice were treated with
tamoxifen then examined a month later either under normal conditions (not treated, NT) or after
treatment with cyclophosphamide plus 4, 8, or 21 days of G-CSF to induce EMH. Data show
spleen cellularity (a), and numbers of CD150"CD48 LSK HSCs (b), CD34 FcyR Lineage Sca-1"
c-kit” common myeloid progenitors (CMPs) (¢), CD34 FcyR 'Lineage Sca-1c-kit"
granulocyte/macrophage progenitors (GMPs) (d) and CD34 FcyR Lineage Sca-1"c-kit"
megakaryocyte/erythroid progenitors (MEPs) (e) in the spleen as well as cellularity (femur+tibia,
f) and number of HSCs (g) in bone marrow (mean=s.d. from 3-6 independent experiments, the
number of mice per genotype is shown in panel a). h-n, Tcf2-creER; Cxcll 2" and Cxcl12"" or
Cxcl12" control mice were treated with tamoxifen then examined a month later either under
normal conditions (NT) or after treatment with cyclophosphamide plus 4, 8, or 21 days of G-CSF
to induce EMH. Data show spleen cellularity (h), and numbers of HSCs (i), CMPs (j), GMPs (k)
and MEPs (1) in the spleen, as well as cellularity (femur+tibia, m) and HSC number in bone
marrow (n; meanzs.d. from 3 independent experiments, the number of mice per genotype is
shown in panel h). o, Number of CD150 CD48 LSK HSCs per ml of blood in tamoxifen-treated
control and Tcf21-creER; Cxcl12" mice after Cy+21d G-CSF (n=4 Cxcl12"" and 3 Tcf21-creER;
Cxcl12"" mice from 3 independent experiments). Two-tailed student’s t-tests were used to assess
statistical significance (*P<0.05, **P<0.01, ***P<0.001).
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Figure 2.4. Endothelial cells are an important source of Scf for EMH in the spleen. a, b,
Vavi-cre; tdTomato mice exhibited perivascular Tomato expression that co-localized with VE-
Cadherin (arrows in b) in endothelial cells in the red pulp (RP) of the spleen. Note that Tomato
was also expressed by hematopoietic cells in these mice but levels of Tomato expression in
endothelial cells were ~10-100 fold higher than in hematopoietic cells. Therefore short-exposure
images showed mainly Tomato fluorescence in endothelial cells. Scale bar=400 pm (n=3 mice
from 3 independent experiments). ¢, Tomato™€"CD45 Ter119 cells in Vavi-cre; tdTomato mice
were uniformly positive for VE-Cadherin and negative for PDGFRf. (n=3 mice from 3
independent experiments) d, Flow cytometric analysis of VE-Cadherin" cells in VavI-cre;
tdTomato mice showed that VavI-Cre recombined in most spleen endothelial cells but in very
few bone marrow endothelial cells (n=4 mice from 3 independent experiments). e, Scf transcripts
in VE-Cadherin" endothelial cells from Vavi-cre; Scf”” mice and Scf*”" controls (Scf was
normalized to S-actin; n=4 mice from 3 independent experiments). f-1, VavI-cre; Scf’” mice and
Scf”", Scf”" controls were not treated (NT) or treated with cyclophosphamide plus 4, 8, or 21
days of G-CSF to induce EMH. Data show spleen cellularity (f), and numbers of HSCs (g),
CMPs (h), GMPs (i) and MEPs (j) in the spleen as well as cellularity (femur-+tibia, k) and
number of HSCs in bone marrow (I; mean+s.d. from 3-8 independent experiments, the number of
mice per genotype is indicated in each panel). Statistical significance of differences among
genotypes was assessed using a Repeated Measures one-way ANOVA with Greenhouse-Geisser
correction along with Tukey’s multiple comparison tests with individual variances. * indicates
statistical significance relative to Sc/” " mice while # indicates statistical significance between
Scf” and Vavi-cre; Scf”" mice (* or # P<0.05, ** or ## P<0.01, *** P<0.001).
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Figure 2.5. Cy/G-CSF treatment induces EMH in the spleen. a, b, Staining with anti-Laminin
antibody distinguished the vasculature of red pulp (RP) and white pulp (WP). The red pulp and
white pulp were definitively marked by clusters of Ter119" cells (red) and CD3" cells (blue),
respectively. Dashed line depicts the boundary between red pulp and white pulp. Scale bar=400
um (representative images from 3 mice in 3 independent experiments). ¢, Spleen sections of the
same magnification show the enlargement of the spleen after induction of EMH by Cy+21day G-
CSF. These are the same images as in Fig. 1a and Extended Fig. 1n, adjusted to reflect the same
magnification. d, e, Hematoxylin and Eosin (H&E) staining showing the increase in
hematopoiesis in the spleen after induction of EMH using Cy/G-CSF (+EMH, e) as evidenced by
the presence of megakaryocytes (arrows; n=3 mice/condition from 3 independent experiments).
f-k, Cy/G-CSF treatment significantly increased spleen cellularity (f), as well as the numbers of
HSCs (g), myeloid and erythroid progenitors (h), erythroid cells (i) and myeloid cells (j) in the
spleen but not the number of lymphoid cells (k). 1, m, The intensity of Sc/~GFP (1) and Cxc/12-
DsRed (m) fluorescence among spleen stromal cells that expressed these genes did not
significantly differ before (-EMH) and after induction of EMH (+EMH) using Cy/G-CSF. n, o,
Whole-mount imaging of thick spleen sections from Scf**""*; Cxcl12”%/* mice after the
induction of EMH by Cy+21d G-CSF. o, High-magnification view of the boxed area in (n).
Dashed lines depict the boundaries between white pulp and red pulp. Arrow indicates the central
arteriole in white pulp, around which stromal cells expressed Cxcl//2-DsRed. Scale bar=400 um
(representative images from 3 mice from 3 independent experiments).
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Figure 2.6. Deletion of Scf from LepR" cells significantly reduces the number of HSCs in
the bone marrow and the spleen after induction of EMH. a, Whole mount images of spleens
from Lepr-cre; tdTomato; Scf*"" mice showed Tomato expression was primarily in the stromal
cells of the white pulp. Although most Sc/~GFP expression was in endothelial cells and
perivascular stromal cells of the red pulp (Fig. 1a-d), some Sc/~GFP" stromal cells were in the
white pulp, most of which appeared to express LepR. Dashed line depicts the boundary between
red pulp (RP) and white pulp (WP). Scale bar=400 um (images of representative of 6 mice from
4 independent experiments). b, Flow cytrometric analysis of enzymatically dissociated spleen
cells from Lepr-cre; tdTomato; Scf**™" mice showed that only a small minority of non-
endothelial Scf-GFP" cells were positive for Tomato (n=3 mice from 3 independent
experiments). ¢, Tomato CD45 Ter119™ stromal cells in the spleens of Lepr-cre; tdTomato mice
expressed PDGFRa, PDGFR, Sca-1 and LepR (n=3 mice from 3 independent experiments). d,
Percentage of all CFU-F colonies formed by enzymatically dissociated whole spleen cells from
Lepr-cre; tdTomato mice that expressed Tomato. Macrophage colonies were excluded by
staining with anti-CD45 antibody (n=4 mice from 3 independent experiments). e, Lepr-cre; Scjﬂ a
mice had significantly fewer HSCs in the bone marrow than wild-type and Sc/”" controls before
induction of EMH (n=4 mice/genotype/time point mice from 4 independent experiments). f, g,
Lepr-cre; Sch " mice displayed significantly lower spleen cellularity (f) and HSC number (g) in
the spleen than wild-type and Scf”” controls after induction of EMH with cyclophosphamide plus
4 days of G-CSF (n=4 mice/genotype/time point from 4 independent experiments). The
statistical significance of differences between genotypes was assessed using Repeated Measures
one-way ANOVAs with Greenhouse-Geisser correction and Tukey’s multiple comparison tests
with individual variances computed for each comparison. * indicates statistical significance
relative to wild-type (Scf™"). # indicates statistical significance between S/ and Lepr-cre;
Scf” (* or # P<0.05, ** or ## P<0.01).
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Figure 2.7. Hematopoietic stem and progenitors reside perivascularly, adjacent to 7Tcf21-
expressing stromal cells, in the red pulp before and after EMH induction. a, Tomato was not
expressed by enzymatically dissociated bone marrow cells from Tcf21-creER; tdTomato mice
that had been administered tamoxifen for 12 days (n=3 mice from 3 independent experiments). b,
EMH induction by Cy+21d G-CSF did not alter the general expression pattern of Tomato in the
spleens of tamoxifen-treated 7cf21-creER; tdTomato mice (like in normal spleens it was
expressed mainly in red pulp). Dashed line depicts the boundary between red pulp (RP) and
white pulp (WP). Scale bar=400 pum (n=2 mice from 2 independent experiments). ¢, The vast
majority of c-kit" hematopoietic progenitors localized adjacent to Tcf21-expressing stromal cells
in the red pulp of the normal spleen. Scale bar=400 pm (n=3 mice from 3 independent
experiments). d, 300 um thick sections of spleen before and after optical clearing using BABB.
e-g, Deep imaging of a-catulin-GFP c-kit" HSCs in a cleared spleen segment from Tc¢f2/-creER;
tdTomato, o-catulin mice. e, Low magnification view and (f) same view as in (e) except that a-
Catulin-GFP"c-kit” HSCs were manually identified and annotated with yellow spheres using the
Imaris spot function. g, A representative high magnification image showing an a-Catulin-GFPc-
kit" HSC surrounded by Tomato" stromal cells. Scale bar=10 pm.
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Figure 2.8. Deletion of Scf or Cxcl12 from Tcf21-expressing stromal cells in the spleen
reduced peripheral blood cell counts but did not affect bone marrow hematopoiesis. a-f,
Tcf21-creER; Sch M and Sch 7 control mice were treated with tamoxifen then examined a month
later without further treatment (not treated, NT) or after treatment with cyclophosphamide plus 4,
8, or 21 days of G-CSF to induce EMH. Data show white blood cell (WBC) (a), red blood cell
(RBC) (b), and platelet (PLT) counts (¢) as well as numbers of CMPs (d), GMPs (e) and MEPs
(f) in the bone marrow (mean=s.d. from 3 (NT), 3 (4d), 5 (8d), and 7 (21d) mice/genotype from 3
(NT), 3 (4d), 4 (8d), and 6 (21d) independent experiments). g-1, Tcf21-cre; Cxcll2™ mice and
littermate controls (Cxcl12™ or Cxcl12*") were treated with tamoxifen then examined a month
later without further treatment (NT) or after treatment with cyclophosphamide plus 4, 8, or 21
days of G-CSF to induce EMH. Data show WBC (g), RBC (h), and PLT counts (i), as well as
numbers of CMPs (j), GMPs (k) and MEPs (1) in the bone marrow (mean#s.d. from 3 (NT), 4
(4d), 3 (8d), and 10 (21d) mice/genotype from 3 (NT), 4 (4d), 3 (8d) and 7 (21d) independent
experiments). Two-tailed student’s t-tests were used to assess statistical significance (*P<0.05,
*#%p<(0.001).
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Figure 2.9. Deletion of Scf, but not Cxcl/12, from endothelial cells in the spleen reduced
peripheral blood cell counts but did not affect bone marrow hematopoiesis. a-m, VavI-cre;
Cxcl12™ mice and Cxcl12™ controls were treated with Cy+4-21d G-CSF to induce EMH. Data
show WBC (a), RBC (b), and platelet (¢) counts, spleen cellularity (d) and numbers of HSCs (e),
CMPs (f), GMPs (g) and MEPs (h) in the spleen as well as bone marrow cellularity (i), and
numbers of HSCs (j), CMPs (k), GMPs (I) and MEPs (m) in the bone marrow (mean#s.d. from 3
(4d) and 5 (21d) mice/genotype from 3 (4d) and 5 (21d) independent experiments). Two-tailed
student’s t-tests were used to assess statistical significance. n-s, VavI-cre; Scf"" mice and Scf/”",
Sch/ " controls were treated with Cy+4-21d G-CSF to induce EMH. Data show WBC (n), RBC
(0), and platelet (PLT) (p) counts as well as numbers of CMPs (q), GMPs (r) and MEPs (s) in
the bone marrow (mean=s.d. from 3 (NT), 3 (4d), 3 (8d), and 8 (21d) mice/genotype from 3
(NT), 3 (4d), 3 (8d), and 8 (21d) independent experiments). The statistical significance of
differences among genotypes was assessed using Repeated Measures one-way ANOVAs with
Greenhouse-Geisser correction and Tukey’s multiple comparison tests with individual variances
computed for each comparison. * indicates statistical significance relative to Sc/”" controls. #
indicates statistical significance between Sc/”” and VavI-cre; Scf”" (* or # P<0.05, ** or ##
P<0.01).
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Video 1. HSCs are closely associated with 7Tcf21-CreER-expressing stromal cells in the red
pulp of the spleen. The video shows a 300pum section of spleen from a Tcf21-creER; tdTomato;
a-catulin-GFP mouse in which EMH was induced by treatment with Cy+21d G-CSF. The
spleen section was stained with antibodies against c-kit (white), a-Catulin-GFP (green), and
DsRed (red), then cleared, imaged, and digitally reconstructed. HSCs are a-Catulin-GFP c-kit"
and are sometimes represented with yellow spheres to clearly mark their position during parts of
the video. To show the spatial relationship between a-Catulin-GFP c-kit" HSCs and Tomato "
cells all channels 20-30um beyond the spot of interest were occasionally masked. Note that the
capsule on the margin of the spleen section is highly autofluorescent.
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CHAPTER 3

CONCLUDING REMARKS

3.1 Conclusions

The experiments presented in this thesis identify a perivascular niche for EMH in the
spleen. The major sources of SCF and CXCL12 in the mouse spleen during hematopoietic injury
are found primarily near red pulp sinusoids, explaining the longstanding observations that EMH
occurs predominantly in the red pulp and that HSCs are located near sinusoids after Cy/G-CSF
treatment (Kiel et al., 2005). Tcf21-expressing perivascular stromal cells in the spleen red pulp
maintain EMH through secretion of both SCF and CXCL12. Spleen endothelial cells maintain
EMH through secretion of SCF but not CXCL12. Both T¢f2-expressing stromal cells and
endothelial cells expand in number during the course of EMH. This cell expansion follows
recruitment of HSCs and progenitors to the spleen and likely accounts for how the splenic
hematopoietic niche accommodates EMH during hematopoietic stress. Notably, the per-cell
expression levels of Scf'and Cxcl/12 do not increase during EMH, suggesting that the
hematopoietic niche in the spleen constitutively secretes SCF and CXCL12, though whether it is
constitutively competent to support hematopoiesis is unknown. The identity of the signal that
induces EMH or how it changes the spleen remains unknown.

There are several differences between the splenic niche and the bone marrow niche that
this study has revealed. Most notably, HSCs are disproportionately depleted relative to other cell
types from bone marrow after conditional deletion of Scf from perivascular cells. In contrast,
HSCs in spleens lacking perivascular SCF secretion are depleted equally relative to total spleen

cellularity. By contrast, immature progenitors of the myeloerythroid lineage are
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disproportionately depleted from spleens lacking perivascular SCF secretion. Similarly, HSCs
are depleted from bone marrow lacking CXCL12, while CXCL12 loss from spleen depletes
myeloid and erythroid progenitors. The reason for these differences is unknown. Nonetheless,
spleen HSCs do depend to some extent upon CXCL12 for their maintenance in the spleen as
conditional deletion of Cxcl/12 from spleen stromal cells does increase HSC frequency in the
blood.

Another distinction between the niche in the bone marrow and in the spleen is the
expression pattern of SCF and CXCL12. Perivascular stromal cells in the bone marrow
uniformly express high levels of both CXCL12 and SCF (Ding and Morrison, 2013). In the
spleen, however, 7cf21-expressing stromal cells uniformly express high levels of SCF but only a
subset expresses CXCL12. This heterogeneity of niche factor expression raises the intriguing
possibility that Tcf21" cells exhibit functional heterogeneity. Some Tcf21-expressing cells may
have a greater capacity to support HSCs and progenitors than others. Whether bone marrow or
spleen perivascular stromal cells exhibit heterogeneous expression of other niche factors is
currently unknown. Further, endothelial cells in the spleen express much higher levels of SCF
than endothelial cells in the bone marrow. Bone marrow endothelial cells express very low levels
of SCF (Ding et al., 2012). The physiological basis for this difference in SCF expression is

unknown.

3.2 Unanswered questions related to the hematopoietic niche in the spleen
While the work presented in this thesis is a significant step toward understanding how the
EMH niche is regulated in response to injury, many important questions lay beyond the scope of

these studies. Questions concerning the onset and resolution of EMH and the signals driving
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niche cell proliferation are areas of future study. Perspectives and future experiments to address

these questions are presented in this section.

3.2.1 What are the signals driving induction and resolution of EMH?

One important question that remains unanswered concerns the signals that drive the onset
and resolution of EMH. This study did not seek to address this topic, instead focusing on
identifying the cells that maintained EMH. It is unknown whether different injuries that induce
EMH rely on the same extracellular signals to induce HSC mobilization or whether different
injuries release different cytokines to induce EMH. However, most models that induce
extramedullary hematopoiesis drive HSCs into cycle prior to mobilization. For instance, Pten
deletion from HSCs drives HSCs into cycle and mobilizes them to the spleen; rapamycin
administration blocks these effects (Magee et al., 2012; Yilmaz et al., 2006). Interestingly,
rapamycin administration also prevents Cy/G-CSF-mediated HSC mobilization, indicating that
PI3K signaling is necessary to mobilize HSCs during recovery from myeloablation (Magee et al.,
2012). Different injuries that mobilize HSCs to the spleen to induce EMH may converge on
activation of the PI3K pathway in HSCs. Perturbations in hematopoietic homeostasis may lead to
the production of signals that activate the PI3K pathway in HSCs that dissipate after homeostasis
is restored. These signals may originate from the bone marrow perivascular stromal cells and
endothelial cells that make up the bone marrow HSC niche or could be produced by cells types

in peripheral tissues.
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3.2.2 What are the signals that regulate niche cell division?

My work indicates that niche cells in the spleen divide and expand in number after the
onset of EMH. The signals regulating this response and whether this response is dependent upon
the presence of hematopoietic progenitors in the spleen remain unknown. The cells that make up
the niche, endothelial cells and perivascular stromal cells, are also major components of the
spleen tissue architecture, ensuring adequate blood supply and supporting tissue integrity in
addition to maintaining hematopoietic stem and progenitor cells. Physical expansion of spleen
size may cause niche cell division to maintain tissue integrity, regardless of whether EMH is
induced in the spleen. One way to test this hypothesis would be to induce splenomegaly without
concomitant EMH and test whether niche cells undergo expansion. Infection with Epstein-Barr
virus (EBV) causes splenomegaly via increased lymphocyte infiltration in the red pulp but does
not induce EMH (O'Malley, 2013). Niche cell expansion in the context of EBV infection would
suggest that niche cell division is dependent on splenomegaly, whereas lack of division would

suggest dependence on EMH and potentially signals derived from hematopoietic progenitors.

3.3 Future investigation of the HSC niche

There are many questions regarding general HSC niche biology that will likely be
addressed in future studies. The HSC niche during ontogeny has not been characterized. Which
physiologic signals meaningfully regulate HSC niches during development? Finally, most of the
niche studies from our lab have relied upon previously validated niche factors to discover new
niche cell types. A more complete repertoire of niche factors would facilitate the study of HSC
niche biology. These questions and how they may be experimentally tested are addressed in this

section.
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3.3.1 The niche during development

HSCs during development are primarily located in the fetal liver. In contrast to adult
HSCs, fetal liver HSCs divide frequently and symmetrically, doubling their numbers every day
(Morrison et al., 1995). The cells in the fetal liver that maintain fetal HSCs are unknown. The
most straightforward way to identify the fetal liver niche is to take an analogous approach as in
(Ding et al., 2012). The Sc¢f**" and Cxcl12°%* alleles could be used to identify the expression
pattern of known niche factors in the fetal liver. Sorting these cells and testing candidate Cre
drivers would allow for functional testing of niche cell types in the fetal liver. Identifying the
HSC niche in the fetal liver would offer profound insight into a niche that expands HSCs during
development. The differences between the fetal liver HSC niche and the adult bone marrow HSC

niche may underlie the biological differences between fetal and adult HSCs.

3.3.2 Physiologic regulation of the niche

It is currently unknown whether the bone marrow HSC niche is meaningfully regulated
by the physiologic status of the host. While physiologic HSC mobilization from the bone marrow
exhibits circadian oscillations (Casanova-Acebes et al., 2013; Mendez-Ferrer et al., 2008), no
physiologic function of circadian HSC mobilization has been discovered. Genetic disruption of
the circadian clock has been shown to have no effect the hematopoietic system (Ieyasu et al.,
2014). It is unclear if circadian regulation of HSC mobilization has any function. What
physiologic cues regulate hematopoiesis, and do they act through the niche or directly on HSCs
and progenitors? Answering this question will reveal how tissue stem cell activity is determined

by host physiology.
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3.3.3 Discovery of novel niche factors

A major goal of HSC niche research is to discover novel cell non-autonomous factors that
regulate HSCs. One approach to this problem centers on identifying secreted gene products that
are expressed specifically in bone marrow perivascular stromal cells relative to other bone
marrow populations. Mice with conditional loss of these gene products from bone marrow
stromal populations are then assessed for hematopoietic abnormalities, especially HSC depletion.

This approach has a number of shortcomings. First, it assumes that niche factors will be
expressed specifically in perivascular stromal cells. However, Cxcli2, a validated niche factor, is
expressed by multiple bone marrow cell types (Ding and Morrison, 2013). Analyses focusing
exclusively on genes specifically expressed by perivascular stromal cells could inappropriately
exclude niche factors. Moreover, the approach assumes that perivascular stromal cells will be the
major source of additional niche factors. While Scf'and Cxc/12 are highly expressed by this cell
type, other cells may be responsible for factors regulating HSCs and hematopoiesis.
Thrombopoietin, which is known to regulate HSCs cell non-autonomously (Murone et al., 1998),
is produced in large amounts by the liver as well as bone marrow stromal cells, and
erythropoietin is produced by the kidney. Perivascular stromal cells thus may not be the sole
source of all HSC niche factors. The approach is also labor, time, and resource intensive. For
each gene tested, a reporter allele, null allele, and conditional allele must be generated.
Conditional alleles must be crossed with multiple Cre drivers, and each new study claiming to
discover a new niche component results in at least one more Cre driver to be tested. Finally,

there may be non-protein niche factors. Small metabolites may regulate HSC function.
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Another way to identify new cell non-autonomous regulators of HSCs and hematopoiesis
would be through cell autonomous studies of HSCs, namely to identify the receptors on HSCs
that regulate their function. Many cell non-autonomous regulators of HSCs will act on a receptor.
Discovering which receptors are necessary for HSC maintenance will open new pathways for
niche factor discovery.

The ability to isolate HSCs, introduce genetic elements in culture and transplant them
into irradiated recipients makes them suitable for a focused CRISPR-Cas9 screen. Genome-wide
screens using CRISPR-Cas9 technology have been successfully performed in vitro (Shalem et
al., 2015) and can likely be adapted to in vivo systems. Ideally, HSCs from mice expressing a
Tet-repressible Cas9 gene would be isolated by flow cytometry, transduced with short guide
RNAs (sgRNAs) directed against known mammalian receptors or receptor families, and
transplanted into recipient mice. Recipient mice will be placed on doxycycline water to prevent
Cas9 expression. After allowing 6-8 weeks for HSCs to engraft, recipient mice will be bled, and
DNA from peripheral blood granulocytes will be sequenced to determine initial representation of
sgRNAs in HSCs contributing to hematopoiesis. Recipient mice will then be placed on normal
water to allow Cas9 activation and gene targeting. Mice will be bled periodically, and DNA from
peripheral blood granulocytes will be sequenced to determine representation of sgRNAs at
different time points after doxycycline withdrawal. sgRNAs targeting receptors that are
necessary for HSCs to contribute to hematopoiesis will be depleted after doxycycline
withdrawal. While this approach may miss some functional receptors due to inefficient genetic
targeting and may generate some false positives due to off-target effects, it is high-throughput,
allowing many receptors to be tested at once, functional, and unbiased, and would obviate many

of the shortcomings of current strategies. Further, some receptors identified through this
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approach may be orphan receptors with no known ligand or transmembrane proteins that are not
regulated by ligand binding. Nonetheless, this screen would generate many targets for further

biological or pharmacological studies.
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