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ABSTRACT OF THE DISSERTATION

The Hematopoietic Compartment Regulates Osteoblast Differentiation and
Apoptosis during Cytokine Treatment

by
Matthew John Christopher

Doctor of Philosophy in Biology and Biomedical Sciences
(Molecular Cell Biology)

Washington University in St. Louis, 2010

Professor Daniel Link, MD., Chairperson

Adult hematopoiesis normally occurs in bone marnavere hematopoietic stem cells
(HSC) reside within a specialized microenvironmeft.steady state, hematopoiesis
state is regulated such that immature hematopa@ttim and progenitor cells (HSPC) are
restricted to the bone marrow and are rarely olesenv peripheral blood. Under certain
circumstances, however, this regulation is loosaretisignificant numbers of HSPC are
released to the circulation, a process termed “hzalion.” Mobilization can be induced
pharmacologically by a wide range of agents. @&#) the best characterized and most
widely used mobilizing agent is Granulocyte-colatiynulating factor (G-CSF) G-CSF

is widely used clinically and several molecular mechanisms have been

implicated as mediating its mobilizing action. However, many questions remain

as to the relationship between these various pathways. This work begins by
focusing on one mobilization pathway, the disruption by G-CSF of signaling

between CXCL12, a chemokine expressed in the HSC microenvironment, and its

receptor CXCR4, broadly expressed on hematopoietic cells. By examining mice



genetically deficient in CXCR4, we show that this mechanism is not only the
predominant pathway by which G-CSF induces mobilization, but also a common
pathway utilized during treatment with other hematopoietic cytokines. Next,
while investigating the mechanism by which G-CSF disrupts CXCL12/CXCR4
signaling, we unexpectedly uncovered a role for osteoblasts in regulating
cytokine-induced mobilization. By isolating and sorting different fractions of
bone marrow stromal cells we demonstrate that osteoblasts represent a major
source of CXCL12 in the bone marrow. In addition, both the number and
function of mature osteoblasts declines sharply during cytokine treatment.
Subsequent analysis demonstrated that G-CSF both increases the rate of
osteoblast apoptosis and blocks osteoblast development. Finally, experiments
with G-CSF receptor null chimeras demonstrate that this effect on osteoblasts is
not direct but is mediated by the hematopoietic compartment. While the
regulation of hematopoiesis by osteoblasts has been well described, the
reciprocal regulation of osteoblasts by bone marrow hematopoietic cells has not
been widely appreciated. Further work will be required to determine if this
regulation occurs not only during the specialized setting of cytokine-induced

mobilization but during steady state hematopoiesis in general.

Xi



CHAPTER 1

INTRODUCTION



1.1 Introduction

Adult hematopoiesis normally occurs in boneroa, where hematopoietic stem cells
(HSC) reside. This small pool of slow-cycling setlan differentiate into highly
proliferating committed progenitors of any hemaitegio lineage according to the needs
of the host. As these progenitors differentiate mature hematopoietic cells, they are
released into the circulation to meet the host&dnfer oxygen transport, hemostasis, and
innate and adaptive immunity. The hierarchicaborgation of hematopoiesis serves to
protect the genomic integrity of the stem cell pabile retaining a proliferative potential
capable of releasing billions of mature hematopoiells into circulation each day. Not
surprisingly, then, the localization of HSC withireir specialized bone marrow
microenvironment and the subsequent release ofrtieure progeny into circulation are
ordinarily tightly regulated.

During periods of stress or injury, howevarststrict regulation is loosened, and HSC
and other primitive hematopoietic progenitors—atileely termed “HPSC"—are
released from the bone marrow, a process termedifizetion”. Conversely, HSC
delivered intravenously after myoablative conditnghhome from the circulation back to
the bone marrow where they reconstitute recipiemdtopoiesis.

The discovery in the 1990s that pharmacoldgses of hematopoietic cytokines
mobilize HSC to the peripheral blood without hargithe subject spurred research into
the clinical feasibility of using mobilized peripta¢ blood HSC in stem cell transplants.
12 Mutiple clinical trials showed cytokine-mobilizgeripheral blood stem cells to be an

effective and cost-efficient source of cells faratcell transplant® Currently, the



majority of therapeutic stem cell transplants walte utilize mobilized peripheral blood
HsC/®

Despite the wide clinical use of mobilized H®@ich about the mechanisms
underlying HSPC mobilization remains unclear. phepose of this work is to elucidate
mechanisms by which HSPC are retained in the stigpdrone marrow environment at
steady state and are induced to migrate to thalation during mobilization. It is hoped
that a more precise understanding of these pathwalyigad not only to improved
protocols for HSC mobilization and collection irettransplant setting, but also to new

insights into the manner in which HSPC are maimgim the bone marrow.

1.2 Hematopoietic stem cells reside within specia¢d “niches” in the bone marrow.

In the strictest sense of the term, a stefmagte is a specialized microenvironment
comprised of supporting cells and extracellularrmathere stem cells reside and
receive signals necessary for their maintenansteas cells. IrDrosophila ovarioles,
for example, a germline stem cell niche is providggomatic cap cells which provide
signals necessary to maintain the critical bald&te/een germ stem cell self renewal
and differentiatior.

Although the existence of a niche for HSC fitss proposed by Schofield in 1978
its anatomical location has remained unknown ualdtively recently. Early studies
revealed that primitive CFU-C and CFU-S increasiaquency closer to the endosteal
surface in long bonés:*? Similarly, Nilsson et al. showed that sorted borarow
populations enriched for stem cell activity (Rhol@8, lineage negative) preferentially

homed to endosteal regiotis These observations raised the possibility thdbsteum-



lining osteoblasts or osteoblast-lineage cellsroute to the stem cell niche. In vitro,
osteoblasts abundantly express hematopoietic eygeks-CSF, GM-CSF, and IL-6.
Cultured osteoblasts support the maintenance ofifire hematopoietic cells as
determined by CFU-C and LTC-IC assay$> Recent evidence has suggested that
osteoblasts play a key role in supporting the stelimiche in vivo, as well. Calvi et al
reported that transgenic expression of a constélytiactive form of the parathyroid
hormone receptor (caPRP) under control of a 2.8kdpfient from theol1al locus
significantly expanded the osteoblast compartmemheasured by standard
histomorphometric techniques. This increase ieasast number was associated with a
roughtly 2-fold increase in number of LTC-IC anddionor chimerism in a competitive
repopulation assay, suggesting an increase in H@&er or functiort® In a similar
system, Zhang et al. expanded the osteoblast comgrair by deleting the bone
morphogenic protein receptor gdoreprla in non-hematopoietic cells. Similar to the
results in Calvi et al., the increase in osteobtashber and trabecular bone was
associated with a 2.2-fold increase in number o€HS determined by limiting dilution
assay.’

In the converse experiment, Visnjic et al.gyated a transgenic mouse expressing the
thymidine kinase suicide gene under control ofatiéal 2.3kb promoter. Four week
treatment with gancyclovir resulted in a strikiogs of mature osteoblasts and trabecular
bone. Hematopoiesis in bone marrow was severehpoomised, with a 5-10-fold
decrease in cellularity, a 3-10-fold decrease imppive c-Kit positive, Sca-1 positive,
lineage negative (KSL) cells, and extensive extdutary hematopoiesi¥.

Collectively, these studies suggest that the dizkeoHSC pool relates directly to the



osteoblast compartment, consistent with the pdagithat osteoblasts play an important
role in the HSC niche.

Much study has been given recently to undedstg the molecular signals by which
osteoblasts might regulate HSC. Osteoblasts exphesadhesion molecule VCAM-1
and the chemokine Stromal-derived factor 1 (SDFEXTC12), which play a role in HSC
retention in the marrow (see beloWf* Calvi et al. observed enhanced osteoblast
expression of Notch ligand Jagged-1 in their caBRisgenic mice, and inhibitors of
Notch signaling abrogate the enhanced LTC-IC nusvetheir model, suggesting that
Notch signaling contributes to HSC support in teeeoblastic nich&® In a different
study, quiescence in HSC was identified with Tiexpression, and Tie-2 positive HSC
were identified along endosteal surfaces. Tieg@rid angiopoietin 1 (Ang-1), which is
expressed by osteoblasts, promoted maintenanc&Gfdtiiescence and preserved long-
term repopulating ability in ex vivo cultured H3€ Osteoblasts also express several
wingless (Wnt) family members, which have been iogtéd as important paracrine
factors in maintaining the HSC pdd**

Besides factors expressed by osteoblastgicgntoperties of the endosteal niche may
contribute to HSC maintenance. Oxygen tensiongatbha endosteal surface is lower
than in the bone marrow proper, which might seoviower the risk of HSC sustaining
oxidative damagé’ and HSC cultured in low oxygen conditions retaieit repopulating
activity better than HSC cultured in normoxfaSimilarly, local calcium ion
concentrations along the endosteal surface are mmgbler than elsewhere in the bone
marrow?’ Lack of CaR, a calcium-sensing G-protein-coupk=zptor expressed on

HSC, leads to loss of HSC in the bone marrow, sstgggthat the local calcium ion



concentration along the endosteal surface mightritore to HSC suppoft Taken
together, these findings suggest an importantforlesteoblast-lineage cells in
supporting HSC along bone marrow endosteal surfaces

Despite the above-mentioned findings, theipeecharacterization of the HSC-
supporting osteoblast population remains uncl@ang et al. show that slow-cycling,
hematopoietic cells found along endosteal surfaes localized near N-cadherin
positive, spindle shaped bone lining cells (SNOsgetaising the possibility that this
subset of osteoblastic cells defines the stermagdtle. Likewise, it is possible that other
stromal components contribute to the stem cellenidRor example, Sugiyama et al. have
identified a population of reticular stromal celsit localize near endosteal surfaces as
well as elsewhere in the marrow. These cells,¢drfl@AR” cells (CXCL12-abundant
reticular cells), express high levels of SDF-1sirag the possibility that they contribute
to HSC maintenance in the bone marfdw.

Besides an endosteal stem cell niche, sonteree suggests that specialized bone
marrow endothelium provides an additional nicheH&C. Recent advances in
technology have allowed for identification of cetipulations highly enriched for HSC.
Kiel et al. showed that roughly half of CD150 po&t CD48 negative cells (SLAM
cells) are true stem ceff8. Surprisingly, immunofluorescent imaging localizedy a
small fraction of this population to the endoswafface. The majority of SLAM cells
were shown in the bone marrow adjacent to boneawasmusoids, suggesting that bone
marrow endothelial cells may constitute a secon@ iHE&he. In contrast, Sugiyama et
al. showed SLAM cells localized to endothelial-asated CAR cells rather than to

endothelium itself’ Despite these findings, there is currently n@diaking



endothelial or CAR cells to HSC function. Howev®acchetti et al. showed that human
reticular adventitial cells located adjacent to@helium and expressing CD146 were
necessary and sufficient to form ectopic bone wtesrotransplanted into
immunocompromise mice. This ectopic bone was ¢oémhby hematopoietic cells,
suggesting that these endothelium-associated Cpdadiéve cells may functionally
support stem cells in vivd.

In summary, the support of resident non-hepwitdic cells is critical for the
maintenance of HSC in the bone marrow. In pariGusteoblasts fulfill the criteria for
stem cell niche-defining cells in that their exgangesults in increased HSC numbers
and their ablation causes loss of hematopoiegtseifone marrow. The observation that
HSC localize to areas other then endosteal surkagggests, however, that HSC may
reside in more than one niche and may indeeddraétween niches. Interestingly,
despite their need to reside in a niche for lomgitRinctioning, under certain
circumstances HSC are observed to leave their b@meow niche and are released to the

circulation.

1.3 Mobilization of HSC from the bone marrow niche

As described above, the release of hematopaells from the bone marrow is tightly
regulated to ensure that immature cells are redaiméhe bone marrow. Nevertheless, it
has long been appreciated that low numbers of togoggtic stem and progenitor cells
(HSPC) can, in fact, be observed in the circulaffoti

Whether these circulating HSPC serve a tetgodd function is unknown.

Experiments in parabiotically joined mice demortstthat circulating HSPC are able to



colonize distant sites, leading to speculation tir@ulating progenitors aid recovery
from injury or infection®* Recent evidence for this hypothesis was proviged
Massberg, et al. who showed that circulating HSBCproliferate and differentiate into
dendritic cells within peripheral organs in respots stimulation by Toll-like receptor
agonists® At baseline, these circulating HSPC are extrgrual in number, estimated
100-400 per mous&. However, a wide range of physiologic and pharraio
stimuli—including bone marrow stress, hypoxia, atien, and cytotoxic drugs—can
significantly increase the number of circulating®{5 lending further credibility to the
hypothesis that circulating HSPC aid recovery finjary (reviewed in*").

Mobilization can be induced by a wide variety ohphacologic agents, including
chemokines, cytokines, and cytotoxic drugs (selethh Besides these three broad
classes, however, a surprisingly diverse list obiimng agents is accumulating. These
include such disparate molecules as lipopolysaatd@kPS) and fucoidan, a sulfated
polysaccharide isolated from seawé®&®’ As the molecular underpinnings of
mobilization are elucidated, a second generatianatfilizing agents are being designed
to activate specific mobilizing pathways. For exdéan AMD3100, a small molecule
inhibitor of CXCR4, has been studied extensivelgmimal models and has undergone
phase | clinical trials in both autologous and géloeic settings:**

Mobilizing agents exhibit considerable divardioth in their presumed molecular
targets as well as their kinetics, which range fad¥380 minutes to peak mobilization in
the case of chemokines to greater than 5 daysindke of hematopoietic cytokines.

Given this diversity, it is likely that multiple mkanisms exist for the mobilization of



hematopoietic progenitors. At the same time, th&siility remains that at least certain

subsets of mobilizing agents may share common Eathw

Mobilizing Agent Mobilization Time to peak responsé Reference
G-CSF 20-100-fold increase 7-14 days
GM-CSF 45-fold increase 7 days 48,47 Tab_Ie 1.1
FIt-3 ligand 500-fold increase 7 days 4850 Parial list of
Stem Cell Factor 20-fold increase 7-10 days a5t mobilizing
VEGF 10-fold increase 5 days 52 agents
Cyclophosphamide 62-fold increase 8 days 53,54 [adapted
MIP1a 5-10-fold increase 15-30 minutes 5558 from
Grop 5-10-fold increase 15-30 minutes 57 Thomas et
Fucoidan 7-30-fold increase 30min-2 hr 38 al. Current
LPS 8-fold 5 days 39,4058 gpl nlctJnI in
Pertussis Toxin 10-20-fold 3-4 days 59 ( 2ego1azf))] ogy
AMD3100 5-fold 1hr 73
Intense Exercise 4-fold n.a. c061

Although both G-CSF and GM-CSF are currentlgraped for clinical use, the best
studied and most widely used mobilizing agent iI€&F. As will be discussed below,
three general mechanisms have been implicated dmatmey G-CSF-induced
mobilization: 1) induction of bone marrow protegseBich are believed to cleave ECM
and degrade key signaling molecules; 2) downreguatf adhesion molecules that
maintain HSPC in the bone marrow at steady staté3a disruption of SDF-1/CXCR4

signaling, which is thought to signal to retain KLSIA the bone marrow.

1.4 Induction of proteases is a common motif in HBC mobilization.

Treatment with G-CSF dramatically increasesrttyeloid content of the bone marrow
along with a corresponding increase in the actieftpeutrophil-derived serine proteases
neutrophil elastase (NE) and cathepsin G (CG) disamenetalloproteinase 9 (MMP%).
Additionally, bone marrow expression of serpin fgnprrotease inhibitors decreases,
resulting in the induction of a proteolytic bonernsav environment® Proteolytic

cleavage of ECM may facilitate HSPC migration frima extramedullary space to the



circulation. Also, enhanced protease activity migiomote cleavage of adhesion
molecules that tether HSPC to their stromal envirent and degrade critical signaling
molecules to facilitate HSPC mobilization. In sappof this model, bone marrow
extracts from treated mice have been shown to eldarVCAM-1 adhesion molecule as
well as chemokine SDF-1 and its receptor CXCR%. Furthermore, MMP-9 can cleave
in vitro the tyrosine-kinase receptor c-Kit whicheixpressed on HSPE Treating mice
with inhibitors to NE or both NE and CG inhibited@5F-induced HSPC mobilization,
and mobilization was blunted 40-50% in mice treat&tt anti-MMP9 neutralizing
antibody®®®® These findings, however, contrast with otheaddtowing that G-CSF-
induced mobilization is unaffected in NE knockoute) NE x CG knockout mice,
MMP-9 knockout mice, and DPP1 knockout mice whiad@nable to activate neutrophil
serine proteases in genetalPossible explanations for this discrepancy inelt
developmental adaptation of mice deficient fronthbin certain proteases or the
difference in strains used in these studies. Nbelgss, there currently exists no genetic
evidence that neutrophil proteases play a role-i@SF-induced mobilization.

Similar to G-CSF, there is evidence that mséeupregulation plays a role in
chemokine-induced mobilization. Treatment with GXZligands Grf and IL8 increase
plasma and bone marrow levels of MMP9, and treatnvéh neutralizing antibody
against MMP9 or the broad-spectrum protease irgrisgrpin lall antitrypsin blocked
IL8-induced mobilizatior?®’®"* Curiously, while Grf treatment mobilizes poorly in
MMP9 deficient mice, IL8 mobilization occurs norryai® "

The implication of neutrophil proteases inmo&ine-induced mobilization, along

with the observation that neutrophils are activdteth by chemokines and G-CSF, has

10



led to the hypothesis that neutrophils play a keg in mobilization’*"* Indeed,
peripheral neutropenias induced either by clearamitean antibody against Gr-1 or
genetically in G-CSF receptor deficient mice presenobilization with IL-8"1"* The
role of peripheral blood neutrophils is less ci@aB-CSF-induced mobilization,
however, as mixed G-CSFR knockout and wildtype boaerow chimeras mobilize
poorly with G-CSF despite having a normal complenoénvild type neutrophils in
circulation. (Link DC, unpublished data)

1._5 Adhe_sion molecules mediate HSPC retention in¢hbone marrow
microenvironment.

The trafficking of HSPC from their local bone mamrmicroenvironment and release
into circulation is thought to involve downregutatiof adhesion molecules that normally
govern interaction between HSPC and their locahsal and ECM elements.
Hematopoietic cells widely exprefs andp2 integrins. B1 integrins VLA-4 and VLA-5
(04B1 andasPy) are expressed on bone marrow HSPC and theirdggare expressed on
stromal cells and bone marrow ECM. VLA-4 expressand activity are high in bone
marrow HSPC and decrease with differentiation. e@ithat HSPC are preferentially
retained in the bone marrow, this observation siBe possibility that VLA-4 in
particular may play a role in the release of mahematopoietic cells during
mobilization’>® Indeed, treatment with anti-VLAS5 antibody restfte modest HSPC
mobilization in mice, and anti-VLA-4 antibody cagsebust HSPC mobilization in mice
and rhesus monkey5."® Similarly, mice with an induced deletion of theng encoding
a4 integrin have an elevated level of peripherabbleiSPC”® Finally, neutralizing

antibody against vascular cell adhesion molecyd¥dAM-1), an immunoglobulin

11



superfamily member and VLA-4 ligand present onrstibcells, mobilizes HSPC to a
similar extent as VLA-4 neutralization. Togethtigse findings suggest that VLA-
4/VCAM-1 specifically mediate a HSPC/stromal celieraction that retains HSPC in the
bone marrow.®

In contrast to th@1 integrins, whose neutralization leads to HSPCilzaltion, 2
integrin neutralization does not result in eleva#&®PC numbers in peripheral blood.
However,32 integrin neutralization, either with neutraliziagtibody or by genetic
deletion, results in enhanced mobilization with \dAneutralization, suggesting thit
integrins may co-operate wifii integrins in maintaining HSPC in the bone martaw
do not play a necessary rdfe.

Besides integrins, HSPC adhesion in the bosweaw microenvironment involves
CDA44, the receptor for hyaluronan, a gycosaminagiy@omponent of the ECM.
Neutralizing antibodies against CD44 disrupt progeradhesion to fibronectim vitro
and cause a modest mobilization of HIR@ivo.***? On the other hand, CD44 null
mice treated with G-CSF have attenuated ratherénbanced mobilization, suggesting
that CD44 plays a more complex role than simply iatety HSPC retention to the bone

marrow®?

1.6 SDF-1/CXCR4 signaling maintains HSPC in theibone marrow niche.

In addition to the role played by proteasesaudtttesion molecules in mediating HSPC
mobilization, signaling between chemokine SDF-1 émdeceptor CXCR4 has emerged
in recent years as a third major mechanism regqudiSPC trafficking. SDF-1

(CXCL12), a chemokine of the C-X-C family, was iaily discovered in a screen of

12



stromal cell line conditioned media as a chemoettirg for human CD34 positive
progenitor cell$® Its primary receptor, CXCR4, is a G-protein-caspseven
transmembrane chemokine receptor present on bormewnaematopoietic cells as well
as neuronal, endothelial, and epithelial c&llSeveral lines of evidence suggest a model
wherein SDF-1, expressed by bone marrow stromb, efjnals to hematopoietic cells
through CXCR4 to cause their retention in the bo@aerow.

First, genetic ablation of CXCR4 signaling mms retention of HSPC in the bone
marrow. Mice deficient in either SDF-1 or CXCR4 di late gestation with several
developmental defects, including a failure of hespatetic cells to colonize the bone
marrow. SDF-1 knockout embryos have a high numbeirculating hematopoietic
stem cells, however, suggesting either a failutecime or a failure to be retained in the
marrow.®># CXCR4 null fetal liver cells do not engraft iriated recipients efficiently
despite homing normally to the bone marrow, agaigyesting a defect in retentih.
Resulting CXCR4 null chimeras have a high numbeircilating HSPG® Conversely,
hypermorphic mutations in the CXCR4 gene that leaehhanced signaling result in a
human disease characterized by a failure of myelelid to be released normally from
the bone marro?%°

Next, antagonism of CXCR4 signaling with AMEL a small molecule inhibitor,
leads to rapid release of HSPC to the periphecald' Continuous administration of
AMD3100 leads to sustained and robust HSPC molitizd” Similarly, administration
of proteoglycans fucoidan and dextran sulfate tedhd to mobilization with an

concurrent reduction of bone marrow SDE1.

13



Finally, as will be described later, mobilioat of HSPC during G-CSF treatment is
associated with decrease of bone marrow SDF-lipratel mRNA that mirrors the
kinetics of mobilizatiorf®® At the same time, CXCR4 surface expression agmbding
decrease on mobilized progenitor cells compardzbte marrow HSPC, suggesting that
G-CSF-induced loss of CXCR4 on a subset of HSPIS nely synergize with loss of
bone marrow SDF-1 during mobilizati&h.

The downstream cellular mechanisms by whiclC&X signaling promotes retention
in the bone marrow have not been fully elucidat8@F-1 binding CXCR4 in human
CD34 positive cells activates multiple signalinghpeays including phosphatidylinositol
3-kinase (PI3K), protein kinase C (PKC), and mitogetivated protein kinases ERK-1
and -2. These events lead to tyrosine phosphooylati focal adhesion components
related adhesion focal tyrosine kinase (RAFTK) tredcytoskeletal protein paxillin.
Subsequent cytoskeleton reorganization and cellatiayn can be blocked with small
molecule inhibitors to PI3K and PK&® However, it is not fully clear whether
hematopoietic progenitors remain in the bone masioaply via chemotactic signaling
toward a gradient of SDF-1 produced by bone maswamal cells or whether other
cellular processes are involved. Incubation of BS#th SDF-1 increased VLA-4
affinity for its ligands and enhanced endotheliahsmigration in a VLA-4 and VLA-5-
dependent fashion in vitro, suggesting that SDkgfading may promote HSPC retention
in the niche through regulation of adhesion molesus well as providing a chemotactic
signal®®?’

In sum, these data suggest that the SDF-1RAXi@Gteraction is crucial for retention

of hematopoietic cells in the bone marrow and thstuption of that interaction leads to
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mobilization. How treatment with G-CSF and otheifizing agents disrupt this

interaction, however, is a matter of ongoing inigzgton.

1.7 Disruption of SDF-1/CXCR4 signaling during moldization.

During treatment with G-CSF, SDF-1 protein decrease¢he bone marrow.

However, some controversy exists as to how thisisccOne hypothesis is that SDF-1
protein is degraded by bone marrow proteases.stophersemt al. showed that CD26,

a cell-membrane-associated dipeptidyl peptidasetivates SDF-1 by cleaving its amino
terminal two residue¥ Indeed, mice deficient in CD26 have a less sestesp in bone
marrow SDF-1 and less robust mobilization in resgoio G-CSE® Expression of

CD26, however, does not change with G-CSF treatnsenwhile this mechanism may
function basally to clear SDF-1 from the marrowgahnot account for the decrease
during G-CSF treatment.

In contrast to CD26, bone marrow levels oftraphil-derived proteases NE, CG, and
MMP9 increase during G-CSF treatment. Bone maexgitracts from G-CSF-treated
mice cleave SDF-1 in vitro, which has led to thedihesis that these proteases mediate
mobilization in part by degrading SDF1°® However, as noted above, mice deficient in
neutrophil serine proteases as well as mice treaittxbroad spectrum metalloproteinase
inhibitors mobilized normally? indicating that these specific proteases areemtired
for SDF-1 degradation. Nevertheless, the greatbeurand overlapping functions of
proteases makes it difficult to rule out a role gooteolytic cleavage of SDF-1 based on

knockout studies.
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Alternatively, it is possible that G-CSF traaint leads to a fall in bone marrow SDF-1
by decreasing its expression. As discussed in €h&yof this thesis, G-CSF treatment
leads to a fall in total bone marrow SDF-1 mRNAhsimilar kinetics to the fall in SDF-
1 protein, suggesting that this may be the prinmaeghanism by which G-CSF targets
bone marrow SDF-11'% Finally, outside the context of hematopoietic itipation,
other studies have shown SDF-1 levels to be tragtmmally regulated®**%

Notably, while downregulation of SDF-1 likghjays an important role in G-CSF-
induced mobilization, it is unclear to what extdigruption of SDF-1/CXCR4 signaling
plays a role in mobilization induced by other midilg agents. No data has been
published examining the disruption SDF-1/CXCR4 algrg in bone marrow of mice
mobilized with other cytokines or with cytotoxiceags. The kinetics and extent of
mobilization induced by these agents, howeversendar to that of G-CSF and are
compatible with a role for SDF-1 downregulatiom. cbntrast, chemokine induced
mobilization, which peaks within half an hour ofechokine administration, does not
likely involve a transcriptional downregulation 8DF-1, and indeed, mobilization
induced by the chemokine Grdoes not result in loss of bone marrow SD¥-1.
Nevertheless, the possibility remains that atteedi&@XCR4 signaling may contribute to
mobilization induced by chemokine administratiddne novel pathway by which this
may occur is heterologous desensitization, a phenomwherein CXCR4 signaling may
be blunted by activation of co-expressed cytokaeeptors.A recent study showed that
treatment of neutrophils with the CXC chemokine K@ to heterologous desensitization
of CXCR4!% This effect, however, is not observed with alllo&ine receptors,

suggesting that downregulation of SDF-1/CXCR4 diggds not the only mechanism
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leading to neutrophil releas®. Currently, however, there is no evidence for
heterologous desensitization of CXCR4 signalingiplga role in HSPC mobilization.
To summarize, G-CSF-induced mobilization soagated with a loss of SDF-1
protein and mRNA in the bone marrow. While proyéioldegradation may play a role in
SDF-1 degradation, the loss of SDF-1 mRNA suggesiisG-CSF treatment targets
SDF-1 transcription in the stromal components efgtem cell niche during HSPC
mobilization. To understand how SDF-1 mRNA is downregulated du@aCSF

treatment, it is necessary to identify which boreenow cell types produce SDF-1.

1.8 SDF-1-producing cells in the bone marrow.

The drop in SDF-1 mRNA in the bone marrow suggesis G-CSF targets one or
more SDF-1-producing cell populations in the boranow, leading to decreased SDF-1
MRNA. Some controversy exists regarding the exettity of the populations that
express SDF-1, and it has not yet been shown ibattyese downregulate SDF-1
expression during G-CSF treatmein.vitro, the literature reports SDF-1 expression in
immortalized stromal cell lines, primary endothktialls, primary osteoblasts, and cell
lines derived from those cell typ&&©1%1%” Demonstrating SDF-1 expressionvivo,
however, has proven more difficult. Ponomargbal. showed human SDF-1 expression
in bone-lining osteoblasts, endothelial cells, scattered, spindle-shaped stromal c&lls.
On the other hand, Art al., using a transgenic mouse in which the GFP cDNA wa
inserted into the SDF-1 locus, showed no colocttinaof mouse SDF-1 with endothelial
marker PECAM-1?® Using this system, little or no SDF-1 expressi@s detected co-

localized with osteocalcin, a specific osteoblaatkar, although SDF-1 expression did
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co-localize with a subset of VCAM-1 positive calgh reticular morphology termed
“CAR?” cells that could be found in close proximity endothelial cells (see abové)*®
These conflicting results are difficult to interpras it is difficult to tell whether replacing
exon 2 of the CXCL12 locus with a GFP expressiasete has resulted in disregulated
signaling. Further, the lack of co-expression vagiteocalcin does not necessarily rule
out SDF-1 expression by osteoblasts, as osteodaleitate osteoblast marker expressed
only in a fraction of morphologically identifiabl&jnctional osteoblasts?

In sum, most studies to date report SDF-1esgon across a spectrum of non-
hematopoietic cells in the bone marrow. Even gdhér work is needed to resolve

whether these populations include endothelial celissteoblasts.

1.9 Summary

Under normal circumstances, HSC reside in magow stem cell niches which
provide critical support at a molecular level toimtain their function as stem cells.
Evidence from mouse models with enhanced osteagesesis suggests that osteoblasts
in particular compose a necessary part of the H8ken HSPC can be mobilized from

the bone marrow in response to treatment with icen®bilizing agents, the best
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Bone Figure 1.1 G-CSF disrupts
the stem cell niche.
Hematopoietic stem cells

G CS F (HSC) are localized at steady
state along endosteal surfaces.

osteoblasts

Their maintenance depends on
Tproteases / the presence of osteoblasts and
Jadhesion molecules potentially other cell types
|SDF-1/CXCR4 (CAR cells=CXCL12-abundant

reticular cells.) G-CSF
treatment leads to upregulation
of bone marrow proteases,
downregulation of adhesion

CAR cell molecules VCAM-1/VLA-4
HSC and disrupts SDF-1/CXCR4
signaling, leading to stem cell
Bone mobilization
Marrow

characterized and most widely used of which is G=CSSeveral mechanisms likely play
arole in G-CSF-induced mobilization, including uretion of bone marrow neutrophil-
derived proteases, downregulation of critical adiremolecules, and disruption of SDF-
1/CXCRA4 signaling due in part to loss of bone mar8DF-1 (see figure 1).

However, certain questions remain. First, vh#he relationship between these
several mechanisms in G-CSF-induced mobilizati@w?they operate independently of
each other or do they work in tandem? Next, totvelgent do other mobilizing agents
take advantage of these pathways to induce motiiva Of note, the fall in bone
marrow SDF-1 takes place over days during G-CS#rtrent, raising the possibility that
other cytokine family members—which also mobilizeepa period of days—induce
mobilization in part by dropping bone marrow SDFHinally, what accounts for the loss
of bone marrow SDF-1 during G-CSF treatment? \VebHttypes make SDF-1 normally
in the bone marrow, and which of these are targeétethg G-CSF treatment?

InChapter 2 different subsets of bone marrow stromal cell$ bal tested for SDF-1

production and a mechanism will be proposed by WkieCSF treatment causes loss of
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bone marrow SDF-1 by targeting osteoblaStsapter 3 will extend these findings,
investigating whether mobilizing cytokines Flt3digd (FIt3L) and stem cell factor (SCF)
work in part by disrupting SDF-1/CXCR4 signalingdamhether targeting of osteoblasts
represents a common motif in cytokine-induced nmddilon. Further, the relative
importance of disrupted SDF-1/CXCR4 signaling gissother pathways is tested by
examining G-CSF induced mobilization in the genabsence of CXCR4. Finally,
Chapter 4 examines the effect of G-CSF on osteoblasts irerdetail, focusing on G-
CSF effects on osteoblast differentiation and apgipt Chapter 5 synthesizes these
findings concerning cytokine effects on the stethriehe with unpublished data

concerning HSC function after G-CSF treatment amdrearizes future directions.
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CHAPTER 2

G-CSF POTENTLY INHIBITS OSTEOBLAST ACTIVITY AND
CXCL12 mRNA EXPRESSION IN THE BONE MARROW

The experiments presented in Figures 2.1-2.4 arevthk of Dr. Craig Semerad, a
former post-doctoral fellow in the lab.
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2.1 ABSTRACT

There is accumulating evidence that interactiostadimal cell derived factor-1 (SDF-
1/CXCL12) with its cognate receptor, CXCR4, geresatignals that regulate
hematopoietic progenitor cell (HPC) traffickingthre bone marrow. During
granulocyte-colony stimulating factor (G-CSF)-indddHPC mobilization, CXCL12
protein expression in the bone marrow decreaseseil] we show that in a series of
transgenic mice carrying targeted mutations ofrtBeCSF receptor and displaying
markedly different G-CSF induced HPC mobilizatiesponses, the decrease in bone
marrow CXCL12 protein expression closely correlatéh the degree of HPC
mobilization. G-CSF treatment induced a decreas®mne marrow CXCL12 mRNA that
closely mirrored the fall in CXCL12 protein. Cslbrting experiments showed that
osteoblasts and to a lesser degree endothelialarglithe major sources of CXCL12
production in the bone marrow. Interestingly, obtast activity, as measured by
histomorphometry and osteocalcin expression, gty downregulated during G-CSF
treatment. However, the G-CSF receptor is notesged on osteoblasts, accordingly G-
CSF had no direct effect on osteoblast functioolleCtively, these data suggest a model
in which G-CSF, through an indirect mechanism, pityanhibits osteoblast activity
resulting in decreased CXCL12 expression in theeboarrow. The consequent

attenuation of CXCR4 signaling ultimately lead$H#®C mobilization.
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2.2 INTRODUCTION

The majority of hematopoietic progenitor cells (HR€&side in the bone marrow
surrounded by a complex, highly organized microemment. Under normal
conditions, a small number of HPC are releasedth@geripheral blood. Agents with
distinct cellular targets and biological activitiesn induce the mobilization of HPC into
blood, including hematopoietic growth factors, clogmerapeutic agents, and
chemokines:? Recently, mobilized peripheral blood HPC haveoee the principal
cellular source for reconstitution of the hematepicisystem following myeloablative
therapy. Currently, granulocyte-colony stimulatfagtor (G-CSF) is the most widely
used agent to induce HPC mobilization due to itepey, predictability and safety.
However, the mechanisms responsible for G-CSF-iediitPC mobilization have not
been defined.

We previously showed that G-CSF receptor (G-CS#Hpyession on HPC is not
required for their mobilization by G-CSF, suggegtihat G-CSF induces HPC
mobilization indirectly through the generationtdns-acting signalé. The nature of the
trans-acting signal(s) that mediate G-CSF-induced HP®ilzation is unknown;
however, there is accumulating evidence suggetiaignteraction of CXCL12
(stromal-derived factor-1) with its cognate recep@XCR4, may play an important role
in regulating G-CSF-induced HPC mobilization. CXLis a CXC chemokine
constitutively produced in the bone marrow by s@boells® Studies of CXCL12 or
CXCR4 deficient mice have established that thesegare necessary for the normal
migration of HPC from the fetal liver to the bonamow and in the efficient retention of

myeloid precursors in the adult bone marfowMoreover, treatment with AMD-3100, a
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specific antagonist of CXCRA4, induces rapid andusblitHPC mobilization in both
humans and mic&? Finally, we and others showed that CXCL12 protsipression in
the bone marrow is significantly decreased follay@CSF treatmerif*2
Collectively, these data suggest a model in whisfrugtion of CXCL12/CXCR4
signaling is a key step in G-CSF induced HPC mpéiion.

The mechanism(s) mediating the G-CSF induced deern@aCXCL12 protein
expression in the bone marrow have not been defiReevious reports suggested that
neutrophil elastase (NE) and cathepsin G (CG) nmegnlate CXCL12 protein
expression in the bone marrow through proteolygaxage of CXCL13% However,
mice genetically lacking NE and CG display normaCSF induced HPC mobilization,
and the expected decrease in bone marrow CXCLIRipraas observetf. Thus, the
G-CSF-induced decrease in CXCL12 protein expredsitime bone marrow does not
require these proteases. It is possible that gite#eases can compensate for the loss of
NE and CG. Alternatively, non-proteolytic mechamssmay regulate CXCL12
expression in the bone marrow during G-CSF inditle@ mobilization.

In this study, we characterize G-CSF induced HR®Bilzation and CXCL12
expression in the bone marrow in a series of tramsgmice carrying targeted mutations
of their G-CSFR. We provide further evidence thatuption of CXCL12/CXCR4
signaling in the bone marrow is a key step in HRfbifization. G-CSF regulates
CXCL12 expression in the bone marrow primarilyleg mMRNA level. Evidence is
provided that G-CSF inhibits osteoblast numberastility through an indirect

mechanism leading to decreased CXCL12 expressitreibone marrow.

32



2.3 METHODS

Mice. GEpoR, d715, and d715F deficient mice were géeeras described
previously***® GEpoR, d715 and d715F mice were backcrossedri€ragons onto a
C57BL/6 background. Six to ten week-old mice weseduin all studies. Mice were
housed in a specific pathogen-free environment.eperiments were approved by the

Washington University Animal Studies Committee.

Mobilization protocols. G-CSF. Recombinant human G-CSF (Amgen, Thousand Oaks,
CA) diluted in phosphate-buffered saline (PBS) viith% low endotoxin bovine serum
albumin (Sigma, St. Louis MO) was administered biydsubcutaneous injection at a
dose of 25Qug/kg or 100ug/kg per day for 5 days. Mice were analyzed 3-drbafter

the final G-CSF doseAMD3100. AMD3100, a generous gift from AnorMED Inc.

(British Columbia, Canada), was reconstituted @nilt PBS and administered as a single
subcutaneous injection at a dose of 5 mg/kg. Mieee analyzed 3 hours post-injection

or at the indicated times.

Peripheral Blood and Bone Marrow Analysis Blood was obtained by retroorbital
venous plexus sampling in polypropylene tubes ¢oimg EDTA. Complete blood
counts were determined using a Hemavet automatecbesmter (CDC Technologies,
Oxford, CT). Bone marrow was harvested by flushirtlp a-modification of eagle’s
medium @-MEM) containing 10% fetal calf serum. Bone marrextracellular fluid was
obtained by flushing each femur with 1 ml of icdecBBS without serum, and the

supernatant was harvested after centrifugatio®@tx4 for 3 minutes.
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CXCL12a ELISA. 96-well plates were coated with 1Al0of CXCL12 capture antibody
(2 pg/ml) diluted in PBS and incubated overnight atmaemperature. After incubation
for one hour at room temperature with 30®f blocking solution [1% bovine serum
albumin (BSA), 5% sucrose, and .05% NBNOQuI of sample was added to each well
and incubated for 2 hours at room temperatureerAflashing, 10@l of polyclonal
biotinylated anti-human CXCL12 (250 ng/mL) in ELISWuent (0.1% BSA, .05%
Tween 20 in Tris-buffered saline at pH7.3) was addeeach well and incubated at room
temperature for 2 hours. The reaction was develdyesuccessive incubations with 1
Hg/ml horseradish peroxidase streptavidin, subssatigion, and 5@ of 2N H,SO, to
stop the reaction. A microplate reader set atfQvas used to determine optical
density with readings at 550 nm subtracted fronréiselts. Recombinant human
CXCL12a was used to generate a standard curve. All EEagyents were purchased

from R&D Systems (Minneapolis, MN).

Colony-forming cell assay Blood, bone marrow, and spleen cells were hagdelsom
mice using standard techniques and the numberaéaiied cells in these tissues
quantified using a Hemavet automated cell couritée. plated 10-2@1 blood, 1 x 18
nucleated spleen cells, or 2.0 ¥ hicleated bone marrow cells in 2.5 ml
methylcellulose media supplemented with a cocktiaiecombinant cytokines
(MethoCult 3434; Stem Cell Technologies, Vancoueitish Columbia, Canada).

Cultures were plated in duplicate and placed inmibified chamber with 6% carbon
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dioxide (CQ) at 37 C. Colonies containing at least 50 cells werentedi on day 7 of

culture.

Real-time quantitative RT-PCR. Femurs were flushed with a total of 2 ml Trizol
reagent (Invitrogen, Carlsbad, CA) followed by ¢ring of the remaining bone in Trizol.
RNA was isolated according to the manufacturerséructions and resuspended in 160
RNase/DNase free water. Real-time reverse trgasg-polymerase chain reaction
(RT-PCR) was performed using the TagMan One-stef’RRR Master Mix Reagents Kit
(Applied Biosystems, Foster City, CA) on a GeneAnip0 Sequence Detection System
(Applied Biosystems). The reaction mix consisté8d pl RNA, 12.5ul RT-PCR

reaction mix, 200 nM forward primer, 200 nM revepsigner, 280 nM internal probe,
and .625ul Multiscribe reverse transcriptase and RNase itdnilin a total reaction
volume of 25ul. Reactions were repeated in the absence ofgevsnscriptase to
confirm that DNA contamination was not present. ARR¢dntent was normalized to
murinef-actin. PCR conditions were 48 for 30 minutes and 9& for 10 minutes,
followed by 40 cycles of 9% for 15 seconds and 8D for 1 minute.

CXCL12 forward primer: 5GAGCCAACGTCAAGCATCTG-3,

CXCL12 reverse primer:'82GGGTCAATGCACACTTGTC-3

CXCL12 dT-FAM/TAMRA probe: 5TCCAAACTGTGCCCTTCAGATTGTTGC-3
B-actin forward primer: 5 ACCAACTGGGACGATATGGAGAAGA-3;

B-actin reverse primer’ 5TACGACCAGAGGCATACAGGGACAA-3;

B-actin dT-FAM/TAMRA probe: 5 AGCCATGTACGTAGCCATCCAGGCTG-3

Osteocalcin forward primer: 5-TCTCTCTGCTCACTCTGCEGC-3'
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Osteocalcin reverse primer: 5-TTTGTCAGACTCAGGGCGGC
Osteocalcin dT-FAM/TAMRA probe: 5'-

TGCGCTCTGTCTCTCTGACCTCACAGATGCCA-3'

Cell Sorting. Bone marrow cells were recovered from the femudstdma of mice by
extensive flushing with 40 ml of PBS. The femuer&then infused with PBS
containing 50mg/ml of type IV collagenase (C513§n&) and incubated at %7 for 15
minutes. The collagenase-treated femurs were flushed agamnRBS and cells pooled
with the first flush fraction. Finally, the “emgtfemurs were directly flushed with 1 mli
of Trizol, to recover RNA from cells firmly adheiteto the bone matrix. The flushed
cells were incubated with fluorescein isothiocyn&#d C)-conjugated CD45 antibody
and with the following panel of phycoerythrin (P&njugated lineage-restricted
antibodies: Gr-1 (granulocytes), B220 (B-lymphosyt€D3e (T-lymphocytes), and Ter-
119 (erythroid cells) (all antibodies from PharngngSan Diego, CA). Cells were sorted
on a MoFlo high speed flow cytometer (Dako CytowratiFort Collins, CO). CXCL12
andp-actin mMRNA were measured by quantitative real tRfePCR. To estimate the
total CXCL12 mRNA contribution of each fractionethumber of cells in each fraction
was multiplied by the amount of CXCL12 mRNA relaito3-actin mRNA found in that
fraction. The number of cells in the Trizol-flushigaction was estimated usifigactin
MRNA expression and was based on a standard cohovérgy that the level db-actin
MRNA correlated in a linear fashion with cell numf#ata not shown).

Stromal cell fractionation. Femora, tibiae and iliac crests were cleaned

thoroughly to remove associated muscle tissuefzm ¢rushed in a mortar and pestle to
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release the marrow. Bone fragments were colldayddtration through a 4@um cell
strainer (BD Biosciences, San Jose, CA) and waskehsively in PBS with 2% FCS to
remove non-adherent bone marrow cells. The bagnfents were further minced with a
scalpel and then incubated aP@#with a 3mg/ml solution of Type | collagenase
(Worthington, Lakewood NJ) in PBS for 40 minutesiishaking waterbath. The
resulting population of bone derived cells was tepleted of residual hematopoietic
cells by incubation with a cocktail of rat anti-nseuantibodies (B220, Mac-1, Gr-1,
CD4, CD8, CD3, CD5 and Ter119) followed by incubatwith anti-rat Ig coupled
Dynabeads (Dynal Biotech, Oslo Norway). Followimgage depletion, the cells were
stained with a PE-conjugated anti-CD45, FITC-coajed anti-CD31, biotinylated anti-
CD51 and streptavidin coupled allophycocyaninftalin Pharmingen). The cells were
separated using a FACSDiva high speed cell s@@rRiosciences) into three fractions:
endothelial cells (LInCD45 CD31"), osteoblasts (LinCD45 CD31 CD51"), and
progenitor cells (Lih CD45). The purity of the endothelial and osteoblasttions was
confirmed by staining for von Willebrand factoralkaline phosphatase, respectively
(data not shown). Sorted cells were counted ama ysed in RNAZol (Iso-Tex
Diagnostics, Friendswood, TX) or Trizol for RNA lation and subsequent real time RT-

PCR analysis.

Osteoblast Culture Murine calvarial osteoblasts were obtained usnipr
modifications of published procedurEsin brief, calvariae were removed aseptically
from 3-4 day old mice and incubated twice at@¥or 10 minutes in PBS containing

4mM EDTA and then subjected to repeated digestiorl® minutes at 3T with

37



200U/ml type 2 collagenase (Worthington, Lakewddd)) in PBS. Products of early
digestions were discarded, while later fractiogpi@ally fractions 5-7) were collected by
centrifugation and cultured mMEM containing 10% FCS and 1% Pen/Strep. Cells
were cultured until 80% confluent (undifferentiatesteoblasts). In some experiments,
cells were then cultured in differentiation medi(og®EM containing 10% FCS, 100
pg/ml ascorbic acid and 5mBtglycerophosphate) for 1 week (differentiated

osteoblasts).

Histomorphometry. Osteoblasts in the bone marrow were quantified by
histomorphometry, as previously describ&dBriefly, femurs and tibiae were harvested,
fixed overnight in 10% neutral formalin, decalcifiby incubating in 14% EDTA af@

for two weeks, and then embedded in paraffin. Asuee that osteoclasts were excluded
from the osteoblast count, deparaffinized sectivare stained histochemically for
tartrate-resistant acid phosphatase (TRAP) andtemiained with hematoxylin.
Osteoblasts were counted in a blinded fashion6280X fields per section. In some
cases, two sections 75 microns apart were takem thhe same sample and osteoblast
number averaged. The number of osteoblasts pemetieér bone perimeter (N.Ob/mm)
was calculated using the OsteoMeasure Histomorptigi8gstem (OsteoMetrics, Inc.,

Atlanta, GA).

Statistical analysis Data are presented as mean +/- SEM or SD, asailedi¢n the text.

Statistical significance was assessed using a et Student’s t test.
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2.4 RESULTS
2.4.1 The membrane-proximal region of the G-CSFRsisufficient to mediate HPC

mobilization. To define the region(s) of the G-CSFR requirgdH8C mobilization, G-
CSF induced HPC mobilization was characterizedserées of transgenic mice
expressing different targeted mutations of thel€&FR (figure 1A). The d715 G-CSFR
mutation introduces a premature stop codon at ntidee 2403, leading to truncation of
the carboxy-terminal 96 amino acids of the G-CSHRs representative of G-CSFR
mutations found in approximately 35% of patientthveievere congenital neutropefia.
Mice homozygous for the d715 G-CSFR mutation harenal basal hematopoiests.in
the d715F G-CSFR mutant, the sole remaining tyeoé1fY04) of d715 has been mutated
to phenylalanine. STAT-3 and STAT-5 activationtbg d715F G-CSFR are markedly
impaired** Homozygous d715F G-CSFR mutant mice display datist defect in
granulopoiesis? In the GEpoR mutation, the entire cytoplasmigr{aling) domain of
the G-CSFR is replaced with that of the erythropoieeceptor (EpoR)® This chimeric
receptor is predicted to bind G-CSF but transmif&specific signals. Homozygous
GEpoR mice display peripheral neutropenia but hreorenal numbers of neutrophils in
their bone marrow?

The G-CSFR mutant mice, all inbred on a C57BL/&beaound, were treated
with G-CSF (25Qug/kg/day x 5 days) and the number of colony forneetis (CFU-C)
in the blood, spleen, and bone marrow measuredréigB). A similar number of CFU-
C was present in the bone marrow of all mice extmp&-CSF treated d715 mice, where
a modest, but not statistically significant, inceavas observed. Compared with wild
type mice, HPC mobilization was significantly enbad in d715 mice. Whereas a 15-

fold increase from baseline in blood CFU-C was okesgtin wild type mice, a 32-fold
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increase was observed in d715 mice. In contrd®€ khobilization was severely

impaired in GEpoR mice (1.7-fold increase in blgelU-C from baseline), despite a
normal number of CFU-C in the bone marrow. d715€erdisplayed an intermediate
phenotype. Though G-CSF induced a similar ridgdaod and spleen CFU-C, the
number of CFU-C in the bone marrow of d715F mice significantly increased
compared with wild type mice. Similar results weleserved after treating mice with
100ug/kg/day G-CSF for 5 days (data not shown). Tiieda show that the membrane-
proximal 87 amino acids of the G-CSFR are suffictermediate G-CSF-induced HPC
mobilization. Moreover, these data show that tgeads generated by the GEpoR are not

able to substitute for those of the G-CSFR to iedd®C mobilization.

2.4.2 Down-regulation of CXCL12x protein expression is a key event in G-CSF
induced HPC mobilization. Accumulating evidence suggests that CXCL12/CXCR4
signaling may be a key regulator of HPC traffickindhe bone marrow. We and others
previously showed that CXCL#&2protein expression in the bone marrow decreases
during G-CSF-induced HPC mobilizatiofi*? To extend these findings, we measured
CXCL12a protein levels in the bone marrow of the G-CSFRanumice following G-
CSF treatment (figure 2A). As expected, G-CSF @edia significant decrease in
CXCL12a protein expression in the bone marrow of wild typee. Likewise, a
significant decrease in CXCL#&2protein expression in the bone marrow of d715 and
d715F mice was observed. In contrast, consistéhttineir impaired HPC mobilization
phenotype, no significant change in CXClxlgrotein expression was detected in

GEpoR mice. In fact, a highly significant correyatwas observed between the degree

40



of HPC mobilization and the level of CXCLd%rotein in the bone marrow (p<.001,
figure 2B).

Recently, AMD3100, a selective CXCR4 antagonistatég of rapidly inducing
HPC mobilization, was describ&dTo determine whether disruption of CXCR4
signaling could rescue the HPC mobilization deflecEpoR mice, mice were treated
with AMD3100 and HPC mobilization characterizeds #eported previously, in wild
type mice, treatment with a single subcutaneowiign of AMD3100 induced a rapid
increase in blood CFU-C that peaked 3 hours pgstiion (figure 3A)® Interestingly, a
similar increase in blood CFU-C was observed in @Emice. Moreover, HPC
mobilization by AMD3100 was found to be normal inGSFR deficient mice (data not
shown). These data show that AMD3100-induced HRBilration does not require G-
CSFR signals. Collectively, these data suggestdinan-regulation of CXCL12 protein

levels in the bone marrow is a key event in HPC itimattion induced by G-CSF.

2.4.3 G-CSF regulates expression of CXCL12 mRNA ithe bone marrow during
HPC mobilization. Whereas previous studies have focused on the pybtedeavage
of CXCL12, we considered an alternative mechangsiactount for the decrease in
CXCL12 protein in the bone marrow. We measured CXCmRNA expression in the
bone marrow during G-CSF treatment by directlytilng isolated femurs with Trizol
reagent to ensure that RNA was recovered fromedlitypes in the bone marrow. Real
time RT-PCR was performed for CXCL12 and mofisxctin, as a control for RNA
quality and content. CXCL12 mRNA progressivelym@ased during G-CSF treatment

reaching a nadir on day 5 when HPC mobilizatiom@ximal and returned to normal 2
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days after discontinuing G-CSF (figure 5A). Therdase in CXCL12 mRNA closely
mirrored the decrease in CXCLd drotein expression in the bone marrow (figure 5A).
In fact, a strong correlation between CXCL12 mRNw® @rotein was observed (figure
5B), suggesting that CXCL12 expression is regularadarily at an mRNA level by G-

CSF.

2.4.4 Osteoblasts are the major source of CXCL12 the bone marrow. Though
controversial, current evidence suggests that CXXJ&Expressed in the bone marrow
by osteoblasts, endothelial cells, and scatterednsi cells>?° Moreover, a recent report
suggested that stem and progenitor cells may ex@¥E€L12 at a low level' To
determine which cell type(s) in the bone marrowregp CXCL12 mRNA and are
downregulated in response to G-CSF, mice wereettleaith G-CSF and bone marrow
cells sorted into stromal cell (CD45-negative; ige-negative), progenitor-enriched
(CD45-positive; lineage-negative), and mature hepuwittic cell (lineage-positive)
fractions (figure 5). In addition, Trizol was ditéy injected into the flushed femurs to
assess the contribution of cells remaining tighdgociated with the bone matrix (“bone
fraction” in figure 5B). In untreated mice, theegt majority of CXCL12 mRNA was
found in the stromal cell and bone fractions (feg6B). Furthermore, CXCL12
expression in these fractions was decreased by lGt@&tment. These results suggest
that stromal cells are the major source of CXClLiithe bone marrow and are
downregulated by G-CSF treatment.

To define which stromal cell type(s) express CXCLth2 bone-adherent cell

population was further fractionated into hematopoigrogenitor, mature osteoblast, and
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endothelial cell fractions (see Methods). Low le9¥CL12 mRNA was again detected
in the hematopoietic cell fraction (figure 5C). r@gstent with previous studies showing
constitutive CXCL12 expression in bone marrow ehdtial cells?® a relatively high
level of CXCL12 mRNA was detected in the endothel@l fraction. However, the
highest level of CXCL12 mRNA expression was det@atethe mature osteoblast
fraction. Relative t@-actin mRNA, mature osteoblast express 9.4-folda@xXCL12
MRNA than endothelial cells. These data suggestttte majority of CXCL12 in the

BM microenvironment is produced by osteoblasts.

2.4.5 G-CSF treatment potently inhibits osteoblastctivity in the bone marrow.
Surprisingly, despite the decrease in total boneanaCXCL12 mMRNA expression
(figure 5b), on a per cell basis no significantréase in CXCL12 mRNA was detected in
osteoblasts isolated from mice following G-CSFtimeant (figure 5C). These data raised
the possibility that, rather than affecting SDFxpression per osteoblast, G-CSF
regulated the number of osteoblasts in the boneonvarTo explore this possibility,
osteoblast number in the bone marrow was measyrbagtomorphometry. Indeed, after
5 days of G-CSF treatment, a striking reductiothexnumber of endosteal osteoblast
was observed (figure 6 A-C). To confirm this olysdion, the expression of osteocalcin,
a specific marker of mature osteoblasts, in theebuarrow during G-CSF treatment was
assessed (figure 6D). Notably, osteocalcin mRNpgression was sharply reduced
during G-CSF treatment; a 4712 fold reduction in osteocalcin mMRNA (relativeo
actin mRNA) was observed in the bone marrow of G=@8ated mice compared with

untreated mice. Likewise, a significant decreasgerum osteocalcin protein was
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detected in G-CSF treated mice (data not showns. [&tter finding is consistent with a
previous report showing that serum levels of ostit decreased in patients during G-
CSF treatmert® Collectively, these data provide strong evidetheg G-CSF treatment
potently suppresses osteoblast activity in the boagow.

We next investigated whether G-CSF could directlyutate CXCL12 expression
in cultures of primary murine osteoblasts. Ostastsl were harvested from the calvariae
of newborn mice and cultured in the presence oerates of G-CSF for 5 days. In some
experiments, the osteoblasts were first cultured fweek in the presence of ascorbic
acid and3-glycerophosphate to induce osteoblast differantiatAs expected, a high
level of CXCL12 protein and mRNA expression wasedggd in cultures of
undifferentiated and differentiated osteoblasguie 6E and data not shown). However,
G-CSF had no significant effect on CXCL12 expressi®doreover, no G-CSFR mRNA
was detected using a sensitive RT-PCR assay (dathown). These data suggest that

G-CSF does not directly regulate CXCL12 expressiarsteoblasts.

2.5 DISCUSSION

Clinically, G-CSF is the most widely used agenirtobilize HPC, yet the mechanisms
mediating HPC mobilization by G-CSF are poorly ustieod. To begin to define the
region(s) of the G-CSFR that mediate this responsg;haracterized HPC mobilization
by G-CSF in a series of transgenic mice carryiffiigidint targeted G-CSFR mutations.
HPC mobilization in d715 G-CSFR mice is signifidgrenhanced compared with wild
type mice, suggesting the presence of an inhibdiorpain in the carboxy-terminal tail of

the G-CSFR. Previous studies have shown thatrestptor internalizatid?>and
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activation of negative regulators of signaling limting SOC3° SHP-12° and SHIP’)
are defective with the d715 G-CSFR. Whether arthes$e signaling alterations is
responsible for the increased mobilization respoes&ins to be answered.
Interestingly, the number of CFU-C in the bone mwarof G-CSF treated d715F mice is
increased compared with G-CSF treated wild typeendespite comparable numbers of
the CFU-C in the blood and bone marrow. Theserghfiens are consistent with a
subtle defect in HPC mobilization in d715F miceonidtheless, these data suggest that
STAT 3 and STAT 5 activation by the G-CSFR is nmdautely required for HPC
mobilization, since their activation by the d715FO0SFR is markedly impaired.
Interestingly, G-CSF-induced HPC mobilization isrkeally impaired in GEpoR mice,
despite a comparable (to wild type mice) expansianyeloid cells and HPC in the bone
marrow. Thus, signals generated by the chimeripdbkEare able to efficiently transduce
proliferative but not mobilization signals, suggegtan element of specificity in the
mobilization signaling pathways. Of note, theseaddearly demonstrate that increases
in bone marrow cellularity and HPC content aloreeraot sufficient to induce HPC
mobilization

Accumulating evidence suggests that CXCL12/CXCR#aing plays a key role
in regulating HPC trafficking in the bone marroMice with targeted disruptions of
CXCL12 or CXCR4 exhibit defective hematopoiesisha bone marrow, possibly due to

the failure of HPC to migrate from the fetal literthe bone marrow:*’

Moreover,
mice transplanted with CXCR4 deficient bone maroais show reduced engraftment
and premature release of immature myeloid celtstime blood"?” Elevation of

CXCL12 levels in the blood by administration of CKXI2 or by injection of an
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adenoviral vector expressing CXCL12 is associatila avsignificant mobilization of
HPC into the blood?®?° Conversely, treatment with AMD3100, a selectim&agonist of
CXCR4, induces rapid and robust HPC mobilizatiomine and humarfs® Finally, we
and others previously showed that G-CSF treatnesniits in a significant decrease in
CXCL12 protein levels in the bone marrow of wilgppeymice *°*? In the present study,
we show that CXCL12 protein levels in the bone marafter G-CSF treatment strongly
correlate with HPC mobilization in the G-CSFR mutanice. For example, the greatest
decrease in CXCL12 protein expression in the boagow was observed in those mice
displaying the most robust HPC mobilization, nantbld715 G-CSFR mice. Perhaps
most telling is the lack of a significant decreas&€XCL12 protein expression in the
mobilization defective GEpoR mice (figure 2). Tdailability of AMD3100, a selective
CXCR4 antagonist, provided the opportunity to deiae whether disruption of CXCR4
signaling could rescue the mobilization defect BpGR mice. Indeed, AMD3100-
induced HPC mobilization in GEpoR mice was complarédowild type mice.
Collectively, these data suggest that CXCL12 isngportant retention signal for HPC in
the bone marrow, and the data support a model iohwdisruption of CXCL12/CXCR4
signaling is a key step in G-CSF-induced HPC mpaiion.

It is likely that multiple mechanisms contributeth@ disruption of this signaling
pathway. CD26 (dipeptidylpeptidase 1V), a membrhoand extracellular serine-
protease expressed on a subset of HPC, inactiCax€4.12 through proteolytic
cleavage®>! Importantly, G-CSF induced HPC mobilization i$etgive in CD26
deficient mice or in wild type mice treated witlsgecific CD26 inhibitof*** However,

there is no evidence showing that CD26 activitnadulated during G-CSF treatment.
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In contrast, G-CSF treatment induces the releasenoimber of proteases into the bone
marrow microenvironment, including NE, CG and matnietalloproteinase-9 (MMP-
9).3 These proteases are able to cleave several adhesiecules thought to play an
important role in regulating HPC trafficking in thene marrow, including c-Kit,
VCAM-1, CXCR4, and CXCL12%*333%|n particular, NE and CG are able to cleave
and inactive CXCL12n vitro.***! However, G-CSF induced HPC mobilization and
decrease in bone marrow CXCL12 protein are normbl& x CG deficient mic&®

Thus, there must be efficient NE and CG-independethanisms to disrupt
CXCL12/CXCRA4 signaling during G-CSF induced HPC rtpdtion.

As an alternative mechanism to proteolytic cleavagegulate CXCL12
expression, we examined the effect of G-CSF treatime the expression of CXCL12
MRNA in the bone marrow. We show that G-CSF treatnmduces a decrease in bone
marrow CXCL12 mRNA that mirrors the fall in CXCLH2otein. In fact, a strong
correlation between CXCL12 protein and mRNA levelthe bone marrow was
observed. This decrease in CXCL12 mRNA is not §irdpe to the dilution of
CXCL12-expressing cells in the bone marrow durin@&F treatment, since no
significant decrease in CXCL12 mRNA was observe@lpoR mice, despite a similar
expansion of myeloid cells in the bone marrow. Sehdata suggest that during G-CSF
induced HPC mobilization, CXCL12 expression in lleme marrow is primarily
regulated at the mRNA level.

The mechanism by which G-CSF regulates CXCL12 mRMgression in the
bone marrow is an important unanswered questiomaltticular, the cell type(s) in the

bone marrow that express CXCL12 and are regulaied@ G-CSF treatment are
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unknown. One report suggested that CXCL12 is milgnexpressed by osteoblasts,
endothelial cells, and scattered stromal cellhérhesenchyme.In contrast, Ara and
colleagues, using a transgenic mouse in which thengfluorescent protein gene was
inserted into the CXCL12 gene locus, reported ¢malothelial cells and osteoblasts in
the bone marrow did not constitutively express CXZ#° Finally, a recent report
suggested that a subset of hematopoietic progsrptoduce a small amount of
CXCL12*#

To address this question, we quantified CXCL12 mR#¥Aression in sorted
bone marrow populations of mature hematopoietis cetogenitor cells, and stromal
cells. These data confirm that progenitor cekdireed as CD45-positive lineage-
negative cells, express a low level of CXCL12. ésithe low level of expression and the
relative scarcity of these cells, it is unlikelyatthematopoietic progenitor cells contribute
significantly to the bulk production of CXCL12 ihg bone marrow. Nonetheless, it is
possible that CXCL12 expression by progenitor amids/ significantly regulate the
trafficking of progenitors cells through an autoerior paracrine mechanism; further
study is needed to address this possibility. @natiher hand, bone marrow stromal cells
appear to be the major source of CXCL12 in the boagow. Within the stromal cell
fraction, endothelial cells and mature osteoblesfsess significant CXCL12 mRNA.
Based on the high level of CXCL12 expression pérarel the relative abundance of
osteoblasts within the bone marrow stromal cetitfom, we conclude that osteoblasts are
the major source of CXCL12 in the bone marrow.riggéngly, CXCL12 mRNA

expression per osteoblast did not change duringSE4teatment. Rather, G-CSF
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appears to regulate CXCL12 mRNA expression in theebmarrow by decreasing
osteoblast number.

There is accumulating evidence that osteoblasig gkey role in establishing and
maintaining the stem cell niche in the bone marf®%#:*'In addition to CXCL12,
osteoblasts express several genes thought to lmetampfor stem cell function,
including the notch ligand Jagged~1a number of hematopoietic growth factors ( e.g.,
G-CSF)*® angiopoietirt’ and N-cadherii® Herein, we show that G-CSF potently
inhibits mature osteoblast activity in the bone mar After 5 days of G-CSF treatment,
mature osteoblast number in the bone marrow waseetat least 3-fold. Moreover,
osteocalcin mRNA expression in the bone marrownedaced nearly 50-fold. The
magnitude of the change in osteocalcin expressiampared with the change in
osteoblast number in the bone marrow suggest&HESF may regulate both osteoblast
number and activity. Intriguingly, patients tretteng term with G-CSF develop marked
osteopenid’ In addition, transgenic mice overexpressing G-@&Felop osteopenfa:*?
Collectively, these data raise the possibility tBa€CSF, by regulating osteoblast
function, may have profound effects on the sterhréehe that ultimately contribute to
HSC mobilization.

We previously showed by analysis of bone marroimehas between G-CSFR
deficient and wild type mice that G-CSFR expressinrbone marrow stromal cells was
neither necessary nor sufficient to mediate G-Q&kiced hematopoietic progenitor cell
mobilization? Consistent with this finding, in the present stuge show that cultured
primary osteoblasts do not express detectable GRGSihg a sensitive RT-PCR assay.

Moreover, G-CSF does not modulate CXCL12 expressigmimary osteoblast cultures.
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Together, these data provide compelling evidenae@iCSF regulates osteoblast
CXCL12 through an indirect mechanism.

In summary, this study provides additional evidetiag strongly supports a
model in which disruption of CXCL12/CXCR4 signalirgga key event in G-CSF
induced HPC mobilization. Osteoblasts appear tthéenajor source of CXCL12
production in the bone marrow. G-CSF treatmengiiby inhibits osteoblast activity in
the bone marrow, thereby reducing CXCL12 expresdibese data suggest a model
(figure 7) in which G-CSF initiates the mobilizaticascade by stimulating a, as yet
unidentified, G-CSFR expressing cell populatiothi@ bone marrow. These cells then
generate a trans-acting signal that suppresseshdasse activity and, in particular,
CXCL12 expression. The consequent decrease in @Xijdaling in hematopoietic
progenitor cells then enhances their migration ftbenbone marrow, through unclear
mechanisms. A better understanding of the mecimabiswhich G-CSF regulates
CXCL12 mRNA expression may lead to the developrneénnproved clinical protocols

for stem cell mobilization in patients.
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2.7 FIGURE LEGENDS

Figure 2.1 G-CSF-induced HPC mobilization in G-CSR mutant mice. A.

Schematic of targeted G-CSF receptor mutationgoplgsmic tyrosines (Y) and the
conserved box 1 and box 2 motifs are indicatedthénd715F mutant, the sole remaining
tyrosine (Y704) of the G-CSFR has been mutatechemplalanine (F). B. Tissue
distribution of HPC following G-CSF treatment. Wilype (WT) and G-CSFR mutant
mice (n=4, each) were treated with G-CSF (R§kg/day) for 5 days and the number of
CFU-C in blood, spleen, and bone marrow quantii¢uaurs after the final dose of G-
CSF. Data represent the mean +/- SP< 0.05 compared with G-CSF treated wild type
mice.

Figure 2.2 CXCL12x protein expression in the bone marrow following GESF
treatment. A. G-CSFR mutant mice (n=7, each) were treatitd @-CSF (100
pg/kg/day) for 5 days and the amount of CXCaJ&otein in the bone marrow
extracellular fluid measured by ELISA. Data represhe mean +/- SD.p < 0.05
compared with untreated mice of the same genotip&lot of CXCL12x protein in the
bone marrow versus the log of number of CFU-C enldlood on day 5 of G-CSF
treatment (p<.001).

Figure 2.3 AMD3100 mobilization in GEpoR mice.Mice were treated with a single
subcutaneous injection of AMD3100 (5 mg/kg). Thenber of CFU-C in the blood was
measured over a 6 hour period (n=3-4, each timetpoData represent the mean +/- SD.
Figure 2.4 CXCL12 mRNA expression during G-CSF-indced HPC mobilization

A. Wild type mice were treated with G-CSF (1j0ftkg/day) for 5 days followed by a 2-
day recovery period. The number of CFU-C in treodl(upper panel) and CXCL12
protein expression in bone marrow extracelluladfimiddle panel) were measured at
the indicated time points (n=2, each). CXCL12 nmRdkpression in the bone marrow

was measured by directly flushing femurs with Triaied performing real time RT-PCR
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on the recovered RNA. Shown is the relative amofi@XCL12 mRNA compared with
B-actin mRNA (lower panel). B. Plot of CXCL&Zrotein versus CXCL12 mRNA
(r’=0.56, p<.02). C. Wild type and GEpoR mice (n=#;H were treated with G-CSF for
5 days and CXCL12 mRNA quantified. Data represemtmean +/- SD.p < 0.05
compared with day O or untreated mice.

Figure 2.5 Regulation of bone marrow stromal celactivity during G-CSF induced
HPC mobilization. A. Bone marrow cells were recovered from the femuadstiéiae of
mice by flushing and collagenase treatment and sbeted into the indicated cell
populations based on CD45 and lineage expresSbown is a representative histogram.
B. To examine cells firmly adherent to the bone mathe flushed femurs were injected
with Trizol to obtain the “bone fractionTotal CXCL12 mRNA in each cell population
was estimated by multiplying the measured CXCL12NARy the cell number in each
cell fraction; the number of cells in the bone fiac was estimated based p+actin
MRNA levels. *p<.05.C. Cells harvested from the bone fraction were srito the
indicated cell populations (see Methods) and CXCIENA expression relative &
actin expression measured. Data represent the m8&M.

Figure 2.6 G-CSF inhibits osteoblast activity in the bone marow. Wild type mice

were treated with G-CSF (12f)/kg twice daily for 5 days) and osteoblast acyivit
assessed (A-D). A&B. Representative photomicrdgsaghowing endosteal osteoblasts
(arrows) in untreated (A) or G-CSF treated mice (Byiginal magnification x 400. C.
Quantification of osteoblast number by histomorphetr;n Shown are the number of
osteoblasts (N.Ob) per mm of bone perimeter. heBmarrow osteocalcin mMRNA
expression. Total bone marrow RNA was obtainediigctly flushing femurs with

Trizol. The expression of osteocalcin mMRNA relatie3-actin mRNA is shown. E.

Primary osteoblasts were cultured in the preseh@@®ng/ml of G-CSF for the
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indicated time and CXCL12 mRNA quantified. Datpresent the mean +/- SEM.
*p<.05.

Figure 2.7 Model of G-CSF induced HPC mobilization Osteoblasts constitutively
produce large amounts of CXCL12, providing an intg@atr retention signal for HPC
in the bone marrow. G-CSF initiates the mobilizatcascade by stimulating a
population of G-CSFRcells in the bone marrow. These cells, in turmgatioely
regulate osteoblast number and activity, resultindecreased CXCL12 expression in
the bone marrow. The consequent decrease in CXEfRdling in HPC leads to their

migration from the bone marrow to blood.
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2.8 FIGURES

Figure 2.1
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Figure 2.2
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Figure 2.3
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Figure 2.4
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Figure 2.5
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Figure 2.7
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CHAPTER 3

SUPPRESSION OF CXCL12 PRODUCTION BY BONE MARROW
OSTEOBLASTS IS A COMMON AND CRITICAL PATHWAY FOR
CYTOKINE-INDUCED MOBILIZATION
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3.1 ABSTRACT

Numerous molecular mechanisms have been iatptidn G-CSF-induced
mobilization, including the induction of bone masrproteases, attenuation of adhesion
molecule function, and disruption of CXCL12/CXCRdrsling in the bone marrow. In
addition, recent reports suggest that a decreasenmer of CXCL12-producing
osteoblasts may play a role in this latter mechanislowever, little is known about
extent to which these mechanisms overlap or fundtidependently of each other.
Similarly, it is unclear to what extent mobiliziegtokines besides G-CSF may share
common mechanisms. To begin to address theseanueste asked whether other
mobilizing agents from the hematopoietic cytokiamily operate through the
CXCL12/CXCR4 pathway. Treatment with G-CSF, Fltahd SCF resulted in
downregulation of CXCR4 surface expression andtfan@mn mobilized c-Kit positive,
lineage negative cells and loss of bone marrow CXObrotein and mRNA. Isolating
and sorting bone marrow stromal cells demonstréttatthe loss of CXCL12 expression
occurred in the osteoblast—but not non-osteoblastetibn, suggesting a central role for
osteoblasts in mediating mobilization. Next, teastigate the relationship between
various mechanisms of mobilization, we studied G=@®&luced mobilization in mice
genetically deficient in CXCR4. G-CSF treatmenmt fe induction of bone marrow
metalloproteinases in CXCR4 null bone marrow chamgebut surprisingly did not
increase the number of circulating hematopoietigpnitors. In contrast, treatment with
a small molecule antagonist of adhesion moleculgy \&te antigen 4 (VLA-4(4p31
integrin) doubled the number of circulating proders. Together, these results suggest

that CXCL12/CXCR4 signaling—featuring significansk of CXCL12 expression by
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osteoblasts—plays a central role in cytokine-induem®bilization, and that accessory
mechanisms such as induction of proteases and dgwiation of adhesion molecules

must function upstream or downstream of CXCL12/CXGiRjnaling.
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3.2 INTRODUCTION

Under normal circumstances, hematopoiesis is regiguch that immature
hematopoietic stem and progenitor cells (HSPCYyesticted to the bone marrow and
are rarely observed in peripheral blood. Underage circumstances, however, this
regulation is loosened and significant numbers $PB are released to the circulation, a
process termed “mobilization.” Mobilization canibduced pharmacologically by a
wide range of agents, including hematopoietic cyte& chemokines, and cytotoxic
drugs. These agents mobilize HSPC to differenteesyand with varying kinetics,
raising the possibility that several distinct meukens may exist by which mobilization
may occur? On the other hand, as certain subsets of matgjiagents work with
similar kinetics, the possibility remains that mdang agents within a molecular family
may share common mechanism of mobilization. Fan®le, virtually all hematopoietic
cytokines studied require 5-7 days for maximum rizdtion>’ However, common
mechanisms in cytokine-induced mobilization havetgée identified.

The best characterized and most widely usddllining agent is Granulocyte-colony
stimulating factor (G-CSF).To date, three general mechanisms have beercimgi in
G-CSF-induced mobilization (reviewedir). First, G-CSF treatment leads to
downregulation in the bone marrow of serpin farpitgtease inhibitors as well as
upregulation of neutrophil-derived proteases n@itiicelastase (NE), cathepsin G (CG),
and metalloproteinase 9 (MMP¥)** The net induction of proteolysis in the bone
marrow may contribute to cell migration by facititegy degradation of extracelluar matrix

(ECM) and enhancing cleavage of key signaling mdee**°
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Second, G-CSF treatment is believed to dismgithanisms that cause bone marrow
retention of HSPC at steady state, notably theaot®n between vascular cell adhesion
molecule 1 (VCAM-1) and very late antigen 4 (VLAs4p1 integrin).'®*8

Finally, accumulating evidence suggests tiygiading between CXCL12, a
chemokine expressed by bone marrow stroma, amelcgptor CXCR4, expressed by
HSPC, plays an important role in mobilization.attrated mice reconstituted with
CXCR4 deficient bone marrow have at baseline a highber of circulating HSPE.
Further, bone marrow levels of SDF-1 protein and\tARall during G-CSF treatment,
and mobilized HSPC express lower levels of fun@d@XCR42*3%° Together, these
findings suggest that the disruption of CXCL12/CX&stgnaling leads to the loss of a
key retention signal for bone marrow HSPC.

Of note, the three primary mechanisms invoime@-CSF-induced mobilization—
induction of proteases, downregulation of adhesiotecules, and CXCL12/CXCR4
disruption—Ilikely interact at several levels. Example, upregulation of bone marrow
proteases is believed to contribute to cleavad®moé marrow CXCL12 as well as
adhesion molecules VCAM-1 and c-Kit during G-CSBtined mobilizatiort??*%2
Similarly, CXCL12 signaling contributes to HSPC adion to fibronectin coated plates,
suggesting that adhesion molecule disruption mayroat least in part downstream of G-
CSF-induced CXCL12/CXCR4 disruption in vi¥d.These findings raise the possibility,
therefore, that disruption of CXCL12/CXCR4 signglirepresents the primary
mechanism by which G-CSF induces mobilization dvad bther mechanisms—i.e.
induction of bone marrow proteases and downreguiaif adhesion molecules—operate

upstream or downstream within this pathway.
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Recently, our lab and others have reported@@SF treatment is associated with a
decrease in the number of mature osteoblasts inche marrow*?* As osteoblasts are
thought to be a source of CXCL12 in the bone martbis observation suggests that G-
CSF-induced loss of osteoblasts plays a role inilmabon. On the other hand, other
cell types express CXCL12, notably endothelialscatid CXCL12-abundant reticular
(CAR) cells®®#*°Indeed, several recent reports question whetliepbksts produce
significant amounts of CXCL12, raising the possipilhat the loss of osteoblasts
represents a coincidental finding unique to G-G8&ttnent and does not play a role in
mobilization.?®%’

In this study we undertook to integrate redemings concerning mechanisms of
HSPC mobilization by focusing on one well-describsechanism. Specifically, we
hypothesized that loss of osteoblast-produced CXG&5h common and critical
mechanism in cytokine-induced HSPC mobilizatiorccérdingly, we investigated
whether loss of osteoblasts was a common findirgytokine-induced mobilization and
whether loss of osteoblasts per se could accoutihéooverall decline in bone marrow
CXCL12. Next, we sought to determine the relaimportance of disruption of CXCR4
signaling compared to other mechanisms known tioNa@ved in mobilization—namely,
the induction of bone marrow proteases and downaé&gn of VCAM-1/VLA-4
interactions—by studying mobilization in mice gacally deficient in CXCR4. In this

way, we tried to define whether these separatenaath contribute to mobilization

individually or co-operate within the same mobitigipathway.
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3.3 MATERIALS AND METHODS

Mice. Wild type (Ly5.1),CXCR4 +/- (Ly5.2, provided by K. Weilbaecher, Washington
University School of Medicine), and pOBCol2.3-GHt(of D. Rowe, University of
Connecticut) were on the C57BL/6 strain. Mice waoesed in a specific pathogen-free

environment in accordance with the Washington Usitae Animal Studies Committee.

Fetal Liver Transplantation. Fetal livers were harvested from embryonic dayl®4—
embryogenerated by setting up timed pregnancies betw&Ra+/—mice. Single-cell
suspensions were frozen in RPMI medium 1w#8 20% FCS and 20% DMSO (Sigma,
St Louis, MO). A portion ofhe embryo was saved to determine genotype by BAR.-
week-0ldC57BL/6 Ly5.1 recipients were lethally irradiategusing a>'Cssource with
900 rads. Single-cell suspensions of SXTXCR4—/-or WT thawed fetal liver cells
were injected into the latertalil vein of each recipient mouse to generate CXgR4

mice and WT controls.

Mobilization protocols. G-CSF, Flt-3 ligand (FIt3L), and SCF. Recombinant human
G-CSF, FIt3L, or SCF (Amgen, Thousand Oaks, CA)tdd in phosphate-buffered
saline (PBS) with 0.1% low endotoxin bovine serdbumin (Sigma, St. Louis MO) was
administered by daily subcutaneous injection absedf 25Qug/kg (G-CSF), 10
ug/mouse (FIt3L), or 4 ug/mouse (SCF) for 7 daykce were analyzed 3-4 hours after

the final cytokine doseAMD15057. AMD15057, a generous gift from AnorMED Inc.
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(British Columbia, Canada), was reconstituted fima concentration of .2mg/ml in
sterile 10:36:54 ethanol:propylene glycol:water addhinistered as a single intravenous

injection at a dose of 1 mg/kg. Mice were analy3dwburs post-injection.

Peripheral Blood and Bone Marrow Analysis Blood was obtained by retroorbital
venous plexus sampling in polypropylene tubes ¢oimg EDTA. Bone marrow cells
were isolated by flushing femurs and tibias witbr8} cold PBS. Bone marrow
extracellular fluid was obtained by flushing eaemftir with 1 ml of ice-cold PBS
without serum, and the supernatant was harvestedantrifugation at 400 g for 3

minutes.

Metalloproteinase Activity. Extracellular fluid was isolated as above. 10Gwach
sample was assayed for metalloproteinase actigityguhe EnzChek Gelatinase kit with
DQ Gelatin from pig skin, fluorescein conjugate studte (Molecular Probes) according

to manufacturers’ instructions.

CXCL12 ELISA . Quantification of CXCL12 protein in bone marrewtracellular fluid
was performed using commercially available ELISA(R&D Systems, Minneapolis,

MN) according to manufacturers’ instructions ustiyl undiluted sample.
Colony-forming cell assay Blood, bone marrow, and spleen cells were haedesom

mice using standard techniques and the numberaéaitied cells in these tissues

quantified using a Hemavet automated cell couritée. plated 7-3%il blood, 1 x 18
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nucleated spleen cells, or 2.0 ¥ hicleated bone marrow cells in 2.5 ml
methylcellulose media supplemented with a cocktaiecombinant cytokines
(MethoCult 3434; Stem Cell Technologies, Vancoueitish Columbia, Canada).
Cultures were plated in duplicate and placed inmitified chamber with 6% carbon
dioxide (CQ) at 37 C. Colonies containing at least 50 cells werenbed on day 7 of

culture.

Real-time quantitative RT-PCR. Femurs were flushed with a total of 2 ml Trizol
reagent (Invitrogen, Carlsbad, CA) and RNA wasatad according to the
manufacturer’s instructions and resuspended innl B®Nase/DNase free water.
Quantitative Real-time reverse transcriptase-pobase chain reaction (Q-RT-PCR) was
performed using the TagMan One-step RT-PCR MasteRdagents Kit (Applied
Biosystems, Foster City, CA) on a GeneAmp 7300 8ege Detection System (Applied
Biosystems). The reaction mix consisted @il RNA, 12.5ul RT-PCR reaction mix,
200 nM forward primer, 200 nM reverse primer, 280 internal probe, and .624
Multiscribe reverse transcriptase and RNase invildit a total reaction volume of 2b.
Reactions were repeated in the absence of revarsgctiptase to confirm that DNA
contamination was not present. RNA content wamabtred to muringd-actin. PCR
conditions were 4% for 30 minutes and 9& for 10 minutes, followed by 40 cycles of
95°C for 15 seconds and 8D for 1 minute.

CXCL12 forward primer: 5GAGCCAACGTCAAGCATCTG-3;

CXCL12 reverse primer:'82GGGTCAATGCACACTTGTC-3

CXCL12 dT-FAM/TAMRA probe: 5TCCAAACTGTGCCCTTCAGATTGTTGC-3
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B-actin forward primer: 5 ACCAACTGGGACGATATGGAGAAGA-3;
B-actin reverse primer’ 5TACGACCAGAGGCATACAGGGACAA-3;

B-actin dT-FAM/TAMRA probe: 5 AGCCATGTACGTAGCCATCCAGGCTG-3

CXCRA4 cell surface expressionBone marrow and peripheral blood cells were
recovered from control and cytokine treated micdesribed above. The flushed cells
were incubated with the following panel of fluorestisothiocynate (FITC)-conjugated
lineage-restricted antibodies: Gr-1 (granulocytB220 (B-lymphocytes), CD3e (T-
lymphocytes), and Ter-119 (erythroid cells), witlophycocyanin (APC)-conjugated
anti-c-Kit antibody and a biotinylated anti-CXCRdtibody followed by incubation with
phycoerythrin (PE)-conjugated streptavidin (allilbotlies eBiosciences, San Diego, CA,
except anti-CXCR4 from BD Pharmingen) Cells waralgze on a FACScan flow

cytometer (Becton Dickenson).

Histomorphometry. Osteoblasts in the bone marrow were quantified by
histomorphometry, as previously describ&dBriefly, femurs and tibiae were harvested,
fixed overnight in 10% neutral formalin, decalcifiby incubating in 14% EDTA af@

for two weeks, and then embedded in paraffin. suee that osteoclasts were excluded
from the osteoblast count, deparaffinized sectivare stained histochemically for
tartrate-resistant acid phosphatase (TRAP) andtemiained with hematoxylin.
Osteoblasts were counted in a blinded fashion6r2@0X fields per section. In some

cases, two sections 75 microns apart were takem thhe same sample and osteoblast
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number averaged. The number of osteoblasts pemetieér bone perimeter (N.Ob/mm)
was calculated using the OsteoMeasure Histomorptigi8gstem (OsteoMetrics, Inc.,

Atlanta, GA).

Isolation of osteoblast lineage cells by flow cytoatry. Bone marrow cells were
recovered from the femurs pOBCol2.3-GFP mice by flushing with PBS. The femurs
were thennfused with PBS containing 50 mg/mL type Il cokbmgse (Worthington
Biochemical) and incubated at 37°C for 15 minufé®e collagenase-treatéemurs were
flushed again with PBS, cells pooled, and the gecepeated for a total 6 digests. Pilot
experiments demonstrated that virtually all recalobr GFP positive cells were found in
these 6 digests (data not shown).

To isolate osteoblast lineage and non-ostebbklls, pooled fractions were stained
with PE-conjugated anti-mouse CD45 and anti-mowsé 19 antibodies (eBiosciences).
CD45, Ter119, GFP (osteoblast) and GFP- (non-osteoblast) cells wered directly
into TRIZOL using a MoFlo high-speed cell sorteai@). RNA was subsequently

isolated and Q-RT-PCR performed as above

In situ hybridization. In situhybridization using a probe for CXCL12 was perfodhosn
deparaffinized sections from mouse long bones ssritied previously, usingS-labeled

riboprobe&® and counterstained with toluidine blue.

Statistical analysis Data are presented as mean +/- SEM. Statistgafisance was

assessed using a two-sided Student’s t test.
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3.4 RESULTS
3.4.1 Loss of osteoblast-produced CXCL12 is a conem finding in cytokine-
induced mobilization. The disruption of CXCL12/CXCR4 signaling is knowmlie one
mechanism by which G-CSF treatment induces HSPdlizetion. Bone marrow levels
of CXCL12 protein and mRNA fall during treatmentda@XCR4 surface expression on
mobilized cells is diminished, possibly throughtealytic cleavage of the extracellular
portion of the receptdr’ Of note, this process requires 5 days to reactimmar HSPC
mobilization, which mirrors the kinetics of the dise in osteoblast numbef’@@nd MJC,
DCL, unpublished data) As other hematopoietic kiytes—but not chemokines—
require this lengthy period to induce mobilizatiare reasoned that this mechanism
might prove to be a common pathway by which cytekimduce HSPC mobilization.
Accordingly, we treated mice with two hematopoietytokines, FIt3 ligand (FIt3L) and
stem cell factor (SCF) as well as G-CSF. Bone ovatevels of CXCL12 protein and
MRNA were measured by ELISA and quantitative riea¢tPCR, respectively. All three
cytokines induced a robust mobilization (Figuretbp). Numbers of HSPC mobilized
by each agent was similar when the proliferatifeatfof FIt3L treatment on progenitors
is taken into account. (Figure 1A bottom) BonenmarCXCL12 protein and mRNA
was reduced to a similar extent after mobilizatioth all three agents (Figure 1B).
Since some reports suggest that CXCR4 funatidtfSPC is attenuated with G-CSF
treatment, both CXCR4 surface expression and fonaetias compared between HSPC
from mice treated with G-CSF, FIt3L, and SCF. Fi&XCR4 surface expression was
measured by flow cytometry, gating on c-Kit postilineage negative (KL) cells in

mobilized blood and bone marrow. Consistent wittvjpus reports, CXCR4 expression
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was decreased in G-CSF-mobilized versus bone mdftoeells. A similar decrease
was noted in KL cells in FIt3L but not SCF treapetipheral blood cells (Figure 1C).
Next, CXCR4 function on mobilized peripheral HSP&swneasured by comparing
migration of peripheral blood versus bone marrovw&Ftoward CXCL12 in a transwell
assay. CFU-C derived from Flt3L- or SCF-mobilipetipheral blood failed to migrate
as well as bone marrow CFU-C from these mice, sstggethat downregulation of
CXCR4 function plays a role in HSPC mobilizationgiire 1D).

Since loss of osteoblasts, a source of CXOh1Be bone marrow, was observed with
G-CSF treatment, we hypothesized that the decieaS¥CL12 mRNA and protein
observed after FIt3L and SCF treatment resultech facsimilar decrease in osteoblast
number. Standard histomorphometry performed on +s&fined paraffin sections from
matched mice treated with G-CSF, FIt3L, and SCHRinoed a decrease in osteoblast
surface and number (Figure 1E and data not shown.)

Taken together, these findings suggest tisatigtion of CXCL12/CXCR4
signaling—featuring a significant loss in CXCL12pe&ssing osteoblasts—is a common

feature of cytokine-mediated HSPC mobilization.

3.4.2 Loss of bone marrow CXCL12 results specifitlg from loss of bone marrow
osteoblasts.As noted above, several cell types in the boneaneexpress CXCL12,
including osteoblasts, endothelial cells, and CARsc Our previous results demonstrate
a loss in total bone marrow CXCL12 mRNA and proteith an associated loss of
histologically identifiable osteoblasts in miceared with each of the cytokines tested, G-

CSF, FIt3L and SCF. However, as some controverisyseas to the contribution of
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osteoblast-expressed CXCL12 to total bone marrolCD2, we inquired whether loss
of osteoblast CXCL12 specifically was associateith wytokine induced mobilization.
First, CXCL12 in situ hybridization was performed paraffin sections from mice
treated with G-CSF or untreated. At baseline, CXEmRNA is detected both on
endosteal and trabecular bone surfaces (FigureApanel, arrows) as well as in the
bone marrow proper (arrowheads). After G-CSF meat, abundant scattered cells in
the bone marrow continue to express CXCL12, wh¥e&C12 expression disappears
from bone surfaces, suggesting that specificaltgadast CXCL12 is targeted during G-
CSF treatment.

To confirm this finding in a more quantitatire@nner, we utilized transgenic mice
expressing GFP under control of a 2.3 kb fragmétitecollagen | promoter. These
mice express GFP in osteoblast lineage cells, diretpmature osteoblasts, bone lining
cells, and osteocytés. As shown in representative FACS plots, whichgaed on
CD45 negative, Terl19 negative cells, the strorefilcompartment can be divided into
the GFP positive osteoblast lineage and GFP negatiemal fractions, which would be
expected to include both endothelial and CAR déligure 2B). As expected, the GFP
positive fraction was highly enriched for osteoblasrkers osteocalcin, osteoprotegerin,
and Runx2 (data not shown). Mice were treated GHGSF or FIt3L, osteoblasts and
stromal cells were isolated and CXCL12 mRNA wassuead in each fraction. Fewer
GFP positive cells were observed in cytokine treaéce versus controls, consistent
with the loss of osteoblasts observed histologrgalata not shown). Within the
remaining GFP positive population, CXCL12 mRNA waarkedly reduced with respect

to beta actin. Importantly, no reduction in CXCLHRNA in the stromal fraction was
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noted. Together, these results suggest that fasst@oblast-produced CXCL12 may

represent a common pathway in cytokine-induced hzakion.

3.4.3 G-CSF-induced increase in bone marrow metalbroteinase activity does not
depend on CXCRA4 signaling.Next, to begin to address the relationship of
CXCL12/CXCR4 signaling disruption with other knowrechanisms involved in
mobilization—induction of proteolytic microenviroremt, and attenuation of integrin
function—we tested whether the upregulation of baaerow proteolytic activity seen
during G-CSF treatment is dependent on disruptiddXCR4 signaling or is activated
independently. To this end, protease activatios teated in mice deficient in CXCR4
signaling. CXCR4 null bone marrow chimeras weneeggated by transplanting Ly5.2
CXCR4 knockout or wild type fetal liver cells intwadiated Ly5.1 recipients. Only
recipients that reconstituted with greater than @¥pheral blood chimerism were
analyzed (data not shown). CXCR4 deficient and wjipe chimeras were treated with
G-CSF, bone marrow plasma was isolated and testaddtalloproteinase activity by
measuring fluorescence released by cleavage delhelatin. Consistent with previous
reports, G-CSF increased metalloproteinase aciivitile bone marrow of treated wild
type mice (Figure 3A). A similar trend was seeICXCR4 null chimeras (Figure 3B),
indicating that bone marrow metalloprotease adtwviatioes not depend on CXCR4

signaling.

3.4.4 G-CSF does not increase number of circulagnHSPC in CXCR4 -/- chimeras.

Next we tested the relative importance of disruptd CXCR4 signaling compared to
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other mobilization pathways by measuring mobilizatin CXCR4 deficient chimeras.
As mentioned above, CXCR4 deficiency at baselindddo an elevated level of HSPC
in both peripheral blood and spleen, emphasiziegrttportance of this pathway in
progenitor cell trafficking (Figure 4A-B). We prieted that since G-CSF treatment
activates bone marrow proteases and disrupts amofiadhesion molecules, treatment
of CXCR4 deficient chimeras would increase the neindj circulating progenitors.
When treated with G-CSF, wild type controls molgtiznormally. Surprisingly,
however, G-CSF treatment did not increase numbeirailating progenitors in CXCR4
null chimeras (Figure 4A-B). This failure to mabé does not reflect a deficiency in the
number of bone marrow resident CFU-C, which isstém@e as in controls (Figure 4C)

and is vast in comparison to the number of moliligé&U-C.

3.4.5 Treatment with a VLA-4 antagonist mobilizes ISPC in CXCR4 -/- chimeras.
The failure of G-CSF treatment to increase the remolb circulating HSPC in CXCR4 -/-
chimeras suggests that G-CSF mobilizes primariigugh the disruption of this
signaling pathway. An alternative possibility, rexer, is that CXCR4-/- chimeras at
baseline already have maximally released their hizabie pool of HSPC, despite the
large progenitor pool still present in the bone noar

As a control to ensure that alternative mahtion mechanisms function normally in
the CXCR4 null chimeras, we tested if activatiortha integrin attenuation pathway
could increase the number of circulating progesitarthese mice. Knockout and control
chimeras were treated with AMD15057, a small mdkeathibitor of VLA-4. Chimeras

transplanted with wild type cells mobilized modgstree hours after AMD15057

79



administration (Figure 5A). CXCR4 knockout chimeraobilized to a similar extent,
suggesting that this pathway functions normallZXCR4 deficient chimeras (Figure
5B). Taken together, these observations sughastisruption of CXCR4 signaling is a

necessary component of G-CSF-induced mobilization.

3.5 DISCUSSION
In recent years numerous studies have outlined amsins by which G-CSF treatment
leads to the mobilization of HSPC. These mechasisould be integrated in two non-
mutally-exclusive models: 1) G-CSF simultaneousijpates different mechanisms in
parallel, each of which contributes individuallyrtebilization; and 2) G-CSF activates
different mechanisms that lie within the same pathand depend on each other for
action. Combining G-CSF treatment with AMD310&pecific inhibitor of CXCR4
signaling, leads to increased HSPC mobilizatiom théh G-CSF alone, lending support
to the former model’ These results, however, are not definitive, simeigher
AMD3100 nor G-CSF would be expected to completébgkb CXCR4 signaling. To
address this question, therefore, we studied G-@&keed mobilization in a model
where CXCR4 is genetically deleted from the hemaitetic compartment. Surprisingly,
G-CSF does not increase the number of circulatiB&El in this model, suggesting that
the pleiotropic mechanisms activated by G-CSF dummobilization—specifically the
activation of bone marrow proteases and the dovutaéign of adhesion molecules—
converge in the CXCL12/CXCR4 pathway (Figure 6).

Treatment of mice with protease inhibitorsilits G-CSF-induced mobilizatiof:*®

Protease inhibition could block G-CSF-induced mahtlon upstream of
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CXCL12/CXCRA4 signaling disruption—namely, by dewieg clearance of bone
marrow CXCL12 or inhibiting cleavage of CXCR4 frat#$PC, as is reported in the
literature—or by blocking some parallel pathwaygtsas inhibiting protease-dependent
tissue migration. In CXCR4 -/- chimeras, metalldpnoase activation occurs normally
with G-CSF treatment (Figure 3A-B), but fails tchance mobilization, suggesting that
the role of protease activation in G-CSF-inducedbitization is largely upstream of the
disruption of CXCL12/CXCRA4 signaling (Figure 6} bears noting that the role of
proteases in G-CSF-induced mobilization is contreie since the finding that protease
inhibitors inhibit mobilization contrasts with fimys in mice genetically deficient in
MMP9 and neutrophil proteases, which have a noresgonse to G-CSF.

Inhibition of adhesion molecules is anothechanism by which G-CSF may induce
HSPC mobilization. Treatment with a VLA-4 antaggni-but not G-CSF—increases the
number of circulating HSPC in the CXCR4 -/- chinge(gigure 4A,5B). This finding
suggests that 1) inhibiting VLA-4/VCAM-1 interactionobilizes HSPC in a CXCR4
independent fashion; and 2) if attenuation of admesholecules plays a role in G-CSF-
induced mobilization, this would likely occur upsam or downstream of the disruption
of CXCR4 signaling (Figure 6). Little is known aliawhat lies downstream of CXCR4
antagonism in mobilization. CXCRA4 signaling le&mlsytoskeletal reorganization,
which may lead to changes in HSPC motility and aititeto bone marrow stronfa>>
Indeed, as noted above, incubation of HSPC with CXXncreases adhesion to
fibronectin in an ex vivo culture system, suggeasgtimat modulation of adhesion

molecules may be one way that disruption of CXCCXTR4 signaling enhances HSPC
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release from the bone marrdtv.Further work will be required to elucidate théerof
adhesion molecules downstream of CXCR4 signaling.

Besides activation of bone marrow proteases,moechanism that likely works
upstream of the disruption in CXCL12/CXCR4 signglia the decrease in osteoblasts
observed in cytokine treatment. While the rolethfer CXCL12-producing cells in
maintaining supportive niches for hematopoietiostells remains controversial, two
findings in this work support the hypothesis thsteoblasts specifically mediate HSPC
mobilization. First, loss of osteoblasts is a camrfinding in G-CSF, FIt3L, and SCF
treatment. Second, after sorting bone marrow sit@ells into osteoblastic and non-
osteoblast fractions we detected a loss of CXCLEN® in the osteoblastic fraction
only. This finding corroborated the RNA in situldnidization data, where G-CSF
treatment resulted in loss of CXCL12 message onsprdl surfaces but not in the bone
marrow itself. One intriguing possibility is th@XCL12 loss from the endosteum but
not from bone marrow sinusoid-associated cellslt®gumigration of hematopoietic
cells toward the vasculature. This possibilityl\ngélquire a great deal more study.

Finally, it is noteworthy that several otheechanisms implicated in G-CSF-induced
mobilization may work via osteoblasts upstream BOC12/CXCR4 signaling.
Levesque and colleagues report that G-CSF treatimergases hypoxia in the bone
marrow>* a process which may have adverse effects on dagtsB>*® Katayama et al
show that loss of beta adrenergic signaling inRiGitCSF-induced HSPC mobilization

by attenuating loss of bone marrow osteobl&sts.
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To summarize, our data suggest that disrutfddXCL12/CXCR4 signaling
represents a common and critical pathway in cyekmrediated mobilization and that

loss of osteoblast-produced CXCL12 contributeis effect.

83



3.6 BIBLIOGRAPHY

1. Thomas J, Liu F, Link DC. Mechanisms of mobiiiaa of hematopoietic
progenitors with granulocyte colony-stimulatingttac Curr Opin Hematol. 2002;9:183-
189.

2. Levesque JP, Winkler IG, Larsen SR, Rasko Jehilation of bone marrow-
derived progenitors. Handb Exp Pharmacol. 2007:3-36

3. Molineux G, Migdalska A, Szmitkowski M, Zsebo Bexter TM. The effects on
hematopoiesis of recombinant stem cell factor (dyor c-kit) administered in vivo to
mice either alone or in combination with granul@cgblony-stimulating factor. Blood.
1991;78:961-966.

4. Molineux G, Pojda Z, Dexter TM. A comparisonh@matopoiesis in normal and
splenectomized mice treated with granulocyte colstnmyulating factor. Blood.
1990;75:563-569.

5. Molineux G, McCrea C, Yan XQ, Kerzic P, McNidcé&It-3 ligand synergizes
with granulocyte colony-stimulating factor to inase neutrophil numbers and to
mobilize peripheral blood stem cells with long-tempopulating potential. Blood.
1997,89:3998-4004.

6. Fleming WH, Alpern EJ, Uchida N, Ikuta K, WeisamiL. Steel factor influences
the distribution and activity of murine hematopmeitem cells in vivo. Proc Natl Acad
SciU S A. 1993;90:3760-3764.

7. Brasel K, McKenna HJ, Charrier K, Morrissey Rllliams DE, Lyman SD. FIt3
ligand synergizes with granulocyte-macrophage gekimulating factor or granulocyte
colony-stimulating factor to mobilize hematopoigtrogenitor cells into the peripheral
blood of mice. Blood. 1997;90:3781-3788.

8. Cashen AF, Lazarus HM, Devine SM. Mobilizingnsteells from normal donors:
is it possible to improve upon G-CSF? Bone MarroanBplant. 2007;39:577-588.
9. Papayannopoulou T. Current mechanistic scenariosmatopoietic

stem/progenitor cell mobilization. Blood. 2004;1TE80-1585.

10. Levesque JP, Hendy J, Winkler 1G, Takamats8ilymons PJ. Granulocyte
colony-stimulating factor induces the release slibne marrow of proteases that cleave
c-KIT receptor (CD117) from the surface of hemaiepo progenitor cells. Exp
Hematol. 2003;31:109-117.

11.  Winkler IG, Hendy J, Coughlin P, Horvath A, lesque JP. Serine protease
inhibitors serpinal and serpina3 are down-regulatddne marrow during
hematopoietic progenitor mobilization. J Exp Me@02;201:1077-1088.

12. Petit I, Szyper-Kravitz M, Nagler A, et al. GGE induces stem cell mobilization
by decreasing bone marrow SDF-1 and up-regulati@R4. Nat Immunol.
2002;3:687-694.

13. Levesque JP, Hendy J, Takamatsu Y, SimmorBdndlall LJ. Disruption of the
CXCR4/CXCL12 chemotactic interaction during hemaiefic stem cell mobilization
induced by GCSF or cyclophosphamide. J Clin Inv2303;111:187-196.

14. Elkington PT, O'Kane CM, Friedland JS. The garaof matrix
metalloproteinases in infectious disease. Clin Exmunol. 2005;142:12-20.

84



15. Van Lint P, Libert C. Chemokine and cytokinegessing by matrix
metalloproteinases and its effect on leukocyte atign and inflammation. J Leukoc
Biol. 2007;82:1375-1381.

16. Papayannopoulou T, Priestley GV, Nakamoto Bir@aoulos V, Scott LM,
Harlan JM. Synergistic mobilization of hemopoigirogenitor cells using concurrent
betal and beta2 integrin blockade or beta2-deticreéce. Blood. 2001;97:1282-1288.
17. Scott LM, Priestley GV, Papayannopoulou T. Deteof alpha4 integrins from
adult hematopoietic cells reveals roles in homestaegeneration, and homing. Mol
Cell Biol. 2003;23:9349-9360.

18. Craddock CF, Nakamoto B, Andrews RG, PriesB®y Papayannopoulou T.
Antibodies to VLA4 integrin mobilize long-term repalating cells and augment
cytokine-induced mobilization in primates and miB&od. 1997;90:4779-4788.

19. Ma Q, Jones D, Springer TA. The chemokine recepXCR4 is required for the
retention of B lineage and granulocytic precursaithin the bone marrow
microenvironment. Immunity. 1999;10:463-471.

20. Semerad CL, Christopher MJ, Liu F, et al. G-@8tently inhibits osteoblast
activity and CXCL12 mRNA expression in the bone roar Blood. 2005;106:3020-
3027.

21. Heissig B, Hattori K, Dias S, et al. Recruitmehstem and progenitor cells from
the bone marrow niche requires MMP-9 mediated selexd kit-ligand. Cell.
2002;109:625-637.

22. Levesque JP, Takamatsu Y, Nilsson SK, Haylodk Bimmons PJ. Vascular cell
adhesion molecule-1 (CD106) is cleaved by neutigpbieases in the bone marrow
following hematopoietic progenitor cell mobilizatitoy granulocyte colony-stimulating
factor. Blood. 2001;98:1289-1297.

23. Hidalgo A, Sanz-Rodriguez F, Rodriguez-Fernanle et al. Chemokine stromal
cell-derived factor-1lalpha modulates VLA-4 integdependent adhesion to fibronectin
and VCAM-1 on bone marrow hematopoietic progeritgls. Exp Hematol.
2001;29:345-355.

24. Katayama Y, Battista M, Kao WM, et al. Signfatsn the sympathetic nervous
system regulate hematopoietic stem cell egress limme marrow. Cell. 2006;124:407-
421.

25. Ponomaryov T, Peled A, Petit I, et al. Inductid the chemokine stromal-derived
factor-1 following DNA damage improves human stegth function. J Clin Invest.
2000;106:1331-1339.

26. Sugiyama T, Kohara H, Noda M, Nagasawa T. Maiatce of the hematopoietic
stem cell pool by CXCL12-CXCR4 chemokine signalindgpone marrow stromal cell
niches. Immunity. 2006;25:977-988.

27.  Tokoyoda K, Egawa T, Sugiyama T, Choi Bl, Nages T. Cellular niches
controlling B lymphocyte behavior within bone mawduring development. Immunity.
2004;20:707-718.

28. Long F, Zhang XM, Karp S, Yang Y, McMahon ARer@&tic manipulation of
hedgehog signaling in the endochondral skeletoealsva direct role in the regulation of
chondrocyte proliferation. Development. 2001;128%8108.

85



29. Kalajzic Z, Liu P, Kalajzic I, et al. Directirthe expression of a green fluorescent
protein transgene in differentiated osteoblastsygarison between rat type | collagen
and rat osteocalcin promoters. Bone. 2002;31:6%4-66

30. Broxmeyer HE, Orschell CM, Clapp DW, et al. Rlamobilization of murine and
human hematopoietic stem and progenitor cells MD3100, a CXCR4 antagonist. J
Exp Med. 2005;201:1307-1318.

31. Ganju RK, Brubaker SA, Meyer J, et al. The alghemokine, stromal cell-
derived factor-1alpha, binds to the transmembraiped&in-coupled CXCR-4 receptor
and activates multiple signal transduction pathwadyBiol Chem. 1998;273:23169-
23175.

32. Wang JF, Park IW, Groopman JE. Stromal celivédrfactor-lalpha stimulates
tyrosine phosphorylation of multiple focal adhespnteins and induces migration of
hematopoietic progenitor cells: roles of phosphsitide-3 kinase and protein kinase C.
Blood. 2000;95:2505-2513.

33. Peled A, Kollet O, Ponomaryov T, et al. Therobkine SDF-1 activates the
integrins LFA-1, VLA-4, and VLA-5 on immature hum&b34(+) cells: role in
transendothelial/stromal migration and engraftneémMiOD/SCID mice. Blood.
2000;95:3289-3296.

34. Levesque JP, Winkler IG, Hendy J, et al. Hepwitgtic progenitor cell
mobilization results in hypoxia with increased hyjsinducible transcription factor-1
alpha and vascular endothelial growth factor Aené marrow. Stem Cells.
2007;25:1954-1965.

35. Park JH, Park BH, Kim HK, Park TS, Baek HS. bi¥ip decreases Runx2/Cbfal
expression in human osteoblast-like cells. Mol Egltlocrinol. 2002;192:197-203.

36. Utting JC, Robins SP, Brandao-Burch A, OrrBsBehar J, Arnett TR. Hypoxia
inhibits the growth, differentiation and bone-fongicapacity of rat osteoblasts. Exp Cell
Res. 2006;312:1693-1702.

86



3.7 FIGURE LEGENDS

Figure 3.1 Disruption of CXCL12/CXCR4 signaling isa common feature in
cytokine-induced mobilization. Mice (n=6-8 each group) weteeated with G-CSF,
FIt3L, or SCF for seven days. (A) Number of CFlWv€re measured in the peripheral
blood (top) and bone marrow (bottom) by methyldele colony-forming assay.
(B)Total bone marrow CXCL12 mRNA was measured bRQPCR (top) and CXCL12
protein in bone marrow plasma was quantified by3A.(bottom). (C) CXCR4 surface
expression was compared between mobilized hemattipprogenitors (PB) and bone
marrow progenitors (BM) by flow cytometry gating oKit positive, lineage negative
cells in either compartment. (D) CXCR4 functiommobilized hematopoietic
progenitors (PB) and bone marrow progenitors (BM¥wompared by measuring the
percent of CFU-C that migrated down a gradient CC12 in a transwell assay. (E)
Bone marrow osteoblasts were enumerated in H&Betgparaffin sections using
standard histomorphometric technique. Data repteseean + SEM. *p<.05 compared
to control, **p<.05 compared to all other group¥;p<.001 compared to BM.

Figure 3.2 Cytokine-induced mobilization resultsm specific loss of osteoblast
CXCL12. Mice were treated with G-CSF, FIt3L, or SCF. (A9dResentative
photomicrograph of RNA in situ from G-CSF treat&ft] and untreated (right) mouse
long bone showing CXCL12 mRNA along endosteal sigrf@rrows) and within bone
marrow (BM, arrowheads). N=2-3 each group (B-@nBgenic mice (n=4-5 each
group) expressing GFP in osteoblast lineage qeBCol2.3-GFP mice) were treated
with cytokines, stromal cells were isolated andticnated by flow cytometry into non-
osteoblast and osteoblast fractions, and CXCL12 mRids measured in each fraction.
(B) representative facsplots gated on CD45 negaligel 19 negative stromal fraction
showing GFP positive osteoblast and GFP negatineosteoblast fraction. (C) CXCL12
MRNA in GFP positive osteoblast fraction from G-G&#ated (left) and Flt3L-treated
(right) mice. Data represents mean £ SEM. *p<.05

Figure 3.3 G-CSF increases bone marrow metallopreinase activity in wild type

and CXCR4 -/- chimeras. Lethally irradiated chimeras (n=4 each group) retituted
with CXCR4 +/+ or CXCR4 -/- fetal liver cells weteeated with G-CSF and bone
marrow plasma was isolated. Metalloproteinasevidigin the bone marrow plasma was
estimated by measuring cleavage of fluorescenliigléad substrate and normalizing for
protein content. Shown is metalloproteinase agtiar (A) CXCR4 +/+ and (B)

CXCR4 -/- chimeras. Data represents mean + SEi.05

Figure 3.4 G-CSF treatment does not increase numbef circulating progenitors in
CXCRA4 -/- chimeras. CXCR4 +/+ and -/- chimeras (n=7-10 each group) werated
with G-CSF and CFU-C were measured in (A) periphamod, (B) spleen, and (C) bone
marrow. Data represents mean + SEM. *p<.05

Figure 3.5 VLA-4 antagonism increases number of @ulating progenitors in

CXCR4 +/+ and CXCR4 -/- chimeras.CXCR4 +/+ and -/- chimeras (n=6-9 each
group) were treated with AMD15057, a specific VLAaAtagonist and peripheral blood
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CFU-C were measured in (A) CXCR4 +/+ and (B) CXCGR4£himeras. Data represents
mean + SEM. *p<.01
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Figure 3.1
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Figure 3.3

G-C5F

CXCR4 +/+

ctr

metalloproteinase activity

meta loproteinase activity

T
ctrl

§ 38§ 3% % 2383 3 3

(,.Brie inoysnyv)
ujeoud B30y A 08

(,.Brie inoyenyv)
ujejoad [ejoy; N j0e

G-C5F

CXCR4 -

91



Figure 3.4
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Figure 3.5

CFU-Cimi
:

8

wehicle anti-wia-4
CXCR4E +i+

CFU-C/mi

wehicle anti-wvia-4
CXCR4 -I-

93



CHAPTER 4

GRANULOCYTE COLONY -STIMULATING FACTOR INDUCES OSTEOBLAST
APOPTOSIS AND INHIBITS OSTEOBLAST DIFFERENTIATION
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4.1 ABSTRACT

G-CSF administration results in marked decreas®ire mineral density characterized
by increased osteoclastogenesis and loss of masteeblasts. Herein, we show that the
osteoblast decrease results from increased osgt@maptosis and inhibited osteoblast
differentiation. G-CSF acts indirectly on ostealdathrough a hematopoietic
intermediary. Finally, loss of osteoprotegerin (®xpression from mature osteoblasts

may contribute to the increase in osteoclasts.

Introduction: Long-term treatment with G-CSF leads to a clilycsignificant
osteopenia characterized by increased osteockigtypand number. In addition, recent
reports have observed a decrease in number of enasteoblasts during G-CSF
administration. However, neither the extent of GHG& suppressive effect on the

osteoblast compartment nor its mechanisms areundrstood.

Materials and methods: Transgenic mice expressing the green fluoresceeipr
(GFP) under control of the rat collagen | prom¢EdBCol2.3-GFP mice) were treated
with G-CSF. Osteoblast number and apoptosis wesared by flow cytometry and
histology. Osteoblast proliferation and turnoverevassessed by labeling with BrdU.
Bone marrow chimeras with G-CSF receptor deficiehatopoietic cells were

generated to test whether G-CSF acts directly tenbtast lineage cells.

Results: G-CSF administration leads to a selective lossndbsteal and trabecular

osteoblasts; bone lining cells, osteocytes, angteral osteoblasts are unaffected.
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Osteoblast turnover and apoptosis are increase@SKEadministration also leads to a
significant accumulation of osteoprogenitors in blo@e marrow. The effect of G-CSF
on osteoblasts was abrogated in wild type micespkamted with G-CSF receptor
deficient hematopoietic cells. Finally, while eepsion of receptor activator of
NFkappaB ligand (RANKL) in the bone marrow is relaty unaffected by G-CSF

administration, expression of the RANKL decoy reoepOPG, is markedly decreased.

Conclusion: G-CSF administration leads to a loss mature osastbin the bone
marrow through both an increase in osteoblast ttamand inhibition of osteoblast
differentiation. These effects of G-CSF on ostestislare mediated via a hematopoietic
intermediary. The altered ratio of RANKL to OPQeassion provides a novel

mechanism by which G-CSF stimulates osteoclastgiene
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4.2 INTRODUCTION

Bone marrow is the normal site of both hematopsiaad bone metabolism. As
predicted by their proximity, regulation of thessues is highly integrated. There is
strong evidence that osteoblasts play a key roéstablishing and maintaining an
appropriate microenvironment for hematopoietic stetls. Conversely, the
hematopoietic compartment is also known to regulatee metabolism, largely through
the production of hematopoietic cytokines [revieviredl), (2)].

Granulocyte-colony stimulating factor (G-CSF) ie fhrincipal cytokine
regulating granulopoiesis. Long-term treatmenhv@tCSF is associated with
development of clinically significant osteopenibacacterized by decreased bone mineral
density and vertebral compression fractures (34 recent study, the incidence of
osteopenia in patients with severe congenital npetria (SCN) treated chronically with
G-CSF was 28% (3). Similarly, long-term exposior&-CSF in mice leads to a
decrease in cortical and trabecular bone, sugggettat it is G-CSF and not the
underlying disease that is causing osteopeniatieria with SCN. (4,5)

There is evidence that G-CSF induces osteopermarirby stimulating osteoclast
activity. G-CSF treatment increases osteoclasthaunm the bone marrow of mice and
increases the level of urine deoxypyridinoline imfans. (6) Several potential
mechanisms by which G-CSF stimulates osteoclagtgisemave been advanced. G-CSF
increases the proliferation of myeloid progenit@stentially increasing the pool of
monocytic precursors from which osteoclasts de(i¥g.In addition, G-CSF has been
shown directly to augment osteoclast formation actdvity in vitro. (8) Nevertheless,

the mechanisms by which G-CSF stimulates osteagasesisn vivo remain undefined.
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While long-term G-CSF treatment results in incrélasgteoclastogenesis, recent
evidence suggests that short term G-CSF admingtrdecreases osteoblast number and
activity (6,9,10). Our lab has shown that admmaisbn of G-CSF for 5 days in mice
results in a marked decrease in histologically iifiable osteoblasts in the bone marrow
and a corresponding decrease in osteocalcin mMRRA.(¥hether this decrease in
osteoblast number results from increased ostedflagiver or from a defect in
osteoblast development remains unclear. A thissibdity—that G-CSF induces
osteoblast quiescence—was raised in a recent repdtatayama et al., who observed a
preponderance of bone lining cells in the bone avawf G-CSF-treated mice.(9)

In this study, we utilize transgenic mice expregshe green fluorescent protein
(GFP) under control of an osteoblast-lineage-smepromoter (pOBCol2.3-GFP mice)
to measure osteoblast turnover during G-CSF adtratisn.  We show that G-CSF
administration leads to a selective loss of magun@osteal and trabecular osteoblasts that
is secondary to both an increase in osteoblasttapiggand inhibition of osteoblast
differentiation. Bone marrow transplantation stgdséow that G-CSF regulates
osteoblasts indirectly, via a hematopoietic intetiagy. Finally, we show that G-CSF
treatment markedly decreases the bone marrow estpre®PG, providing a novel

mechanism by which G-CSF activates osteoclasts.

4.3 MATERIALS AND METHODS.

Mice. The generation and characterization of pPOBCoZFR mice, kindly provided by
David Rowe at the University of Connecticut, haeet described elsewhere (11). Mice

were maintained in a pathogen-free barrier facititpccordance with Washington
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University Animal Studies Committee guidelines1Bweek old age and sex-matched

mice were used in all studies.

G-CSF administration. Recombinant human G-CSF, a generous gift from Amges
diluted in phosphate-buffered saline (PBS) Witt% low endotoxin bovine serum
albumin (Sigmaand administered by twice daily subcutaneous iilgeat a dose of 250

png/kg/day for the length of time indicated.

Immunohistochemistry and histomorphometry. Long bones from pOBCol2.3-GFP
and wild type mice were processed as previouslgrdesi (10). Briefly, femurs and
tibiae were harvestefixed overnight in 10% neutral formalin, decalcdfiby incubating

in 14% EDTA at 4°C for 7-10 days, and then embeddegzhraffin. Paraffin-embedded
sections were deparaffinized, rehydrated, and antigtrieval was performed by soaking
sections in DeCal Retrieval Solution (Biogenex) panufacturers’ instructions. GFP
expression was assessed using a rabbit anti-GElgaal antibody (Chemicon
International) and positive cells were visualizathg Vector Elite ABC kit and DAB
substrate (Vector Labs) with Nuclear Fast Red carstdin (Sigma). Slides were
analyzed in a blinded fashion to determine the remolb osteoblasts per millimeter bone
perimeter, osteoblast surface percent, bone lioghigsurface percent, and osteocyte
number per trabecular area. Bone lining cells@stdoblasts were differentiated based
on morphology. Analysis was confined to the tratbecmetaphysial region distal to the
growth plate. Osteoclasts were identified by stajrsections for tartrate-resistant acid
phosphatase (TRAP). Osteoclast number and ost¢saldace were calculated based on

the presence of TRAP positive cells on trabeculdiases.
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Osteoid surface was determined by analyzing unddieal, methyl methacrylate-
embedded sections stained using the Masson trighteamnique. To determine
mineralization rate, mice were injected twice witbmg calcein (Sigma) before and after
7 day G-CSF treatment. 48 hours after the seagedtion, calvaria were harvested,
fixed in 70% ethanol, and embedded in methyl methaie. Mineral apposition rate and
mineralizing surface were analyzed by fluoresceistescopy, as previously described
(12). Images were acquired with Nikon microphot@iroscope using Nikon plan 10x
and 20x objectives (Nikon Instruments) and a digisanera from Colorview Soft
Imaging System. All parameters were analyzed uSisigoMeasure Histomorphometry

System (OsteoMetrics).

Osteocalcin RNA in situ.  Osteocalcin sense and antisetiBelabeled probes for
RNA in situ were generated using a SP6/T7 TransonKit (Roche) using a plasmid
generously provided by David Ornitz (Washington \émsity). RNA in situ

hybridization was performed as previously descride)

Real-time quantitative RT-PCR. Femurs were flushed with 1 ml of TRIzol reagent
(Invitrogen) and RNA was isolated according to tenufacturer's instruction®Real-
timereverse transcriptase polymerase chain reactiorABR) wagperformed as
previously described (10) using the following prswavith FAM/TAMRA probes where
indicated or using SYBR green (Molecular probes).

Bglap2 (osteocalcin): 5-TCTCTCTGCTCACTCTGCTGGCC-3’ (fvpdimer); 5'-
TTTGTCAGACTCAGGGCCGC-3’ (rev primer); 5'-
TGCGCTCTGTCTCTCTGACCTCACAGATGCCA-3' (FAM/TAMRA prod).
Tnfrsf11b (osteoprotegerin): 5-TACCTGGAGATCGAATTCTGCTT-3wd primer);

5-CCATCTGCACATTTTTTGCAAA-3’ (rev primer); 5'-
ACCGGAGCTGTCCCCCGGG-3' (FAM/TAMRA probe)Sppl (bone sialoprotein):
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5-ACGGCGATAGTTCCGAAGAGGAGGG-3'(fwd primer);
5-GAGTGTGGAAAGTGTGGAGTTCTCTGCC-3'(rev primer)Akp2 (Alkaline
Phosphatase): 5-TCCATCCTGCGCTGGGCCAAGG-3'(fwd peimn
5-AGTCCCGATCGGCCGAGTGTGCG-3'(rev primer)Runx2:
5-GCACTGGCGGTGCAACAAGACCC-3'(fwd primer);
5-CGGAGTAGTTCTCATCATTCCCGGCC-3'(rev primer)Tnfsf11l (RANKL):
5-GCAACACATTGTGGGGCCACAGC-3'(fwd primer); 5'-
TGGCTGGGCCTCAGGCTTGC-3'(rev primer)Actb (B Actin): 5'-
ACCAACTGGGACGATATGGAGAAGA-3'(fwd primer); 5'-
TACGACCAGAGGCATACAGGGACAA-3'(rev primer);
5-AGCCATGTACGTAGCCATCCAGGCTG-3'(FAM/TAMRA probe).

Isolation of osteoblast lineage cells by flow cytoetry. Bone marrow cells were
recovered from the femurs pOBCol2.3-GFP mice by flushing with PBS. The femurs
were thennfused with PBS containing 50 mg/mL type Il cokkagse (Worthington
Biochemical) and incubated at 37°C for 15 minufé®e collagenase-treatéemurs were
flushed again with PBS, cells pooled, and the mecepeated for a total 6 digests. Pilot
experiments demonstrated that virtually all recalsbr GFP positive cells were found in

these 6 digests (data not shown).

To quantify osteoblast lineage cells, pooledtfoas were stained with
allophycocyanin (APC)-conjugated anti-mouse CD4& aimycoerythrin (PE) conjugated
anti-mouse Ter119 antibodies (eBiosciences). CD#5119, GFP cells were
enumerated on a FACScan flow cytometer (Becton @&iskn). In some experiments,

CD45, Ter119, GFP cells were sorted using a MoFlo high-speed cetes¢Dako).

BrdU labeling. pOBCOL2.3-GFP mice were treated with 2mg BrdU (Sigataily for
14 days before G-CSF treatment. In a separatg,stuide were given 2 mg of BrdU
twice daily for 5 days after G-CSF treatment. @ualttions containing osteoblasts were

isolated as described and stained with PE-conjdgaté-Ter119 and biotinylated anti-
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CD45 coupled with Alexa 750-conjuaged streptav{tiwitrogen). BrdU positivity was
assessed using the BD Pharmingen BrdU Flow Kit {@ebickenson) and an Alexa

647-conjugated anti-BrdU antibody (Invitrogen).

Activated Caspase 3 analysiBone marrow cells harvested from pOBCOL2.3-GFP
mice were stained with APC-conjugated anti-mougd T@ and biotinylated anti-mouse
CD45 (eBiosciences) coupled with Alexa 750-conjubsfeeptavidin (Invitrogen). Cells
were then fixed and permeabilized with BD Cytofixi@erm kit and stained with rabbit
monoclonal PE-conjugated anti-activated CaspastilBaaly, per manufacturer’s

protocol (BD Biosciences Pharmingen).

CFU-F and CFU-Alp culture. Bone marrow was isolated from mice treated 5 difs
G-CSF and untreated controls. 3.6 million nucleéatells were plated per well in 6 well
plates. Cells were grown for four daysulEM (Gibco) supplemented with 10% fetal
bovine syrum and Pen/Strep. After four days, madia switched to differentiation
media containing 50 mg/l ascorbic acid and 2.16MBgth-glycerophosphate (Sigma),
and media was changed every 3-4 days thereaftiéer 24 days culture, cells were
assayed for alkaline phosphatase positivity usikig gigma), and colonies containing

more than 20 cells were scored.

Bone marrow transplantation. Wild-type (Ly5.1) and G-CSFR(Ly5.2) bone marrow
cells werénarvested from strain- and sex-matched mice. @ale stained with PE-
conjugated mouse anti-CD45.1 or anti-CD45.2, AP@jagated mouse anti-c-Kit, and
FITC-conjugated lineage markers anti-CD3, anti-G&tii-B220, and anti-Ter119

antibodies. CD45-positive, c-Kit positive, lineagegative hematopoietic progenitors

102



were purified by high speed cell sorting, and 30,860,000 cells were injected into the
tail vein of each lethally irradiated wild type (L) or G-CSFR (Ly5.2) recipient as
previously described.(14) Two independent grodpsioe received transplants; mice

were analyzedeparately, and the results pooled.

Statistical analysis. Data are presented as mean + SEM. Statisticailfisi@nce was

assessed using 2-sidstlident test or two-way ANOVA (BrdU analysis).
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4.4 RESULTS

4.4.1 G-CSF treatment results in a loss of oste@lsits but not osteocytes or bone

lining cells in the bone marrow. We and others previously showed that treatment with
G-CSF leads to a loss of cuboidal osteoblasts frebone marrow in mice.(9,10) To
further characterize this process, we first deteeaithe kinetics of osteoblast loss during
G-CSF treatment. As shown in Figure 1A, loss ofureosteoblasts, as defined by
histomorphological criteria, was delayed, with gndicant fall only seen after 5 days of
G-CSF. This effect was reversible, as osteoblasther recovered within 5 days after
stopping G-CSF.

These data were confirmed using transgenic miceesgmg GFP driven by a 2.3
kb fragment of the rat type 1 collagen promoterB@012.3-GFP mice). Consistent with
a previous report (11), we observed GFP expressitrese mice in mature, cuboidal
osteoblasts, morphologically flat bone lining cellad osteocytes (Figure 1B). G-CSF
treatment resulted in a striking loss of GFP+ dsli&sis in trabecular and cortical bone.
In contrast, G-CSF had no significant effect onrtbhenber of GFP+ bone lining cells or
osteocytes (Figures 1B and 1C).

We next developed a method to analyze and sort @GBEebblast-lineage cells by
flow cytometry. Briefly, hematopoietic and stroncalls were recovered from long
bones by serial collagenase digestion. Immunotiemistry performed on long bones
after harvesting revealed efficient recovery of @ERlls from both control and G-CSF
treated mice (data not shown). Osteoblast lineatie were defined as CD4ber119

GFF cells; CD45 and Ter119cells were excluded to improve specificity. Cotesis
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with the histomorphometry data, this flow cytomebgsed assay showed that the number

of osteoblast lineage cells decreased following &~@dministration (Figure 1D, 1E).

4.4.2 G-CSF treatment selectively suppresses entied and trabecular but not
periosteal osteoblasts.To directly assess the effect of G-CSF treatmariiane
formation, two functional assays of osteoblasttgtivere measured. Consistent with
the loss of mature osteoblasts, a significant @eserén osteoid synthesis was observed in
tibias of mice treated with G-CSF (Figure 2A). 8arly, both mineral apposition rate
and total surface mineralization were decreaseth@endosteal surfaces of calvaria
harvested from G-CSF treated mice (Figure 2B). el@v, G-CSF had no significant
effect on either parameter on the periosteal sesfa calvaria. To test whether G-CSF
treatment preferentially targets endosteal ancetralar osteoblasts in mouse long bones
as well, we performed RNA in situ hybridization fasteocalcin mRNA. In untreated
mice, osteocalcin mMRNA was readily detected on sted, trabecular, and periosteal
surfaces (Figure 2C, left). As expected, G-CS&tinent resulted in a significant
reduction in osteocalcin mMRNA expression in endasiad trabecular osteoblasts. In
contrast, no significant decrease in osteocalcpression in periosteal osteoblasts after
G-CSF treatment was observed (Figure 2C, centetle@ively, these data suggest that

G-CSF selectively suppresses endosteal and tratyexstboblasts.

4.4.3 G-CSF treatment suppresses osteoblast furantithrough a hematopoietic cell

intermediate. The selective targeting of endosteal and tralae@sdteoblasts by G-CSF

suggested the hypothesis that its effects on olstetsbare mediated by a hematopoietic
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cell intermediary. To test this hypothesis, bonerowa chimeras were generated by
transplanting G-CSFR deficient bone marrow cells wild type mice. Likewise,
chimeras were generated in which wild type boneowawas transplanted in G-CSFR
deficient recipients. Since there is evidence estigg that mesenchymal (stromal) cells
can be transplanted to recipient mice(15), we ddrematopoietic progenitor cells
(CD45 Kit™ lineagé) to high purity prior to transplantation. Greatiean 95%
hematopoietic reconstitution with donor cells wasfadmed in all chimeras 6-8 weeks
after transplantation (data not shown). Chimericemvere then treated 5 days with G-
CSF and the level of bone marrow osteocalcin mRN& measured to gauge the effect
of G-CSF on the osteoblast compartment. In chomaice reconstituted with G-CSFR
deficient hematopoietic cells, G-CSF treatment ma@ffect on osteocalcin expression
(Figure 3A). In contrast, G-CSF treatment induaegteater than 30 fold decrease in
osteocalcin mRNA in G-CSFR deficient mice recongtid with wild type hematopoietic
cells (Figure 3B). These data show that G-CSF doésct directly on osteoblasts or
other stromal cells. Instead, G-CSF suppresseslasists through activation of a

(presumably G-CSFR-positive) hematopoietic cekiimtediate.

4.4.4 G-CSF treatment increases osteoblast turnavBy inducing apoptosis. The

loss of mature osteoblasts during G-CSF administratould occur through three
general mechanisms: increased osteoblast turndeergased osteoblast production, or
induction of osteoblast quiescence (with attenttzs® of GFP expression from the type |
collagen promoter). To begin to distinguish betwtese possibilities, we designed an

experiment to measure the turnover rate of labesteloblast lineage cells in the bone
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marrow. pOBCol2.3-GFP mice were treated with Bfdlu14 days prior to treatment
with G-CSF. This treatment resulted in 32% of obtasts lineage (GFPcells being
labeled with BrdU (Figure 4A). Mice were then tezhwith G-CSF, and the percentage
of BrdU-labeled osteoblast-lineage cells in thedorarrow was determined as a
function of time (Figure 4A). In control mice, aaglual loss of BrdUGFF cells was
observed, with a calculated half-life of 7.7 days.mice treated with G-CSF, a more
rapid turnover of BrdUGFP cells was observed, with a half-life of 3.7 dagf note,
after stopping G-CSF, the turnover rate of Btd&FP cells was similar in both groups
of mice.

The increased turnover of osteoblasts in the Ibaga@ow following G-CSF
administration suggested that G-CSF may induceobkist apoptosis. Indeed, regulation
of osteoblast survival is thought to be an impdrtaachanism regulating osteoblast
number in the bone marrow (16). To test this hypsi) we determined whether G-CSF
treatment induced apoptosis of osteoblasts. Baséle kinetics of osteoblast loss, we
focused our analyses on day 3 of G-CSF treatm@®RP+ osteoblast-lineage cells were
isolated from mice treated 3 days with G-CSF ardpércentage of GFRells
expressing activated caspase 3 was determinedwycfftometry (Figure 4B). In control
mice, 4.3+1.1% of GFPcells were apoptotic, as measured by activatepbsas3
expression. Of note, this number is within thegenof reported values for osteoblast
apoptosis in untreated mice (17-21). In G-CSRéeanice, the percentage of apoptotic
cells was significantly increased (9.2 + 0.6%, 9.61). These data suggest that G-CSF

treatment suppresses mature osteoblasts, in fepatt, by inducing apoptosis.
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4.4.5 G-CSF administration is associated with thmhibition of osteoblast
differentiation. We next asked whether osteoblast differentiagiso was impaired
following G-CSF administration. We first measuthd effect of G-CSF on the
expression of a panel of genes expressed at ditfstages of osteoblast differentiation
(Figure 5A). G-CSF treatment resulted in a sigaifit decrease in all of the osteoblast
genes analyzed. However, the greatest decreagiassion was observed with genes
expressed late during osteoblast maturation. Véiseael9 fold decrease in the late
osteoblast genBglap2 (osteocalcin, OC) was observed, only a 1.8-fotthotion in the
pan-osteoblast lineage transcription fadanx2 was noted.

The relative preservation of early osteoblast geqgression prompted us to
examine the effect of G-CSF on osteoblast progenéts in the bone marrow.
Specifically, the number of colony forming unitdfdblast (CFU-F) and progenitor cells
capable of forming alkaline phosphatase positiverges (CFU-ALP) was measured.
G-CSF treatment resulted in a 4.4-fold increaseftJ-F and a 12.6-fold increase in
CFU-ALP over untreated controls (Figure 5B). Ttetmine whether this increase in
osteoprogenitors resulted in a later increase ituraasteoblasts, we extended the period
of G-CSF administration to 22 days and measurezboatcin mRNA expression in the
bone marrow (Figure 5C). The decrease in osteiocalBRNA expression was maximal
by 5 days of G-CSF treatment and remained supptésssughout the 22 day treatment
period. Decreased osteoblast number was confibydustology (data not shown). The
prolonged loss of osteocalcin-producing osteoblagspite the increase in
osteoprogenitors, suggests that G-CSF administrégeds to a defect in osteoblast

maturation in mice.
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As noted previously, a prior study suggested th&SF treatment might induce
osteoblast quiescence. This model predicts tleatebovery of mature osteoblasts upon
discontinuation of G-CSF results from the reactorabf quiescent osteoblasts, rather
than the production of new osteoblasts. To testgtediction, we measured BrdU
uptake by osteoblasts during the recovery peritet affive day course of G-CSF. In
control mice, 11.5+ 2.6% of GFPsteoblast-lineage cells were labeled with Brdthat
end of the recovery phase, reflecting the rateofuitment of new osteoblasts during this
five-day period (Figure 5D). In contrast, 31.36% of GFP cells were labeled in mice
that had received G-CSF, indicating that the redaarosteoblast number during the
recovery phase results from recruitment of newalstests rather than recovery of

guiescent osteoblasts.

4.4.6 G-CSF administration results in a decrease@PG/RANKL ratio and is
associated with a late increase in osteoclast numbePrevious studies have established
that chronic treatment with G-CSF leads to incrdasgeoclast number and activity in
the bone marrow. (4-6,22) Though there is evidéhaeG-CSF can directly activate the
osteoclast lineage (8), the potent suppressivetaffeG-CSF on osteoblasts suggests
another possibility. Namely, since osteoblastdrdmumte to the regulation of
osteoclastogenesis, the loss of osteoblasts dGHG&F treatment may secondarily
activate osteoclasts. Indeed, the kinetics ofdkg in osteoblasts and increase in
osteoclasts is consistent with this possibilityhil/ the decrease in osteoblast number
was maximal after 5 days of G-CSF treatment (Figétg no increase in osteoclast

number at this time point was noted, a result ctest with previous reports (Figures 6A
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and 6B) (6,8). In fact, a significant increasesteoclasts was not noted until after
fourteen days of G-CSF treatment.

A major mechanism by which osteoblasts regulatecaz$ast number and activity
is by the regulated production of receptor activatd\F-Kappa-B ligand (RANKL,
TNFSF11) and osteoprotegerin (OPGYFRSF11B), a decoy receptor for RANKL.
RANKL and OPG are positive and negative regulabbissteoclasts, respectively; thus,
the relative expression of these genes is a keyrrdetant of osteoclast activation (24).
In mice treated with G-CSF for 5 days, no change ANKL mRNA expression in the
bone marrow was detected (Figure 6C). In contea$B-fold decrease in OPG mRNA
was observed after 5 days of G-CSF treatment (Ei§@). The ratio of RANKL to OPG
MRNA increased from 0.19 at baseline to 1.98 dffedays of G-CSF. To verify that
the loss of OPG mRNA resulted from the loss of asigésts, pOBCol2.3-GFP transgenic
mice were treated with G-CSF, GF#5steoblast-lineage cells were isolated, and ORG an
RANKL mRNA was measured. While RANKL expressionswaeserved within this
fraction after G-CSF treatment, OPG mRNA was redud®fold, consistent with the

loss of GFP mature osteoblasts (Figure 6D).

4.5 DISCUSSION

In this study, we confirm and extend our previdagdihg that G-CSF treatment
suppresses osteoblast number and activity. Tfestedppears to be specific to mature
osteoblasts, as other osteoblast-lineage cellsidimg osteocytes and bone lining cells,
are unperturbed. We provide evidence that G-C&kirtrent increases apoptosis of

mature osteoblasts while increasing the numbeosta@oprogenitors in the bone marrow.
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Transplantation experiments show that G-CSF regsilasteoblasts in an indirect fashion
through activation of an undetermined hematoposlitintermediary. Finally, we show
that G-CSF treatment significantly alters the re&aexpression of RANKL and OPG in
the bone marrow, providing a novel mechanism byci@-CSF treatment results
osteoclast activation.

Apoptosis is thought to be one of the primagutators of osteoblast homeostasis
in the bone marrow. There is evidence that gludamd treatment and estrogen
withdrawal suppress osteoblast number throughnithection of apoptosis (21,25).
Conversely, inhibition of osteoblast apoptosis mgintermittent parathyroid treatment
may contribute to the bone anabolic effect seeh thits treatment (20). In the present
study, we show that G-CSF treatment results inpgmeximately two-fold increase in the
turnover rate of BrdU-labeled osteoblast lineadks @@ the bone marrow. Moreover, the
percentage of cleaved caspase 3-positive osteslsivered from G-CSF treated mice
was increased two-fold compared with control mi¢egether, these data suggest that G-
CSF regulates osteoblast number in the bone maimngeart by, inducing osteoblast
apoptosis.

The following observations suggest that G-CSF aibibits osteoblast
differentiation in vivo. 1) G-CSF administratioesults in a marked increase in
osteoprogenitors. 2) The increase in osteoprogenitoes not “rescue” the defect in
mature osteoblasts, even after prolonged (22 daySHF administration. In contrast, the
increase in osteoprogenitors observed after estragfedrawal, which induces a greater
degree of osteoblast apoptosis, is able to resgisoblast number to normal.(26,27) 3).

Expression of genes associated with earlier stabesteoblast differentiation (e.g.,
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Runx2) is reduced less than genes associated withdttges (e.gBglap2). 4). Finally,
the rapid recovery of osteoblasts with prolifergt{BrdU-labeled) cells following
cessation of G-CSF, suggests that G-CSF admintrigads to the accumulation of an
expanded pool of osteoblasts precursors in the b@reow. Collectively, these data
suggest G-CSF administration leads to a loss masiemblasts in the bone marrow
through both an increase in osteoblast turnoverir@mtition of osteoblast
differentiation.

In addition to hematopoietic cells, there is datggesting that the G-CSFR is
expressed on wide range of non-hematopoietic sswduding endothelial cells,
neurons, and possibly cardiomyocytes (28,29). viBue studies have shown that the G-
CSFR is not expressed on osteoblast cells linesltured primary murine calvarial
osteoblasts (9,10). Whether the G-CSFR is exptless®steoblasts in vivo has not been
determined, therefore the possibility that G-CS#fects on osteoblasts are direct cannot
be excluded. In this study, we provide definitexeadence through the use of G-CSFR
deficient bone marrow chimeras that G-CSF actgeaatly to suppress osteoblasts.
Indeed, these data strongly suggest that this pjxe@ds dependent upon a transplantable
hematopoietic cell intermediate. Consistent whils tonclusion, G-CSF treatment
preferentially targets endosteal and trabeculaatsasts, with little effect on periosteal
osteoblasts.

The hematopoietic cell population(s) that mediateduppressive effect of G-CSF
on osteoblasts are not known. The G-CSFR is egpdeat high levels on neutrophils,
monocytes, osteoclasts, and hematopoietic progsniithere also are reports of G-

CSFR expression on natural killer cells and a sutfsB lymphocytes. However, the
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suppressive effect of G-CSF treatment on osteabilagtreserved iRAG1 deficient
mice, suggesting that lymphocytes are not requdoethis effect (9). Studies are
underway to define the role of neutrophils, monesyand osteoclasts in this pathway.

The pathway leading from hematopoietic cell actoraby G-CSF to osteoblast
apoptosis also remains poorly understood. In &sef elegant studies, Katayama et al
recently provided evidence that G-CSF-induced diéesb suppression is mediated by the
sympathetic nervous system (9). Our studies ofSEReficient bone marrow chimeras
strongly suggest that G-CSF does not act directlgeurons to suppress osteoblasts.
Rather, our data raise the possibility that G-Q®fced activation of hematopoietic cells
indirectly leads to activation of the sympathetrvwous system and ultimately osteoblast
apoptosis.

A consistent feature of G-CSF-induced osteopeni@th humans and mice is
osteoclast activation. Previous studies have dsetrated that G-CSF can act directly on
osteoclast precursors stimulating their differdrdiain vitro into mature osteoclasts (8).
In the present study, we provide evidence for ahmechanism by which G-CSF
treatment leads to osteoclast activati@CSF treatment leads to a marked decrease in
OPG expression in the bone marrow, while leveRANKL expression remain
relatively constant. This altered ratio of OPG #®NKL expression is predicted to
increase RANK signaling in osteoclasts precurdbeseby stimulating osteoclast
production and activation. In addition to ostesl8aRANKL and OPG are also
expressed by other stromal cells and certain lyropieosubsets.(24) However, our data
suggest that G-CSF specifically targets the ostspliheage, as OPG expression was

markedly decreased after G-CSF administration iteddGFP cells from pOBCol2.3-
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GFP transgenic mice. Consistent with this conolusG-CSF dependent
osteoclastogenesis was not observed until atfieastiays after the beginning of G-CSF
treatment, at which time the G-CSF-induced lossstéoblasts was complete. This late
activation of osteoclasts by G-CSF corroboratesntsgrom other groups (6,8) and
supports the notion that loss of OPG expressioys@a important role in stimulating
osteoclastogenesis during G-CSF treatmewivo.

In summary, G-CSF signaling through hematopoiegltsen the bone marrow
exerts powerful effects on both osteoblasts anebatdsts, resulting in imbalance
between bone formation and resorption. It is hapatiby continuing to unravel the
pathways by which G-CSF targets bone cells, greaseght will be gained into how the

hematopoietic compartment interacts with bone cells
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4.7 FIGURE LEGENDS

Figure 4.1 Loss of osteoblast number and functioduring G-CSF treatment. (A) Mice were
treated with G-CSF (250ug/kg/day) for 5 days, dredrtumber of trabecular osteoblasts per mm of
bone perimeter was determined. (B) Immunohistoasteyrshowing GFP positive (brown)
osteoblasts (arrows), bone lining cells (arrowhpaatsd osteocytes in untreated or day 5 G-CSF
treated pOBCol2.3-GFP transgenic mouse femurstdrshow enlargement of area enclosed by
dotted line. Original magnification 100x, scalet20Qum. (C) Quantification of mature
osteoblasts, bone lining cells, and osteocytesaimsgenic mice treated with G-CSF for 5 days or
untreated (n=4 each group). (D) Representativiéesqalots showing GFP expression (lower
panels) in the stromal (CD45 negative, Terl19 negptell population (upper panels) isolated
from non-transgenic and pOBCol2.3-GFP mice (left aght respectively). (E) Shown is the
number of GFPcells recovered from the femurs of transgenic rafter treatment with G-CSF

(n=2-10 each time point). Data represent the me8BM. *P<0.05, **P<0.01.

Figure 4.2 Loss of endosteal and trabecular, butat periosteal osteoblast activity

during G-CSF treatment. Osteoid and mineralization were measured in urddeatice or
mice treated for 7 days with G-CSF (n=2-3 each gyoA) Percent osteoid surface was
calculated in Masson trichrome stained tibial seifrom untreated and treated wild type
mice. (B) Mineral apposition rate and percent maheing surface were calculated on
endosteal and periosteal surfaces from calceinddimlvaria. (C) Osteocalcin RNA in
situ hybridization of long bones harvested fronreated mice or mice treated for five days
with G-CSF. Shown are representative photomicqgggaf 3 independent experiments.

Periosteal surfaces (arrows), endosteal surfacesy&eads), bone (B) and bone marrow
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(BM) are indicated. Original magnification 100xagebar=100m. Data represent the

mean = SEM. *P<0.05.

Figure 4.3 G-CSF receptor knockout bone marrow cimeras. (A) G-CSFR™ CD45' cKit*
Lineagé hematopoietic cells (KL) cells were transplantet wild type recipients (n=4-5 each
group). Following hematopoietic reconstitutiongGveeks), chimeric mice were treated with G-
CSF (or left untreated), and osteocalcin mRNA esgign in the bone marrow was measured by
real time RT-PCR. (B) Wild type KL cells were teganted into irradiated G-CSFERecipients

(n=6-7, each group) and analyzed in a similar fashiData represent the mean + SEM. *P<0.05

Figure 4.4 Osteoblast turnover during G-CSF treathent. (A) Transgenic pOBCol2.3-GFP
mice (n=5-6, each group) were administered BrdUdar fourteen days and then either treated
for 5 days with G-CSF or left untreated. Mice wanalyzed just prior to G-CSF treatment, after 5
days of G-CSF treatment, or after a 5 day recogeriod (arrow heads). Shown is the percent of
GFF cells in the bone marrow that were labeled witdWBr (B) Representative scatter plots
showing activated caspase 3 staining in the ‘GIeR population from untreated (left) or G-CSF
treated pOBCol2.3-GFP mice (right). (C) Showrhis percentage of GFRells that express
activated caspase 3 from untreated and day 3 Gt@&fed mice (n=4 each group). Data

represent the mean + SEM. *P<0.05, **P<0.01.

Figure 4.5 Analysis of early osteoblast lineage ltieduring G-CSF treatment. (A)

Real time RT-PCR for the indicated genes was pexadron total bone marrow RNA

isolated after 5 days of G-CSF treatment. RNA eggion relative t@-actin mMRNA was
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calculated and compared with untreated bone mafassigned a value of 1; n=5-12). (B)
Shown is the number of alkaline phosphatase negéfitFU-F, left) and positive (CFU-
Alp, right) colonies generated from the bone maradwntreated or G-CSF treated mice
(n=5-6 each group). (C) Mice (n=2-4 each timenpoivere treated with G-CSF for the
indicated period up to 22 days. Mice were sa&diat time points and analyzed for
osteocalcin mRNA by real time RT-PCR. (D) Micefneach group) were treated 5 days
with G-CSF or left untreated and then administ&etl for five days during the recovery
period. Shown is the percent of GRRlls in the bone marrow that were labeled with

BrdU. Data represent the mean + SEM. *P<0.05<8R01.

Figure 4.6 Osteoclastogenesis during G-CSF treatme (A and B) Wild type mice
(n=2-6 each group) were treated with G-CSF forintlgcated time or left untreated.
Osteoclast number (A) and surface (B) were estitdhlyeenumerating TRAP positive cells
in paraffin embedded sections of mouse long bo(€¥. RANKL and OPG mRNA
expression in the bone marrow of untreated or 5@l&YSF treated mice (n=5-8 each
group) was measured by real time RT-PCR. (D) Géélls were sorted from G-CSF-
treated pOBCol2.3-GFP mice. RANKL and OPG mRNA weeasured within this

fraction. Data represent the mean + SEM. *P<0:&B<.01
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Figure 4.1
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Figure 4.2
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Figure 4.3
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Figure 4.4

A.
DAY .14 0 5 1
L 1 [
| BrdU | + G-CSF | Recovery |
v v \ 4
Measure BrdU+ GFP+ cells by flow cytometry
B 104
. E untreated
10° 4
I k T
3 3
102 4 L
T T
< E <+
— -
[T [T
10" 4 .
3 .. 5.27
10° . e o .
100 101 102 103 10°
FL2-H: caspase 3
C.
Caspase 3 activation in GFP+ cells
9
T
k)
o
29 6l
88
")
B3 )
[
o

G-CSF

untréated

124

$

—&— untreated
2 K - G-CSF
= 304
8
o
3 20
m
€
8 10dusnusnunnnnnnnn ~—~
E G-CSF & S~a
L) L} L) L}
2 5 8 1
day
10%
3 G-CSF
10° -
102_
10" 4
100 THT e Lh | T
100 10! 102 103 10

FL2-H: caspase 3



Figure4.5
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Figure 4.6
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CHAPTER 5

SUMMARY AND FUTURE DIRECTIONS

127



The major goal of this thesis was to clarify thkerof CXCL12/CXCR4 signaling in
cytokine-induced mobilization and refine our undi@nsling of how CXCL12 expression
decreases in the bone marrow during G-CSF treatméméxpectedly, we uncovered a
role for osteoblasts in regulating HSPC traffickohging cytokine treatment and have
demonstrated a role for the hematopoietic compantineregulating bone homeostasis
by mediating osteoblast apoptosis and differetmatiWhile we have observed this
phenomenon only in the rather specialized and rysiplogic setting of cytokine-
induced mobilization, it is possible that furth&rdy will reveal a critical and reciprocal
dependence between the hematopoietic and osteablagiartments. Finally, recent
reports that osteoblasts play a key role in mainmgithe hematopoietic stem cell niche
raise the possibility that cytokine treatment leadsobilization in part by disrupting the

stem cell niche.

5.1 Osteoblasts are a major source of bone marro@XCL12 and decrease in

number with G-CSF treatment. In Chapter 2 of the thesis, we investigate theahse

in bone marrow expression of CXCL12 observed duBrGSF treatment by comparing
CXCL12 expression in different bone marrow popolasi. To this end, a novel method
of isolating stromal cells, including bone-adheresteoblasts, by subjecting mouse
bones to serial collagenase digests was develdgethted cells were fractionated into
hematopoietic, osteoblast, endothelial, and pnmithesenchymal progenitor fractions
by high speed flow cytometry-based cell sortingwads demonstrated that the osteoblast
fraction was highly enriched for CXCL12 expressisnggesting that osteoblasts may

play an important role in HSPC mobilization. THere, osteoblast number was
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compared in mice treated with G-CSF or left unedaind a roughly 50% reduction in
the number of histologically identifiable endosteatl trabecular osteoblasts was
observed. This finding corroborates previous tigtdakamatsu et al who found that
serum osteocalcin decreases in humans treated3a@6F" The loss of osteoblasts
combined with the observation that osteoblastseapit a major source of bone marrow
CXCL12 raise the possibility that the decreasesieoblasts may play an important role

in mobilization.

5.2 Loss of osteoblast-derived CXCL12 plays a cital role in cytokine-induced
mobilization. Chapter 3 furthers these studies on the role ebtdasts in mobilization
by providing three observations. First, loss déoblasts and disruption of
CXCL12/CXCRA4 signaling is a common finding in makaltion induced by G-CSF,
FIt3L, and SCF. Second, the decrease in bone ma&XCL12 in cytokine-induced
mobilization is attributable specifically to theskof osteoblast-produced CXCL12.
Third, disruption of CXCL12/CXCRA4 signaling is tpenciple pathway by which G-
CSF induces mobilization. This latter finding waghlighted in experiments that
showing that an antagonist of VLA-4 sigaling—but @G8CSF—increased the number of
circulating HSPC in the genetic absence of CXCRAamatopoietic cells. These data

strengthen the association between decreased agtenbmber and HSPC mobilization.

5.3 G-CSF treatment increases osteoblast apoptosisd blocks differentiation

through a hematopoietic intermediary. Chapter 4 of the thesis investigates in more

detail the effect that G-CSF has on osteoblast murabd function. The kinetics of
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osteoblast loss were found to mirror mobilizatisith no osteoblast loss detected until
day 4 of treatment. Both osteoid formation andebneralization was reduced by G-
CSF treatment, consistent with the loss of ostesdhl@and mMRNA expression of
osteoblast markers Runx2, bone sialoprotein, alkgdhosphatase, and osteocalcin were
sharply decreased. The loss of osteoblasts daeeswdt from failure of osteoprogenitor
commitment, as the number of alkaline phosphatasiiye CFU-F was strikingly
increased with G-CSF treatment. Instead, by maksggof transgenic mice expressing
GFP in osteoblast lineage cells (pOBCol2.3-GFP ymeedetermined that the half life

of labeled osteoblasts decreased by half duringSG-tteatment. This decrease may be
due to accelerated apoptosis, as there was a soRghbld increase in the percent of
activated caspase 3 positive osteoblasts in G-@&Bked mice. Interestingly, despite the
increase in osteoprogenitor number, osteoblast puantid osteocalcin expression never
recover with prolonged G-CSF treatment (up to 2&§lauggesting that G-CSF blocks
osteoblast development. Finally, we generated bwareow chimeras by transplanting
G-CSF receptor deficient hematopoietic cells intlol wype mice and administered G-
CSF. These mice failed to mobilize and had noebes® in osteocalcin expression,
showing that the effect of G-CSF on osteoblasitsdsect and requires signaling through
the hematopoietic compartment. The nature of tegg®ls and the identification of the

hematopoietic cell type(s) involved will be a magmal of our lab in the future.

5.4 Bone marrow monocytes may play a key role irupporting osteoblasts. As a

first step toward understanding the molecular pagsaby which G-CSF regulates

osteoblasts, we hope to identify the hematopodcaikctype or types that are required for
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G-CSF-induced suppression of osteoblasts. Hemitiapoell types likely to regulate
osteoblasts include lymphocytes and monocyte/oktsidineage cells. However, mice
deficient in lymphocytes due to tiRag2 gene mobilize normally, making it unlikely that
lymphocytes mediate this effect.gnd D.C.L. unpublished data) Therefore we
hypothesize that osteoblast development and ape@ms mediated by monocyte lineage
cells in the bone marrow during G-CSF treatmerite first approach we are using to
address this hypothesis is to generate transgenethmt express the G-CSF receptor
under control of the human CD68 promotérThis promoter is expected to direct G-
CSF receptor expression in monocyte and macropiveggges only, and when crossed
with our G-CSF receptor deficient mice would getefspring where the G-CSF
receptor expression is restricted to monocytesnaactophages. These mice will then
be tested for response to G-CSF.

The second approach to testing the hypothlesidoone marrow monocytes mediate
G-CSF effects on osteoblasts has been to admis@8F to transgenic mice whose
monocyte lineage cells have been ablated by a nyt&r@xpressed suicide gene. So-
called Mafia (“Macrophage Fas-induced Apoptosisigeriose monocyte lineage cells
when treated 5 days with a synthetic suicide rexdgand, referred to as the
“dimerizer.”>® Mafia mice treated five days with dimerizer mat#|HSPC to peripheral
blood, an effect accompanied by a striking lossstéocalcin expression and identifiable
osteoblasts (Figure 5.1B-C) with no discernablecatfbn osteoclasts or osteoprogenitors
(not shown). These results suggested two pog®bili First, the loss of monocytes may
result in the loss of a factor that osteoblastsifeesurvival. Alternately, the loss of

monocytes may result in non-specific toxicity inemblasts. To help distinguish
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between these two possibilities, mixed chimeraswenerated by transplanting wild
type and Mafia bone marrow mixed 1:1 into lethaltgdiated hosts. If loss of
monocytes removes a factor that osteoblasts needifaival, it may be supposed that in
the absence of one half the normal complement ofotytes, most osteoblasts will
survive. On the other hand, if loss of monocyimsses release of a toxic factor, loss of
even one half of total monocytes would cause measeitoxicity. In 1:1 mixed wild

type to Mafia chimeras, dimerizer treatment resliiteno significant loss in osteocalcin
expression, compared to 760-fold reduction in dinegrtreated Mafia mice (Figure
5.1D). These results suggest that bone marrow oybt@® may play a role in steady state
maintenance of osteoblasts. Further work willdguired both to confirm these findings

and to identify a putative monocyte-derived fac¢t@t supports osteoblasts.

5.5 Loss of osteoblasts during G-CSF treatment senely compromises
hematopoietic stem cell function.As osteoblasts play a critical role in maintainihg
hematopoietic stem cell (HSC) pool, we have peréatrsome preliminary experiments
assessing the function of HSC after G-CSF treatmBepopulating function of HSC
from G-CSF treated mice is markedly reduced contptreintreated HSC in a
competitive repopulation assay, which is the gtdechdard measure of stem cell
function! This effect is seen in both primary and secondtanysplants (Figure 2A-B)
and is present even when bone marrow from treatedads is injected intrafemorally,
suggesting that it does not result from an artifactailure to home to the bone marrow

of irradiated recipients (Figure 2C). Further workcharacterizing the precise molecular
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defect in HSC from G-CSF treated mice is being iomed by Priya Gopalan, an

Oncology Fellow in the lab.

5.6 Conclusion. The studies described in this thesis shed lighthotecular
underpinnings of HSPC both by demonstrating therd@pendence of previously
described mechanisms and by revealing a novel mexhanvolved in mobilization,
cytokine-induced loss of osteoblasts. When thiskweas begun, the prevailing model
for HSPC mobilization centered on the role of pasts, upregulated by G-CSF
treatment, which work through pathways organizeparallel (Figure 5.3A). Proteolytic
cleavage of integrins, hyaluronic acid, c-Kit, &bdCL12 all contribute to mobilization
in this model. The work presented here, howewgggssts a somewhat different model
(Figure 5.3B). The finding that G-CSF treatmesaide to loss of bone marrow
osteoblasts and CXCL12 mRNA (Chapter 1) raiseptissibility that protease activation
is not necessary for clearance of CXCL12. That&~@oes not increase mobilization in
the absence of CXCR4 signaling (Chapter 2) sugdleatghis one pathway is sufficient
to mediate HSPC mobilization during G-CSF treatméntthis revised model, loss of
osteoblasts—an indirect effect of G-CSF treatmesdiated through the hematopoietic
system—is upstream of CXCL12/CXCRA4 disruption, &rdre research will focus on
what lies upstream and downstream of this signaling.

It bears noting that the implications of théadings extend beyond the field of HSPC
mobilization. First, the loss of osteoblasts resin a significant, although temporary,
loss in HSC repopulation ability. Better undersliag G-CSF-induced osteoblast

depletion and its downstream effects on HSC may teamportant discoveries about
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HSC biology and factors that sustain HSC in themdéomarrow niche. Second,
identifying pathways by which the hematopoietic pamiment regulates osteoblast
apoptosis and differentiation may improve our ustierding of bone homeostasis and
how the hematopoietic compartment and the bone admpnt regulate each other’s
function. Thus G-CSF-induced mobilization may @ be a useful platform for

improving our understanding of wider biological pesses.
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5.8 FIGURE LEGENDS

Figure 5.1. Monocytes may play a key role in suppting osteoblast survival in vivo.
Mafia transgenic mice (n=5 each group) were treati¢d dimerizer or vehicle to induce
monocyte death. (A) HSPC mobilization as measbyedumber peripheral blood CFU-
C. (B) Total bone marrow osteocalcin mMRNA as mezsgby Q-RT-PCR. (C)
Representative photomicrograph showing TRAP stapaedffin sections from long
bones of vehicle treated (left) or dimerizer trdafeght) mice. Osteoblasts are difficult
to find in the right panel, although red-stainirgjemclasts are abundant. (D) Wile type
and Mafia bone marrow was mixed at a 1:1 ratioteamasplanted into irradiated
recipients. Resulting mixed chimeras were tre&tddys with dimerizer or vehicle,
RNA was isolated from long bones and osteocalcilNRvas measured. The
difference was not statistically significant. Da¢present mean + SEM. *p<.05

Figure 5.2. G-CSF treatment causes loss of hematmptic stem cell function. Ly5.1
mice were treated 7d with G-CSF or left untreateshtinjected with an equal number of
unmanipulated Ly5.2 cells into lethally irradiategb.1/5.2 hosts (n=5 each group).
Shown is peripheral blood chimerism of Ly5.1 tesdtsceight months up to eight months
post transplant in mice that received (A) intravenor (B) intrafemoral transplants. (C)
After 8 months, primary recipients were harvested tansplanted into irradiated
secondary recipients who were subsequently anakyzeekeks later for peripheral blood
chimerism in B220, Gr-1, and CD3 lineages. Deafaesent mean + SEM. *p<.01

Figure 5.3. Two competing models for G-CSF-induceHISPC mobilization. (A)
Previous reports suggested a model where a varigtghesive or chemotactic
interactions worked in parallel to mediate HSCm&t in the bone marrow (left). In
this model, these interactions are attenuated tgplytic cleavage upon G-CSF
treatment. (B) Model of G-CSF-induced mobilizatemsuggested by experiments
presented here. At steady state monocytes pradyugic factor to maintain osteoblast
compartment. G-CSF acts on monocytes to downaggtriophic factor, resulting in loss
of osteoblasts. Loss of osteoblast CXCL12 expoessi this model is sufficient to lead
to mobilization.
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Figure 5.2
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Figure 5.3
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