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on stromal cell populations for
hematopoietic stem and
progenitor cell function
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Prostaglandin E, (PGE;) signaling through its EP4 receptor regulates
hematopoietic stem and progenitor cell (HSPC) functions. Here we generated
mouse strains with conditional and inducible deletion of EP4 in stromal cell
populations, including osteolineage cells, mesenchymal progenitor cells,
perivascular stromal cells, and endothelial cells, to evaluate the role of EP4 in
HSPC regulation through signaling in each of these niche cell populations. We
found that EP4 deletion in different stromal cells had distinct effects on HSPC
proliferation, long-term repopulating capacity, and the peripheral blood stem
cell mobilization response. Lack of EP4 signaling in osteolineage cells increased
HSPC number but impaired their long-term engraftment and mobilization. EP4
deletion in mesenchymal progenitor cells and endothelial cells reduced HSPC
number and function, while EP4 deletion in perivascular stromal cells had sex-
specific effects on HSPC engraftment. Our results demonstrate that PGE,/EP4
signaling in bone marrow stromal cells plays a significant and complex role in
HSPC reqgulation, with both positive and negative effects depending on the
stromal cell type.

KEYWORDS

prostaglandin E2 EP4 receptor, hematopoietic stem cells (HSCs), colony forming cells
(CFCs), bone marrow transplant, peripheral blood hematopoietic cell mobilization

Introduction

The regulation of hematopoiesis, the process of blood cell production and
differentiation, depends on the interactions between hematopoietic stem and progenitor
cells (HSPCs) and their bone marrow microenvironment, also known as the niche. The
bone marrow niche consists of various stromal cell populations that provide physical
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support, cell-cell contacts, and soluble factors to HSPCs, influencing
their maintenance, proliferation, differentiation, and trafficking (1-
4). Among the stromal cell types, osteolineage cells, mesenchymal
progenitor cells (MPCs), perivascular stromal cells, and endothelial
cells (ECs) have been shown to play important roles in regulating
HSPC functions through distinct or overlapping mechanisms (4-7).

Prostaglandin E, (PGE,) is a bioactive lipid mediator that
modulates various aspects of hematopoiesis, such as HSPC
development (8), self-renewal, homing and engraftment (8-11),
proliferation (11-15) and trafficking (12, 13). PGE, exerts its effects
by binding to four G-protein-coupled receptors, EP1-4, which have
different signaling pathways and tissue distributions (16, 17).
Previous studies have demonstrated that EP4 is the dominant
receptor for PGE, in hematopoietic tissues and that EP4 signaling
directly regulates HSPC function (13, 18). Moreover, EP4 signaling
in bone marrow stromal cells has been implicated in HSPC
regulation, as EP4 activation in MPCs enhances cytokine
production that facilitates recovery from myelosuppression (18),
and EP4 deletion in osteolineage cells affects HSPC retention and
mobilization (13). However, the role of EP4 signaling in other
stromal cell populations, such as perivascular stromal cells and ECs,
and its impact on HSPC fate and function are not fully understood.

In this study, we generated mouse strains with conditional and
inducible deletion of EP4 in specific stromal cell populations,
including osteolineage cells, MPCs, perivascular stromal cells, and
ECs, to investigate the role of EP4 signaling in HSPC regulation in
different bone marrow niches. We found that EP4 deletion in
different stromal cells had distinct effects on HSPC number,
function, and mobilization, depending on the stromal cell type
and the HSPC subset. Our results reveal that EP4 signaling has
differential effects in bone marrow stromal cell populations with
both positive and negative regulatory actions on hematopoiesis and
HSPC trafficking.

Materials and methods
Reagents

AMD3100 (Mozobil®) was a gift from Sanofi-Genzyme,
Cambridge, MA. GROP (SB251353) was obtained from
SmithKline Beecham Pharmaceuticals (GlaxoSmithKline, King of
Prussia, PA). G-CSF (Neupogen®) was purchased from McKesson
(Irving, TX). Tamoxifen was purchased from Sigma-Aldrich (St.
Louis, MO) and suspended at 200 mg/ml in sunflower oil.

Mice

B6.Cg-Ndor1 8VEC-ere/ERTDIEL 17 (Strain#:007001, UBC-Cre-
ERT2) expressing a tamoxifen-inducible Cre recombinase driven by
the constitutive Ubiquitin C (UBC) promoter (19), B6.FVB-Tg
(BGLAP-cre)1Clem/] (Strain#:019509, OC-cre) transgenic mice
with Cre expression directed by the bone gamma carboxyglutamate
protein (BGLAP) promoter/enhancer (osteoblast specific) (20),
B6.Cg-Tg(Sp7-tTA,tetO-EGFP/cre)1Amc/] (Strain #:006361, Osx1-
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GFP::Cre) transgenic mice carrying both tTA under the regulation of
the osterix (Sp7) promoter and a tetracycline responsive element
(TRE; tetO)-controlled GFP/Cre fusion protein, under the direction
of doxycycline (21), C57BL/6-Tg(Nes-cre/ERT2)KEisc/] (Strain
#:016261, Nestin-cre/ERT2) mice expressing a tamoxifen-inducible
Cre recombinase gene under direction of the nestin (Nes) promoter
(22), B6.129(Cg)-Lepr™ Rk jy (Strain #:AX:008320, ObRb-Cre),
transgenic mice with Cre recombinase recognizing the gene for the
Leptin receptor (LepR) (23), and B6.FVB-Tg(Tek-icre/ERT2)1Soff/]
(Strain #:030597, Tie-2-CreER) mice expressing a tamoxifen-
inducible Cre recombinase gene under direction of the TEK
receptor tyrosine kinase (Tek) promoter (24), were purchased from
Jackson Laboratories, Bar Harbor, ME. The specific stromal cell
populations/lineages in which EP4 is deleted are shown in Table 1.
B6.SJL-PtrcAPep3B/Boy] (BOY]J) (CD45.1) mice were bred at
the Indiana University School of Medicine Simon Comprehensive
Cancer Center (IUSCC) In Vivo Therapeutic Core facility. Mice
containing a conditional allele for the prostaglandin EP4 receptor
(EP4ff) mice (25) were a gift from Dr. R Breyer, Vanderbilt
University and maintained in house. All mice were housed at
22 + 2°C and 45-65% humidity with a 12 h light/dark cycle and
given free access to food and sterile water. Osx1-Cre transgenic
mice and offspring were maintained on water with 1 mg/ml
doxycycline and 5 mg/ml glucose. All mice were on the C57Bl/6
(CD45.2) background. All mice were genotyped by PCR on 1%
agarose using forward and reverse primers found on the Jackson
Laboratories website. The ITUSM IACUC approved all studies.

Conditional strain development and
gene deletion

Selective Cre reporter strain development was accomplished by
mating EP4ff mice to each reporter strain to create EP4 f/+, Cre
mice. Heterozygous mice were then crossed to obtain EP4 ff-Cre
mice. EP4ff -Nestin-cre, -Tie2-cre and -UBC-cre mice were treated
with tamoxifen ip at 100 mg/kg body weight for 5 consecutive days
and mice analyzed 10 d after the last tamoxifen treatment. EP4
deletion in transgenic strains was validated by qRT-PCR and/or

TABLE 1 Selective EP4 Deletion on Stromal Cells.

Mouse Strain Reporter EP4 deleted
(transgene) On
EP4ff-UBC-cre Tamoxifen Global
EP4ff-Osteocalcinn-Cre Conditional Mature
Osteoblasts
EP4f-Osterix-Cre Conditional Osterix+ Mesenchymal

Doxycycline repressed Progenitor Cells

EP4f-Nestin-Cre Tamoxifen Nestin+ Mesenchymal
Stromal/Stem Cells
EP4ff-LepR-Cre Conditional LepR+ Perivascular
Stromal Cells
EP4ff-Tie2-Ce Tamoxifen Bone Marrow Sinusoidal

Endothelial Cells
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FACS on sorted cells, or by PCR on tail tissue (Supplementary
Figure 1). In all cases, Cre-mediated EP4 deletion was >90%.

Cell preparation

Bone marrow cells were harvested by crushing femurs, tibias and
pelvis with a sterile mortar and pestle, in cold DPBS with 2% FBS
(STEMCELL, Vancouver, Canada) and cell suspensions harvested.
The remaining crushed bone fragments were rinsed with media and
combined, centrifuged, and washed once. For isolation of BM stromal
cells, flushed femurs and tibias were crushed and digested in
collagenase (0.02%) at 37°C for 15 min. Cells were collected and
washed twice. Spleen cells were isolated by pressing spleens between
the frosted ends of two sterile microscope slides. Spleen cells were
washed and suspended in DPBS with 2% FBS. PB was obtained by
cardiac puncture using EDTA-coated syringes and dispensed into
EDTA microtainers (BD, Franklin Lakes, NJ). PB complete blood
counts (CBC) were measured by using an Element HT5 Veterinary
Hematology Analyzer (HESKA, Loveland, CO).

Antibodies and flow cytometry analysis

All antibodies were purchased from BioLegend (San Diego, CA)
unless otherwise noted. For detection of SLAM SKL, lineage
negative BM cells were stained with PE-cy7 conjugated Sca-1
(clone D7), APC- conjugated c-Kit (clone 2B8), Percp-cy5.5-
conjugated anti-CD150 (TC15-12F12.2) and PE-conjugated anti-
CD48 (clone HM48-1). Leptin+ stromal cells were labeled with
anti-LepR (biotinylated, R&D Systems), anti-CD45 (clone 30F-11),
anti-CD31 (clone MEC13.3) and anti-Ter119 (clone ter-119)
antibodies. MSC were labeled with anti-CD45 (clone 30F-11),
anti-Ter119, anti-CD51 (clone RMV-7), and anti-PDGFRa. (clone
APB5). MSC were also labeled with anti-Nestin (clone 307501,
R&D Systems, Minneapolis, MN). EC were labeled with antibodies
to CD45, Ter119, CD51, CD31, and VE-cadherin (clone eBioBV13,
BD Biosciences, San Diego, CA). Osteoblasts (OBs) and MPC were
labeled with antibodies to CD45 (30F-11), CD31 (390), Ter119, Sca-
1 and ALCAM. For analysis of PB chimerism, anti-CD45.2 (clone
104) and anti-CD45.1 (clone A20) monoclonal antibodies were
utilized. Anti-Macl/CD11b (clone M1/70), anti-CD45R/B220
(clone RA3-6B2), anti CD3 (clone500A2) and anti-CD19 (clone
6D5) were utilized for analysis of PB tri-lineage reconstitution.
Anti-EP4 antibody (ab188761) was purchased from Abcam
(Waltham, MA). All flow cytometry analyses were performed on
an LSRII flow cytometer (BD). Cell sorting was performed on a BD
Aria or Reflection IT or Reflection III sorters.

Bone marrow transplantation

Competitive marrow transplantation was performed on a side-
by-side basis for each strain and littermate controls (EP4ff, Cre-
negative) as we described (26). Equal numbers of total BM cells
(0.5x10°) from all strains (CD45.2) were admixed with Boy/]
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(CD45.1) BM cells and transplanted into lethally irradiated Boy/]
mice (total body ">’ Cs irradiation, 1100 cGy, split dose 6 h apart, 24
h prior to transplant) using a Mark 1 Irradiator (JL Shepard, San
Fernando, CA). Peripheral blood chimerism and tri-lineage
reconstitution was monitored monthly for up to 24 wk. In each
transplant, marrow cells from 4-8 control or EP4 gene-deleted mice
of each sex were evaluated. If no sex difference was noted, male and
female data were combined. If sex related differences were seen, data
are presented separately.

Colony-forming cell assay

Bone marrow, spleen and peripheral blood CFC were
quantitated using ColonyGELTM 1202 mouse complete medium
(ReachBio, Seattle, WA) as we described (13). Whole marrow and
spleen cells were plated at 2x10* and 1x10° cells per dish. For
peripheral blood CFC, 200ul od whole blood was subjected to RBC
lysis and 50 ul plated per dish. CFU-GEMM, CFU-GM, BFU-E in
triplicate dishes were scored microscopically after 7 days at 37°C,
5% CO, and 5% O,. Total bone marrow CFCs per 2 femurs, 2 tibias
and pelvis was calculated and adjusted according to the fraction of
total marrow mass represented by the bones utilized (27).

Peripheral blood stem cell mobilization

Mobilization experiments were performed as we described (28).
AMD3100 5 mg/kg and GROP 2.5 mg/kg were administered
subcutaneously (sc) as single doses or in combination. PB was
analyzed at 60 min post AMD3100, and 15 min post GROB alone or
AMD plus GROP. G-CSF was administered sc at 62.5 ug/kg/day,
bid for 4 days and PB analyzed ~16 h after the final dose. Injections
were scheduled so that all mobilized mice were evaluated at the
same time in every experiment. Mice were sacrificed by CO,
asphyxiation and PB was obtained by cardiac puncture using
EDTA-coated syringes. Peripheral blood mononuclear cells
(PBMC) were obtained by separation on Lympholyte Mammal
(Cedarlane Labs Ltd, Hornby, Ontario, Canada (29). CFC and
SLAM-SKL cells were evaluated.

Quantitative RT-PCR

EP4 gene deletion was confirmed by qRT-PCR using the
following primers: EP4 forward primer- GTGCGGAGATCC
AGATGGTC; reverse primer-TCACCACGTTTGGCTGA
TATAAC. Total RNA was isolated from lineage negative BM
cells, and FACS sorted CD45- stromal cells based upon
expression of Nestin, LepR, Tie2, Osteocalcin or Osterix, using a
QIAGEN RNeasy Mini Kit, or QTAGEN RNeasy Micro Kit. cDNA
was reverse transcribed from total RNA using SuperScript VILO
(Life technologies, Invitrogen) according to the manufacturers’
protocols and subjected to real-time PCR using SYBR Green
Super mix (Life Technologies). Quantitation was performed on an
Applied Biosystems quantitative real time PCR thermal cycler (Life
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Technologies). All samples were run in triplicate. Amplification of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and
hypoxanthine-guanine phosphoribosyltransferase (HPRT) were
used for sample normalization.

Statistical analysis

All data are shown as Mean + SEM. Statistical analysis was
performed using Microsoft Excel and GraphPad Prism 7.0 software.
Two-tailed Student’s t-tests were performed for statistical analysis
between two groups. One-way analysis of variance (ANOVA) with
Tukey’s correction was used to compare the difference in means
between more than three groups. A P value <0.05 was considered
statistically significant.

Results

Deletion of EP4 is perinatal lethal in mice (30, 31). Using EP4(flox)
mice (25), we created conditional and inducible mouse strains where
EP4 is selectively deleted in BM stromal cell populations to determine
the role of PGE,/EP4 signaling in regulating HSPC function.

PB, spleen and BM cellularity
and phenotype-defined BM HPC
and HSC populations

Steady state peripheral blood counts were essentially normal in
mice with a global inducible deletion of EP4, although a modest
decrease in red blood cells (RBCs) was noted (Table 2A). A
significantly reduced PLT count was seen in Osteocalcin-cre mice

TABLE 2A Peripheral Blood Complete Blood Counts (CBC).

Neu Lym

10%/ul 10°/ul
EP4ff 7.07£0.8 1.51+0.4 5.26+0.8
EP4 Tamoxifen-Cre 8.21+0.5 1.87+0.2 6.10+0.5
EP4ff 7.13+1.0 1.40+0.2 5.22+1.1
EP4 Osteocalcin-Cre 6.60+1.3 1.46+0.4 3.38+0.7
EP4ff 7.69+0.2 1.70+0.6 5.13+0.1

EP4 Osterix-Cre 5.29+0.2 * 1.44+0.3 3.74+0.2 *
EP4ff 8.11+1.4 1.28+0.4 5.97+0.9
EP4 Nestin-Cre 9.84+1.4 1.46+0.3 7.76x1.2
EP4ff 6.14+0.1 1.48+0.2 3.48+0.4
EP4 Leptin-Cre 7.06x1.4 1.27+0.3 5.09+1.2
EP4ff 6.28+0.1 1.17+0.2 3.92+1.1
EP4 Tie2-Cre 6.59+1.1 2.06+0.6 3.19+0.8

Data are Mean + SEM from 3-8 mice per group, each mouse analyzed separately.
Separate EP4ff littermate controls were evaluated for each KO group.
* P<0.05 decrease versus EP4ff control.
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with no effect on any other blood parameter. In Osterix-Cre mice,
lack of EP4 signaling was associated with decreased white blood cells
due to significantly fewer lymphocytes. Deletion of EP4 in Nestin®
MPCs, perivascular LepR stromal cells and Tie-2 ECs had no effect on
peripheral blood cell numbers. Total nucleated spleen cells were
significantly decreased in Nestin-cre and Tie2-Cre mice (Table 2B).
Total bone marrow cellularity was not significantly different between
all EP4ff and EP4 knockout mouse strains (Table 2C).

However, although total BM cellularity was unchanged,
significant changes in phenotypically defined hematopoietic cells
were observed upon EP4 deletion (Table 2C). In Tamoxifen-cre
mice, global deletion of EP4 resulted in significantly fewer
phenotype-defined hematopoietic progenitor cells (LSK) and stem
cells (SLAM-LSK) as well as granulocyte-macrophage progenitor
cells (GMPs). In EP4ff-Osteocalcin-cre mice, deletion of EP4 in
mature OBs resulted in significantly more LSK cells but fewer
common lymphoid progenitor cells (CLPs). EP4 deletion in
immature osteolineage cells in EP4-Osterix-cre mice also resulted
in fewer CLPs. Deletion of EP4 in Nestin® MPCs resulted in
significantly fewer LSK cells, while deletion of EP4 in Tie2+
sinusoidal ECs resulted in significantly lower numbers of both
LSK and SLAM-LSK HSCs.

Overall, these data indicate differential roles for PGE,/EP4
signaling in maintenance of BM hematopoietic cells, by both
endosteal and vascular stromal cells.

Regulation of hematopoietic function

Since phenotype defined HPC and HSC do not always accurately
reflect function (13), we evaluated functional HPC by colony

Mono RBC PLT
10%/ul 10%/ul 10*/ul
0.24+0.03 0.42+0.15 0.07+0.01 8.33%0.1 74775
0.23+0.02 0.51£0.08 0.05+0.02 7.97+0.1 * 691+60
0.29+0.07 0.17+0.06 0.05+0.02 8.32+0.4 768+152
0.34+0.08 0.15+0.04 0.03+0.01 7.66+0.9 210+41 *
0.41+0.05 0.17+0.02 0.04+0.01 8.49+0.4 767+248
0.49+0.09 0.19+0.04 0.03+0.01 7.99+0.3 3934244
0.62+0.30 0.21£0.05 0.03+0.01 7.98+0.3 748+190
0.37+0.06 0.20+0.03 0.04+0.01 8.48+0.2 7894207
0.42+0.12 0.65+0.04 0.09+0.02 9.49+0.2 980+£92
0.36+0.10 0.72+0.16 0.05+0.02 9.07+0.2 1118+225
0.67+0.14 0.39+0.15 0.13+0.04 10.0+1.5 934+406
0.68+0.24 0.55+0.03 0.12+0.01 9.76x1.5 688+179
frontiersin.org
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TABLE 2B Total Nucleated Cell (TNC) per Spleen. (Figure 1B). The decrease in myeloid and erythroid CFCs was also
seen in EP4-Tamoxifen-Cre mice. No effect on spleen CFCs was
TN%(/ 150[:>81)e e noted in mice where EP4 was deleted in ECs. In steady state bone
marrow, significantly fewer myeloid and erythroid CFCs were
EP4ff 1.3520.12 observed in Tamoxifen-cre, Nestin-Cre, LepR-cre, and Tie2-cre
EP4 Tamoxifen-Cre 1.01£0.24 mice (Figure 1C). Modest but significantly greater numbers of

EP4F L2640.66 CFU-GM and BFU-E were seen in EP4-Osterix-cre mice.
Next, we evaluated the effect of stromal cell selective EP4 gene
EP4 Osteocalcin-Cre 1.15+0.23 deletion on long-term repopulating capacity and lineage
EP4ff 0.77+0.06 reconstitution of HSCs in primary and secondary transplantation
P4 Osterix.Cre 0.780.09 assays. Since all genetic strains were on the C57Bl/6 CD45.2
background, competitive transplant of bone marrow cells from
EP4ff 1.4820.11 littermate EP4ff controls or cre-EP4 gene deletion mice admixed
EP4 Nestin-Cre 0.85+0.07 * with equal numbers of Boy] (CD45.1) were transplanted into Boy]J
EPaf L19+0.16 recipient mice. EP4ff control and gene deletion transplants were
performed side-by-side on the same day and in the same cohort of

EP4 Leptin-Cre 1.2720.17 irradiated recipient mice.

EP4ff 1.4040.15 In primary transplants, no difference was seen in repopulating
EP4 Tie2.Cre 0.8240.04 * capacity of HSCs from Osteocalcin-cre or littermate EP4ff mice or

in their lineage reconstitution ability (Figure 2A Left). However,

Data are Mean + SEM from 4-9 mice per group, each mouse analyzed separately.
Separate EP4ff littermate controls were evaluated for each KO group.
* P<0.05 decrease versus EP4ff control. Osteocalcin-cre mice showed significantly reduced ability to

upon secondary transplant, marrow cells that had originated from

contribute to hematopoiesis compared to EP4ff littermate controls
formation and long-term repopulating HSCs (LTRCs) by primary  Figure 2A-Right. In addition, a significant myeloid bias was
and secondary hematopoietic transplantation. EP4 gene deletion  observed in these secondary recipients. Long-term repopulation
resulted in increased peripheral blood CFCs in Tamoxifen-cre and  capacity in primary and secondary transplants was equivalent in
Lepr-cre mice, resulting from significant increases in CFU-GM and ~ male and female mice.
BFU-E (Figure 1A). In contrast, blood CFCs were significantly lower Transplants using marrow from Osterix-cre mice showed
in Osterix-cre and Tie2-cre mice, primarily due to decreases in CFU-  significantly reduced repopulation capacity in both primary
GM. Although the spleen is not a major organ for hematopoiesis  (Figure 2B-Left) and secondary (Figure 2B-Right) transplants.
under steady state conditions, significantly fewer myeloid and  Blood lineage reconstitution was normal in recipients of marrow
erythroid CFCs were observed in Nestin-cre and Tie2-cre mice  from Osterix-cre mice, whereas B cell reconstitution was significantly

TABLE 2C BM TNC and Phenotype-defined HSPC Subpopulations.

TNC/mouse LSK+/mouse SLAM-LSK+/mouse CMP+/mouse GMP+/mouse CLP+/mouse

(x 10%) (x105) (x10%) (x10°) (x10°) (x10%)
EP41f 2.82+0.31 3.38+0.21 3.44+0.22 2.31+0.54 1.94+0.25 8.21+1.01
EP4 Tamoxifen-Cre 2.04 £0.24 2.57+0.21* 2.06+0.32 * 1.56+0.32 1.17£0.11 * 6.09+1.62
EP4jf 3.38+0.54 1.44+0.16 2.01+£0.47 1.48+0.66 0.86+0.07 6.09+0.96
EP4 Osteocalcin-Cre 3.75+0.14 2.03+0.28 T 2.36+0.64 2.19+0.41 0.73+£0.14 1.77£0.43 *
EP41f 2.43+0.08 3.48+0.24 2.76%0.12 3.14+0.04 1.08+0.04 8.30+0.01
EP4 Osterix-Cre 2.60+0.18 4.38+0.75 2.55+0.85 2.96+0.06 1.09+0.03 5.22+0.01 *
EP41f 2.71+£.22 2.88+0.36 2.13+0.22 1.17+£0.42 0.80+0.24 4.30+£1.09
EP4 Nestin-Cre 2.75+.34 1.49+0.13 * 2.03+£0.32 2.78+1.35 1.23+0.55 5.25+1.54
EP4jf 3.32+0.33 2.22+0.82 3.23+0.46 2.42+0.15 1.26+0.45 5.61+2.03
EP4 LeptinR-Cre 3.83+0.77 3.34+0.77 2.81+0.39 2.86+0.65 1.50+0.41 3.44+1.30
EP4ff 2.88+0.28 1.89+0.20 2.19+0.19 nd nd nd
EP4 Tie2-Cre 2.41+0.27 1.2940.11 * 1.15+0.05 * nd nd nd

Data are Mean + SEM from n=4-8 mice per group, each mouse analyzed separately.
Separate EP4ff littermate controls were evaluated for each KO group.

nd = not done

* P<0.05 decrease versus EP4ff control; " P<0.05 increase versus EP4ff control.
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Steady state CFCs (CFU-GM, BFU-E and CFU-GEMM) in (A) peripheral blood, (B) spleen and (C) bone marrow in EP4ff control mice and upon EP4
deletion. Data are expressed as Mean + SEM of each colony type. Data are presented as CFC per 1 ml peripheral blood, total CFC per whole spleen
and total bone marrow CFC per mouse. Data are from 4-6 mice per group each assayed individually. *P<0.05 decrease compared to EP4ff control

'P<0.05 increase compared to EP4ff control.

lower in secondary recipients. No sex differences were noted. LTR
capacity of BM cells from Nestin-cre mice were significantly reduced
in primary and secondary transplants (Figure 2C, Left and Right
panels, respectively). PB lineage reconstitution was normal in
primary transplants, whereas T cells were significantly lower in
secondary recipients. No sex differences were noted.

A significant difference in repopulation capacity was noted in
marrow cells from male and female LepR-cre mice. Male marrow
cells showed a modest, but significant enhanced reconstitution
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compared to male cells from EP4ff littermates (Figure 2D),
whereas female cells showed significant reduction (Figure 2E). No
differences in lineage reconstitution by male or female cells were
observed. Since cells were transplanted into mixed male and female
BoyJ recipients, additional transplants were performed where the
sex of donor cells and recipients was the same. Male marrow cells
from LepR-cre mice when transplanted into male Boy] recipients
showed equal repopulating capacity to EP4ff littermate control in
both primary (Figure 2F-Left) and secondary transplants
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FIGURE 2 (Continued)
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FIGURE 2 (Continued)
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Primary and secondary competitive transplantation of whole bone marrow cells using (CD45.2) from EPA4ff controls and mice where EP4 was deleted in (A)
Osteoblasts, (B) early osteolineage progenitor cells, (C) Nestin+ Mesenchymal progenitor cells, (D) Leptin receptor expressing perivascular cells and (E) Tie-2
expressing sinusoidal endothelial cells was performed in side-side comparison. In (A—C, H), data from male and female mice are combined; equal numbers
per group, N=8-10 per group. Data in (D—G) are from 5 male or female mice per group. In primary transplants, Percent (CD45.2) chimerism in peripheral
blood and lineage reconstitution were determined monthly for up to 24 wk in primary transplants and 12 wk in secondary transplants. All data are expressed
as Mean + SEM. *P<0.05 decrease compared to EP4ff control. 'P<0.05 increase compared to EP4ff control.

(Figure 2F-Right). Lineage reconstitution in all transplant recipients
were equivalent. Surprisingly, female marrow cells from LepR-cre
mice when transplanted into female Boy] recipients showed
dramatically enhanced reconstitution compared to female EP4ff
littermate controls in both primary (Figure 2G-Left) and secondary
(Figure 2G-Right) transplants. Lineage reconstitution was
equivalent between EP4ff and LepR-cre recipients in primary
transplants, however in secondary transplants recipients of
marrow from primary LepR recipients showed a significant
increase in lymphoid reconstitution with reduced myeloid cells.
Finally, in evaluation of endothelial cell effects, repopulation from
marrow cells from Tie2-cre mice was significantly reduced compared
to cells from EP4ff controls in primary transplant (Figure 2H). Lineage
reconstitution was equivalent between EP4ff and Tie2-cre mice. No sex
differences in LTR capacity or lineage reconstitution were observed.

Hematopoietic mobilization

Inhibition of EP4 signaling in vivo by non-steroidal anti-
inflammatory drugs (NSAIDs) or EP4 antagonists enhances HPC/
HSC mobilization by G-CSF and mobilizes a graft with enhanced
repopulating capacity (13). Mobilization by the combination of
AMD3100 and the chemokine GROB results in rapid mobilization
of a high engrafting population of HSCs (28). We therefore tested
mobilization by G-CSF, AMD3100 and GROP alone and in
combination in each of the EP4 deletion strains.

Deletion of EP4 in osteoblasts results in enhanced HPC
mobilization by G-CSF and by AMD+GRO (Figure 3A-Left),
suggesting that PGE, signaling through EP4 promotes endosteal
retention of HPC. However, mobilization of phenotype-defined (p)
HSCs was impaired in response to G-CSF or AMD+GROf
(Figure 3A-Right). Mobilization of HSCs by GROP alone was also
impaired. These results suggest that in contrast to HPC, EP4
signaling is required for HSC mobilization.

In Osterix-cre mice, EP4 deletion in immature osteolineage cells
had no effect on mobilization of HPC by G-CSF, but HPC
mobilization by GROP alone and in combination with AMD3100
were significantly impaired (Figure 3B-Left). Mobilization of pHSCs
by G-CSF was enhanced by deletion of EP4, but mobilization by
AMD+GROB was significantly impaired (Figure 3B-Right). HPC
mobilization by G-CSF, AMD and GROB alone and AMD+GROf
were all significantly enhanced in EP4ff-Nestin-cre mice
(Figure 3C-Left). However, mobilization of pHSCs by G-CSF,
AMD and AMD+GROp were all impaired (Figure 3C-Right).

Deletion of EP4 in LepR-cre mice had no effect on HPC
mobilization (Figure 3D-Left). Similarly, HSC mobilization was
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largely unaffected by EP4 deletion although mobilization by
GROP alone was enhanced (Figure 3D-Right). G-CSF induced
mobilization of HPCs (Figure 3E-Left) and pHSCs (Figure 3E-
Right) was enhanced after EP4 deletion in sinusoidal EC, while
mobilization of HPC and HSC by AMD+GROP was impaired.

These data reveal distinct and overlapping roles for PGE2/EP4
signaling in stromal cells in the regulation of HPC and HSC
mobilization. They also highlight the differences between the
mobilization of HPC and HSC by the chronic administration of
G-CSF versus the acute administration of AMD3100 and GROPB
Furthermore, they demonstrate the heterogeneity and complexity of
the stromal cell populations that support and modulate HPC and
HSC function in the bone marrow.

Discussion

The bone marrow hematopoietic environment is a complex and
heterogeneous system, influenced by various cell types. The notion of
spatially segregated HSC niches might be an oversimplification.
Instead, bone marrow stromal cell populations may regulate
hematopoietic function in unique or overlapping manners. While we
and others have demonstrated that PGE,/EP4 signaling can regulate
HSPCs via stromal cells (13, 18), a more granular assessment of the
differential role of this EP4 signaling was not done. In this study, we
sought to increase our understanding of the differential roles of niche
cells by developing numerous conditional and inducible genetic
stromal cell EP4 knockout strains. Our findings further support that
PGE,/EP4 signaling across multiple stromal cell populations is
necessary for optimal HPC and HSC regulation, and that this
regulatory function is dependent on stromal cell type and context.

Steady state peripheral blood parameters were mostly unaffected by
EP4 deletion in stromal cells. However, a slight decrease in RBC was
observed in mice with a global inducible deletion of EP4, which likely
represents loss of the anti-apoptotic function of PGE, (9), as RBCs are
mainly regulated through apoptosis. A significantly reduced PLT count
was observed in Osteocalcin-cre mice with no effect on blood cell
parameters. Although PGE, influences platelet activation and
aggregation, effects of PGE, signaling in OBs on platelet formation
have not been reported. In Osterix-Cre mice, the absence of EP4
signaling corresponded with a decrease in white blood cells due to a
significant reduction in lymphocyte count. A significant decrease in the
number of bone marrow common lymphoid progenitor cells was also
noted, possibly pointing to the cause of reduced lymphocyte
production. Deletion of SDF-1 in osterix-expressing stromal cells has
been associated with loss of B-lymphoid progenitor cells (6). Since PGE,
promotes CXCR4 expression and stabilization (9, 32) and lack of EP
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signaling is associated with reduced SDF-1 (13, 18), it is possible that the
reduced lymphocytes and lymphoid progenitor cells in Osterix-cre mice
result from impaired cytokine support of lymphopoiesis, although
further exploration is required to definitively determine this finding.

Significant hematopoietic endogenous mobilization/egress
occurred in LepR-cre mice, without a change in total peripheral
white blood cell count and was associated with a slight decrease in
bone marrow CFCs, suggesting that EP4 signaling in LepR stromal
cells enforces HSPC retention. In contrast, deletion of EP4 in
Osterix-cre mice led to fewer blood progenitors found in steady
state peripheral blood with a concomitant increase in marrow
progenitor count. This suggests that in Osterix+ immature
osteolineage cells, EP4 signaling either opposes HSPC retention
or allows for hematopoietic egress. In prior studies, blockade of
PGE, synthesis with NSAIDs or EP4 deletion identified a role in
mature osteoblasts in HSC retention (13). Thus, it appears that the
functional role of EP4 signaling in HSPC retention is different in
mature and immature osteolineage cells. Deletion of EP4 in
sinusoidal endothelial cells also identified differential mobilization
mechanisms for HSC and HPC.

Lack of EP4 signaling in multiple stromal cell types significantly
affected long-term repopulating capacity. EP4 deletion in Tie2+ ECs
resulted in a significant reduction in HSC transplant function.
Endothelial cells produce growth factors required for HSC
maintenance including SCF, SDF-1 and Pleiotrophin, and
conditional deletion of any of these factors depletes HSC number
(5-7, 33, 34). Deletion of EP4 in these cells also reduced HSC
numbers, likely explaining the reduction in transplant repopulation,
and suggests that EP4 signaling is necessary to maintain normal
endothelial hematopoietic support.

An intriguing and unexpected finding was the sex difference in
repopulating capacity in bone marrow acquired from LepR+/EP4
knockout mice. While bone marrow cells from male LepR-cre mice
showed a modestly enhanced function compared to controls, bone
marrow cells from female LepR-cre mice were significantly impaired.
This impairment was only seen when female cells were transplanted
into male recipient mice. Functional capacity was restored when the
recipients were also female. Why this occurs only with female HSCs is
unclear. What is clear is that the finding is a result of decreased EP4
signaling in Lepr+ stromal cells. HSC express receptors for and
respond to sex hormones (35, 36), and androgens and estrogens can
stimulate hematopoiesis (37-39). A higher proportion of HSC and
multipotent progenitors are dividing in female mice and endogenous
estrogen increases HSC division in female mice (39). It is possible that
when female HSC are transplanted into a male bone marrow
environment, they do not receive sufficient sex hormone signal to
maintain cell proliferation. LepR+ stromal cells are a major source of
growth factors that stimulate HSC division and block apoptosis (5, 7).
Lack of EP4 signaling is associated with reduced production of stomal
cell factors that support hematopoiesis (13) and PGE, blocks
apoptosis in HSC, through release of stromal growth factors (9, 13).
It’s possible that given the higher proliferate rate of female HSC, that in
an environment of reduced growth factors and potentially increased
apoptosis, a program of impaired proliferation is initiated, but can be
rescued and in fact enhanced in a female bone marrow environment.
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The EP4 receptor is the most highly expressed EP receptor in
hematopoietic tissue (40) and the affinity of PGE, is highest for the
EP4 receptor (41). Prior work, and this current study, support a
complex and nuanced regulatory role for PGE,/EP4 within the bone
marrow environment for regulation of hematopoiesis. Using genetic
animal models, the differential and overlapping roles of distinct niche
populations are beginning to be revealed. Future research should focus
on further elucidating these signaling pathways, particularly in the
context of hematopoietic dysfunction and stem cell transplantation.
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