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Deletion of Vhl in Dmp1-expressing cells causes microenvironmental impairment of
hematopoiesis

by
Betsabel Chicana
Doctor of Philosophy in Quantitative and Systems Biology
University of California, Merced 2022

Professor Jennifer O. Manilay

How changes in bone homeostasis affect immune development is not fully understood. The
von-Hippel Lindau protein (VHL) regulates hypoxia-inducible factor (HIF) degradation,
which is involved in cellular adaptation to low oxygen environments. Conditional deletion
of Vhl in osteoblasts and hematopoietic progenitors have demonstrated a role for VHL in
these cell types. Studies have demonstrated that the B cell development is mediated by
crosstalk between the skeletal and hematopoietic systems. To understand how changes in
bone homeostasis may affect immune cell development, we utilized DmpI-Cre;Vhi"
conditional knockout mice (VhlcKO), in which Vhl is deleted primarily in osteocytes,
mature osteoblasts, and a small subset of MSCs. The VhlcKO mice display dysregulated
bone growth, high bone density, smaller bone marrow (BM) cavity volume, and an overall
decrease in BM cellularity compared to wild-type (WT) controls. In line with this, the
frequencies, and numbers of B cells in the BM were significantly decreased. These data
suggest that changes in bone homeostasis may adversely affect B cell development in a
cell-extrinsic manner. We hypothesized that normal B cell development was not supported
in VhlcKO mice due to alterations of the microenvironment niche, such as reduction of key
niche cells and decreased production of B cell-supporting cytokines. Furthermore, we have
obtained evidence that VAl deletion also affects myeloid and erythroid development. We
found elevated Epo levels in cKO peripheral blood serum and BM fluid by 6 weeks of age,
and evidence for dysregulated erythropoiesis. Moreover, the cKO displayed an increased
frequency of common myeloid progenitors, CD11b+ Grl- monocytes, and CD11b+ Grl+
granulocytes by 10 weeks of age. We also hypothesized that alterations in skeletal glucose
metabolism directly affect myeloerythroid development in the BM through increased Epo-
receptor (EpoR) signaling. EpoR is expressed on osteoprogenitors, hematopoietic stem
cells, and B cells, but whether it is expressed on myeloid progenitors is unclear. Studies
are in progress to test the hypothesis that overproduction of Epo by VAl-deficient Dmp1+
cells result in elevated EpoR signaling in myeloid progenitors and lineages; this in turn,
results in an increase in myeloid cell glycolysis and Glutl expression. These studies are
relevant for the understanding how BM microenvironmental changes can dysregulate B
cell development and trigger adaptations in immunometabolism of myeloid cells. My thesis
works expands on the potential mechanisms by which VHL in Dmpl-expressing cells
regulate the development of distinct hematopoietic cell lineages in the BM, further
elucidating and expanding our definition of “immune niches” to include osteocytes, bone,
and vasculature.
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CHAPTER 1

Background and Introduction



1.1 Hematopoiesis — Lymphoid vs. Myeloid Cells

Blood cells are continuously replenished by differentiation and maturation of
hematopoietic stem cells (HSCs) into either lymphoid or myeloid lineage cells, this process
is known as hematopoiesis. Hematopoiesis is the formation of blood cells from embryonic
development through adulthood in order to produce and replenish the blood system.
Hematopoiesis occurs in two waves, 1) the primitive wave and 2) the definitive wave (1).
The primitive wave, which occurs during early embryonic development is transitory and
its main purpose is to produce red blood cells to facilitate oxygenation to embryo tissue
during rapid growth (2, 3). Definitive hematopoiesis, which involves HSCs in the adult
bone marrow can give rise to all blood lineages (4). Other tissues such as spleens, liver,
lymph nodes, and other organs can also support formation and development of blood cells,
a process known as extramedullary hematopoiesis (EMH). EMH is generally defined as
production of mature blood cells outside of the bone marrow, a compensatory expansion
that occurs as a pathological change to defective hematopoiesis or insufficient bone
marrow function (5). The understanding of primitive, definitive and extramedullary
hematopoiesis has helped scientists better understand immunodeficiencies, blood
disorders, and cancers allowing for disease treatment development. For example, the
clinical benefits of stem cell transplant and immune-based therapies against cancers and
disease treatment (6). Further understanding of hematopoiesis and replicating the
developmental process in vivo remains to be achieved.

In this dissertation I will mainly focus on definitive hematopoiesis. Here I present
a simplified version of the classical hematopoietic hierarchical model for the purpose of
this dissertation (Figure 1). It has been established that hematopoiesis starts with
hematopoietic stem cells (HSCs). Differentiation into lineage cells starts from long-term-
hematopoietic stem cells (LT-HSCs) which differentiate into short-term hematopoietic
stem cells (ST-HSCs), which have low self-renewal capacity compared to LT-HSCs (7).
ST-HSCs then differentiate into multipotent progenitors (MPPs) which have no detectable
self-renewal abilities yet keeping full lineage differentiation potential (7-9). Multipotent
progenitors (MPPs) have been shown to be comprised of distinct myeloid-biased subsets
(MPP2 and MPP3) and lymphoid primed MPP4s which gives rise to myeloid and lymphoid
mature lineages (10). The lymphoid and myeloid cell lineages are the two major branches
of hematopoietic cells. Lymphoid lineage cells include T cells, B cells, and natural killer
(NK) cells, myeloid lineage cells include megakaryocytes and erythrocytes, granulocytes
and macrophages (11, 12). These two lineages are separable at the progenitor level. MPPs
give rise to oligopotent progenitors, either common lymphoid progenitors (CLPs) (13, 14)
or common myeloid progenitors (CMPs) (15). CLPs can develop into B cells, T cells or
NK cells, all which leave the bone marrow into the periphery to finish development in other
organs such as the spleen or thymus. CMPs have myeloid, erythroid, and megakaryocytic
potential and can form granulocyte-macrophage progenitors (GMPs) and megakaryocyte-
erythrocyte progenitors (MEPs). MEPs can develop into erythrocytes or megakaryocytes
which then breaks into platelets. GMPs differentiate into granulocytes such as neutrophils,
basophils and eosinophils, or into monocytes which in turn become macrophages,
osteoclasts, or myeloid dendritic cells (DCs) (15-19). The molecular regulation of the
process of hematopoietic differentiation involves cytokines and transcription factors



governing lineage commitment decisions for proper blood development (20-24). This
overview of hematopoiesis remains under exploration and is constantly updating to better
understand the differentiation of each lineage cell (25-27).

There are two branches within the B cell population, conventional B-2 cells and
unconventional B-1 cells. In mice, B-1 and B-2 cells differ in function and development.
B-2 cells are first generated in fetal liver during development, and in the bone marrow in
adults (28). B1 cells are a fetal-derived population localized mainly in the peritoneal cavity
(PerC) and persists in adults (29-31). Although initially B-1 cells were believed to only
originate from fetal progenitors (neonatal livers) (32), there have been newer reports that
show that bone marrow progenitors can also produce B1 cells, but a much lower rate than
conventional B2 cells (33-36). Whether B-1 cells are derived from a distinct adult-derived
bone marrow or splenic precursor cell, still remains controversial (34, 35, 37). B-1 cells
spontaneously secrete natural antibodies, and are considered to be the first line of defense
against pathogens in a T-independent manner (33, 38). This allows these cells to provide
immediate defense against microbial infections (39, 40). Conventional B-2 cells cooperate
with T cells in the splenic germinal centers to provide high-affinity antibody responses
against pathogens (41). We will focus on B-2 conventional cells which will be referred to
as "B cells” for the remainder of this dissertation unless otherwise stated. Hardy et al.
divided B cell precursors into subpopulations we now know as “the Hardy fractions”, based
on the cell’s expression of various cell surface proteins (42). Hardy et al. proposed to
identify the relatively abundant small pre-B cells (designated fraction D) as
B220°CD43 IgM", whereas more primitive cells were resolved and designated fractions
A, B, and C (42). Bone marrow B cells with functional heavy and light chains express B
cell receptors (BCRs) on the cell surface were called immature B cells (fraction E) and
identified as IgM", IgD~, B220™ HSAM (42, 43). Before fraction E leaves the BM for the
periphery it undergoes several types of negative selection to avoid autoreactivity, including
clonal deletion (44) and receptor editing (45, 46). Fraction E subsequently differentiates
into mature B cells (Hardy fraction F) (47), which express surface IgM™, IgD", B220M
HSA™ (42). We will be using the Hardy nomenclature to identify B cell development in
our studies (Figure 2). Furthermore, B cell development in the BM occurs in stages that
rely on growth factors that are produced by osteolineage derived cells from the BM
microenvironment, in a crosstalk between the skeletal and hematopoietic systems (48-51).

1.2 Bone Marrow Microenvironment — “Niche”

The bone marrow microenvironment also called the “niche” is essential for the
maintenance and support of hematopoiesis. Studies have revealed that this niche controls
the regulation of quiescence, self-renewal and differentiation of HSCs (52). The BM niche
can be divided into the vascular niche, perivascular niche and endosteal niche. The vascular
niche (sinusoids, arterioles, transition zone) indicates a site rich in blood vessels where
endothelial cells (ECs) and mural cells (pericytes and smooth muscle cells), create a
microenvironment that affects hematopoiesis (53). The perivascular niche describes the
microenvironment around a vessel and includes distinct cell types and stroma such as
Nestint ECs, CXCL12-abundant reticular (CAR) cells, and Leptin receptor (LepR)
expressing cells (54), which are involved in hematopoietic maintenance and leukocyte



trafficking (55-58). The endosteal niche located in the endosteum region comes in close
contact with calcified bones, osteoblasts and osteoclasts which provides support for proper
maintenance of HSC activity (59, 60). Initial studies found that HSCs colonize near the
endosteal part of the bone marrow (61, 62). Spatial distribution studies using fluorescent
HSCs transplanted into ablated recipients revealed a selective redistribution and
enrichment within the endosteal region (60), but subsequent studies found HSCs located
closer to the bone marrow sinusoids in the central niche (63, 64). These data altogether
indicates that HSCs reside in spatially distinct niches (65, 66), with approximately 85% of
HSCs reside within 10 um of a sinusoidal blood vessel within the perivascular niche (67).
The endosteal niche was thought to be involved in hematopoietic quiescence (68), but
recent studies revealed the role of the perivascular niche. Acar et al. found that dividing
and non-dividing HSCs reside mainly in perisinusoidal niches with LepR*CXCL12"€" cells
throughout the bone marrow (67). Hematopoietic progenitor commitment into mature
lineage cells is also regulated in the endosteal, perivascular and vascular niches. Deletion
of Cxcll2 from perivascular stromal cells depleted HSCs and mobilized these cells into
circulation (65). Deletion of Cxcli2 from endothelial cells depleted HSCs, but not
myeloerythroid or lymphoid progenitors (56). Deletion of Cxc//2 from osteoblasts
depleted early lymphoid progenitors and maintenance, but not HSCs or myeloerythroid
progenitors (65). An osteoblast population (Lin- CD31- Scal- CDS51+) expressing
PDGFRa and PDGFRJ, also high in LeptinR gene expression, was found to support pre-
B lymphopoiesis in culture assays (69). These PDGFRa and PDGFRP expressing
populations localized near the growth plate and trabecular bone and were rarely found near
cortical bone regions or in central bone marrow (69). Additionally, perivascular MSCs
provide important signals such as CXCL12 and IL-7 which are critical for lymphoid and
B cell development (28, 51, 70-72). These results suggests that HSCs tend to occupy the
perivascular niche while early lymphoid progenitor occupy an endosteal niche, but the
heterogeneity of distinct spatial niche for HSCs remains under exploration. What these
observations reveal is that hematopoietic lineage cells development is coordinated by
supporting cells and cytokine signals that guide them to specialized niches for
differentiation.

The BM microenvironment is composed of hypoxic heterogeneities of local pO2
(73), however the implications of these oxygen tension differences have on hematopoiesis
is not well characterized. Studies in hypoxic conditions (<1-13% pO2) or manipulation of
the hypoxia-inducible factor-la (HIF-1a) pathway by von-Hippel Lindau protein (VHL)
or Oz-dependent prolyl hydroxylase domain (PHD) deletion gives us an insight of the
important role of oxygen adaptation in osteogenesis. Activation of HIF-1a accelerates bone
regeneration (74), promotes osteoblast differentiation into osteocytes (75), and can
stimulate osteoclast formation (76). Studies have shown HIF-la stabilization as a
therapeutic option for treating bone fractures (77, 78) and osteoporosis (79-81), but the
underlying molecular mechanism remains poorly understood. VHL plays an important role
regulating HIF-1a expression, and disruption of VA/ in bone cells leads to improper bone
homeostasis. Disrupting Vhl in osteoblasts induces expression of f-catenin, revealing an
insight to the mechanism by which VHL/HIF pathway promotes bone formation through
the Wnt pathway (74, 82-84). Vhl deletion in osteochondral progenitor cells and
osteocalcin-positive osteoblasts leads to an increase in bone mass through an increase in



osteoblast number (83, 85). Mice lacking HIF-1a in the osteoblast lineage have narrow,
poorly vascularized long bones at 3 weeks of age, despite normal expression of HIF-1a in
the surrounding tissues (83). However, by 24 weeks of age, bones from mice lacking HIF-
la in osteoblasts have normal cortical thickness and increased bone area compared to
controls (86). These results indicate that HIF-1a plays an age dependent and complex role
in osteogenesis. However, these studies of VAl deletion in osteolineage cells have not
examined the cell-extrinsic effects that these bone changes have on the immune niche nor
immune cells residing in the BM.

1.3 The role of VAl in bone and immune development

The VHL protein functions as a regulator of hypoxia-inducible factor (HIF-1a)
degradation (83, 87). When HIF-la accumulates under hypoxic conditions (or VHL
deletion), it travels to the nucleus to activate over 100 hypoxia-inducible target genes (83)
(Figure 3). The role of HIF-la and its regulation on the immune system has been
extensively reviewed, but the mechanism of VAl deletion (or HIF-la stabilization) in
specific immune cell lineages has not fully been addressed (88). Deletion of VAl stabilizes
HIF-10, and its deletion in bone cells leads to an increase in bone mass by regulating bone
formation activity of osteoblasts and bone resorption activity of osteoclasts (83, 85, 89-91).
Localized hypoxia and HIF-1a stabilization are normal features of germinal centers in
spleens. Development of robust antibody responses from conventional B lymphocytes
(a.k.a. B2 cells) is diminished by the relatively low oxygen levels in the germinal centers
of the spleen and lymph nodes (92). Deletion of VAl in B cells stabilizes HIF-1a levels and
affects B cell function by impairing cell proliferation, antibody class-switching, generation
of high affinity antibodies, antibody responses, and impairs metabolic balance is essential
for naive B cell survival (92, 93). VHL is expressed ubiquitously in many cell types, and
global deletion of the VAl gene results in embryonic lethality, so conditional knockout
approaches are necessary to investigate the cell-specific roles of VAl in specific
microenvironments.

Vhl deletion in skeletal cells

A list and summary of key publications in which conditional knockout models of
Vhl have been utilized to study cell intrinsic effects in skeletal and immune cells are
described in Table 1 and Table 2. Mangiavini et al. deleted VAl utilizing PrxI-Cre,; VA",
which targets mesenchymal progenitors. This generated shorter and developmentally
delayed fetal bones by impairing proliferation of chondrocytes and by delaying their
terminal differentiation. They also found increased trabecular bone with dilated BM vessels
and few hematopoietic cells in perinatal mice (94). Wang et al. showed evidence that
deletion of VAl from osteoblasts using OC-Cre; VRV which targets the osteoblast bone
gamma carboxyglutamate protein (BGLAP, also known as osteocalcin)
promoter/enhancer, led to an increase in osteogenesis, bone mass and also increase in
angiogenesis (83). Wan et al. also deleted V! from osteoblasts (OC-Cre, VhI"/"y and found
that bones in this model had increased vascularity and higher bone mass in response to
distraction osteogenesis, they suggested the HIFla pathway as a critical mediator of
angiogenesis required for skeletal regeneration HIF activators as therapies to improve bone



healing (74). Zhang et al. also utilized OC-Cre; VhI"", which led to the development
extremely dense and highly vascularized long bones. They found that osteoblasts lacking
Vhi, overexpress and secrete high levels of VEGF, promoting the proliferation and
osteogenic differentiation of bone marrow stromal cells (BMSC) by promoting expression
of Heme oxygenase-1 (HO-1) in BMSC. This study suggested that osteoblasts promote the
proliferation and osteogenic differentiation of BMSC by VEGF/HO-1 pathway (91). Zuo
et al. (OC-Cre; VhI""y found significantly increased cortical bone area resulting from
enhanced proliferation and osteogenic differentiation of BMSCs by inducing the
expression of B-catenin in the BMSC and disrupting the canalicular network (82). Kang et
al. (OC-Cre,; Vhl"") found upregulated OPG, as well as osteoblast HIF-10, activation which
led to an increased interleukin-33 (IL-33) expression, which was found to inhibit
osteoclastogenesis (90). Weng et al. deleted V4! from osteochondral progenitor cells using
Col2-CreER™; VhI"', which targets Collagen type 2, and found that deletion of VA at the
postnatal stage (2 months old) developed a progressive accumulation of cancellous bone
with increased microvascular density and bone formation. This was accompanied with a
significant increase in osteoblast proliferation, upregulation of differentiation marker
Runx2 and osteocalcin, and elevated expression of vascular endothelial growth factor
(VEGF) and phosphorylation of Smad1/5/8 (85). Rankin et al. showed evidence that VA/
deletion from osteoprogenitors using Osx-Cre; VAI"!, which targets osterix, a transcription
factor essential for osteoblasts differentiation, led to a HSC niche expansion associated
with selective expansion of the erythroid lineage, revealing an unexpected role for
osteoblasts in the production of EPO and modulation of erythropoiesis (95). Dirckx et al.
showed evidence that V! deletion from osteoprogenitors using Osx-Cre; VA", led to low
blood glucose levels, lower glucose tolerance, and enhanced clearing of glucose from the
blood following i.p. glucose injection during a glucose tolerance test. They also found
increased mRNA expression of key glycolytic enzymes Pgkl and Pdkl, and Glutl. To
visualize the uptake of glucose in situ, they administered 2-NBDG to control and mutant
mice and assessed the uptake and accumulation of the compound in the tibia, particularly
in osteoblast lineage cells on and around the bone surfaces and found increased presence
of GLUTI in the mutant bones lining (osteoblasts) (96). Loots et al. deleted VAl from
osteocytes and mature osteoblasts using Dmp1-Cre; VhI"", which targets the dentin matrix
protein 1 (DMP1), which is an extracellular matrix protein involved in bone and dentin
mineralization, highly expressed in osteocytes, mature osteoblast and a small subset of
MSCs. They found abnormal bone phenotype increase in both trabecular and cortical bone
thickness, these results demonstrated that manipulating VAl in bone cells influences skeletal
development and osteogenesis. This bone growth led to a dysfunctional bone marrow
cavity and analysis of immune cells in the BM found that B cells were decreased,
suggesting that VAl deletion in Dmpl-expressing cells influences hematopoiesis (89).
These results have been confirmed in a B6 background mice (DmpI-Cre; VhI") by Chen et
al. that additionally found decreased osteoclastogenesis and that cell-to-cell contact
between stromal cells and monocytes is required for osteoclast differentiation (97).

Vhi deletion in hematopoietic cells

The cell-intrinsic effects of VAl has been described in various papers. For example,
Takubo et al. showed evidence that deleting VAl in hematopoietic cells using the Mx1-



Cre; VhI"' model affects quiescence and transplantation experiments showed that Vil
deleted HSCs no longer supported hematopoiesis (98). Cho et al. showed evidence of the
role of VAl in B cells using an inducible ER™>-Cre; VhI". They performed adoptive
transfers into mice homozygous for the Rag mutation (which produce no mature T cells or
B cells) and studied B cell activation response. They found that deletion of VAl decreases
germinal center B cells and memory B cells as well as reduced generation of high affinity
antibodies. This study only looked at mature B cells and not developing B cells in the BM.
They performed a set of in vitro experiments to show that hypoxia (1% and 5% pO2) also
led to similar results, decreasing proliferation and survival of B cells (92). Xu et al. deleted
Vhl from B cells using B lineage-restricted CDI9-Cre;VhI"" and found disturbed
glycolytic and oxidative metabolic balance which led to severe reduction of mature B cells
(93), this study highlights that metabolic balance is essential for B cell survival. Burrows
et al. deleted VAl from B cell progenitors by utilizing Mb1-Cre,; VA", which targets cells
expressing the Ig-a signaling subunit of the B cell antigen receptor, which is expressed
exclusively in the early pro-B cell stage in the bone marrow and found severe peripheral B
cell lymphopenia (low B cell frequency), as well as defects in B cell receptor (BCR)
signaling, editing, and BIM (Bcl-2-like 11) dependent death (99).

As summarized in Table 2, and described above, these studies focused on the cell-
intrinsic role of Vhl, and the cell extrinsic role in bone formation. The high bone mass
described by deletion of VHL in bone cells or in other words HIF stabilization has provided
a possible route against bone loss. HIF stabilizers such as PHD inhibitors (iron chelators
such as desferrioxamine or 2-oxylutarate analogues such as dimethyloxalylglycine) that
stabilized HIF in a similar manner as VHL inhibitors, have been shown to protect against
bone loss in postmenopausal osteoporosis (100, 101). PHD enzyme inhibitor FG-4592 has
been shown to improve bone formation in vitro studies and has promising results as
treatment of osteolytic pathologies (102). New VHL inhibitors to stabilize HIF have been
recently developed (VH032 and VH298) with high pharmacological importance of VHL
blockade (103). But the implications of HIF stabilizing treatments on immune development
remain unclear. None of these studies have focused on the cell extrinsic effects that altered
bone has on hematopoiesis, which is key focus of my dissertation studies and Chicana et
al. 2022 (104). Our studies indicate that HIF stabilizing in bone cells, negatively alters
B cell development, effects myelopoiesis and erythropoiesis, affecting patients' health.
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Figure 1. Hematopoiesis Hierarchical Model. Hematopoietic development starting
from long-term hematopoietic stem cell (LT-HSC); Short term hematopoietic stem
cell (ST-HSC); Multipotent progenitor (MPP); Common myeloid progenitor (CMP);
Common lymphoid progenitor (CLP); Megakaryocyte erythroid progenitor (MEP);
granulocyte monocyte progenitor (GMP); Erythrocytes; Platelets; Monocytes;
Granulocytes; Dendritic cell (DC); NK cells; T cells; B cells.
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Figure 2. Schematic of B cell development by Hardy Fractions. Antigen markers
used to identify and distinguish B cell development stages by flow cytometry.
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Figure 3. VHL/HIF Pathway under normoxic and hypoxic conditions. Left: under
normoxic conditions, PHDs hydroxylate HIF1a, allowing VHL to add a ubiquitin tag for
degradation; Right: under hypoxic conditions PHDs do not hydroxylate HIF1o and VHL

does not bind, allowing HIF 1 a to accumulate in the cytoplasm and translocate to the
nucleus to activate transcription of hypoxia induced genes. Similarly, in the absence of
VHL, HIF 1o accumulates and translocates to the nucleus in the same manner as it would
under hypoxic conditions, therefore mimicking hypoxia in the cell.
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Table 1. Vhl Conditional Knock-Out studies targeting skeletal or hematopoietic
lineages. Conditional knock out studies of VAl using the flox-Cre system.

Target Citation Vhl target | Cre target Target cell
Mangiavini et al. 2014 (94)|  ya! Prx1-Cre Mesenchymal progenitors
Wang et al. 2007 (83) vhi vt OC-Cre Osteoblasts
Wan et al. 2008 (74) vt V0 OC-Cre Osteoblasts
Zhang et al. 2014 (91) vt V0 OC-Cre Osteoblasts
Zuo et al. 2015 (82) vhi V0 OC-Cre Osteoblasts
Skeletal Kang et al. 2017 (90) yh vl OC-Cre Osteoblasts
Weng et al. 2014 (85) vri | Col2-CreER ™ Osteochondral progenitors
Rankin et al. 2012 (95) Vhi 1 Osx-Cre Osteoprogenitors
Dirckx et al. 2018 (96) vhi vt Osx-Cre Osteoprogenitors
Loots et al. 2018 (89) vVt Dmpl-Cre |Osteocytes, mature OBs, small subset of MSCs
Chen et al. 2022 (97) v V0 Dmpl-Cre |Osteocytes, mature OBs, small subset of MSCs
Takubo et al. 2007 (98) yhi V0 Mx1-Cre Hematopoietic Stem cells
Cho et al. 2016 (92) yh1 V0 ERT -Cre Mature B cells from spleens
Hematopoietic Xu et al. 2019 (93) Vi CDI9-Cre Mature B cells
Burrows et al. 2020 (99) yR1 vt MbI-Cre B cell progenitors
Chicana et al. 2022 (104) vhi vt Dmpl-Cre |Osteocytes, mature OBs, small subset of MSCs
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Table 2. Summary of findings from different VAl conditional knock-out targets.
Osteoblasts (OBs), bone marrow stromal cells (BMSC) and osteocytes (OCYs).

Target Citation C?M' Iicell N Perllf):l:::i:): cell m?tgllf ols.em Oxygen levels dl:::iiy Bonesel::::row Niche cells | Vascularity
Mangiavini et al. 2014 (94) - - - - 1 | - 1
Wang et al. 2007 (83) - - Glutl 1 - 1 | 1 OBs 1
Wan et al. 2008 (74) - - - PIM1 1 | - 1
Zhang et al. 2014 (91) - - - - 1 | 1 OBs 1
Zuo et al. 2015 (82) - - - - 1 | 1 BMSCs 1
Skeletal Kang et al. 2017 (90) - - - - 1 | 1 OBs 1
Weng et al. 2014 (85) - - - - 1 ] 1 OBs 1
Rankin et al. 2012 (95) - - - - 1 l 1 OBs 1
Dirckx et al. 2018 (96) - 1 1 | | OBs 10sx 1
Loots et al. 2018 (89) | - 1 | 1 OCYs 1
Chen et al. 2022 (97) - - - 1 | 1 OBs -
Takubo et al. 2007 (98) l - - - - - -
Cho et al. 2016 (92) - | - PIM1
L Xu et al. 2019 (93) l - 1 -
Hematopoietic |5 ows et al. 2020 (99) | 5 ; PIM]
Chicana et al. 2022 (104) 1 ?é"hg;ae‘:g;) ( C?lla“l;le rTS) Agelffb‘/’f‘;dem 1 1 Cytokines | 1
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CHAPTER 2

Deletion of Vhl in Dmp1-expressing cells causes microenvironmental impairment of B
cell lymphopoiesis
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Brief Summary

In this chapter we explore how changes in bone homeostasis can impact immune
development and we elaborate on possible mechanisms in which the BM
microenvironment of VhlcKO mice does not support normal B cell development.

Published (Chicana et al. 2022) findings:

The VhicKO bone marrow displays a block early in B cell development starting at
Fractions B-C (pro-B) as early as 6-weeks-old

Upstream hematopoietic progenitors such as LSKs (LT-HSCs, ST-HSCs, MPP2,
MPP3, MPP4, CLPs) were increased in frequency in the bone marrow of VhIcKO
Fraction B-C (pro-B) show increased apoptosis and decreased cell proliferation in
the bone marrow starting at 10-weeks-old

CXCL12, a B cell supporting cytokine, is reduced in BM fluid and PB serum of
VhicKO mice compared to controls

Vascular density, volume and leakiness was increased in VhlcKO mice and more
severe at 6-months-old

VhicKO LSKs and B cells display an age dependent PIM+ expression, suggesting
a cellular response to hypoxia as the mice age

Unpublished findings:

3-week-old Vh/cKO mice display no defects in B cell development, proliferation,
or apoptosis in the BM

VhicKO mice at 10-14-week-old can produce antigen-specific antibodies and
germinal centers, regardless of the developmental defects ongoing in the bone
marrow

We found that VhIcKO spleens have increased LT-HSCs, ST-HSCs, MPP2, MPP3
and MPP4 in frequency and numbers at 10 weeks and 6-month-old mice
(extramedullary hematopoiesis)

No change of Bla cells in bone marrow and peritoneal cavity were observed, but
there was a decrease in spleens; B1b cells remained unchanged in bone marrow,
spleens and peritoneal cavity of VhlcKO mice

B cell development in the calvarial bone marrow and long bone (femurs and tibia)
BM are similar in control and V4/cKO mice

Serial bone digests help to isolate bone cells from dense bones of V4/cKO mice.
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The contributions of skeletal cells to the processes of B cell development in the bone
marrow (BM) have not been completely described. The von-Hippel Lindau protein (VHL)
plays a key role in cellular responses to hypoxia. Previous work showed that Dmp7-Cre;
Vhl conditional knockout mice (VhicKO), which deletes Vh! in subsets of mesenchymal
stem cells, late ostecblasts and osteocytes, display dysregulated bone growth and
reduction in B cells. Here, we investigated the mechanisms underlying the B cell
defects using flow cytometry and high-resolution imaging. In the VhicKO BM, B cell
progenitors were increased in frequency and number, whereas Hardy Fractions B-F were
decreased. VhicKO Fractions B-C cells showed increased apoptosis and quiescence.
Reciprocal BM chimeras confirmed a B cell-extrinsic source of the VhlcKO B cell defects.
In support of this, VhicKO BM supernatant contained reduced CXCL12 and elevated EPO
levels. Intravital and ex vivo imaging revealed VhIcKO BM blood vessels with increased
diameter, volume, and a diminished blood-BM barrier. Staining of VhicKO B cells with an
intracellular hypoxic marker indicated the natural existence of distinct B cell
microenvironments that differ in local oxygen tensions and that the B cell developmental
defects in VhIcKO BM are not initiated by hypexia. Our studies identify novel mechanisms
linking altered bone homeostasis with drastic BM microenvironmental changes that
dysregulate B cell development.

Keywords: B lymphocytes, osteoimmunology, hypoxia, microenvironment, bone marrow niches

INTRODUCTION

The mechanisms by which changes in bone homeostasis affect immune development in the bone
marrow (BM) are not fully understood (1-4). A detailed understanding of how bone
microenvironments affect immune cell development and function could provide strategies
towards novel therapeutic approaches to immune deficiencies. B cells produce antibodies (Abs),
which are crucial for a robust adaptive immune response. B cells are generated from hematopoietic
stem cells (HSCs) in the liver during fetal life, and in the BM in the adult (5). B cell development in
the BM occurs in a series of defined stages that rely on growth factors that are produced by several
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non-hematopoietic stromal cells, including mesenchymal stem
cells (MSCs) and osteoblasts (OBs) (1).

The von-Hippel Lindau protein (VHL) regulates hypoxia-
inducible factor (HIF) degradation, which is involved in cellular
adaptation to low oxygen environments (6). When HIFla
accumulates in normoxic conditions, it travels to the nucleus
to activate over 100 hypoxia-inducible target genes (7). VHL is
expressed ubiquitously in many cell types, and global deletion of
the VhI gene results in embryonic lethality, so conditional
knockout approaches are necessary to investigate the cell-
specific roles of VHL in specific microenvironments.
Conditional deletion of Vhl in OBs and in hematopoietic
progenitors have demonstrated a role for VHL in these cell
types (8, 9). The role of HIF and its regulation on the immune
system has been extensively reviewed (10), but the mechanisms
by which cell-intrinsic and cell-extrinsic VHL regulate specific
immune cell lineages has not fully been addressed.

The BM microenvironment manifests hypoxic
heterogeneities in a spatio-temporal manner (11-13), however
the implications of these oxygen tension (pO,) differences on
hematopoiesis are not well characterized. Hypoxia slows the
processes of angiogenesis and osteogenesis during fracture
healing and bone formation, but also promotes OB
differentiation into OCYs (14), and can stimulate osteoclast
formation (15). Studies have shown HIF stabilization as a
therapeutic option for treating bone fractures (16, 17) and
osteoporosis (18-20), but the underlying molecular mechanism
remains poorly understood. Vhl plays an important role
regulating HIF expression, and disruption of VAl in bone cells
leads to improper bone homeostasis (7, 8, 21, 22). Vil depletion
in osteochondral progenitor cells and osteocalcin-positive OBs
leads to an increase in bone mass through an increase in OB
number (7, 22). Furthermore, disrupting VHL in OBs induces
expression of B-catenin, revealing the mechanism by which
VHL/HIF pathway promotes bone formation through the Wnt
pathway (7, 23, 24). Altogether, these studies of VhI deletion in
osteolineage cells have not examined the cell-extrinsic effects of
these changes on the immune cells residing in the BM.

The BM contains specialized microenvironments that
maintain blood cells and supply factors required for their
development and maintenance. Perivascular stromal cells,
osteoprogenitor cells, endothelial cells (ECs), MSCs, OBs and
OCYs are critical B cell “niches” and are all cells that support B
cell development (1, 4, 25, 26), in part through production of
cytokines. Essential cytokines for B cell development include
CXC-chemokine ligand 12 (CXCL12) (27-29), FLT3 ligand
(FLT3L) (30), IL-7 (30-33), stem-cell factor (SCF) (31, 32) and
receptor activator of nuclear factor-xB ligand (RANKL) (34).
The BM contains a dense vascular network and vascular sinuses
creating the perivascular region, which provides a niche where B
cells are known to develop and reside (35). A model of B cell
developmental niches based on CXCL12 and IL7 levels has been
proposed (4) in which B cells start at the pre-pro-B cell (Fraction
A) stage where they are located in the perisinusoidal niche,
especially near CXCL12+ reticular cells. As B cells continue to
mature to the pro-B cell stage (Fractions B-C), they also interact

with IL-7 expressing cells, and then pre-B cells migrate away
from the sinusoids toward galectin-1+ stromal cells that do not
express IL7 (36). This model has been updated given recent
reports of the four new MSC subsets, their ability to support B
lymphopoiesis, and their locations within the BM (37). During
aging, vascular density decreases in many tissues due to impaired
angiogenesis caused by EC dysfunction (38, 39). Vascular
“hyperpermeability” also increases with age, via changes in ECs
lining the blood vessel wall, disrupting the blood-BM barrier
(40-42). The role of the vasculature and regulation of vessel
permeability in hematopoiesis, especially in B cell development,
remains unknown.

To understand how changes in bone homeostasis may affect
immune cell development, we previously utilized DmpI-Cre;VhI
conditional knockout mice (VhIcKQ), in which VhI is deleted
primarily in OCYs, but also in some MSC subsets and late OBs
(43). In the VhIcKO bones, the number of hematopoietic cells is
severely reduced, and B cell development is stunted (21). Here, we
provide evidence for molecular, cellular and structural changes in
the VhIcKO BM niche that adversely affect B cell development ina
cell-extrinsic manner, such as decreased production of B cell
supporting cytokines and structural changes in the BM
vasculature. We also observed an age-dependent change in
hypoxia that could further contribute to the B cell defects. These
studies reveal novel molecular mechanisms by which VAl deletion
in DmpI-expressing cells affect B cell niches.

MATERIALS AND METHODS
Study Design

A G*Power statistical (44) power analysis (0/=0.05 and power of
0.95) based on B cell developmental data and BM cellularity
determined that a minimum of n=7 mice per group was needed
for our studies. The total sample size for each experiment was >7
performed in three independent experiments. Age-matched mice
of both sexes were used. VhIcKO and control mice (C57BL/6
wild type and VhI-floxed (VRI, Dmp 1-Cre-negative mice) were
used and no sex-specific differences in B cell development or
other relevant characteristics to our studies were detected.
Student’s t-test and nonparametric Bonferroni-corrected
Mann-Whitney U-test was used to test differences between
mean and median values with Graph-Pad Prism and were
considered significant if p<0.05. Outlier analysis was also
performed with Graph-Pad Prism and any outliers identified
were not included in the data graphs.

Experimental Animals

Mice on the C57Bl/6 background were used. Stock #023047
B6N.FVB-Tgl]qfe/Bwd] (Dmpl-Cre) (45) and Stock #012933
B6.12984(C)-Vhl tm1Jae/] (VAI™™ (46) were purchased from
The Jackson Laboratory. These two lines of mice were crossed to
generate VRl conditional knockouts in Dmpl-expressing cells
(VhicKO). Genotyping was confirmed following protocols from
the Jackson Laboratory. Stock #002014 B6.SJL-Ptprca Pepch/
Boy] mice were used for reciprocal bone marrow transplantation
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studies. Mice were housed under specific pathogen-free
conditions in the University of California, Merced’s vivarium
with autoclaved feed and water, and sterile microisolator cages.
The University of California Merced Institutional Animal Care
and Use Committee approved all animal work.

Bone Marrow Transplantation

Recipient mice were 10 weeks of age at the time of
transplantation. Whole bone marrow B6.SJL (CD45.1+) donor
cells (1x10°) were injected retro-orbitally into lethally irradiated
(1000 rads using a Cesium-137 source, JL Shepherd and
Associates, San Fernando, CA, USA) recipient CD45.2+
VhIcKO mice or control (Cre-negative; Vh}ﬂ/ﬂ) littermates
under isoflurane anesthesia. Reciprocal VAIcKO—WT (B6.S]L,
CD45.1+) chimeras were also prepared. Animals were
supplemented with neomycin in the drinking water for 14 days
post-transplant as described (47).

Sample Collection: Bone Marrow,
Peripheral Blood, Spleen and Serum

Bone Marrow Collection

Mice were euthanized by the inhalation of carbon dioxide followed
by cervical dislocation. Femurs and tibias were dissected, and
muscles were removed. To release the BM, bones were crushed
with a mortar and pestle in M199+ (M199 with 2% FBS). BM cells
were collected into 15mL conical tubes after being rinsed away from
bone chips with M199+, resuspended by trituration, filtered through
70-micron nylon mesh into a 50 mL conical tube, and centrifuged
for 5 mins at 1500 rpm and at 4°C. Cell pellets were resuspended
and treated with ACK lysis buffer to remove erythrocytes. Cells
treated with ACK were washed and resuspended in M199+. Cell
counts were obtained using a hemocytometer and Trypan Blue
staining to exclude dead cells.

To collect BM supernatant, femurs were cleaned of any
muscle tissue and the epiphyses were cut off and discarded.
The bone shaft was then placed into a 0.2 mL tube in which a
hole was introduced using a needle. Thirty puL of 1x phosphate
buffered saline (PBS) was placed on the top end of the bone shaft,
using a 25g needle, and then the tube containing the bone was
placed into a 1.5 ml microcentrifuge tube and centrifuged for 30
seconds at 15,000rpm. The BM supernatant was collected and
stored at -80C until analysis.

Peripheral Blood Collection

Mice were heated under a heat lamp to increase blood circulation
and then restrained. Blood collection was performed via tail
bleeds by making an incision with a scalpel blade over the ventral
tail vein. No more than ten drops were collected (<0.5 mL) in a
1.5 ml Eppendorf tube with 50 ul of heparin. To obtain blood
serum, blood was collected in 1.5 ml tubes without heparin and
allowed to clot for 30 minutes at room temperature. The samples
were then centrifuged for 10 minutes at 4000 rpm at 4°C. Blood
serum was collected and stored at -80°C until the day of analysis.

Spleen Cell Collection
Dissected spleens were processed and mashed in 1 mL of ACK
lysis buffer in a petri dish for no more than one minute. Five mL

of M199+ were added into the dish to dilute the ACK lysis buffer
and to stop red cell lysis. Spleen cells were aspirated into a 5mL
syringe to create single cell suspensions by passing the cells
through the syringe several times then filtering through a 70-
micron nylon mesh into a 15 mL conical tube. Cells were
centrifuged at 2000 rpm at 4°C for 3 minutes. Cell pellets were
loosened by gently tapping the tubes by hand before
resuspending the cells in 5 mL of M199+. Live cell counts were
determined using a hemocytometer and Trypan Blue staining.

Quantification of Cytokines

Cytokine measurements were performed using a customized
bead-based multiplex (13-LEGENDplex assay) from Biolegend,
Inc. with the analytes IL-3, IL-5, IL-6, IL-7, IL-15, IL-34, M-CSF,
TPO, GM-CSF, LIF, EPO, CXCL12, SCF for the analysis of BM
serum and peripheral blood serum of ViIcKO and control mice.
Concentrations of cytokines were determined from samples
following manufacturer’s instructions and software.

Flow Cytometry Analysis and Antibodies
Cells were stained for flow cytometry and included a pre-
incubation step with unconjugated anti-CD16/32 (clone 93) to
block Fc receptors as previously described (47, 48). The antibody
cocktails used for different sets of stains are listed in
Supplementary Table 1. For viability staining, DAPT (Sigma-
Aldrich, 0.005 pg/ml final concentration) or propidium iodide
(Sigma-Aldrich, 0.025 pg/ml final concentration) was used.
Single color stains were used for setting compensations and
gates were determined with fluorescent-minus one controls,
isotype-matched antibody controls, or historical controls.
Intracellular staining of Ki67 was performed using the
eBioscience ™ Foxp3/Transcription Factor Staining Buffer Set
following the manufacturer’s instructions. For cell cycle analysis,
DAPI was used at a final concentration of 0.1 pig/ml per sample.
Apoptosis staining was performed using Biolegend Annexin V
Apoptosis Detection Kit with 7AAD. Flow cytometry data was
acquired on the BD LSR II. The data was analyzed using FlowJo
Software version 10.7.1.

Preparation of Long Bones for Imaging

To label blood vessels, mice were injected with fluorescent
antibodies (Supplementary Table 1) through the retro-orbital
venous sinus. After 20 minutes of incubation, intracardial
perfusion was performed with 1X PBS following by cold and
fresh 4% paraformaldehyde (PFA). Subsequently, femurs were
harvested and fixed in the 4% PFA for 30 minutes, at 4°C. The
bones were then washed with 1X PBS, immersed in 30% sucrose
for 1 hour, frozen in optimal cutting temperature (OCT)
compound and kept at - 80°C. Samples were shaved using a
cryostat (LEICA CM1860) equipped with a high-profile blade
(Leica; 3802121).

To optically clear long bones, a modified uDISCO clearing
protocol was used (49). After intracardial perfusion as described
above, long bones were immersed in 4% PFA overnight and put
through a series of ferf-butanol (Sigma-Aldrich, SHBM5332)
dehydration steps at 30% (4 hours), 50% (4 hours), 70%
(overnight), 80% (4 hours), 90% (4 hours), and 100%
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(overnight). Next, long bones were incubated in dichloromethane
(DCM; Sigma-Aldrich, SHBJ8352) for 40 minutes and then placed
in Benzyl Alcohol (Sigma-Aldrich, SHBK5469) Benzyl Benzoate
(Sigma-Aldrich, MKCM1445) - DL-alpha-tocopherol (Alfa Aesar,
Y04D032) (BABB-D4) for 3-4 hours. BABB-D4 is prepared by
mixing Benzyl Alcohol + Benzyl Benzoate at the ratio of 1:2,
adding diphenyl ether (DPE; Sigma-Aldrich, SHBL5909) to the
BABB solution (1:4) and ultimately DL-alpha-tocopherol
(Vitamin E) with the ratio of 1:25 to decrease fluorescence
quenching. Cleared femurs were mounted in a custom glass
chamber filled with BABB-D4 and sealed with solvent-resistant
silicone gel (DOWSIL™ 730) (49).

Two-Photon Microscopy
Imaging was performed with a custom-built two-photon video-rate
microscope (Blig Photonics) equipped with two femtosecond lasers
(Spectra Physics; Insight X3, Spectra Physics MaiTai eHP DS).
During intravital imaging, the Spectra Physics Insight X3 and Maitai
laser wavelengths were tuned to 840 nm and 1040 nm, respectively,
and for ex vivo imaging only the Insight X3 was tuned to 1220 nm.
Three fluorescent channels were acquired (503-538 nm, 572-608
nm, and 659-700 nm). For all two-photon imaging, a 25x water
immersion objective (Olympus; XLPLN25XWMP2) with 1.05
numerical aperture was used to image a 317 [lm by 159 pm field
of view. Videos were recorded at 30 frames per second and images
were generated by averaging of 30 frames from the live video mode.
For in vivo imaging of calvarial bone marrow, mice were
anesthetized with isofluorane (3-4% induction, 1.5%
maintenance at 1L/min) and the top of the head shaved. The
skin was cleaned with 70% alcohol wipes before surgery. The
mouse was placed on a heating pad and secured in a custom head
mount. An incision was made along the sagittal and lambda
suture of the skull and the skin retracted to expose the calvarial
bone as previously described (11, 50). The secured mouse was
then placed on the microscope stage for two-photon microscopy
(11, 50). In order to measure BM blood vessel permeability,
leakage and flow velocity in the calvaria BM during in vivo
imaging, 70 kDa Rhodamine-B-Dextran (ThermoFisher, D1841)
was injected retro-orbitally while the mouse was on the stage.
For ex vivo imaging, optically cleared long bones were mounted
in a chamber sealed with solvent-resistant silicone gel (DowsIL™
730) and shaved long bones were mounted on a wet sponge to
prevent the sample from drying during imaging. Slides were imaged
with similar acquisitions settings as the in vivo imaging.

Image Quantification

For in vivo image analysis, image processing and permeability/
leakage measurements were performed with Fiji (Image] 1.53k) and
BM blood flow velocity was quantified with custom scripts in
MATLAB (2020a). To measure permeability in the calvaria, live
two-photon microscopy video was recorded for the first 30 seconds
after Rhodamine B Dextran was injected. The blood vessel
permeability was calculated based on the change in fluorescence
intensity outside of blood vessels over time as previously described
(51, 52). For leakage measurements, z-stacks (2 pm step size) were
recorded randomly around the calvarium BM 10 minutes after
injection. Leakage values were calculated by dividing the

fluorescence intensity of the perivascular space adjacent to a
vessel by the fluorescence intensity inside the blood wvessel.
Representative examples of BM leakage were generated by taking
maximum intensity projections (MIPs) of BM regions with image
contrast/enhancement applied. Blood flow velocity was calculated
by recording 30 second videos of blood flow in the BM calvaria and
then utilizing the Line Scanning Particle Image Velocimetry
(LSPIV) method implemented in a custom MATLAB script to
calculate blood flow velocity as previously described (53, 54). Image]
(Image] 1.53k) was used to adjust video and image contrast for
figure presentation.

In long bone images, as required, 3D z-stacks were rotated
with the “Transform]” plugin in Image] to exclude the non-
relevant signals and final images were generated by taking
maximum intensity projections (MIPs) of BM regions and
adjusting the image contrast/enhancement. To generate a
depth-dependent profile of vessel diameter in long bones,
measurements were taken at 0-30 um (shallow BM), 75-105
um (middle BM), and 150-180 um (deep BM) below the
endosteum. To measure vascular density, image brightness/
contrast was first adjusted in Fiji (Image] 1.53k) and then
images were converted to binary. Next, noise reduction was
performed via Despeckle, and binary Fill Hole was applied.
Finally, using analytical coding developed in Python (3.7.6),
the ratio of the total blood vessel pixels to total BM pixels was
determined for BM vessel density measurements.

RESULTS

VhI Deletion in Dmp1-Expressing Cells
Dysregulates Hematopoiesis

Previous studies of VhIcKO mice utilized mice on a mixed
genetic background (21). For our studies, we required a pure
C57BL/6 (B6) background and we performed a thorough
comparison of our B6 VhIcKO mice to previous published
results. Similar to previous reports (21), we found that long
bones in B6 VhIcKO mice display abnormally high bone mass
and density and the BM cavity is severely occluded with bone
(Figure 1A), accompanied by stunted B cell development,
splenomegaly (Supplementary Figures 1A-E), and reduced
BM cellularity compared to controls (Figure 1B). In the B6
VhiIcKO, we extended our analysis to be longitudinal, examining
hematopoietic lineages at multiple ages. Analysis of specific
hematopoietic cell lineages in the BM revealed a decrease in B
cells, no change in T cell frequency, and an increase in CD11b+
Grl- cells (enriched for monocytes) and CD11b+ Grl+ cells
(enriched for Ly6G+ granulocytes, but also may include CD115+
and Ly6C+ monocytes) in 6-week-old, 10-week-old and 6-
month-old mice (Figures 1C, D). Furthermore, an overall
reduction in the absolute numbers of all hematopoietic lineages
in the BM of VhIcKO mice was observed (Table 1). Lineage
analysis in the spleen at 10 weeks revealed a decrease in B cells,
no change in T cells, and an increase in CD11b+ Grl+ cells that
became more prominent as mice aged to 6 months. CD11b+
Grl- cells in the VhIcKO spleen at 6-weeks-old were slightly

Frontiers in Immunology | www.frontiersin.org

25

February 2022 | Violume 13 | Artice 780945



Chicana et al Microeenvironmental Impairment of B Cell Lymphopoiesis

A Control VhicKO

B Bone Marrow Cellularity [+
104

core

2010t

%74,

T T T T T T
Conirsl  VnekQ  Conlrel  VWEKO  Conlrel  VhkekO

Total Cell Number

epite

i

T
coie

Gweoksold  10wseksold & months old
D Bone Marrow & weeks. Bone Marrow 10 Weeks Bone Marrow § months
100 100 100
e -
&0 - 80 - 80-
= Other
3 3 = CD11b+ G-
2 . - ,
g g L e = cotibegrts
* Ep # = T cells
= N.S. 2 .5, 4 = BCells
20 E 0
"
Cw\llmi VN(‘KO Control VhickQ Control WhickO

FIGURE 1 | Bone marrow, spleen and peripheral blood lineage cell defects in the VhickO mice. (A) Macroscopic and ex vivo imaging of the distal end of long bones
revealed progressive increases in the bone mass of 10-weeks-cld VhickO femurs compared to control. Inset: photo of the femur. Red: blood vessel (AlexaFlucré47
CD31, AlexaFluorG47 CD144, AlexaFluoré47 Sca-1), Blue: bone (SHG). Scale bar ~500um; (B) bone marrow cellularity, (C) representative FACS plots of immune cell
lineages, with the values on plots on the left representing cell frequency in total bone mamrow, and the values on the plots on the right representing frequencies within
the Gr-1- CD11b- gate. (D) frequency analysis of bone marrow lineage cells at 6-weeks of age {left), 10-weeks of age (middle) and 6-month (right). p<0.05*,
p<0.01*, p<0.001***, p<0.0001**** two-tailed Student's t-test. N.S., not statistically significant.

reduced, similar to controls at 10-weeks-old, and were increased ~ heterogeneous with different lineage-biased potential. MPP2/3
at 6-months-old (Supplementary Figure 1E). Peripheral blood  are myeloid-biased while MPP4 are lymphoid-primed (55, 56).
of the VhlcKO mice showed no change in B cells at 6 weeks, but B In our results, MPP4 frequency was increased starting at 10-
cells were decreased at 10 weeks and 6 months. In contrast, weeks-old (Figure 2C). These results show that deletion of Vhlin
CD11b+ Grl- cells were increased at 10-weeks-old, and CD11b+  Dmpl-expressing cells increases progenitor frequencies and

Grl+ cells at 6-months-old only (Supplementary Figure 1F). indicates that downstream differentiation of B cells may be

blocked. However, examination of MPP4 absolute numbers
Increased Frequencies of Hematopoietic showed decreased MPP4s in 6-week-old VhIcKO, an increase
Progenitor Cells in the VhicKO BM at 10-weeks-old, and numbers similar to controls at 6-months

To further investigate if the defect in hematopoiesis occurred ~ old. In 6-week-old VhIcKO mice, the absolute numbers of CLPs
upstream of lineage-committed cells, we analyzed the  were decreased, in 10-week-old VhIcKO mice, the absolute
hematopoietic progenitor compartments in the BM of VhlcKO  numbers of LT-HSCs and MPP3 were increased, whereas at 6-
mice. Long-term hematopoietic stem cells (LT-HSCs: LSK, ~ months-old, LT-HSCs and CLPs were decreased (Figure 2D).
CD150+ CD48-, short term hematopoietic stem cells (ST- . . .

HSCs: LSK, CD150-, CD48-), multipotent progenitors (MPP2: Vhl Deletion in Dmp1-Expressing

LSK, CD150+, CD48+; MPP3: LSK, CD150-, CD48+;and MPP4:  Cells Dysregulates B Cell

LSK, CD150-, Flk2+, CD48+), and common lymphoid =~ Development in the BM

progenitors (CLPs: Lineage-, cKit'™, Scal™™, CD127+ Flk2+)  To further explore the effects of VAl deletion in OBs and OCYs
from VhIcKO and control mice were quantified using flow  on B cell development and to identify at which stage B cell
cytometry (Figures 2A, B). The results showed an increase in ~ development was stunted in the BM, we determined the
the frequency in LT-HSCs, ST-HSCs, MPP2, MPP3, and CLPsat  frequencies of Hardy Fractions A-F (Figures 3A, B) using flow
6-weeks, 10-weeks and 6-months-old (Figure 2C). MPPs are  cytometry (1, 57). VhIcKO mice regardless of age retained
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normal frequency of Fraction A. In contrast, a decrease in the
frequencies of Fractions B-C through Fraction F was observed at
all ages examined (Figure 3C). An overall decrease in the
absolute numbers of B cells across all developmental stages was
observed at all three ages, with the exception of Fraction A at 10
weeks (Figure 3D). These results indicate an incomplete but
severe block in B cell development that starts at Fractions B-C in
VhicKO mice.

Reciprocal Bone Marrow Transplantation
Studies Reveal a Cell-Extrinsic Effect

of the Vh/IcKO Microenvironment

on B Cell Development

We expected the cause of the B cell defect to lie within the non-
hematopoietic cells, since Dmpl is not expressed in
hematopoietic cells. To definitively determine if the effects of
Vhl deficiency on B lymphopoiesis were due to changes in the
non-hematopoietic microenvironment within the bone, we
performed whole BM transplants from W'T B6.SJL (CD45.1+)
donors into lethally irradiated VhIcKO (CD45.2+) recipients
[WT—VhicKO chimeras (Figure 4A)]. WT (CD45.1+)—
control (Cre-negative; Vh}ﬂ/ﬂ, CD45.2+) chimeras were also
prepared. Donor hematopoietic chimerism was similar in
controls and chimeras (Figure 4B). Analysis 16 weeks post-
transplant showed a significant reduction in BM cellularity
(Figure 4C) and an increase in CD11b+ Grl+ and CDI11b+
Grl- cells and a decrease in B cells in the WT— VhIcKO mice
(Figure 4D). Analysis of B cells revealed a decrease at Fractions
A through Fraction F in both frequency and absolute numbers
(Figures 4E, F), extending the defect to include Fraction A as
compared to what is observed in non-transplanted VhlcKO mice
(Figure 3). In contrast, overall hematopoiesis, including B cell
development, was normal in the VhIcKO—WT chimeras
(Supplementary Figure 2). Since VhI deletion in B cells can
affect their function (58, 59), we confirmed that VAl remained
intact and was not erroneously deleted in B cells in our VhlcKO
mice (Supplementary Figure 3). These results confirm a cell-
extrinsic effect of the non-hematopoietic VhlcKO BM
microenvironment on hematopoiesis.

VhicKO Mice Display Patterns of

Reduced B Cell Proliferation and
Increased B Cell Apoptosis in the BM

We hypothesized that the observed reduction of B cells was due
to increased apoptosis and diminished B cell proliferation in the
BM. To test this, B cells were stained with Annexin V and 7AAD
to identify cells that were live, in early stage apoptosis or late
stage apoptosis (Figure 5A, left panels). Normally, apoptosis is
the most extensive in Fraction A (pre-pro-B cells) amongst the B
cell fractions (60). The frequencies of VAIcKO Fraction A cells in
live, early and late apoptosis stages was comparable to controls at
all ages examined (Figure 5B). Apoptosis in Fraction B-C in
VhlcKOs was similar to controls at 6-weeks-old. At 10-weeks-
old, the frequency of live Fraction B-C cells increased and those
in early apoptosis decreased in the VhIcKO. At 6-months-old,
there was no difference in the frequencies of live and early stage
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apoptotic Fraction B-C cells, but their frequency in late stage
apoptosis was increased (Figure 5B). No differences in the stages
of apoptosis were observed between controls and VhIcKOs for
Fractions D, E and F at all ages examined, with the exception of
increased Fraction F cells in late stage apoptosis at 6-months-old
(Supplementary Figure 4).

B cell development leads to the assembly and signaling of the B
cell antigen receptor (BCR). CD43+ Fraction A-C (pre-pro-B and
pro-B cells) normally have higher proliferation rates compared to
CD43- Fraction D-E (Pre-B cells and immature B cells) (5, 61).
Proliferation is halted at Fraction D (small pre-B cell) to allow
light (L) chain gene rearrangement, subsequently expressing a
complete IgM surface molecule (Fraction E) (5, 62). Cell cycle
analysis in VhIcKO B cells was performed using Ki67 and DAPI
staining (Figure 5A, right panels). There were no differences in
the distribution of cells in GO (quiescent, DAPI- Ki67-), G1
(DAPI- Ki67+, or §/G2/M (DAPI+ Ki67+) phases between
VhicKO and control mice amongst all Hardy Fractions at 6-
weeks-old (Figure 5C and Supplementary Figure 5). However, at
10-weeks-old and 6-months-old, Fractions B-C contained an
increased percentage of cells in GO. At 10-weeks old, a similar
frequency of Fraction B-C cells in G1 was observed between
VhiIcKO and controls, but there was a reduced percentage of cells
in 5/G2/M cell cycle phases (Figures 5A, C). At 6-months-old,

this pattern reversed, with a decreased frequency of Fraction B-C
cells in G1, and similar frequency of S/G2/M cells (Figure 5C).
Taken together, these data indicate a reduced ability of Fraction
B-C cells to proliferate in a Vhi-deficient microenvironment as
early as 10-weeks-old. No difference in proliferation of Fractions
D-F was observed at any age examined, with the exception of a
slight (yet statistically significant) reduction of the VhicKO
Fraction F cells in GO and increase in Gl at 6-months-old
(Supplementary Figure 5).

B cell development at each stage requires specific signaling
molecules from a variety of niche cells (5, 63). To further explore
the dysregulated niche, BM supernatant was analyzed for levels
of CXCL12 and SCF, which are critical for B cell development (1,
27, 28, 31). CXCL12 levels were reduced in the VhicKO BM
serum, while SCF levels were unaffected (Figure 5D). This
suggested that increased apoptosis and reduced proliferation of
Fraction B-C cells are caused by reduced CXCLI2 levels in the
VhIcKO BM.

Increased Bone Marrow Blood Vessel
Diameter and Density in VhicKO
Microenvironments

We attempted to quantify MSC, OB and EC subsets using flow
cytometry of collagenase-digested bones (64), but we concluded
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FD  FrE

that the high bone mass of VhIcKO mice prevented complete
digestion to accurately enumerate these populations
(Supplementary Figure 6). To more precisely examine the
changes in the microenvironment of VhIcKO mice, we imaged
femurs that were shaved to remove cortical bone (for analysis of
the metaphysis) or optically cleared with a modified uDISCO
protocol (for analysis of the fully intact diaphysis)
(Supplementary Videos 1, 2) (49). We measured the vessel
diameter and frequency in the cleared long bones and found that
regardless of their position in the BM, blood vessels in VhIcKO
mice were significantly larger in diameter than the control group
(Figures 6A-C) while generally no difference was observed in
the vessel frequency (Supplementary Figure 7A). Metaphyseal
and diaphyseal BM and bone vessel density measurements
revealed that in VhIcKO, blood vessels occupy a larger volume
than controls (Figures 6D-F and Supplementary Figure 7B, C).

Furthermore, we observed an apparent decrease in endosteal
lining arterioles in the diaphysis of 6-month-old VhIcKO femurs
compared to controls (Supplementary Figure 7D). Taken
together, these data reveal a striking alteration in the overall
architecture of the BM vascular network in VhIcKO mice.

VhicKO Bone Marrow Blood Vessels
Display Increased Permeability

While it has been shown that the bone and vascular system
undergoes significant remodeling in VhIcKO mice, there has been
a lack of information regarding potential functional changes to BM
blood vessels. To examine changes to the BM vasculature system
which could negatively impact B cell development, we sought to
quantify changes to the vascular permeability, leakage and blood
flow velocity via intravital two-photon microscopy of the calvaria.
Vessel permeability reflects the rate at which small molecules exit
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blood vessels and fill the surrounding perivascular space, whereas
leakage is the ratio of fluorescent dye in the perivascular space and
vascular lumen after reaching equilibrium. Blood vessel leakage and
permeability was calculated by administering Rhodamine B
Dextran (70kDa) via a retro-orbital injection. We found that
VhIcKO mice displayed greater vascular leakage overall, and that
vascular leakage increased in both control and VAICKO mice with
age (Figures 7A, B and Supplementary Videos 3-8). Similarly, we
observed an increase in vascular permeability in VhIcKO mice,
which significantly increased with age (Figure 7C and
Supplementary Videos 9, 10). We observed a decrease in blood
flow velocity in VhIcKO mice compared to controls for 6-week-old
and 10-week-old mice (Figure 7D). Lastly, we observed an age-
related reduction in blood flow in both VhIKO and control mice
(Figure 7D), which is consistent with previously published changes
in BM vascular flow rate with age (65).

Evidence for Age-Related Reduction in
Oxygen Levels Within Local Niches in the
VhicKO Bone Marrow

Hypoxic niches in the BM microenvironment are crucial for
hematopoietic development but BM oxygenation can be altered
through changes in vascular supply and/or cellular consumption
(11). Dynamic regulation of HIF-10 levels is required for normal B
cell development such that HIF activity is high in B cell precursors
and must decrease in the immature B cell stage in the BM (66). In
wild type mice at 10-16 weeks of age, studies using the hypoxic
marker pimonidazole (PIM) revealed that HSCs in the BM stain
positively with PIM, indicating a hypoxic niche (67). In contrast,
low PIM staining in BM B220+ cells was observed in 6-12 week old
mice, indicating a relatively normoxic niche for B220+ cells in wild
type mice (68). To evaluate hypoxia in distinct B cell developmental
stages, VhIcKO and control mice were injected with PBS or 120 mg/

kg PIM. PIM staining of LSKs in the BM was positive, as previously
reported (67), but this staining was more intense in LSKs of control
and VAICKO mice at 6 months of age (Figure 8A top panels).
Remarkably, PIM staining in VhIcKO LSKs was significantly higher
than control LSKs at 6 months (Figure 8B). CD45+ B220+ cells
[which include all Hardy Fractions, in addition to other
hematopoietic progenitors, natural killer cells, dendritic cells and
T cells (69-73)] displayed negative or low staining with PIM in both
control or VAlcKO mice at 10 weeks old, but the PIM staining in
B220+ cells in VhIcKO mice at 6 months was significantly elevated
compared to controls (Figure 8A, bottom panels and Figure 8B).
Next, we performed PIM staining in order to determine if specific
Hardy Fractions were experiencing hypoxia in the VhlcKO bone
marrow. This analysis revealed that in general, the Fraction A cells
stain with PIM at a higher level than the Fractions B through
Fraction F cells (Figure 8C), but that the intensity of PIM staining
on Fraction A cells in the VAlcKO mice at 6 months of age was
significantly higher than controls (Figures 8B, C and Table 2). This
reveals that in wild-type mice, Fraction A cells might reside in a
hypoxic niche, similar to LSKs. It also indicates that as B cells
mature, they may move away to a less hypoxic niche. Our results
also indicate that the oxygen levels in the microenvironment of
Fraction A cells in the VhIcKO BM is similar to controls at 10-
weeks-old, but at 6-months-old, the microenvironment for Fraction
A cells is relatively hypoxic compared to the microenvironments for
Fraction B through Fraction F.

DISCUSSION

Here, we report that deletion of the VAl gene in Dmpl-expressing
cells results in cell-extrinsic changes in the bone marrow
microenvironment that deleteriously affect B cell development
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as early as 6 weeks of age. Specifically, we observed reduced
CXCL12 levels in the bone marrow, which could result in the
inability of Fraction B-C to proliferate. We also observed elevated
levels of EPO, and an increase in the blood vessel diameters and
vessel density in the VhIcKO at all ages examined, consistent with
a response to hypoxia. To our knowledge, our report is the first to
show pimonidazole binding on Fraction A cells in wild type
mice, indicating that in general, Fraction A cells reside in hypoxic
niches of the BM, similar to LSKs. Burrows et al., 2020 utilized
EF5, a hypoxia probe similar to pimonidazole (66), and reported
high EF5 staining of “pro-B/pre-B” (B220+ IgM- IgD-) cells,
which includes Hardy Fractions A-D, but they did not
distinguish EF5 staining on clearly delineated Hardy Fractions,
as we have in our current study. In addition, our staining of
Hardy Fraction cell subsets with pimonidazole revealed that
Fraction A cells in the VAIcKO experienced more extreme
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hypoxia at 6 months of age. Collectively, our analyses
demonstrate that the B cell developmental defects in the
VhicKO bone marrow microenvironment observed at younger
ages (6 weeks and 10 weeks) are not due to dysregulation of
oxygen levels in their local niches. However, the B cell defects
could be exacerbated by hypoxia as the mice age to 6 months.
Evidence from several groups, including our own (2, 47, 74)
supports that distinct BM cell subsets, including perisinusoidal cells
(which are a subset of MSCs), osteoprogenitor cells (OBPs), OBs
and OCY's support different stages of B cell maturation by providing
CXCLI12 (75, 76) and IL7 (1), both of which are important for
proliferation and survival of Hardy Fractions A, B and C (aka. pre-
pro-B and pro-B cells) (4). Hematopoietic stem cells and
progenitors are localized in the relatively hypoxic sinusoidal
regions of the marrow (11, 12) which are anatomically and
physically separate from the endosteal niches. Osteolineage cells
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originate from MSCs, which then differentiate to OBPs, early OBs,  cell development (78) and this was later supported later by
late OBs and mature OCYs. MSCs and HSCs are found in close  independent studies in mice, in which OBs that lack expression
proximity to each other (77) and might also be located within the  of Gsol (79) and that OBs defective in the mTORCI signaling
BM cavity in direct contact with B cell progenitors (1). Osteoblast ~ pathway (80) could not support full B cell development. The role of
depletion studies in vive demonstrated OBs as a key regulator of B~ MSCs in the regulation of B cell proliferation, survival, and
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differentiation appears to be highly context-dependent (81-83), and
new reports of novel CD51+ MSC subsets and their differential
ability to support B lymphopoiesis in the BM (25, 37) will require
further scrutiny in the context of altered bone homeostasis.

One caveat to the identification of the “true” niche cells that
support B cell development is new information on off-target gene
deletion in DmpI-Cre mice. We utilized Dmp1-Cre for our Vhl
deletion studies as they are the main model currently available to
target osteocytes. However, despite its widespread use, DmplI-Cre
displays off-target expression (43, 84, 85). Broad MSC targeting
of VAl in Prx-Cre;VAI"™ mice resulted in delays in BM cavity
development, increases in trabecular bone with dilated BM
vessels and few hematopoietic cells in perinatal mice (86).
Similar phenotypes were observed in Osx-Cre; VhI™ mice (87),
perhaps because Osx and Prx expression overlap at an early
osteoprogenitor stage. Ocn-Cre; VhI™ mice, which targets mainly
mature OBs, displayed similar bone and hematopoietic
phenotypes plus angiogenesis in the long bones and changes in
OCY morphology with fewer dendrite connections (23). Taken
together, these studies indicate that deletion of Vhl at the MSC,
OBs and OCY phases from ontogeny results in physical changes
in bone microenvironment and altered hematopoiesis, and
implies that the phenotypes observed could have been
generated at an early osteoprogenitor stage and erroneously

attributed to more mature osteolineages. Single cell RNA-Seq
data on bone marrow stromal cells (88-90) could provide
information on non-overlapping mRNAs between MSCs, early
OBs, late OBs, in order to create new mouse models for studies of
HSC and B cell bone marrow niches, and permit discovery of the
specific contributions of MSCs and OBPs to B cell development.

Our studies show an effect of Vhil-deletion in Dmp I-expressing
cells on ECs. Our imaging results suggest that there is an increase
in bone ECs, which is consistent with previous studies in Osx-Cre;
VA" mice where endomucin staining showed that Vhi deletion
increased bone vasculature with dilated blood vessels (21). We also
observed larger vessels in the BM across all ages and an increase in
BM blood volume. These changes, along with the observed
decrease in endosteal arterioles in the long bones of 6 month
old mice and an increase in PIM staining, suggests that
oxygenation of the VhIcKO marrow may be lower than normal,
which may play a role in dysregulation of B cell development in
older mice. Future studies will be needed to clarify this and to
identify other changes in specific types or locations of blood vessels
in the VhicKO model as a function of age.

Given the connection between Vhl and hypoxia response, it
was interesting that EPO levels were high in the BM supernatant
of the VhIcKO mice. High Epo mRNA was also observed in the
bones of Osx-Cre; VhI™ (8) mice. Deletion of Vhl at the mature
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TABLE 2 | Mcde Fluorescence Intensity of PIM staining on B cell fractions in
confrol and VhickO mice.

Age Genotype Treatment MFI (mode)
FrA FrB-C FrD FrE FrF
10-weeks-old VAl cKO Isotype 336 187 146 125 146
Vhi cKO Isotype 358 166 146 166 208
Control Pt 3561 1177 638 638 613
Centrol PinM 3678 1501 689 638 689
Control Pinv 2040 742 470 493 402
Control PiM 3026 1547 715 824 663
Confrol Pt 1371 293 229 229 229
Control PinM 715 250 187 187 187
Vhi KO Pin 2514 796 380 402 424
Vhi cKO PiM 3034 912 493 540 588
Vhi cKO Pin 3132 1371 493 564 564
Vhi KO PiM 3561 943 540 564 516
Vhi cKO Pin 1106 424 336 336 358
Vhi cKO PiM 882 27 208 187 208
6-months-old Control PiM 293 146 104 125 125
Vhi KO Pin 203 835 835 125 146
Control Pin 4057 1290 613 689 613
Control Pin 1413 470 358 380 358
Control Pt 1744 516 336 358 336
Control Pt 2292 447 336 336 358
Centrol PinM 1413 493 314 358 314
Control Pin 882 293 208 229 229
Control PinM 1006 336 229 250 229
Vhi cKO Pin 3800 1108 824 742 882
Vhi cKO Pin 2292 742 424 564 613
Vhi cKO Pin 4481 1594 769 1038 974
Vhi cKO PinM 3926 11068 824 796 974
Vhi KO PiM 1584 493 271 271 336
Vhi cKO P 1584 516 293 336 424
Vhi cKO P 1330 2N 293 271 380

OB stage using the Osx-Cre (8) and Ocn-Cre (22) (targeting
osteoprogenitors) and in MSCs, OBs and OCY's using Dmp1-Cre
(23), increased bone mass and angiogenesis, likely through
HIFla-regulated expression of VEGF and EPO. If elevated
EPO levels directly affect B cell development in the VhIcKO
BM has not yet been verified. However, it has been reported that
ECs in the BM suppress levels of CXCL12 expression in response
to increased EPO levels (91). We also observed decreased
CXCL12 in the BM supernatant of VhIcKO mice. CXCLI2 is
required for proper development and retention of B cells in the
BM (29, 76). This suggests that altered vascular components in
the VhIcKO bone and BM microenvironments impair B cell
development possibly through the effects of EPO on EC function.

Permeability of the BM vasculature in the VilcKO mice was
also compromised. We found an increased vascular leakage and
permeability in the VhIcKO BM compared to controls regardless
of age. In addition, vascular permeability appeared to increase
with age, with the highest vascular permeability and leakage
being observed in 6-month-old VhIcKO mice when compared
with 6-week-old mice. Interestingly, it was observed that vascular
blood flow velocity decreased in 6-week-old and 10-week-old
VhlcKO mice but was not affected in 6-month-old VhlcKO mice.
An increase in blood flow velocity would normally explain an
increase in permeability and leakage, but that is not evident in

our data. Instead, the more likely explanation is that the blood-
bone marrow barrier is compromised, increasing the exposure of
the BM to plasma components.

Deletion of Vhlin B cells stabilizes Hiflex levels and affects
mature B cell function by impairing cell proliferation, antibody
class-switching, generation of high affinity antibodies, antibody
responses, and impairs metabolic balance essential for naive B
cell survival and development (58, 59, 92). Dynamic regulation of
HIF-10. levels was also found to be a crucial step in B cell
development in the BM (66). Burrows et al. found decreased
Hiflo activity at the immature B cell stage in the BM and that
HIF- 10t suppression was required for normal B cell development
(66). This dynamic regulation of HIF-1e. activity during B cell
development is consistent with our results, which revealed that
Fraction A cells stain highly with PIM, and PIM staining was
reduced as B cell development progressed to Fraction F.
Together, our findings and that of Burrows et al. suggest that
the earliest B cell stages (e.g. pre-pro B, Fraction A) might prefer
a more hypoxic niche compared to the later B cell stages.
Although Vhl is deleted in Dmpl-expressing cells in our
model, we cannot yet rule out if this deletion is artificially
causing changes that would be found in a true hypoxic state
through Hifl stabilization, when in fact the oxygenation of the
BM of the VhIcKO is not altered. In addition, PIM cannot
provide true quantification of dissolved oxygen concentration
in tissue. PIM adduct staining results could reflect inadequate
oxygen supply to the BM, faulty rates of intracellular oxygen
consumption, or both. Direct in vivo measurement of oxygen
tension using two-photon phosphorescence lifetime microscopy
would help answer this question (11).

The information generated in this study helps define the role
of Vhl and altered bone homeostasis on immune cell
development. Our results suggest the following working model
of the interactions in the BM microenvironment that controls B
cell development (Figure 9): Vil in Dmpl-expressing MSCs, OBs
and OCYs plays a significant role in the BM microenvironment,
indirectly regulating B cell development through a decrease in
CXCL12, an increase in EPO, increased vasculature and vascular
permeability. However, the oxygen levels in the VhicKO appear to
be dynamic, such that developing Fraction A cells experience
hypoxia in older, but not younger mice. We conclude that the B
cell developmental defects in the BM of VhIcKO mice are not
initiated by dysregulated oxygen levels in the BM. However, direct
measures of oxygen tension in the local niches of each Hardy B
cell Fraction is yet to be performed (and is a goal for our future
studies). Our results demonstrate the significant changes of the
physical niche in VAIcKO mice and their effects on B cell
development. Whether the physical space, niche cells, or
molecular signals all play a direct or indirect role on B cell
development remains to be explored and defined, with the
possibility that these events are completely independent of each
other. The results of this work could contribute to the
development of new therapies or new targets for exogenous
CXCL12 and EPO antagonists, to preserve and improve bone
marrow function during microenvironmental niche changes
or stress.
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FIGURE 9 | Working model describing the changes in the bone marrow microenvironment in VhickO mice. Left panel: Schematic of healihy conird bone manmow where
VHLHIF signaling is intact, the transition from ostecblasts to csteocytes is homeostatically balanced and interactions of developing B cells and stromal cells within their
niches promotes their differentiation, maturation and proliferation. Right panel: Lack of Vh/in late osteoblasts and osteocytes has a severe effect on hematopoiesis in the
bone marrow, changing the B cell niche and indirectly regulating B cell development through decrease of CXCL12, increase of EPO and changes to the BM
microenvironment vasculature and permeability. Changes in the oxygen levels in the local niches for Fraciion A cells do not oceur until later ages, as shown by
pimenidazole staining. Direct measurement of pOz in the BM is necessary to determine if the BM oxygenation landscape is altered compared to controls.
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Supplemental figures of Chicana et al. 2022
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Supplemental Figure 1. Analysis of hematopoietic lineages and cellularity in the spleen of VAhicKO mice. A)
White light image of spleens, scale bar: lem; B) spleen cellularity; C) spleen weights; D) spleen length; E) spleen
and F) peripheral blood lineage frequency at 6-weeks-old (left), 10-weeks-old (middle), and 6-months-old (right).
*p<0.05, **p<0.01,*¥**p<0.001, ¥***p<0.0001, two-tailed Student’s t-test.
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Supplemental Figure 2. Evidence against cell-intrinsic effects of VAl deletion on B cell development in VAIcKO mice. A) Experimental
scheme. Mice were transplanted at 10 weeks of age and were 26 weeks old at time of analysis. B) donor (CD45.2+) chimerism; C) bone marrow
cellularity; D) frequency of lineage cells in bone marrow; E) frequency and F) absolute numbers of B cell developmental stages in chimeras 16

weeks post-transplant. N.S. not statistically significant; two-tailed Student’s t-test.

A)

Bone Marrow B cells Post Purity Check Ai9 reporter ‘ Dmp1-Cre** ‘
5. Control 5 X
° -: B cells 3 B cells che Stop
10 3
. \|/
CAG
0
(224 T T T T U T g T T T T T
E 0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K D)
] ;
151 VhICKO o
9 B cells B cells
] 73 92.7
. 4
10
103
0
—103
0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K £) BM B cells Bone Osteoblasts
FCS_A 1004 lg:umam Tﬂonwz'z; 100 4 ;gtcomamr Tdrom;l;;
o 80+ 2
B) BM BM SPL SPL ! 2
Control  VhIcKO Control  VhicKO -RT 3 ¥ §
L] S
1 2 3 4 5 6 7 8 9 g a0 g
VHL 2 2
(213bp) 7
GAPDH m b -103 9 |03 '04 ‘05 10 0 103 104 105
(161bp) Comp-PE-A : Tomato " CompPE-A : TdTomato

Supplemental Figure 3. Validation of VAl expression in B cells in V4/cKO mice and expression of DmpI-Cre using Ai9 reporter mice A)
Bone marrow CD19+ B lymphocyte percentages pre- and post- sorting from control and 7#/¢cKO mice and B) PCR validation of VAl and Gapdh

gene expression in DNA of sorted B cells (Live, CD19+), demonstrating V'A/ is
mice with Ai9 (tdTomato) mice; D) tdTomato expression in DmpI-Cre;A19 mice;
osteoblasts (Lin-, CD45-, CD31-, Scal-, CD51+) in Dmp1-Cre;Ai9 mice.

intact in B cells in the 77/cKO; C) reporter cross of Dmpl-Cre
E) flow cytometry measurement of tdTomato on BM B cells and
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Supplemental Figure 4. Apoptosis analysis of B cell Fractions A-F A) Representative FACS plot of apoptotic phases in control (top) and
VhicKO (bottom) at 10-weeks-old; B) frequency of apoptotic phase in Fractions A-F in 6-weeks-old, 10-weeks-old and 6-month-old mice;

p<0.05*; two-tailed Student’s t-test.
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Supplemental Figure 5. Proliferation analysis of B cell Fractions A-F A) Representative FACS plot of cell cycle analysis in Fractions A-F cells
(red: VhicKO blue: control) in 10-weeks-old mice; B) frequency of cells in each cell cycle phase within Fractions A-F at 6-weeks-old, 10-weeks-

old old and 6-month-old mice. p<0.05*, p<0.01**; two-tailed Student’s t-test.
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Supplemental Figure 6. Flow cytometric analysis of VhIcKO bones. A) Flow cytometry gating strategy for bone
niche cells (ECs, MSCs, OBs) after 2hr bone digest; B) frequencies and C) absolute numbers of each cell subset out
of the live cell gate (not shown). p<0.05%, p<0.01**, p<0.001*** two-tailed Student’s t-test.
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Supplemental Figure 7. Ex vivo imaging of bone and bone marrow vasculature in VhlcKO and control mice.
A) Quantification of age dependent vessel frequency in the diaphyseal BM of uDISCO cleared femurs at different
depths (0-30 pm (shallow BM), 75-105 pm (middle BM), and 150-180 pm (deep BM) below the endosteum; B)
maximum intensity projection images of cortical bone vascularization and C) quantification of cortical vessel
density. Red: blood vessels (labeled with Alexa647 conjugated antibodies against CD31, CD144, and Sca-1), Blue:
bone (SHG); D) maximum intensity projections of BM blood vessels within 50 pm of the endosteum in femurs of
control (left) and VAlcKO (right) mice; Grayscale: blood vessels (labeled with Alexa647 conjugated antibodies
against CD31, CD144, and Sca-1). White arrows point to small diameter arterioles. Scale bars ~100 pym. *p<0.05,
**p<0.01,***p<0.001, two-tailed Student’s t-test.
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Supplemental Table 1. List of the fluorochrome-labeled monoclonal antibodies used for flow
cytometry and vessel staining sorted by experimental cocktail

Cocktail Antigen Clone Fluorochrome| Source
CD45 30F11 FITC Biolegend
8 CDI9 6D5 PE Biolegend
= Grl RB6-3C3 PE-Cy7 Biolegend
g}u CD3 145-2C11 APC Biolegend
= CD11b M1/70 APC-Cy7 Biolegend
~ Propidium iodide (PI) Viability Dye | Sigma-Aldrich
CD3 145-2C11 biotin Biolegend
CD4 Gkl1.5 biotin Biolegend
CD8 53.6.7 biotin Biolegend
CD11b M1/70 biotin Biolegend
= CDI19 6D5 biotin Biolegend
§ Nk1.1 PK136 biotin Biolegend
gu Terll9 TER119 biotin Biolegend
> Grl RB6-8C5 biotin Biolegend
Lj‘ CD150 mShad150 FITC eBioscience
2 CD135 (Flk2) A2F10 PE eBioscience
-3 CD438 HM48-1 PE-Cy7 Biolegend
5 CD127 IL-7Ra APC Biolegend
& CD117 (cKit) 2B8 APC-Cy7 Biolegend
Scal (Ly-6A/E) D7 BV510 Biolegend
CD45 30-F11 PerCP Cy5.5 Biolegend
Streptavidin - Pacific Blue [Life Technologies

DAPI (4'.6-diamidino-2-phenylindole) Viability Dye | Sigma-Aldrich
= CD19 6D3 FITC Biolegend
2 CD43 1B11 PE Biolegend
§' B220 RA3-6B2 PE-Cy7 Biolegend
5 gD 12-26¢.2a BV510 Biolegend
A IgM RMM-1 BVv421 Biolegend
o CD117 (cKit) 2B38 APC-Cy7 Biolegend
A Propidium iodide (PI) Viability Dye | Sigma-Aldrich
% CD19 6D35 PE Biolegend
& Grl RBG6-8C5 PE-Cy7 Biolegend
= CD3 145-2C11 APC Biolegend
g % CD11b M1/70 biotin Biolegend
L‘é w2 Streptavidin g Pacific Blue |Life Technologies
é CD4s5.1 A20 FITE Biolegend
e CD45.2 104 APC-Cy7 Biolegend
Propidium iodide (PI) Viability Dye | Sigma-Aldrich
CD19 6D3 FITC Biolegend
CD43 1B11 PE Biolegend
,;3 = B220 RA3-6B2 PE-Cy7 Biolegend
m E I1gD 12-26¢.2a BV510 Biolegend
£ & 1M RMM-1 BV421 Biolegend
E} : CD117 (cKit) 2B§ APC-Cy7T Biolegend
22 ~ CD45.1 A20 BUV395 BD Horizon
CD45.2 104 APC Biolegend
Propidium iodide (PI) Viability Dye | Sigma-Aldrich
CD43 1B11 PE Biolegend
B220 RA3-6B2 PE-Cy7 Biolegend
?3 . IgD 12-26¢.2a BV510 Biolegend
m 5 IgM RMM-1 BVv421 Biolegend
% E;, CD117 (cKit) 2B38 APC-Cy7 Biolegend
23 CD19 6D5 APC Biolegend
g3 CD45 30-F11 BUV395 BD Horizon
& TAAD 5 7AAD Biolegend
Annexin V - FITC Biolegend
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IgGl. k (Isotype Control) MOPC-21 FITC Biolegend
CD19 6D5 FITC Biolegend
g o CD43 1B11 PE Biolegend
cg - B220 RA3-6B2 PE-Cy7 Biolegend
gz CD117 (cKit) 2B§ APC-Cy7 Biolegend
;E: __::; CD45 30-F11 PerCP Cy5.5 Biolegend
= £ Ki67 16A8 APC Biolegend
- IgG2a.k (Isotype Control) RTK2758 APC Biolegend
DAPI (4'.6-diamidino-2-phenylindole) Viability Dye | Sigma-Aldrich
IgD 11-26¢.2a FITC Biolegend
g CD43 1B11 PE Biolegend
& E IgM RMM-1 PE-Cy7 Biolegend
g2 B220 RA3-6B2 APC-Cy7 Biolegend
g % CD45 30-F11 PerCP Cy5.5 Biolegend
= E Ki67 16A8 APC Biolegend
& IgG2a.k (Isotype Control) RTK2758 APC Biolegend
DAPI (4'.6-diamidino-2-phenylindole) Viability Dye | Sigma-Aldrich
CD3 145-2C11 biotin Biolegend
CD4 Gkl.5 biotin Biolegend
CD8 53.6.7 biotin Biolegend
Vi CDI11b M1/70 biotin Biolegend
] CD19 6DS5 biotin Biolegend
k] Nkl1.1 PK136 biotin Biolegend
i Terll9 TER119 biotin Biolegend
E= Grl RB6-8C5 biotin Biolegend
ﬁ Streptavidin - Pacific Blue |Life Technologies
5 CD45 30-F11 PE eBioscience
=2 CD117 (cKit) 2B8 APC Biolegend
S Scal (Ly-6A/E) D7 BV510 Biolegend
= B220 RA3-6B2 PE-Cy7 Biolegend
Fixable viability - e780 eBioscience
anti-PIM - FITC HypoxyProbe
IgG1l. & (Isotype Control) MOPC-21 FITC Biolegend
-z 'é CD19 6D5 PECyS Biolegend
=z E& CD43 1B11 PE Biolegend
g2 B220 RA3-6B2 PE-Cy7 Biolegend
= é IeD 12-26¢.2a BV510 Biolegend
82 IzM RMM-1 BV421 Biolegend
‘s 8 CD117 (cKit) 2B8 APC-Cy7 Biolegend
£/ anti-PIM - FITC HypoxyProbe
A °©  |IgGl. « (Isotype Control) MOPC-21 FITC Biolegend
& _»g CD144 BV13 Alexac47 Biolegend
22 CD31 MEC13.3 Alexa647 Biolegend
= '::3 Scal (Ly-6A/E) D7 Alexa647 Biolegend
CD3 145-2C11 PE-Cy7 Biolegend
CD4 Gkl1.5 PE-Cy7 Biolegend
CD3 53.6.7 PE-Cy7 Biolegend
CDL11b M1/70 PE-Cy7 Biolegend
_ CD19 6D5 PE-Cy7 Biolegend
5 Grl RB6-8C5 PE-Cy7 Biolegend
o Nk1.1 PK136 PE-Cy7 Biolegend
f:-u Terl19 TERI119 PE-Cy7 Biolegend
_:;3‘ CD45 30F11 BWv421 Biolegend
2 CD31 390 APC Biolegend
Scal (Ly-6A/E) D7 BWS510 Biolegend
CD51 RMV-7 Biotin Biolegend
IgG1.k (Isotype Control) RTK2071 Biotin Biolegend
Streptavidin - PE eBioscience

Propidium iodide (PI)

Viability Dye

Sigma-Aldrich
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Unpublished Findings

In this section, I present unpublished results we accumulated during my Ph.D.
thesis. These results did not fit the scope of our published story, but nonetheless provide
crucial information to understand, validate, and further extend on the V4/cKO changes in
bone and effects on immune development.

Dosage of Vhl deletion in Dmp1-expressing cells effects on B cell development

To determine the best control for our VhlcKO (VA Dmp1-Cre") mice, we first
compared Dmp1-Cre* (VhI"™) with VA" (Cre’) mice and found that the frequencies of B
cells were comparable between both strains, here on out will refer to VA" (Cre) as
“control” (Figure 4). We also determined that 2 copies of the VAl gene had to be floxed,
as we found that 1 copy alone (or partial deletion) was more comparable to controls in
terms of % frequency of B cells (Figure 5), suggesting that 1 copy of the Vhl gene is
sufficient for proper oxygen sensing and B cell development. To best fit litter mates and
aged matched mice, we decided to use VhI"" (Cre’) mice as controls and homozygous
flox/flox for our target deletion. We were able to generate a 1:1 ratio of V4/cKOs and Vh1"
(Cre’) controls by crossing VhAIcKO (VhIV%;Dmpl-Cre™) males with VA" Dmpl-Cre
females (Figure 6). This cross also allowed for males to carry the Cre" to avoid potential
germline deletion of the VAl flox allele. Jackson Labs website states that “For many cre
strains, but not all, using cre-positive males for breeding avoids potential germline deletion
of your loxP-flanked allele” (https://www.jax.org/news-and-insights/jax-
blog/2016/may/are-your-cre-lox-mice-deleting-what-you-think-they-are).

3-week-old mice analysis of B cell development, proliferation and apoptosis

To observe B cell development defects in the VAIcKO mice prior to fully bone
development, we added 3-week-old mice to our longitudinal study. VhI/cKO mice at 3-
weeks-old were collected, processed, and analyzed in the same manner as Chicana et al.
2022 (104). We found that 3-week-old mice VA/cKO are very similar to controls, with two
minor exceptions, a small reduction of B cells in spleens of VhiIcKO, as well as a decrease
of apoptosis in Fraction A cells (Figure 7). Otherwise, T cells, granulocytes, monocytes,
and B cells from a lineage panel analysis remained comparable to controls. Progenitor cells
(LT-HSCs, ST-HSCs, MPP2, MPP3 MPP4 and CLPs) also remained comparable to
control. B cell hardy fractions development, proliferation and apoptosis were also similar
between controls and V4IcKO mice. These results suggest that the defects we observed in
B cell development starting at 6-week-old V4/cKO mice, as published, is driven by bone
development as the mice ages.

B cell development in calvaria was found to be similar to hindlimbs

Live imaging of vessel leakage presented in Chicana et al. 2022 was recorded from
calvaria bones. To confirm that B cell development was consistent in flat vs long bones,
we analyzed a comparison of B cell development at 10 weeks of age. Calvaria bones were
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isolated following Bellido and Delgado-Calle 2020 protocol (105). Isolated calvarias were
carefully dissected to include frontal, parietal, interparietal and occipital bones as much as
possible. Calvaria was processed it in the same way as long bones (104). We found that
calvaria bone marrow have very similar B cell development as long bones (hindlimbs)
(Figure 8). These results support calvaria bone marrow as a site to study aberrant B cell
development using live imaging in V4/cKO mice.

NK cell frequency reduced in VAlcKO bone marrow

In our initial studies we focused on T cells and B cells (104), leaving out NK cells
which represents ~4% of live bone marrow cells (106). Natural killer cells differentiate
primarily in the BM from common lymphoid precursors (CLP), same precursors that give
rise to T cells and B cells. The question remained whether in the VhIcKO mice NK cells
were affected. Considering the CLP frequency was high in mice at 6 months of age, but T
cells remained unchanged, and B cells were decrease, I hypothesized that NK cells remain
unchanged or decreased as well. We observed that at 6-months-old NK cell frequency was
reduced in the VhIcKO bone marrow (Figure 9). This would indicate that although there
is a progenitor increase, there is still a developmental blockage to the lymphoid branch
(NK cells, T cells, and B cells) and could further explain the increase in myelopoiesis we
observe in the VAIcKO mice (more myeloid details in Chapter 3).

In this analysis we also observed that our VAIcKO mice do not express CD161
(NK1.1) (Figure 9¢). The NK1.1 receptor is expressed in strain C57BL/6 (B6) and other
few mouse strains such as B6.SJL (107). Our VhlcKO mice were backcrossed to substrains
C57BL/6N and C57BL/6J for 10 generations but seems to have not gained back the NK1.1
receptor. These results support that to analyze NK cells in our VA/cKO mice we need
markers such as CD49b (DX5) and/or CD335 (NKp46) that’s expressed in a wider range
of mice strains (108, 109).

Bone and bone marrow digests for studying the stromal niche that support
hematopoiesis

There are current limitations to studying stromal cells from bones and bone marrow,
one being the lack of markers to distinguish populations, and another the dense bones from
the VhIcKO mice. One possible solution is the usage of a reporter mouse model. Reporter
mouse models that carry a reporter gene allows for lineage tracing studies (110). Reporter
genes encode proteins that can be easily distinguished such as green fluorescent protein
(GFP) or red fluorescence proteins (RFP). We utilized the B6.Cg-
Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J Cre reporter line also known as “Ai9”, to
identify any off-target expression. The Ai9 strain is designed to have a flox-flanked STOP
cassette preventing transcription of the red fluorescent protein (tdTomato). We used the
Ai9 reporter mice for validation of Dmp1-Cre” expression in bone cells and not in B cell
lineages as shown in Chicana et al. 2022 supplemental figure 3. Using a reporter like
Dmp1-Cre";Ai9 mice can also help confirm isolation of osteoblasts and osteocytes (Dmp1-
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Cre", tdTomato") from bones (Figure 10). To isolate bone cells, an enzymatic digest is
required to break down bone and release bone cells (111-113). In our lab we have used a
bone digest protocol published by Schepers et al. 2012, digesting bone fragments with 3
mg/mL type I collagenase (Worthington) for 1-2 hours (114), and Winkler et al. 2010
stromal cell isolation and flow cytometry analysis (115). We found that longer digestion
times were required for isolation of stromal cells from dense bones, but longer incubation
was increasing apoptosis of cells and compromising RNA quality (data not shown). We
adapted the osteocyte culture methods protocol from Stern and Bonewald (116, 117) serial
digests, to isolate stromal populations (mesenchymal stem cells, osteoblasts, and
osteocytes) for flow cytometry measurement. The serial digests consist of 9 digestion steps
in collagenase solution at 300 active U/mL collagenase type-1A (Sigma-Aldrich, St. Louis,
MO, USA) dissolved in Hank's balanced salt solution (HBSS) or EDTA tetrasodium salt
dehydrate (EDTA) solution (5 mM, pH = 7.4; Sigma-Aldrich) prepared in magnesium and
calcium-free Dulbecco's phosphate-buffered solution (DPBS; Mediatech) with 1% BSA
(Sigma-Aldrich). All digestions took place in 8mL solution in 50ml conical tube on a
rotating shaker set to 150rpm at 37°C. Each digest was 25 minutes long for a total of 3.75hr
digestion of bones. Digest 1 primarily consists of fibroblastic cells, digests 2-3 are a
mixture of fibroblasts and osteoblasts, digest 4-6 contains mainly osteoblasts, digest 8
contains osteoblasts and osteocytes, and digest 9 are primarily osteocytes (117). Mice bone
fragments at 10-weeks-old (n=3) were pooled and digested, we found that serial digests of
bones was successful at releasing Dmpl-Cre";Ai9 cells from bones with the highest
expression of tdTomato (70%) in osteoblasts at digest 8 (Figure 10). We also found that
sorting of these populations resulted in successful isolation of tdTomato+ cells, but it
required pooling of digest1-3, digest 4-6 and digest 7-9 to get 3000-5000 cells (Table 3),
so a higher mouse pooling n=5 might be beneficial. We tested DmpI expression by PCR
from digest 5 through 9, from n=3 pooled 10-week-old wild-type (B6) mice and found
expression starting at digest 7 (corresponding to 2.75 hours of total digest), and the highest
Dmp1 expression in digest 9 (data not shown), these results suggest that serial bone digests
would help isolate Dmp1™ cells from bones. We have also tested serial digestion in VA/cKO
mice bones and found that it was successful at releasing cells from bones based on
cellularity results (data not shown). We are waiting to generate a reporter VhlcKO to be
able to sort isolated DmpI-Cre" cells from serial digested bones.

To further characterize the bone marrow niche, we also performed enzymatic
digestion of bone marrow tissues which allows the extraction of large stromal cells
enabling their identification by flow cytometry and prospective isolation via cell sorting.
We found that 20-minute incubation at 37°C in collagenase Type I at 3mg/ml as stated by
other labs was best at releasing stromal cells from bone marrow (118-120). Green et al.
2021 observed an osteoblast population (Lin- CD31- Scal- CD51+) expressing PDGFRa
and PDGFR§ (they call “AB”), which was also high in LeptinR gene expression, supported
pre-B lymphopoiesis in culture assays (69). Our preliminary results show evidence of lower
expression of MSCs, but higher frequency of LepR” PDGFRa" osteoblast population in
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VhicKO digested bone marrow. Bone digests had a higher % frequency of osteoblasts, but
normal expression of LepR" PDGFRa" osteoblast in V4/cKO compared to controls (Figure
11). These results start to elucidate the status of stromal populations in the V4/cKO bone
marrow and bones.

VhicKO whole bone marrow have normal levels of Hifla and low levels of 1I7
measured by qPCR

Based on the pimonidazole (hypoxic marker) results we published in Chicana et al.
2022, we hypothesized that 10-week-old VA/cKO B cells would have high levels of HIF1a
in Fraction A cells, while the other B cell fractions would have lower levels. We also
expected overall similar levels between VA/cKO and controls. We attempted to measure
HIF1la levels in different B cell Hardy fractions by flow cytometry using anti-HIF1a.
HIF1la degrades quickly, with a reported half-life of HIF-1a protein, as determined by
standard immunoblotting method is of about 5—-8 min under normal oxygenated conditions
(121). MG132, a proteasome inhibitor, has been shown to prevent HIF-la protein
degradation in cell lines (121-123). I was unsuccessful at measuring HIFla levels,
regardless of fixation, incubation temperature, antibody titers, or incubation with MG132
(10 uM for 3 h) (Figure 12). We think is an issue of the assay, as we also measured Hifla
levels from whole bone marrow of controls and V4/cKO mice by using a TagMan qPCR
assay. By qPCR, we found slightly elevated Hiflo levels in 6-month-old VA/cKO mice but
overall similar levels as controls (Figure 13a). The slight elevation confirms our findings
of age dependent hypoxic stress in 6-month-old mice, we published.

We have measured cytokines from bone marrow serum and published these results
in Chicana et al. 2022, where we found reduced CXCL12 levels in the VA/cKO BM, but
IL7 was not detectable using a custom built LegendPlex assay (104). We wanted to
measure levels of IL7 in the VA/cKO bone marrow, because IL7 is crucial for early B cell
development in the BM (124, 125). We used a TagMan qPCR assay to measure Cxcl12
and /7 gene expression from whole bone marrow of control and V4/cKO mice. We found
a slight reduction of Cxc/12 levels in whole BM of VhlcKO mice, we need a bigger sample
size for significance, but the overall trend is aligns with the results presented in our
publication (Figure 13b). We did observe a significant decrease of //7 levels in VhicKO
whole bone marrow cells (Figure 13¢). These result confirms that the microenvironment
of VhicKO mice lacks IL7 and CXCL12 supporting cytokines for proper B cell
development.

Spleens of VhlcKO mice have lower % frequency of B cells, but comparable
absolute numbers to controls

Outside of the bone marrow and bone, we also had an interest in spleens, as the site
for B cells to finish maturation. We initially observed splenomegaly in the VA/cKO mice,
with significant higher weight, length, and cellularity at 10-weeks-old (Supplemental
Figure 1 from Chicana et al. 2022). The VA/cKO mice have decrease B cell frequency in
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the bone marrow, so we expected possible B cell defects also present in spleens. Analysis
of B cells (Live Lin-, B220" CD19") revealed a decreased frequency in VhilcKO spleens,
but overall normal B cell absolute numbers (Figure 14). The increased spleen size and
cellularity could explain why regardless of the lower frequency of B cells in the VA/cKO
compared to controls, we still observe B cell numbers comparable to controls. Additionally,
spleens of mice 16 weeks after transplantation of whole WT bone marrow into lethally
irradiated VhIcKO revealed a decrease of IgM*" IgD™ B cells, which corresponds to
follicular B cells in the spleen (Figure 15). These results suggest that after transplantation,
follicular B cells remain decreased in VAhlcKO compared to non-transplanted controls.

VhicKO mice display normal antibody production and germinal centers

Due to the decrease of B cell frequency in bone marrow and spleens, we wanted to
test if B cell functionality was also affected. Mice were used at 10 weeks old for initial
immunizations and analyzed 1-4 weeks after, depending on the assay. We immunized mice
with 4-Hydroxy-3-nitrophenylacetyl hapten conjugated to OVAL (ovalbumin) protein
through lysine by amide bonds (NP-OVA, 50 ug/100ul) to test for a T-dependent (TD)
immune response (48). For NP-OVA, the adjuvant used was alum for T-helper type 2 (Th2)
responses (Alhydrogel 2%). A booster shot of NP-OVA (50 ug/100ul) was administered
21 days after initial injection, with no adjuvant added. PB was analyzed 28 days after initial
injection (7 days after booster). We also injected VhIcKO mice with 4-Hydroxy-3-
nitrophenylacetic hapten conjugated to AminoEthylCarboxyMethyl-FICOLL (NP-
FICOLL, 25ug/100ul), a high molecular weight polysaccharide, to measure a T-
independent (TI) immune response (126). No adjuvant was used with NP-Ficoll. PB was
analyzed 8 days after initial injection. Due to the decrease of mature B cells in the VAIcKO
mice, I hypothesized that the VA/cKO mice would have lower levels of antigen-specific
antibodies compared to control mice. TI activation of B cells does not require T cell help
and leads to the production of IgM and IgG3, while TD activation of B cells requires CD4"
helper T cells, and leads to the production of IgM and IgG1 antibodies. We tested for IgM,
IgG1 and IgG3 responses by ELISA (absorbance at 450nm) using high valency NP-BSA
(Bovine Serum Albumin), Ratio >20 (127). We observed that the VA/cKO mice injected
with NP-OVA (TD response) produced similar levels of IgM andIgG1 as controls (Figure
16). VhicKO mice injected with NP-Ficoll (TI response) produced similar levels of IgM
and IgG3 as controls (Figure 18). We also tested NP-OVA immunized mice with a low
valency NP-BSA (Bovine Serum Albumin), Ratio 1-4. This was done in an attempt to
restrict binding to the high-affinity antibodies. Similarly, we observed comparable
concentrations of IgM and IgGl1 antibodies in VhIcKO and control mice (Figure 18).
Spleens of 10-week-old VhlcKO mice after NP-OVA immunized mice (as stated above)
were collected 28 days after initial injection and frozen for immunohistochemistry analysis.
Results revealed that the VhlcKO spleens produce normal germinal centers (Figure 19).
These results suggest that 10—14-week-old VhlcKO mice can produce antigen-specific
antibodies and germinal centers, regardless of the developmental defects ongoing in the
bone marrow.
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Progenitors founds in spleens of VAl/cKO mice revealing extramedullary
hematopoiesis

We suspected extramedullary hematopoiesis was occurring in the enlarged spleens
in the VhlcKO mice, so we examined hematopoietic progenitors in the spleen by flow
cytometry. Due to the decreased bone marrow space in the VhIcKO mice we hypothesized
that there would be progenitors present in the spleens. We found that V4/cKO mice had
increased LT-HSCs, ST-HSCs, MPP2, MPP3 and MPP4 in frequency and numbers in 10-
week-old and 6-month-old mice (Figure 20). After transplantation of VA/cKO whole bone
marrow to lethally irradiated WT (CD45.1) recipients, spleens were analyzed 16 weeks
post for presence of progenitors, and there was little to none LSKs (0-0.0228% frequency)
present, (data not shown). These results provide evidence of extramedullary hematopoiesis
and possibly suggests an attempt at compensation for the lack of bone marrow.

Unaffected Bla and B1b cells in bone marrow of VAIcKO mice

Another important B cell population to consider are B-1 cells. Studies have revealed
that B1 cells can be present in the bone marrow, and they contribute to IgM antibody
production (38). Although initially B1 cells were believed to only originate from fetal
progenitors (neonatal livers)(32), there have been newer reports that show that bone
marrow progenitors can also produce B1 cells, but a much lower rate than conventional B2
cells (33-36). We wanted to rule out any B1 cell defect in our VA/cKO model, so we
measured frequency and cellularity of Bl cells in bone marrow, spleens and peritoneal
cavity (PerC). We hypothesize that there would be no change or a possible decrease in B1
cells in VAlcKO mice. We measured Bla (Live, Lin-, IgM+, CD11b+, CD5+) and Blb
(Live, Lin-, IgM+, CD11b+, CD5-) cells from 10-19-week-old mice (38, 128, 129). We
found that there was no change of Bla cells in bone marrow and peritoneal cavity, but there
was a decrease in spleens; while B1b cells remained unchanged in bone marrow, spleens
and peritoneal cavity (Figure 21).
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Conclusions

In Chapter 2, we explored the BM microenvironment in the VA/cKO mice that does not
support normal B cell development. To determine the mechanisms that affect B cell output
from the VhicKO BM, we recorded B cell apoptosis and proliferation stages during B cell
development. We observed reduction of B cells is due to altered B cell proliferation and
apoptosis in the BM. We next determined if the effects on proliferation and apoptosis were
caused by insufficient production of cytokines by specific osteolineage subsets. We
observed that the VhlcKO microenvironment contains altered proportions of specific niche
cells, and insufficient levels of cytokines that cannot support normal B cell development.
We perform bead-based immunoassays to measure expression of cytokines that support the
maintenance of B cells, such as CXCL12, SCF, and IL7. We found that CXCL12 levels
were reduced in the Vh/cKO bone serum compared to controls, while SCF levels remained
the same. By qPCR we found reduced levels of IL7 from whole BM of VhlcKO mice.
Additionally, we observed diminished B cell development in the BM of VhlcKO mice
extended to the peripheral blood and spleen, where V! is not deleted. Localized hypoxia
and HIF stabilization are normal features of germinal centers. Development of robust
antibody responses from conventional B lymphocytes is diminished by the relatively low
oxygen levels in the germinal centers of the spleen and lymph nodes (92). Deletion of VAl
in B cells stabilizes Hifla levels and affects B cell function by impairing cell proliferation,
antibody class-switching, generation of high affinity antibodies, antibody responses, and
impairs metabolic balance is essential for naive B cell survival (92, 93). We confirmed that
Vhl remained intact and not erroneously deleted in B cells in our VAlcKO mice. Studies of
the function of B cells in the periphery of the VA/cKO reveals normal production of IgG1
and IgM antibodies after injection with NP specific antigens (Figure 16-18). These studies
helped identify the signaling changes in the microenvironment that contribute to the defect
in B cell development in the VhlcKO mice. Taken together, this study helps provide novel
information on the cellular and molecular mechanisms in the bone microenvironment that
regulate B cell development, which can be applied to other models of altered bone
homeostasis.
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Figure 4. Control comparison between VAPV (Cre’) and DmpI-Cre* (VhI).
Comparison of B cell hardy fractions at 10 weeks old revealed a similar trend of A) %
frequency live and B) absolute numbers. The Dmp1-Cre* (blue) seems to have a higher

absolute number of Fraction D (p= 0.053), but overall similar to Vh/ 1% (Cre").

53




A) Hardy Fractions 10 weeks Hets vs VhicKO

15— *x = Vhl flox/flox (Control)
= Vhl flox/+ Dmp1-Cre+ (HET)
I%) I ok = VhicKO
[} N
O
™ ook -
= 10— ——
et ek kK
B T— *kk
5‘ **#*
c L
D e *:nm
o
e T
uﬁ z “?
0= T

Fr A FrBC FrD FrE FrF

B) Hardy Fractions 10 weeks Hets vs VhIcKO
=3 Vhl flox/flox (Control)

x107 =
4x10 =3 Vhl flox/flox Dmp1-Cre+ (HET)
ERRF = VhIicKO
7 ** *dkk
3x107 = *kk ¥
ﬁ *%k .
% — X%
§ o
1x107 — FT T @
Xk
N - P L = &

FrA Fr B-C FrD FrE FrF

Figure 5. Comparison between VA" ;Dmp1-Cre* (HET) vs VhIV";DmpI-Cre*
(VhlcKO). Mice at 10 weeks old were analyzed for B cell hardy fraction A) frequency of
total cells and B) absolute numbers in bone marrow. Results reveals a similar %
frequency between controls and HETs, but absolute numbers are much higher in HET
mice compared to both controls and VAlcKOs. p<0.05*, p<0.01**, p<0.001***,
p<0.0001**** two-tailed Student’s t-test.
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Figure 6. Schematic of mice breeding generation of VA/cKO mice. We ordered
VhIo¥iox (B6.12984(C)-Vhl™!2¢/]) Strain #:012933 and Dmp1-Cre” (B6N.FVB-
Tg(Dmpl-cre)lJqfe/BwdJ) Strain #:023047 from The Jackson Laboratory. We crossed
for two generations to achieve homozygosity of the flox genes. From there we kept using
Cre" males for breeding to avoid potential germline deletion of the loxP-flanked allele.
This specific cross allowed for a 1:1 ratio of Cre”/Cre" mice (controls and VhlcKOs)
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Figure 7. Analysis of VhicKO 3-week-old mice reveals no B cell defects prior to bong
development. Same collection, processing, staining, and analysis as Chicana et al. 2022
was performed at 3 weeks old. A) lineage analysis of bone marrow, peripheral blood and
spleens; B) Hardy fractions; C) % frequency of live (left) and absolute numbers (right);
D) apoptosis (left) and proliferation (right) at different Hardy fractions of 3-week-old
VhicKO mice.
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Figure 8. Calvaria vs Hindlimbs B cell development in VA/cKO mice. Calvaria
isolation, processed it the same way as long bones (104). A) flow cytometry gating
example from calvaria and hindlimbs of 10 week old VhicKO mice; B) schematic from
Spijker et al. (130), and white light image of isolated calvaria from control and Vh/cKO
mice; C) total cellularity comparison of hindlimbs vs calvaria; quantitative analysis of B
cell development from D) calvaria and E) hindlimbs, %frequency of live (top) and
absolute numbers (bottom). p<0.05*, p<0.01**, p<0.001***  p<0.0001**** two-tailed

Student’s t-test.
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Figure 9. Decreased NK cell frequency in bone marrow of VAlcKO mice. Bone
marrow of 6-month-old mice was analyzed. A) flow cytometry gating strategy for NK
cells, gated: Live, Lin-; B) % frequency of NK cells in total bone marrow cells; C) lack

of expression of NK1.1 in control (C57BL/6J background), VhicKO (C57BL/6J and
C57BL/6N background) compared to wildtype C57BL/6J bone marrow NK cells.
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Figure 10. Serial bone digest of Dmp1-Cre*;Ai9 mice. Mice bone fragments at 10-
weeks-old were pooled n=3 and serial digest was performed. Gating strategy to measure
stromal cells from digest 1 through 9 is shown above gated: Live, LinCD45°CD31" (top)

and tdTomato levels (bottom) from each digest comparing osteoblast expression by
digest.
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Figure 11. Isolating bone marrow stromal niche cells by enzymatic digest. Bone
marrow from mice at 6-months-old was isolated and treated with Collagenase Type I for
20 minutes at 37°C, while bone fragments were digested in Collagenase Type I for 2
hours. A) Flow cytometry gating strategy; % frequency results of MSCs, ECs, and OBs,
frequency of LeptinR and PDGFRa and PDGFRJ in B) bone marrow digests and C) bone
digest. p<0.05%*, p<0.01**, p<0.001***, p<0.0001**** two-tailed Student’s t-test.
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Figure 12. Unsuccessful measurement of HIF1a protein from sorted B cell Hardy
fractions. Bone marrow cells from 6-month-old controls were collected and incubated
with MG132 (10 uM for 3 h), then the cells were fixated with Foxp3 transcription factor
staining kit prior to staining with 1:50 or 1:100 anti-HIF1a. B cells, LSKs (top) and hardy
fractions (bottom) were compared for HIF1a levels.
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Figure 14. VhicKO mice have reduced B cell frequency, but normal cellularity in
spleens. 10-week-old mice A) spleen white light images; B) flow cytometry gating
strategy; C) frequency (top) and absolute numbers (bottom) of splenic B cells (B220"
CD19%); D) IgM™* IgD" B cells corresponding to marginal zone B cells and B1 cells; and
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Student’s t-test.
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Figure 16. NP-OVA T-dependent antibody response in VAl/cKO mice. Mice were 10
weeks old at initial time of injection (pre-immune) and peripheral blood serum was
collected 28 days after initial injection when mice were 14 weeks old (immune). IgM and

IgGl levels were measured by ELISA with NP20-BSA as a coating antigen.
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Figure 17. NP-Ficoll T-independent antibody response in VAlcKO mice. Mice were
10 weeks old at initial time of injection (pre-immune) and peripheral blood serum was
collected 28 days after initial injection when mice were 14 weeks old (immune). IgM and
IgG3 levels were measured by ELISA with NP20-BSA as a coating antigen.

68



A) NP-OVA IgM

30001 =3 Pre-Immune
=3 Immune

Concentration ng/ml
-
[=]
o

0 ) 1 I 1
5 5 G \s
L L @ S 5*
c)($$ \e’l‘ ’\'\"\O \&
d N\ &P N\
B) NP-OVA IgG1
500- 3 Pre-Immune
= Immune
E 400
E)
o
5 300
g °
£ 200
g
8 1004 @ g
e (o]
0 I 1 I 1
O 9 \s \s
L AN o'
&© O S \k__O
& A ' O
d ¢ < J¢

Figure 18. NP-OVA T-dependent high affinity antibody response in VA/cKO mice.
Mice were 10 weeks old at initial time of injection (pre-immune) and peripheral blood
serum was collected 28 days after initial injection when mice were 14 weeks old
(immune). IgM and IgG1 levels were measured by ELISA with NP2-BSA as a coating
antigen.
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Figure 19. Vhl deletion in DmpI-expressing cells does not impair germinal center B-
cell formation. Mice were injected with NP-OVA (50 ug/100ul) at D1 and D21 and
spleens were collected and frozen at D28, mice were 10 weeks old at time of initial
injection and 14 weeks old at time of spleen collection. A) Immunofluorescence staining
of splenic germinal centers in control (left) and VhicKO (right) mice. B cells (red, IgD),
GCs (blue, GL-7), and T cells (green, CD4 and CD8a); B) summary of % germinal center
area by total follicle area. Scale bar ~100 pm. Data collected by Dr. David Gravano.
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Figure 21. Normal Bla % frequency in BM of VhlcKO mice. Mice between 10-19
weeks of age were analyzed for B1 cells A) flow cytometry gating strategy Gated: Live,
Lin-, IgM+; B) bone marrow; C) spleens; D) peritoneal cavity % frequency of live (top)

and absolute numbers (bottom). p<0.05*, p<0.01**, p<0.001***, p<0.0001**** two-

tailed Student’s t-test.
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Table 3. Isolated tdTomato+ cells from serial bone digest of Dmp1-Cre+;Ai9 mice.
Mice bone fragments were pooled (n=3) at 12-weeks-old and serial digested to isolate bone
cells, D1-D3, D4-D6 and D7-D9 were pooled prior to staining to sort for tdTomato+ cells.

Bone DigestTotal Cell counf{ Sorting |Sorted tdTomato+
Digest 1 3262500
Digest 2 2000000 D;;Zj 5004
Digest 3 1025000 | P
Digest 4 700000
Digest 5 400000 Dj&gg 7830
Digest 6 687500 P
Digest 7 150000
Digest 8 300000 ngzz 3896
Digest 9 237500 P
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Abstract

The specific types of bone marrow (BM) stromal cells and local BM microenvironments
that contribute to the regulation of myelopoiesis are not fully understood. The von-Hippel
Lindau protein (VHL) controls responses to hypoxia and could regulate immune
metabolism. We investigated this in Dmp1-Cre"; Vhl conditional knockout mice (V/cKO),
where Vhl is deleted in mesenchymal stem cells, osteoblasts (OBs) and osteocytes. We
found elevate EPO levels in VhlcKO peripheral blood serum and BM fluid by 3 weeks of
age, and evidence for dysregulated erythropoiesis. Moreover, the VhIcKO displayed an
increased frequency of common myeloid progenitors by 10 weeks of age. We hypothesize
EPO and Epo-receptor (EpoR) signaling to be directly affecting myeloiderythroid
development in the BM. EpoR is expressed on osteoprogenitors, macrophages, dendritic
cells, and B cells, but whether it is expressed on myeloid progenitors is unclear. These
studies are relevant for the understanding of BM microenvironmental changes that can
trigger adaptations in myelopoiesis.
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Introduction

Blood cells are continuously replenished by differentiation and maturation of
hematopoietic stem cells (HSCs) into either lymphoid or myeloid lineage cells; this process
is known as hematopoiesis. The lymphoid and myeloid cell lineages are the two major
branches of hematopoietic cells. Lymphoid lineage cells include B cells, T cells and natural
killer (NK) cells, while myeloid lineage cells include monocytes, granulocytes,
macrophages, megakaryocytes, and erythrocytes (11, 12). These two lineages are separable
at the progenitor level. Multipotent progenitors (MPPs) give rise to oligopotent
progenitors, either common lymphoid progenitors (CLPs) (13, 14) or common myeloid
progenitors (CMPs) (15). CLPs can develop into B cells, T cells or NK cells, all which
leave the bone marrow into the periphery to finish development in other organs such as the
spleen or thymus. CMPs have myeloid, erythroid, and megakaryocytic potential and can
form granulocyte-macrophage progenitors (GMPs) and megakaryocyte-erythrocyte
progenitors (MEPs). MEPs can develop into erythrocytes or megakaryocytes.
Megakaryocytes break into platelets. GMPs differentiate into granulocytes such as
neutrophils, basophils and eosinophils, or into monocytes which in turn become
macrophages, osteoclasts, or myeloid dendritic cells (DCs) (15-19). The BM
microenvironment that supports lymphoid and myeloid development has been described
(12, 56, 57, 65, 131-133), but the detailed contributions of the microenvironment that
maintain and regulate myeloid-erythroid development in the healthy bone marrow remains.
A detailed understanding of how bone marrow microenvironments affect myeloid-
erythroid development could provide strategies towards novel therapeutic approaches to
immune deficiencies.

Erythropoietin (EPO) is a glycoprotein hormone produced by the kidneys that
stimulates erythropoiesis in the bone marrow. Clinically it is used to stimulate
erythropoiesis in anemic patients with kidney disease (134-136). EPO binds to the
erythropoietin receptor (EpoR) (137), which has been traditionally thought of as an
erythroid-specific signal. Deletion of EPO or EpoR in mice leads to embryonic lethality
due to severe anemia at embryonic day 13 (138, 139). In recent years, EPO has been
revealed to exert other roles in other myeloid lineages, angiogenesis, bone formation, and
muscle repair, suggesting a broader biological role for EPO signaling (140-142). Whether
EPO promotes bone formation (142-145) or bone loss (146-149) has been a topic of debate,
with studies finding opposite roles. In humans, high levels of EPO in serum has been shown
to predict incident fractures in elderly men with normal kidney function (150), while local
EPO administration promoted bone healing in a study of 60 patients with tibiofibular
fractures (151). Studies indicate that EPO can modulate osteoblast activity via mTOR and
Ephrin B2/EphB4 signaling (142-146). Mice lacking EpoR in mature osteoblasts (using
osteocalcin-Cre) were protected from Epo-induced bone loss (152). Mice lacking EpoR in
osteoprogenitors using the osterix-Cre line, exhibit a low bone formation rate and high
bone mass due to inhibition of osteoclastogenesis via the RANKL/OPG pathway (153).
These studies reveal that the Epo/EpoR signaling is essential for bone remodeling.

Additionally, studies have found that EpoR is also expressed in non-erythroid cell
types, such macrophages, dendritic cells, endothelial cells, bone marrow stromal cells and
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B cells (154-157). EPO has been linked to impair skeletal homeostasis and B cell
development (158). Ito et al. found that administration of EPO reduced immature and
mature B cells in the bone marrow, while also decreasing surface VCAMI and CXCL12
from endothelial cells, both signals that are essential for B cell development (155). B cells
produce receptor activator of nuclear factor kappa-B ligand (RANKL) and osteoprotegerin
(OPG), two key regulators of bone metabolism. EPO treatment in vivo increased RANKL
expression in bone marrow B cells activating osteoclastogenesis (159). Deletion of EpoR
from B cells (using Mb1-Cre) attenuated EPO- induced trabecular bone loss (160). These
studies highlight B cells as an important target of Epo-EpoR signaling that regulates bone
homeostasis.

The role of EPO in erythroid and non-erythroid lineages has been extensively
characterized revealing a mediating signal on myeloid lineage cells. Megakaryocytes
(MKs) are responsible for the production of blood thrombocytes (platelets), which are
necessary for normal blood clotting. Thrombopoietin (TPO) has been known as the major
regulator for platelet production through the Mpl receptor. However, EPO has also been
identified as a stimulator for MKs (161-163) and EpoR has been found in 59% of total
MKs (164), revealing a role in MK development. EPO administration has been shown to
activate platelets and induce platelet production (165-167). Furthermore, TPO is able to
restore erythroid differentiation in EpoR-deficient erythroid progenitors (168). These
studies reveal the ability of EPO and TPO to stimulate each other targets lineages, and
more recently found to conjointly regulate platelet size (169). Neutrophils, are phagocytes
and a highly abundant granulocyte population, are the first line of defense (innate
immunity) against pathogens. In rat studies, high levels of EPO was found to induce down
regulation of neutrophils, but no reductions were observed in vivo (170). In more recent
mice studies, EPO administration elevated neutrophil counts in peripheral blood, but no
changes in count or function of different neutrophil populations (171). These studies
suggest that EPO most likely does have a mediating effect on neutrophils. Macrophages,
are phagocytes and another essential component of innate immunity, involved in detection
and phagocytosis of pathogens as well as apoptotic cell clearance. Macrophages have been
shown to express EpoR (172) and EPO administration enhances macrophage pro-
inflammatory activity and function (173). EPO increased phagocytosis of apoptotic cells
and deficiency of EpoR in macrophages impaired the clearance of apoptotic cells (172). In
bone marrow-derived macrophages (BMDM), EpoR expression and activation by EPO
results in the activation of signaling pathway MAPK, PI3K and NF«B, which are known
for macrophage activation (173). These results indicate a direct target of Epo/EpoR
signaling in macrophages that enhances its inflammatory activity and function. Dendritic
cells (DCs) are phagocytes known to initiate the immune response by presenting antigens
(also knowns as antigen-presenting cells (APC)), play an important role in adaptive
immune system. Bone marrow DCs (BMDCs) have been shown to express EpoR, and EPO
administration can activate the NFkB and MAPK signaling pathways, and induce a higher
expression of CD80, CD86 and MHC class I1 (157, 174). All together these studies provide
information of the cell-specific targets of EPO/EpoR signaling, providing insight to the
immune regulatory functions of EPO.
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The von-Hippel Lindau protein (VHL) regulates hypoxia-inducible factor (HIF)
degradation, which is involved in cellular adaptation to low oxygen environments
(hypoxia). HIF1a stabilization promotes the transcriptional activation of genes, including
EPO to regulate erythropoiesis (175). HIF increases EPO production in kidney and liver in
response to systemic hypoxia to increase red blood cell (RBC) production in the bone
marrow (176, 177). Loss of VAl in myeloid cells using the LysM-Cre (which targets
monocytes, mature macrophages and granulocytes), leads to an increase in myeloid cell
infiltration and activation of acute inflammatory responses, demonstrating that HIF-1a
activation directs regulation of myeloid cells (178). We have previously found that
conditional deletion of VAl using Dmp1-Cre*;VhI"™ conditional knockout mice (VIcKO),
display high bone mass and severe defect in B cell development, but appeared to have
enhanced monocyte and granulocyte production in the bone marrow (89, 104). In this
study, we investigate how changes in bone homeostasis in V4/cKO mice affects myeloid
and erythroid development.

Method
Experimental Animals

Mice on the C57Bl1/6 background were used. BON.FVB-Tgllqfe/Bwd] (Dmp1-
Cre) (179) and B6.129S4(C)-Vhl tm1Jae/ J (VAI"/") (180) were purchased from The
Jackson Laboratory. These two lines of mice were crossed to generate VAl conditional
knockouts in Dmpl-expressing cells (VhlcKO). Genotyping was confirmed following
protocols from Jackson Laboratory for JAX Stock #021047 and #012933. Mice were
housed under specific pathogen-free conditions in the University of California, Merced’s
vivarium with autoclaved feed and water, and sterile microisolator cages. The University
of California Merced Institutional Animal Care and Use Committee approved all animal
work.

Bone Marrow Collection

Bone marrow collection was processed in the same manner as previously published
(104). In brief, mice were euthanized by carbon dioxide asphyxiation followed by cervical
dislocation as a second form of euthanasia. Femurs and tibias were dissected and cleaned
of muscle tissues. Bones were crushes with a mortar and pestle in M199+ with 2% FBS to
release BM cells, which were then filtered through 70-micron nylon mesh. Isolated cells
were treated with ACK lysis buffer to remove erythrocytes for myeloid lineage and
progenitor analysis. Cell counts were obtained using a hemocytometer and Trypan Blue
staining to exclude dead cells.

To harvest the red blood cells residing in the bone marrow, bones were crushed
using a mortar and pestle in M199 with 2% FCS (M199+). The cells were filtered through
70-micron nylon mesh and centrifuged for 5 minutes at 1500 rpm. Cell pellet was
resuspended in M199+ media and stored at 4°C until staining for flow cytometry.
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To collect BM fluid, femurs were cleaned of any muscle tissue and the epiphyses
were cut off and discarded. The bone shaft was then placed into a 0.2 mL tube in which a
hole was introduced using a needle. Thirty pL of 1x phosphate buffered saline (PBS) was
placed on the top end of the bone shaft, using a 25g needle, and then the tube containing
the bone was placed into a 1.5 ml microcentrifuge tube and centrifuged for 30 seconds at
15,000rpm. The BM supernatant was collected and stored at -80C until analysis.

Peripheral blood collection

Mice were heated under a heat lamp to increase blood circulation and then
restrained. Blood collection was performed via tail bleeds by making an incision with a
scalpel blade over the ventral tail vein. No more than ten drops were collected (< 0.5 mL)
into centrifuge tubes without heparin and allowed to clot for 30 minutes at room
temperature. The samples were then centrifuged for 10 minutes at 4000 rpm at 4°C. Blood
serum was collected and stored at -80°C until the day of analysis.

Quantification of Cytokines

Cytokine measurements were performed using a customized bead-based multiplex
(13-LEGENDplex assay) from Biolegend, Inc. with the analytes IL-3, IL-5, IL-6, IL-7, IL-
15, IL-34, M-CSF, TPO, GM-CSF, LIF, EPO, CXCL12, SCF for the analysis of BM serum
and peripheral blood serum of VhlcKO and control mice. Concentrations of cytokines were
determined from samples following manufacturer’s instructions and software.

Real-Time qPCR measurement

Whole bone marrow cells were isolated from long bones as described above. Cells
were pelleted and resuspended in RNeasy RLT Lysis Buffer (Qiagen) with 1% of 2-
mercaptoethanol. Total RNA was purified using the Qiagen RNeasy Micro Kit (Qiagen)
according to manufacturer’s protocol. RNA concentration and purity was analyzed using
the NanoDrop One Spectrophotometer (Thermo Fisher Scientific). The same amount of
RNA from each sample was mixed with qScript XLT One-Step, RT-qPCR ToughMix
(Quantabio) together with specific TagMan expression primers. Real-time qPCR was ran
on the Applied Biosystems thermocycler using QuantStudio3 software (ThermoFisher) at
the following specifications: 1 cycles at 50°C for 10 minutes for cDNA synthesis, 1 cycle
at 95°C for 1 minute for initial denaturation and then 40 cycles of amplification at 95°C
for 5 seconds then 60°C for 45 seconds. The following TagMan gene expression assays
(Thermo Fisher Scientific) were used: housekeeping Actb-VIC (Mm02619580 g1), target
genes Epo-FAM (MmO01202755 m1) and EpoR-FAM (MmO00833882 m1).

Flow Cytometry Analysis and Antibodies

Bone marrow cells were stained for flow cytometry and included a pre-incubation
step with unconjugated anti-CD16/32 (clone 93) to block Fc receptors as previously
described, except for myeloid progenitor pannel (48, 104, 181). The antibody cocktails
used for different sets of stains are listed in Table 4. For viability staining, DAPI (Sigma-
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Aldrich, 1 pg/ml final concentration) or propidium iodide (Sigma-Aldrich, 1 pg/ml final
concentration) was used. Single color stains were used for setting compensations and gates
were determined with fluorescent-minus one controls, isotype-matched antibody controls,
or historical controls. Flow cytometry data was acquired on the BD LSR II and on the ZES.
The data was analyzed using FlowJo Software version 10.7.1.

Statistical analysis

A G*Power statistical (182) power analysis (a=0.05 and power of 0.95) based on
myeloid progenitor data and total BM cellularity determined that a minimum of n=8 mice
per group was needed for our studies. The total sample size for each experiment was >8
performed in three independent experiments. Age-matched mice of both sexes Vh/cKO and
control mice (VAI""', Dmp 1-Cre-negative mice) were used. Comparisons between groups
were performed using a two-tailed Student’s t-test was used to test differences between
mean and median values with Graph-Pad Prism and were considered significant if p<0.05.

Results

To address the defects on myelopoiesis in the Vh/cKO mice, we first measured
myeloid lineage frequency and numbers in the bone marrow (BM) at different ages using
flow cytometry. We classify neutrophils as CD45'Ly6G'CDI11b", classical monocytes
divided into CD45'Ly6G~ CDI11b"F4/80°CD115"Ly6CMCD43" and CD45'Ly6G
CD11b*F4/80°CD115 Ly6ChCD43", non-classical monocytes CD45 Ly6G"
CDI11b'F4/80°CD115"Ly6C CD43", and dendritic cells CD45'Ly6G CDI11b"F4/80
CDI115"Ly6C CD43*"MHC-II"CD11c¢" (183). We found no changes in frequency of
neutrophils, monocytes, or dendritic cells, in the VhlcKO bone marrow (Figure 22A-B).
However, we observed a decrease of neutrophils, dendritic cells, and Ly6C"'CD43"
monocytes in the VhIcKO bone marrow compared to control mice, suggesting a defect in
myelopoiesis (Figure 22C).

To further investigate if the defect in myelopoiesis occurred upstream of lineage-
committed cells, we analyzed myeloid progenitor compartments in the BM of VhlcKO
mice. Common myeloid progenitor (CMP: CD45'LincKIT"Scal'CD16/32°CD34"),
granulocyte/monocyte progenitor (GMP: CD45'LincKIT"Scal CD16/32°CD34") and
megakaryocyte/erythroid progenitor (MEP: LinCD45"cKIT 'Scal CD16/32°CD34") were
quantified using flow cytometry (Figure 23A). The results showed an increase in
frequency of CMPs and MEPs at 10-weeks-old, and an increase in CMP and GMPs at 24-
weeks-old (Figure 23B-C). Absolute numbers of CMPs, MEPs and GMPs were
comparable at 10-weeks-old, but significantly decreased at 24-weeks-old. The VhicKO
GMP population displayed a reduction of CD34 expression, which was quantified and
found more severely reduced in 24-week-old mice (Figure 23B-C).

The CMP and MEP increase observed in Figure 2 suggests a possible effect on
erythropoiesis. To address any defects in erythropoiesis, we analyzed erythroid
development in BM of VhlcKO mice using flow cytometry (Figure 24A). We utilized
Ter119 and CD71 cellular markers, which allows for identification of developmentally
distinct RBC progenitor populations (Region 1: CD71"Ter119", Region 2: CD71"Ter119",
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Region 3: CD71™Ter119*, and Region 4: CD71" Ter119") (181, 184). Regions 1-4
correlate with progressive stages of RBC differentiation with region 1 comprising the least
and region 4 most mature RBCs. Region 1 predominantly proerythroblast, basophilic
erythroblast in region 2, late basophilic and chromatophilic erythroblast in region 3 and
orthochromatophilic erythroblast in region 4 (184). Results of RBC development reveal
that at 10-weeks-old and 24-weeks-old, VA/cKO mice displayed a significant decrease in
regions 1-3 corresponding to erythroid progenitors and an increase at stage 4,
corresponding to orthochromatophilic erythroblasts (Figure 24). These results indicate a
significant increase in erythropoiesis, suggesting a possible role of EPO known to
stimulates the production of mature RBCs from the bone marrow.

The increased late erythroid production suggested that EPO may be dysregulated
in VhicKO mice. To confirm this, we investigated levels of EPO in the VA/cKO mice. EPO
concentrations in the peripheral blood serum and bone marrow fluid were comparable in
both control and VAIcKO mice at 3-to-6-weeks-old. However, at 10-to-24-weeks-old,
VhicKO mice had significantly higher EPO levels than control mice (Figure 25A). TPO
has also been linked as a stimulator of erythropoiesis in addition to its main role in platelet
production, we observed increase levels of TPO in the peripheral blood serum, but not in
bone marrow fluid of VhIcKO mice (Figure 25B). To investigate if the high levels of EPO
found in the VhIcKO bone marrow fluid was being secreted by bone marrow cells, we
measured Epo mRNA levels by real-time qPCR and 1 out of 4 control mice bone marrow
had detectable levels of Epo, while the other 3 mice had no detectable levels as of 40 cycles
of gPCR. Due to this we couldn’t calculate relative expression of Epo because control
mice had little to none Epo mRNA present. However, the V4/cKO bone marrow cells did
express a measurable level of Epo mRNA, we report the delta cycle-threshold (CT) values
(difference between target gene and housekeeping CT value), we found lower delta CT
values of Epo mRNA present in bone marrow cells indicating a high expression of Epo
mRNA (Figure 25C). We also measured EpoR mRNA expression from bone marrow cells
and found a decrease in EpoR relative expression in the VAIcKO mice (Figure 25D).

Discussion

In Chapter 3, we explore the VhlcKO BM microenvironment effects on
myelopoiesis and erythropoiesis. In our initial studies presented in Chapter 2, we observed
a decrease of cellularity in the VhlcKO mice accompanied with reduced CD45+ cells as
the mice ages. Preliminary results show no change in frequencies, but a decreased in
cellular number of neutrophils, dendritic cells, and classical monocytes Ly6C*CD43" in
24-week-old VhlcKO mice. At the myeloid progenitor stage, we observe a decrease in
CMPs in 10-week-old mice that’s more severe at 24-weeks old. We initially predicted in
Chapter 2 that the myeloid lineage would be increased, we were in part correct that
progenitors were increased, but myeloid lineages remain unchanged or decreased. These
results suggest that the VhlcKO bone marrow is able to retain comparable levels of myeloid
lineage populations as controls, at the expense of the lymphoid lineage population. We
analyzed erythroid development and observed an increased in late erythropoiesis (region
4. orthochromatophilic erythroblasts). Altogether, these results suggest a shift from
lymphoid to the myeloid compartment and more specifically towards erythropoiesis. We
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found elevate EPO levels in VhlcKO peripheral blood serum and BM fluid by 3-6 weeks
of'age, and evidence for dysregulated erythropoiesis. We hypothesize that alterations to the
EPO/EpoR signaling is directly affecting the myeloerythroid development in the BM. We
continue to address these questions as we prepare our manuscript.
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Figure 22. Bone marrow defects in myelopoiesis of VhlcKO mice. Longitudinal study

of bone marrow myeloid monocytes/macrophages A) flow cytometry gating strategy; B)

frequency out of Live CD45+ and C) cellularity of myeloid populations in bone marrow
at different ages; p<0.01**, two-tailed Student’s t-test.
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Figure 23. Myeloid progenitor defects in bone marrow of VAlcKO mice.
Longitudinal study of bone marrow cells A) example gating flow cytometry; B) %
frequency of CMPs, MEPs, and GMPs with and without the CD34" population present in
VhicKO mice; and C) cellularity of these myeloid progenitors at different ages in control
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t-test.
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orthochromatophilic erythroblasts. (A) Flow cytometry gating of red blood cells
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levels of EpoR. A) EPO and B) TPO cytokine level measurements in bone marrow fluid
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two-tailed Student’s t-test.
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Table 4. List of the fluorochrome-labeled monoclonal antibodies used for flow
cytometry in Chapter 3 organized by experimental cocktail

Cocktail Antigen Clone Fluorochrome Source

CDl11b M1/70 FITC Biolegend
CDllc N418 PE Biolegend
CDI19 6D5 BV421 Biolegend

o CD43 S7 BV605 BD Biosciences
5 CD45 30-F11 BV711 Biolegend
'5 Ly6G 1A8 APC Biolegend
5 F4/80 BMS& APC-eFluor 780 Invitrogen
2 Ly6C HK1.4 PerCP Cy5.5 Biolegend
= CDI15 AFS98 PE-Cy7 Biolegend
MHC-II M5/114.15.2 biotin Biolegend

Streptavidin - BUV395 BD Biosciences

DAPI (4',6-diamidino-2-phenylindole) Viability Dye Sigma-Aldrich

CD3 145-2C11 biotin Biolegend
CD4 Gk1.5 biotin Biolegend
CD8 53.6.7 biotin Biolegend
CD5 52-7.3 biotin Biolegend
" CDI19 6D5 biotin Biolegend
g Nkl.1 PK136 biotin Biolegend
o TER119 TER119 biotin Biolegend
£ Grl RB6-8C5 biotin Biolegend
i F4/80 BMS biotin Biolegend
< CD34 RAM34 FITC Invitrogen
§ CD45 30-F11 BV421 Biolegend
Scal (Ly-6A/E) D7 BV510 Biolegend
CD16/32 93 APC Biolegend
CD117 (cKit) 2B8 APC-Cy7 Biolegend

Streptavidin - PE-Cy5 Life Technologies

Propidium iodide (PI) Viability Dye Sigma-Aldrich
§ g CD71 RI7217 PE Biolegend
g E
= g

E = TER119 TER119 APC Biolegend
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Contributions to the field
Cell extrinsic role of Vhl and altered bone homeostasis on immune cell development

The network of interactions regulating the bone and bone microenvironment is
complex and there are still gaps in the knowledge of how these interactions affect long-
term immunity and development (49, 185, 186). The information generated in this
dissertation focused on significant changes to the microenvironment niche of the V4/cKO
mice and its effects on hematopoiesis (lymphoid and myeloid), helping define the role of
Vhl and altered bone homeostasis has on immune cell development. These results help
further explain the complex relationship between bone, niche, and hematopoiesis in the
bone marrow in the interdisciplinary field of osteoimmunology (187). We found that the
bone marrow of the VhIcKO has an age-related difference in hypoxic stress and in B cell
development. While also having reduced supporting cytokines such as CXCL12 and IL7,
and increased EPO. The results of this work could contribute to the development of new
therapies for exogenous CXCL12 and EPO antagonists, to preserve and improve bone
marrow function during bone niche changes or stress. The studies in this dissertation have
clinical relevance in revealing potential side effects on the immunity of patients treated
with anabolic bone building drugs for treatment of bone-weakening diseases, like
osteoporosis.

Possible implications of hypoxia controlling drugs on the immune system

Deletion of VAl to stabilize HIF1a in skeletal cells like OB and OCY, have been
shown to increase bone mass, revealing the critical role of HIF1a (hypoxic conditions) in
bone formation (Table 2). Different modes of hypoxic conditioning have been proposed
as possible routes against bone diseases (188, 189). One often forgotten effect of HIF1a
stabilization, is its effects on B cell proliferation, antibody class-switching, generation of
high affinity antibodies, antibody responses, impaired metabolic balance, all which is
essential for B cell survival (92, 93). Furthermore, this dissertation revealed the cell
extrinsic effects that HIF 1 a stabilization in skeletal cells has on B cells (104). A detailed
understanding of these interactions is crucial for developing hypoxic controlling bone-
building therapies that will spare immune complications and deficiencies. Based on the
NIH clinical trials website, there are still not many studies currently undergoing clinical
trials for the use of hypoxia controlling drugs for treatment of osteoporosis. However, one
study that was completed July 2021, studied the effects of “Strength training in hypoxia to
improve bone and cardiovascular health on elderly”, have yet to publish the results of the
study, but based on the reports there was no quantification or measurement of the effects
that such conditions would have on the immune system. On the other hand, a study using
Salidroside (SAL), a known anti-hypoxic drug commonly used in Chinese medicine, has
been shown to ameliorate hypoxia induce bone loss, by enhancing osteogenesis (190).
Although this study shows promising results, they also did not measure any effects on
immunity, but I predict it would have less severe effects than hypoxia inducible drugs. We
recommend hypoxia controlling drugs to address its possible implications on the immune
system, in particular on B cells.
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Future Directions
Determine if B cell functionality is truly affected in the VhicKO mice

Although antibody levels remain similar as shown in Chapter 2 Figure 9-11, we did not
further test for antibody affinity, which is an essential component of B cell antibody
functionality. We also have not measured plasma cells or memory B cells after activation
to see if the VA/cKO mice are able to maintain memory B cells comparable to controls,
neither have we tested 6-month older mice, which have more severe B cell reduction in the
BM. Therefore, to fully conclude that there are no functional defects in the VhIcKO mice,
requires further experimentation.

Perform rescue experiments to normalize aberrant hematopoiesis in VhicKO bone marrow

We have presented cytokines involved in the aberrant hematopoiesis observed in
this model, such as CXCL12, EPO, and IL7 (Chapter 2), but whether restoring these
cytokine signals would rescue aberrant hematopoiesis remains to be explored. To
normalize aberrant hematopoiesis in the bone marrow of V4lcKO mice, we could perform
“adding-back” experiments. For example, in vitro assays in which B cells from control
mice can be co-cultured with VhlcKO stromal niche cell(s) and supplemented with
exogenous cytokines (CXCL12 and IL7). I hypothesize that in such invitro setting B cells
could develop similar to controls. Or possible in vivo assays to supplement mice with EPO
antagonists and exogenous CXCL12 or IL7, to rescue hematopoiesis. Whether these assays
could restore hematopoiesis in such high bone mass remains to be explored.

Determine the bone marrow cells contributing to EPO production in the VhicKO mice

As we presented in Figure 25 in Chapter 3, we found that whole bone marrow
VhicKO cells produce a high level of Epo mRNA. This suggest that there is a population(s)
in the bone marrow capable of secreting EPO. The main source of EPO are the kidneys,
but hepatocytes from the liver have also been found to produce significant levels of EPO
(191). Studies have also found mRNA expression of Epo in the brain, spleen, hair follicles,
reproductive organs, and renal fibroblasts (192-199). Whether bone marrow can contribute
EPO remains unclear. The VhIcKO mice provides a great model to tease out specific BM
populations that can contribute significant EPO to the bone marrow.

Need for conditional knockout models that target osteocytes

One limitation in our studies has been the off-target gene deletion in the DmpI-Cre mice
we utilized. The DmpI-Cre mice strain is currently the main model available to study
osteocytes (200). However, despite its widespread use, the Dmp1-Cre displays off-target
expression in skeletal muscle fibers, gastrointestinal mesenchyme, arteries, kidneys, and
brain (200-203). Deletion of VAl at the MSC, OB and OCY stages display similar physical
bone characteristics and altered bone marrow microenvironment (Table 2). These studies
imply that the phenotypes could have been generated at an earlier osteoprogenitor stage
(MSCs) and not exclusively to more mature osteolineages (OBs and OCYs). There is a
need for new osteolineage mouse models that are non-overlapping between MSCs, OBs,
and OCYs to allow the specific contributions of each stage to hematopoiesis. In initial
studies, St. John et al. 2014 performed invitro RNA-seq revealing the specific
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transcriptional changes in osteoblasts during differentiation towards an osteocyte-like
phenotype (204). In a more recent study, Youlten et al. 2021 defined an osteocyte
transcriptome signature of 1239 unique genes that distinguishes osteocytes from other
cells, and of which 77% are of unknown role. There’s still a need for single cell RNA-
sequencing of skeletal cells (205), and as these studies are coming out, they reveal key
markers that could be used to differentiate osteoblasts from osteocytes. For now, usage of
the tamoxifen induced mouse strains DmpI-Cre-ER™ or Sost-Cre-ER™ can help avoid
some of the off target expression and a more targeted expression to mature osteocytes (200,
200).

Using Dmp1-Cre; Ai9 mice for analysis of niche cells in the VhicKO mice

During flow cytometry after bone digest, we found that the distribution of the
stromal cell populations was not affected in the VhiIcKO, except for CD31+ ECs, which
were reduced (Supplemental Figure 6 in Chicana et al. 2022). This was surprising due to
the increase in vessel volume that was observed from the ex vivo imaging analysis of
VhicKO bones. The differences in the results suggested that there was a limitation in the
bone digestion protocol that was used for analyzing BMSCs by flow cytometry, which was
of an enzymatic digestion for 2 hours. In addition, the increased density of VhIcKO bone
made it challenging to digest completely and all bone cells may not have been released. To
address this limitation, we started testing a serial bone digest that is more promising at
releasing bone cells (Chapter 2, Figure 10). This addresses the isolation limitation of bone
cells from highly dense bones, but the limitation of markers needed for the isolation of
Dmpl" expressing cells remains. One solution is having the VA/cKO mice in a reporter
background, which would help sort isolate DMP1 expressing cells from serial digested
bones for further testing (gene expression, co-cultures, imaging). Here are some
recommendations:

Mouse Strain Common Name Allele Type |Chr Brief description | Jax Stock No.
% " B6N.FVB-Tg(Dmpl-cre)1Jqfe/Bwdl Dmpl-Cre+ Transgenic UN Cre target 023047
'E é B6.129S4(C)-Vhl ™ /1 vhi"? Targeted 6 Flox target 012933
% ’ B6.Cg-Gt(ROSA)26Sor (A6 dTomato)ltze /g Ai9 Targeted 6 Cre reporter 007909
é Tg(CAG-Bgeo,-DsRed*MST)1Nagy/J Z/RED Transgenic UN Double reporter 005438
% B6.129(Cg)-Tg(CAG-Bgeo/GFP)21Lbe/ Z/EG Transgenic 5 Double reporter 004178
é B6;12986-Igs7 ™21 3(CAC-EGFP.CAG-mOrange2.CAG-mKate2)Hze 1y A213 Targeted 9 Triple reporter 034113
g B6;129S-G{(ROSA)26Soy ™ (CAC-cret-mKate2)¥owa 1| p 162 6PACT AN | Targeted 6 Photoactivatable 033544
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Summary

These studies reveal the implications that HIF stabilization in skeletal cells have in immune
development in the bone marrow. We further characterized the microenvironment that
influences hematopoiesis in the context of altered bone homeostasis. We have provided
evidence that Vhl/-deficiency in osteocytes results in structural and molecular changes in
the BM microenvironments that insufficiently produces niche cells and cytokines required
to appropriately support hematopoiesis in the BM, in particular of B cell development. We
continue to explore if the alterations in skeletal glucose metabolism directly affect
myeloerythroid development in the BM through increased Epo-receptor (EpoR) signaling.
This dissertation expands on the potential mechanisms by which VHL/HIF signaling in
Dmpl expressing cells may serve as a niche for distinct hematopoietic lymphoid and
myeloid lineages in the BM, further elucidating and expanding our definition of “niche” to
include bone embedded cells and anatomical changes. The culmination of this dissertation
provides a unique view of how alterations in the bone can change the bone marrow
hematopoiesis.

101



References

49.  Manilay JO, Zouali M. Tight relationships between B lymphocytes and the skeletal
system. Trends Mol Med (2014) 20(7):405-12. doi: 10.1016/;.molmed.2014.03.003

185.  Mori G, D'Amelio P, Faccio R, Brunetti G. The Interplay between the bone and the
immune system. Clin Dev Immunol (2013) 2013:720504. doi: 10.1155/2013/720504

186. Ponzetti M, Rucci N. Updates on Osteoimmunology: What's New on the Cross-
Talk Between Bone and Immune System. Front Endocrinol (Lausanne) (2019) 10:236. doi:
10.3389/fendo.2019.00236

187.  Ginaldi L, De Martinis M. Osteoimmunology and Beyond. Curr Med Chem (2016)
23(33):3754-74.

188. Hannah SS, McFadden S, McNeilly A, McClean C. "Take My Bone Away?"
Hypoxia and bone: A narrative review. J Cell Physiol (2021) 236(2):721-40. doi:
10.1002/jcp.29921

189. Camacho-Cardenosa M, Camacho-Cardenosa A, Timon R, Olcina G, Tomas-Carus
P, Brazo-Sayavera J. Can Hypoxic Conditioning Improve Bone Metabolism? A Systematic
Review. Int J Environ Res Public Health (2019) 16(10). doi: 10.3390/ijerph16101799

92. Cho SH, Raybuck AL, Stengel K, Wei M, Beck TC, Volanakis E, et al. Germinal
centre hypoxia and regulation of antibody qualities by a hypoxia response system. Nature
(2016) 537(7619):234-8. doi: 10.1038/nature19334

93. Xu S, Huo J, Huang Y, Aw M, Chen S, Mak S, et al. von Hippel-Lindau Protein
Maintains Metabolic Balance to Regulate the Survival of Naive B Lymphocytes. iScience
(2019) 17:379-92. doi: 10.1016/}.is¢1.2019.07.002

104. Chicana B, Abbasizadeh N, Burns C, Taglinao H, Spencer JA, Manilay JO.
Deletion of Vhl in Dmp1-expressing cells causes microenvironmental impairment of B cell
lymphopoiesis. bioRxiv (2022). doi: 10.1101/2021.09.10.459794

190. LiL,QuY, Jin X, Guo XQ, Wang Y, Qi L, et al. Protective effect of salidroside
against bone loss via hypoxia-inducible factor-1alpha pathway-induced angiogenesis. Sci
Rep (2016) 6:32131. doi: 10.1038/srep32131

191. Koury ST, Bondurant MC, Koury MJ, Semenza GL. Localization of cells
producing erythropoietin in murine liver by in situ hybridization [see comments]. Blood
(1991) 77(11):2497-503. doi: 10.1182/blood.V77.11.2497.2497

192.  Bachmann S, Le Hir M, Eckardt KU. Co-localization of erythropoietin mRNA and
ecto-5'-nucleotidase immunoreactivity in peritubular cells of rat renal cortex indicates that
fibroblasts produce erythropoietin. J Histochem Cytochem (1993) 41(3):335-41. doi:
10.1177/41.3.8429197

193. Bernaudin M, Bellail A, Marti HH, Yvon A, Vivien D, Duchatelle I, et al. Neurons
and astrocytes express EPO mRNA: Oxygen-sensing mechanisms that involve the redox-
state of the brain. Glia (2000) 30(3):271-8. doi: Doi 10.1002/(Sici)1098-
1136(200005)30:3<271::Aid-Glia6>3.3.Co;2-8

194. Lacombe C, Da Silva JL, Bruneval P, Fournier JG, Wendling F, Casadevall N, et
al. Peritubular cells are the site of erythropoietin synthesis in the murine hypoxic kidney. J
Clin Invest (1988) 81(2):620-3. doi: 10.1172/JCI113363

102



195. Maxwell PH, Osmond MK, Pugh CW, Heryet A, Nicholls LG, Tan CC, et al.
Identification of the renal erythropoietin-producing cells using transgenic mice. Kidney Int
(1993) 44(5):1149-62. doi: 10.1038/ki.1993.362

196. Marti HH, Gassmann M, Wenger RH, Kvietikova I, Morganti-Kossmann MC,
Kossmann T, et al. Detection of erythropoietin in human liquor: intrinsic erythropoietin
production in the brain. Kidney Int (1997) 51(2):416-8. doi: 10.1038/ki.1997.55

197. Yasuda Y, Masuda S, Chikuma M, Inoue K, Nagao M, Sasaki R. Estrogen-
dependent production of erythropoietin in uterus and its implication in uterine
angiogenesis. J Biol Chem (1998) 273(39):25381-7. doi: 10.1074/jbc.273.39.25381

198. Bodo E, Kromminga A, Funk W, Laugsch M, Duske U, Jelkmann W, et al. Human
hair follicles are an extrarenal source and a nonhematopoietic target of erythropoietin.
FASEB J (2007) 21(12):3346-54. doi: 10.1096/].07-8628com

199. Kobayashi T, Yanase H, Iwanaga T, Sasaki R, Nagao M. Epididymis is a novel site
of erythropoietin production in mouse reproductive organs. Biochem Bioph Res Co (2002)
296(1):145-51. doi: Pii S0006-291x(02)00832-X

Doi 10.1016/S0006-291x(02)00832-X

200. Kalajzic I, Matthews BG, Torreggiani E, Harris MA, Divieti Pajevic P, Harris SE.
In vitro and in vivo approaches to study osteocyte biology. Bone (2013) 54(2):296-306.
doi: 10.1016/j.bone.2012.09.040

201. Dallas SL, Xie Y, Shiflett LA, Ueki Y. Mouse Cre Models for the Study of Bone
Diseases. Curr Osteoporos Rep (2018) 16(4):466-77. doi: 10.1007/s11914-018-0455-7
202. Dasgupta K, Lessard S, Hann S, Fowler ME, Robling AG, Warman ML. Sensitive
detection of Cre-mediated recombination using droplet digital PCR reveals Tg(BGLAP-
Cre) and Tg(DMP1-Cre) are active in multiple non-skeletal tissues. Bone (2020)
142:115674. doi: 10.1016/j.bone.2020.115674

203. Lim J, Burclaff J, He G, Mills JC, Long F. Unintended targeting of Dmp1-Cre
reveals a critical role for Bmprla signaling in the gastrointestinal mesenchyme of adult
mice. Bone Res (2017) 5:16049. doi: 10.1038/boneres.2016.49

204. St John HC, Bishop KA, Meyer MB, Benkusky NA, Leng N, Kendziorski C, et al.
The osteoblast to osteocyte transition: epigenetic changes and response to the vitamin D3
hormone. Mol Endocrinol (2014) 28(7):1150-65. doi: 10.1210/me.2014-1091

205. Ayturk U. RNA-seq in Skeletal Biology. Curr Osteoporos Rep (2019) 17(4):178-
85. doi: 10.1007/s11914-019-00517-x

202. Maurel DB, Matsumoto T, Vallejo JA, Johnson ML, Dallas SL, Kitase Y, et al.
Characterization of a novel murine Sost ER(T2) Cre model targeting osteocytes. Bone Res
(2019) 7:6. doi: 10.1038/s41413-018-0037-4

103





