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Hematopoietic stem progenitor cells (HSPCs) are present in very small numbers in the circulating blood in
steady-state conditions. In response to stress or injury, HSPCs are primed to migrate out of their niche to
peripheral blood. Mobilized HSPCs are now commonly used as stem cell sources due to faster engraftmentand
reduced risk of posttransplant infection. In this study, we demonstrated that a nucleotide sugar, UDP-glucose,
which is released into extracellular fluids in response to stress, mediates HSPC mobilization. UDP-glucose-
mobilized cells possessed the capacity to achieve long-term repopulation in lethally irradiated animals and
the ability to differentiate into multi-lineage blood cells. Compared with G-CSF-mobilized cells, UDP-glu-
cose-mobilized cells preferentially supported long-term repopulation and exhibited lymphoid-biased differ-
entiation, suggesting that UDP-glucose triggers the mobilization of functionally distinct subsets of HSPCs.
Furthermore, co-administration of UDP-glucose and G-CSF led to greater HSPC mobilization than G-CSF
alone. Administration of the antioxidant agent NAC significantly reduced UDP-glucose-induced mobiliza-
tion, coinciding with a reduction in RANKL and osteoclastogenesis. These findings provide direct evidence
demonstrating a potential role for UDP-glucose in HSPC mobilization and may provide an attractive strategy

to improve the yield of stem cells in poor-mobilizing allogeneic or autologous donors.

Introduction

Bone marrow transplantation (BMT) is a potentially everlasting
curative therapy for hematological diseases such as leukemia,
lymphoma, and various types of immunologic disorders. Cancer
patients whose own hematopoietic systems have been damaged by
chemotherapy or radiation also require BMT.

In recent years, BMT has been replaced by transplantation of
mobilized peripheral blood (PB) stem cells (PBSCs), which is safer
and less painful for the donor. Functionally, PBSCs engraft better
than bone marrow-derived hematopoietic stem progenitor cells
(HSPCs) and allow faster recovery of the white blood cell count,
thereby reducing the risk of infection in patients during the early
posttransplant period (1-3). Accordingly, mobilized cells have
become a major source of HSPCs for autologous and allogeneic
transplantations. However, the benefits of HSPC mobilization are
often offset by potential adverse effects. G-CSF, the most widely
used HSPC mobilizer, causes side effects such as spleen enlarge-
ment, bone pain, headaches, and propensity for thrombosis (4, 5).
While it has not yet been investigated in human patients, G-CSF-
mobilized murine PBSCs also exhibit defective long-term repopulat-
ing and self-renewal activity (6, 7). Furthermore, patients receiving
G-CSF-mobilized PBSCs have an increased incidence of chronic
graft-versus-host disease (GVHD) following allogeneic transplan-
tation (8). In addition, because older individuals or patients with
Fanconi anemia (FA) show poor HSPC mobilization in response to
G-CSF (9, 10), it is necessary to tailor mobilization regimens to the
individual clinical situation. Patients whose bone marrow has been
damaged by extensive chemotherapy and radiation therapy also
respond poorly to conventional mobilization regimens. In order to
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overcome poor mobilization, combinations of G-CSF with differ-
ent mobilizing agents have been attempted. Notably, a combination
of G-CSF with AMD-3100 or cyclophosphamide exerts significant
synergistic effects on HSPC mobilization (11, 12). However, these
combinatorial regimens also increase the risk of adverse events. For
example, while the combination of cyclophosphamide with G-CSF
may be useful in patients receiving salvage chemotherapy, this reg-
imen often causes neutropenia, fever, and other signs of infection
(13). Use of AMD-3100, a synthetic inhibitor of the CXCR4 receptor,
is not associated with significant side effects. However, AMD-3100
may be associated with tumor growth (14), although the possible
effects of long-term use of AMD-3100 requires further investigation.
Nucleotides, once recognized as mere sources of energy, have
recently emerged as important regulators of diverse cellular pro-
cesses including proliferation, differentiation, and stress responses
in vertebrate and invertebrate animals. Upon binding to their cog-
nate receptors, termed purinergic receptors (P2X and P2Y), nucleo-
tides trigger intracellular signaling events. The role of nucleotides
as regulators of hematopoiesis has become more evident in recent
years (15, 16). Nucleotides have chemotactic activity and stimulate
migration-associated intracellular signaling events such as actin
reorganization and mobilization of intracellular calcium (17-19).
In line with this, recent progresses have highlighted the physiologi-
cal significance of extracellular nucleotides in HSPCs: uridine-5'-tri-
phosphate (UTP) is able to chemoattract human CD34* cells, and
ex vivo treatment of human CD34" cells with UTP enhances the
engraftment of HSPCs (19, 20). These findings provide a rationale
for further preclinical and clinical evaluation of extracellular nucle-
otides for more robust and efficient stem cell transplantation.
Purines and pyrimidines are released at the site of damage result-
ing from radiation, stress, or hypoxia and serve as protective signals
in concert with other factors (21). In particular, the uridine diphos-
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Figure 1

HPC mobilization with UDP-Gilc. (A) The effects of doses and injection routes were determined. The effect of UDP-Glc peaked 2—4 hours after
UDP-Glc injection, thus PB cells were collected 2—4 hours after the last injection in all experiments unless otherwise stated. (B) B6 mice were
injected once daily for 6 days with UDP-Glc (UDP-G, 200 mg/kg) or vehicle (CTL). Single-cell suspensions from spleens were stained for LSK
and SLAM LSK and the number of HSPCs enumerated. (C) B6 and BALB/C mice were injected daily with UDP-Glc (200 mg/kg), control mice
with vehicle. PB was drawn at the indicated time points and LSK cells quantified. Lin-c-Kit* (LK) subsets were quantified in BALB/C mice,
which express low or no Sca-1. (D) B6 and BALB/C mice were treated once daily for 6 days with vehicle or UDP-Gic, PB cells harvested,
and CFU-C activity measured. (E) Chemotaxis assays were performed using 5-um-pore filters. Lin- bone marrow cells from B6 mice were
placed in the upper well (10%/well) and CXCL12 (120 ng/ml), UDP-Glc (10 uM), or UTP (10 uM) in lower wells. After 6 hours of incubation,
cells were collected from lower wells and LSK cells counted; cell migration was not significantly different at UDP-Glc concentrations of 1, 10,
and 50 uM. *P < 0.05, **P < 0.01. Data are mean = SD and reflect 3 independent experiments in A, C, and D and 2 independent experiments
in E (duplicate wells/treatment for D and E).

phate-glucose/P2RY14 (UDP-Glc/P2RY14) signaling axis has been
shown to be involved in the stress response, such as inflammation
and/or mechanical stress (22, 23). In addition, UDP-Glc expression
was detected at high levels in tumor cells (24), suggesting that it
may act as a danger signal for inflammation or tumors.

In the present study, we establish UDP-Glc as a novel physiologic
mobilizer of a long-term repopulating subset of HSPCs. UDP-Glc
is a naturally occurring substrate for in vivo glycogen synthesis
and thus has potential as a new class of small-molecule mobilizers
with minimal side effects.

The Journal of Clinical Investigation Volume 123~ Number 8 3421

http://www.jci.org August 2013



research article

A Peripheral blood B Spleen
122 ECTL s ¥ , 280 E cTL
UDP- = UDP-G
O%140 P4 G-CSF Q3 24077 GcsF
T o 120 [ UDP-G+G-CSF  u4 2 g 200 | [ UDP-G+G-CSF
0O @
= @ 100 Q 2 160
o g 80 S w 120 number
w
29 g 23 38 918
E % = 80
52X 40 Ex .
z~ 20 Zc 40 * % **
0 =~ =171
CFU—GM CFU-GEMM BFU-E CFU-GM  CFU-GEMM
HE S
CTL UDP-G  G-CSF  UDP-G+ CTL UDP-G  G-CSF  UDP-G+
G-CSF G-CSF
(o D
1000
2 )
Q) —
= 3 2 800
2 o3
22 % ] 600
@ © — o
82 5=
IR g S 400
5 £ x
=] s
£ 2~ 200
=3
= 0
CTL  UDP-G G-CSF  UDP-G+ CTL UDP-G  G-CSF UDP-G+
G-CSF G-CSF
E F .
* dk *k ek
Bcn
100 ry rYw 10
I AL [ A% A& UDP-G
“Laal a— | Laal a | - —|.,
. — 1 el 1 T 103
m 751 1 a | A | a | =
[ I 1 [ [ - B [
o I 1 [ 1 8 o
501 4 ! ! ! S Oled—— %
s | | I I e S48
0O 54 I | = 1 - 1
1 | =—— |l m I 03
"a" | " 1= 1 @ 1,
oy 2
D L] L] l ' L] l L) L) l F- L] 1 g
1M 2m 3m 4m - 3
1] [=]
w
ol I
c-Kit i
G ge 2
~ ® Recipient BM o Recipient BM
£ 50 = 3000 - 0
@ @ x
© 40 © @ 2500 « @100
° ¥ 5 =3
o 0 O 2000 =4 80
9 30 i I
o 5 £ 1500 7 £ 60
g2 5 & 1000 5O 40
< o - =
s 10 g* 500 T 20
= I
Do z 0 E 0
B220 CD3 CDilb Gr-1 CTL UDP-G é’ CTL UDP-G

Tertiary transplantation (recipient BM)

g0

0.663%

1074

0.164%

101

Sca-1
CD150

3422 The Journal of Clinical Investigation  http://www.jci.org ~ Volume 123 ~ Number8  August2013



Figure 2

UDP-Glc mobilizes HSPCs with long-term engraftment potential.
(A-D) B6 mice were injected with UDP-Gic (200 mg/kg, 6 days), G-CSF
(300 ng/kg, 4 days), G-CSF plus UDP-Gic, or PBS. (A and B) CFU-Cs
were counted. (C) Primary stromal cells were prepared as previously
described (62). PB cells were harvested and overlaid on irradiated
stromal layers in 96-well plates. After 5 weeks, wells containing cobble-
stone areas were counted as positive wells. (D) Mobilization efficiency
was assessed according to the numbers of circulating LSK cells in PB.
n > 5 mice/group. (E) PB cells (1.5-2 x 108) were collected from PBS-
and UDP-Glc—injected mice and transplanted into lethally irradiated
recipient animals (Supplemental Figure 2). The contribution of donor
cells was measured by quantifying CD45.1 (vehicle-injected) and
CD45.2 (UDP-Glc—injected) cells in recipient PB at the indicated times
after transplantation. (F) Sixteen weeks after transplantation, bone
marrow cells were analyzed by flow cytometry for LSK and SLAM LSK
cells after gating on CD45.1+ (PBS-injected) and CD45.2+ (UDP-Glc—
injected) cells. n = 6 mice/group. (G) Donor-derived SLAM LSK cells
(CD45.2+) were transplantable from primary recipients into irradiated
secondary and tertiary recipient mice. Tertiary recipient animals were
examined 5—6 weeks posttransplant. PB of recipient animals (n = 5)
was analyzed for multilineage reconstitution and gated for HSPCs.
Data are mean = SD and reflect 3 independent experiments in A-C
(duplicate wells/treatment in A and B). *P < 0.05, **P < 0.01 vs. control;
#P < 0.05, #P < 0.01.

Results
UDP-Glc promotes mobilization of HSPCs. Under stress conditions,
HSCs and hematopoietic progenitor cells (HPCs) are mobilized
into PB and extramedullary organs such as spleen and liver. Mean-
while, UDP-Glc is known to be released into the extracellular
space under stress (22, 23). Therefore, we hypothesized that an
in vivo administration of exogenous UDP-Glc may mimic stress
conditions, which could in turn trigger HSC/HPC mobilization.
To investigate this possibility, we injected UDP-Glc into mice and
assessed for its ability to mobilize HPCs that are capable of form-
ing colonies (CFU-Cs). Spleen cells from UDP-Glc-treated mice
showed an increase in the number of CFU-GM (Figure 1A). In
determining optimal dose, UDP-Glc exerted its maximal effects at
a dose of 200 mg/kg body weight (Figure 1A, left panel). Although
i.v. administration was superior to s.c. or i.p. (Figure 1A, middle
panel), s.c. injection was chosen for further studies to minimize
potential complications of i.v. injection and due to its simplicity.
The number of spleen-derived CFU-GM was evident within 1 hour
after UDP-Glc administration, reaching a peak in approximately 2
to 4 hours (Figure 1A, right panel). Regardless of the assay condi-
tions, we consistently observed an increased number of CFU-GM
from the spleen of UDP-Glc-treated mice (P < 0.05) (Supplemental
Figure 1; supplemental material available online with this article;
doi:10.1172/JC164060DS1). In addition, we observed a statistically
significant increase in the number of HSPCs (lineageSca-1*c-kit*
cells, hereafter referred to as LSK cells) in the spleen of UDP-Glc-
treated mice (Figure 1B, left panel). In particular, UDP-Glc-treated
mice exhibited a significant increase in the splenic CD150"CD48~
LSK cells (hereafter referred to as SLAM LSK cells) (Figure 1B,
right panel), which is a very rare and primitive HSC subset (25).
The addition of UDP-Glc to the CFU-GM assay did not signifi-
cantly alter the number of colonies (Supplemental Figure 1).
Since mobilized HSPCs are routinely harvested from the PB in
the clinic, we quantified HSPCs in the PB of UDP-Glc-treated mice.
There was a notable increase in the frequency of LSK cells in circula-
tion after 6 daily single UDP-Glc injections in B6 mice, which is one
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of the most difficult mouse strains in which to mobilize cells (ref.
26 and Figure 1C, left panel). The mobilizing effect of UDP-Glc was
also evident in BALB/C mice (Figure 1C, right panel), demonstrat-
ing a strain-independent effect of UDP-Glc-induced HSPC mobili-
zation. Consistent with this, UDP-Glc treatment led to a statistically
significant increase of CFU-Cs (CFU-GM, BFU-E, and CFU-GEMM)
in the blood of both B6 and BALB/C mice (Figure 1D). For further
study, we used B6 mice, since not only are these mice congenic for
the CD45 isoform, which is useful to track donor cell populations,
but also the KO mice used in the present study to investigate under-
lying mechanisms had been produced using the B6 background.

It is known that UTP is functionally associated with human
HSPC migration and their engraftment (19, 20). We thus exam-
ined whether UDP-Glc possesses similar activity on mouse HSPCs.
SDF-1a (CXCL12), as anticipated, potently chemoattracted mouse
HSPCs (LSK cells) (Figure 1E). However, UTP elicited only a slight
increase for mouse LSK cell migration, with no statistical signifi-
cance in the absence or presence of CXCL12 (Figure 1E).

UDP-Glc mobilizes long-term repopulating HSPCs. G-CSF is the most
commonly used cytokine for mobilization of HSPCs in the clinic.
We thus determined the mobilizing capability of UDP-Glc in com-
parison with G-CSF. G-CSF was administered as described in the
previous study (11, 12). As shown in Figure 2, A and B, the PB and
spleen cells from UDP-Glc-treated mice produced significantly
less CFU-Cs than counterpart cells from G-CSF-treated mice. We
then performed cobblestone area-forming cell assays (CAFCs) to
estimate the frequency of more primitive progenitor cells in UDP-
Glc-mobilized blood. Despite their low in vitro colony-forming
capacity, UDP-Glc-mobilized cells displayed high CAFC activity
(approximately 10- to 14-fold higher than vehicle-injected group),
which was similar to the fold increase observed with G-CSF-mobi-
lized cells (Figure 2C). In addition, UDP-Glc was almost equally
potent in mobilizing LSK cells into PB when compared with
G-CSF (Figure 2D). Neither phenotypic analysis nor in vitro HPC
assays accurately reflect the stem progenitor cell activity in vivo
(27). To assess the functional properties of UDP-Glc-mobilized
HSPCs in vivo, we performed competitive repopulation assays,
in which an equal number of blood cells from control or UDP-
Glc-treated mice was transplanted into conditioned recipient
mice (see schema in Supplemental Figure 2). UDP-Glc-mobilized
cells showed a significant repopulation advantage compared with
vehicle-treated blood cells over a 4-month period posttransplant
(Figure 2E), suggesting the long-term repopulating potential of
UDP-Glc-mobilized HSPCs. Of note, no recipients transplanted
with control blood cells alone (PB cells from vehicle-injected mice)
survived to lethal irradiation. This was primarily due to the fact
that HSPCs are present at very low frequencies in steady-state PB,
as previously described (3, 28). Only when combined with UDP-
Glc-mobilized cells could recipient animals survive, suggesting
that UDP-Glc-mobilized PB contains enough HSPCs that allow
the lethally irradiated animal to survive after irradiation.

The maintenance of stem cell pool and generation of functional
mature blood cells depend on close interaction with specialized
microenvironments or niches in bone marrow (29). Therefore,
the engraftment of HSPCs to bone marrow more accurately
represents the outcome in clinical protocols. We thus assessed
whether donor-derived HSPCs are sustainable in the bone mar-
row of recipient animals for an extended period after transplanta-
tion. Sixteen weeks after transplantation, we could readily detect
HSPC populations (LSK and SLAM LSK cells) derived from UDP-
Number 8 3423
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Figure 3

UDP-Glc causes no significant
alterations in PB wbc. (A) B6 mice
were injected as described in Fig-
ure 2A. PB mononuclear cells were
collected from each treatment group
and stained with indicated anti-
bodies, followed by flow cytometry
analysis. Data are depicted as the
mean number of wbc per milliliter of
blood. For lineage marker—express-
ing cells, a mean value of the cell
number + SD obtained from 3 inde-
pendent experiments is shown. (B)
Csf3r’- (KO) and WT mice were
treated with UDP-Glc or PBS as
described above. n > 5 mice/group.
Left: Flow cytometry plots show the
gating strategy for identification of
LSK cells. PB cells were gated on
a forward-scatter/side-scatter (FS/
SS) dot plot. Lin- cells were gated
(data not shown), with subsequent
gating on c-Kit*Sca-1+ cells. Right:
Mice (n > 5/group) were individually
analyzed for each group. (C) Csf3r-
(KO) and WT mice (n = 5/group)
were treated as described above.
PB was collected and analyzed as
described in A. Data are mean +

SD of 3 independent experiments
(A and C). *P < 0.05, **P < 0.01;
#P < 0.01 vs. Csfr++ CTL.
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ient bone marrow were indeed functional HSPCs, SLAM LSK
cells were sorted and then subjected to serial transplantation. As
shown in Figure 2G, donor-derived SLAM LSK cells were capable
of durable multi-lineage engraftment on serial transplantation.

Glc-mobilized cells in the bone marrow of recipient animals (Fig-
ure 2F). In contrast, counts of HSPCs derived from vehicle-treated
mice were very low or undetectable. To further validate that the
phenotypically defined SLAM LSK cells in the primary recip-
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Figure 4

UDP-Glc—mobilized cells display supe-
rior long-term repopulating capacity
compared with G-CSF-mobilized cells.
(A) B6 mice were injected with UDP-
Glc (200 mg/kg, 6 days) or G-CSF (300
ug/kg, 4 days) and competitive repopu-
lation assay performed (Supplemental
Figure 2). UDP-Glc—and G-CSF—mobi-
lized cells (2 x 108 each) were trans-
planted into conditioned animals and
contribution of donor cells measured.
(B and C) Bone marrow cells were
obtained from recipient animals (n > 3)
and analyzed for LSK and SLAM LSK
cells after gating on CD45.1+ (G-CSF)
and CD45.2+ (UDP-Gic) cells. (D) Bone
marrow cells from primary recipients
were sorted based on CD45 expression
as described in A and transplanted into
secondary recipients. Donor cell chime-
rism in recipient mice was analyzed at
the indicated times. (E) Bone marrow
SLAM LSK cells of primary recipients
were used for serial transplantation into
secondary and tertiary recipients and
engraftment analyzed in tertiary recipi-
ents (n =5). (F) B6 mice (n = 4-5) were
injected with UDP-Glc or G-CSF as in
A and PB cells analyzed for LSK and
SLAM LSK cells. Data pooled from 2
independent experiments. (G) B6 mice
were injected with UDP-Glc (n > 15) or
G-CSF (n > 12) as in A. Mononuclear
cells obtained from PB were stained
for SLAM LSK cells, which were
transplanted into primary recipients,
then bone marrow cells transplanted
into lethally irradiated secondary and
tertiary recipients, and engraftment
was analyzed in tertiary recipients
(as in E; n = 5). Data are mean + SD.
*P <0.05, **P < 0.01.
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UDP-Glc mobilizes distinct subsets of HSPCs in comparison with G-CSF. (A) The effect of UDP-Glc on cell cycle status of HSPCs was evaluated
using LSK cells from vehicle- or UDP-Glc—injected mice. Mice were injected once daily with UDP-Gic or PBS for 6 days as described above. The
bone marrow and PB samples were pooled from each group (n > 4) and stained for Ki67 and DAPI. LSK cells were pregated and further analyzed
for their cell cycle status. Left: The proportions of cells in the respective cell cycle phases are indicated in percentages. Right: Data are mean + SD of
3 independent experiments with 4 to 5 mice per group. (B) Recipient animals were transplanted as described in Figure 4A. PB cells from recipients

(n > 3) were analyzed at 3—4 months posttransplant. The differentiation

potential of UDP-Glc— and G-CSF-mobilized cells was determined using

CD11b and B220 as markers of myeloid and lymphoid lineages, respectively. (C) Lineage analysis of donor cells in the blood of recipients. At 5 months
posttransplantation, PB mononuclear cells of recipient mice were stained with the indicated lineage markers. Data are presented as the percentage of
gated cells positive for each lineage marker. Data are mean + SD of 2 independent experiments with 3 mice per group. *P < 0.05, **P < 0.01.

These results demonstrate that the SLAM LSK subsets detected in
the primary recipient bone marrow were functional HSPCs.

Of note, despite the significant increases in peripheral HSPCs,
there was no significant change in the number of wbc in mice treated
with UDP-Glc (Figure 3A). Importantly, UDP-Glc-treated mice did
not show a significant increase in the number of CD3", Gr-1*, and
CD11b* cells in their PB, which is contrary to those observed in mice
treated with G-CSF (Figure 3A). A similar pattern in response to
UDP-Glc was observed in G-CSFR-deficient mice (Csf3r/"). Despite
the fact that G-CSFR-deficient mice are neutropenic at baseline (30),
UDP-Glc was still able to induce a statistically significant mobiliza-
tion of LSK cells in Csf3r7~ mice (Figure 3B). Meanwhile, the num-
bers of peripheral CD11b*, Gr-1*, and CD3" cells were minimally
affected in UDP-Glc-treated Csf3r~/~ mice (Figure 3C).
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UDP-Glc-mobilized cells demonstrate superior long-term repopulation
activity compared with G-CSF-mobilized cells. Next we compared the
HSPC mobilizing capability of UDP-Glc with that of G-CSF using
a competitive repopulation assay. At 1 month following transplan-
tation, G-CSF-mobilized cells displayed a considerable compet-
itive advantage over UDP-Glc-mobilized cells (Figure 4A). How-
ever, UDP-Glc-mobilized cells began to gain the ability to compete
with G-CSF-mobilized cells at 2 months posttransplant. Notably,
UDP-Glc-mobilized cells became dominant and out-competed
G-CSF-mobilized cells starting at 3 months posttransplant (Fig-
ure 4A) and sustained their competitive advantage thereafter.

We assessed whether this was due to preferential engraftment
of the recipients’ bone marrow niches by UDP-Glc-mobilized
cells. To this end, we analyzed the bone marrow of primary recip-
Volume 123~ Number 8
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ient animals at 18 weeks after transplantation and found that
significantly higher proportions of LSK and SLAM LSK cells
in recipient bone marrow were derived from UDP-Glc-treated
mice (Figure 4, B and C), indicating that UDP-Glc-mobilized
cells achieved higher levels of long-term engraftment than did
G-CSF-mobilized cells.

In order to further compare the long-term repopulation abil-
ities of UDP-Glc- and G-CSF-mobilized HSPCs, we performed
serial transplantation experiments under competitive settings.
Primary recipients (CD45.1.2) were transplanted with UDP-Glc-
mobilized (CD45.2) and G-CSF-mobilized (CD45.1) PB cells,
as shown in Figure 4A. At 2 to 3 months following transplant,
bone marrow cells from primary recipients were sorted based on
their expression of CD45. A mixture of equal numbers of CD45.1
(derived from G-CSF mobilization) and CD45.2 (derived from
UDP-Glc mobilization) bone marrow cells were then transplanted
into lethally irradiated secondary recipients (CD45.1.2). G-CSF
mobilization-derived cells were out-competed by the cells derived
from UDP-Glc mobilization in the secondary recipients over the
whole posttransplantation period (Figure 4D). To confirm that
the phenotypically defined bone marrow SLAM LSK cells in pri-
mary recipients (Figure 4C) is correlated with stem cell function,
we sorted SLAM LSK cells from the bone marrow of primary
recipient animals and then tested their ability to support serial
transplantation. When equal numbers of sorted bone marrow
SLAM LSK cells were subjected to competitive serial transplanta-
tion, CD45.2* SLAM LSK cells (derived from the bone marrow of
recipients transplanted with UDP-Glc-mobilized PB) exhibited
superior engraftment potential as compared with CD45.1* SLAM
LSK cells (derived from the bone marrow of recipients trans-
planted with G-CSF-mobilized PB) (Figure 4E).
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Figure 6

A combination of UDP-Glc and G-CSF has an improved mobiliza-
tion efficacy over the use of each agent alone. (A) Combinatorial
administration schedule: G-CSF was injected daily for 4 consecutive
days. UDP-Glc was injected daily for 6 consecutive days. Mice were
sacrificed (day 0; SAC) and blood cells analyzed for HSPC activity.
(B) Mice were treated as described in A. PB cells were collected
from G-CSF- and UDP-Glc/G-CSF-injected mice and transplanted
in equal numbers into lethally irradiated recipient animals. The contri-
bution of donor cells in the PB of recipient animals was assessed at
the indicated times. (C and D) Eighteen weeks after transplantation,
bone marrow cells were obtained from recipient animals (n = 5) and
analyzed by flow cytometry for LSK (C) and SLAM LSK (D) cells.
Data are mean + SD. **P < 0.01.

The preferential engraftment of long-term repopulating cells
with UDP-Glc-mobilized cells may indicate the possibility that
UDP-Glc mobilizes a more primitive subset of HSPCs such as
SLAM LSK cells than G-CSF. UDP-Glc promoted LSK cell mobili-
zation into the PB, with efficacy similar to that of G-CSF (0.048%
vs. 0.058%) (Figure 4F). However, UDP-Glc-mobilized LSK cells
contained a significantly higher proportion of SLAM LSK cells
compared with those of G-CSF-mobilized LSK cells (0.0065% vs.
0.0014%) (Figure 4F). To directly compare HSC activity of UDP-
Glc- and G-CSF-mobilized PBSCs, we purified SLAM LSK cells
from the PB of mice treated with G-CSF or UDP-Glc and eval-
uated their HSC activity in a serial transplantation assay. UDP-
Glc-mobilized PB SLAM LSK cells had greater HSPC activity than
G-CSF-mobilized counterpart cells, as evidenced by their supe-
rior ability to reconstitute the hematopoietic system of irradiated
recipients in serial transplantation assays (Figure 4G). Taken
together, these results strongly suggest that UDP-Glc-mobilized
HSPCs have enhanced self-renewal capacity when compared with
G-CSF-mobilized HSPCs.

UDP-Glc mobilizes distinct subsets of HSPCs in comparison with G-CSF.
It is known that G-CSF administration promotes cell cycle entry
of quiescent bone marrow HSC in both mouse and baboon (31).
Unlike G-CSF, however, UDP-Glc did not appear to function as a
potent mitogen for bone marrow HSPCs (Supplemental Figure 1).
Therefore, we hypothesized that UDP-Glc releases HSPCs from the
niche without causing a significant disruption in cell cycle quies-
cence, and this may improve the long-term engraftment ability of
UDP-Glc-mobilized HSPCs. Indeed, compared with bone marrow
LSK cells isolated from G-CSF-treated mice, the bone marrow LSK
cells isolated from UDP-Glc-treated mice contained a significantly
higher proportion of cells in GO and lower proportion in the G1, S,
and G2/M phases (Figure SA, top right panel). We then analyzed
the cell cycle profiles for UDP-Glc-mobilized PB LSK cells. In com-
parison to G-CSF-mobilized PB LSK cells, UDP-Glc-mobilized
PB LSK cells showed an increased distribution in quiescent (GO0)
fraction and concomitant decreases in G1, S, and G2/M fractions
(Figure SA, bottom right panel).

It is also noteworthy that UDP-Glc-mobilized cells, as compared
to G-CSF-mobilized counterparts, exhibited a differentiation pat-
tern skewed toward the lymphoid lineage in recipient mice (Figure
5B). Of note, with more time elapsed from transplantation, the lin-
eage skewing became more prominent: UDP-Glc-mobilized HSPCs
became more skewed toward lymphoid cells, with a longer post-
transplantation period (Figure 5C). These data support the notion
that UDP-Glc mobilizes a functionally distinct subset of HSPCs.
Volume 123~ Number 8
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Figure 7

UDP-Gilc increases mitochondrial ROS levels and promotes a transient osteoclast differentiation. (A) Mice were injected with UDP-Glc or
UDP-Glc/G-CSF as described in Figure 6A. Lin- bone marrow cells (first row) were further gated (second row) to identify LSK cells. The cel-
lular levels of mitochondrial superoxide were determined using MitoSOX-red within LSK cells (third row). Numbers indicate the percentage
of gated cells. Data are representative of at least 4 mice analyzed individually per treatment group. (B) Mice were injected with UDP-Glc as
described above. Bone marrow cell lysates were analyzed by Western blotting for RANKL expression. Values above each band represent
fold difference in RANKL expression relative to control sample (vehicle injected) after normalization to -actin loading control, as determined
by densitometry. (C and D) Mice were treated as described above. (C) Femurs were sectioned longitudinally and immunostained with an
antibody to RANKL. (D) Tissue sections were also stained for TRAP activity. Arrowheads indicate TRAP-positive cells. A representative
TRAP staining is shown. Scale bar: 50 uM. (E) Bone marrow cells were pretreated with M-CSF and incubated with the indicated concen-
tration of UDP-Glc. TRAP-positive cells were counted from at least 3 wells per treatment group. *P < 0.05, **P < 0.01.
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o g UDP-Glc/G-CSF-treated mice (Figure 6, C and D).
g" 3 UDP-Glc mobilizes HSPCs through the alterations of the
5 2 g osteoblast/osteoclast balance mediated by mitochondrial super-
2 . (; oxide. It has been recently proposed that ROS signaling
w z is closely associated with HSPC mobilization (32, 33).
0 > R— Thus, we examined whether UDP-Glc modulates the

CTL UDP-G UDP-G+ : ; . )
NAGC level of intracellular ROS levels in HSPCs. Since mito-
E UDP-G + N chondria are a major source of ROS, we measured the

L

The combination of UDP-Glc with G-CSF improves HSPC mobiliza-
tion. There is a keen interest in improving the mobilizing effects
of G-CSF (11). Therefore, we investigated a possible combined
effect of UDP-Glc and G-CSF. The mobilizing effect of UDP-Glc
peaked 2-4 hours after the sixth daily consecutive injection (Fig-
ure 1), while G-CSF requires 4 consecutive daily injections (11).
Based on these results, the administration schedule of the com-
pounds was designed to synchronize the maximal effect of each
treatment, as shown in Figure 6A. We first assessed the effects
of these regimens by assessing the colony-forming activity. As
shown in Figure 2, A and B, the combination of G-CSF with
UDP-Glc produced significantly more CFU-Cs compared with
G-CSF alone. CAFC activity was also highly enriched in UDP-
Glc/G-CSF-treated cells (Figure 2C), indicating that G-CSF,
when combined with UDP-Glc, performed better in in vitro HPC
assays. Similarly, the combination of UDP-Glc and G-CSF was
more efficient in mobilizing LSK cells than either alone (Figure
2D). In the setting of competitive repopulation assay, UDP-Glc/
G-CSF-mobilized cells were dominant over G-CSF-mobilized
cells throughout the whole posttransplantation period (Figure
6B). Although UDP-Glc alone was not as efficient as G-CSF in
mobilizing in vitro colony-forming HPCs (Figure 2) or in vivo
short-term repopulating cells (1 month posttransplantation
in Figure 4A), a combination of UDP-Glc and G-CSF mark-
edly enhanced short-term repopulating activity compared with
G-CSF alone, and this competitive advantage continued for at
least S months after transplantation (Figure 6B). Concomitantly,
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AC
vt levels of mitochondrial superoxide in LSK cells. Upon

UDP-Glc treatment, superoxide levels were signifi-
cantly increased in LSK cells (Figure 7A). As increased
intracellular ROS levels upregulate RANKL expression
(34, 35), which could in turn enhance HSPC mobilization
(36), we examined whether UDP-Glc has any direct effect
on RANKL expression. UDP-Glc induced an increase
of RANKL expression, as demonstrated by both West-
ern blot and immunohistochemical analyses (Figure 7, B and C).
RANKL is a potent driver of osteoclast formation, and tipping the
balance in favor of osteoclasts leads to mobilization of HSPCs (29).
We observed a higher proportion of osteoclast cells in UDP-Glc-
treated mice, as evidenced by the expression of the osteoclast-asso-
ciated enzyme tartrate-resistant acid phosphatase (TRAP) (Figure
7D). However, this UDP-Glc-induced osteoclastogenesis was tran-
sient, since the ratio of osteoblasts to osteoclasts returned to the pre-
stimulation level 3-4 weeks after the treatment was stopped (Sup-
plemental Figure 3). In an in vitro osteoclast differentiation assay,
UDP-Glc also promoted the generation of osteoclasts (Figure 7E).
To investigate whether the elevated superoxide levels are indeed
potential mediators of the UDP-Glc-mediated HSPC mobiliza-
tion, the antioxidant N-acetyl-L-cysteine (NAC) was administered.
NAC was able to significantly abrogate the LSK and SLAM LSK cell
mobilization induced by UDP-Glc (Figure 8, A and B), suggesting
that superoxide acted as potential mediators in UDP-Glc mobi-
lization. We then investigated whether the abrogation of UDP-
Glc mobilization by NAC occurs through inhibition of RANKL
expression. Indeed, RANKL expression was notably reduced in
NAC-treated animals in comparison with UDP-Glc-treated ani-
mals (Figure 8, C and D). Similarly, the level of UDP-Glc-induced
osteoclastogenesis was significantly suppressed with NAC treat-
ment (Figure 8E). Together, these findings suggest that UDP-Glc
increases ROS levels, and this in turn enhances RANKL-induced
osteoclast differentiation, leading to HSPC mobilization. Interest-
ingly, while the combination of UDP-Glc and G-CSF augmented
Number 8 3429
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Figure 9

Role of osteoclasts in UDP-Glc—mediated HSPC mobilization. (A) op/op mutant mice (n = 6/group) and littermate controls (n = 10/group) were
treated with vehicle or UDP-Glc. HSPC mobilization was assessed by measuring the numbers of LSK and SLAM LSK cells in PB. In the repre-
sentative images of TRAP staining, arrowheads indicate TRAP-positive cells. Scale bar: 50 uM. (B) P2rx7-- KO and WT controls (n = 10/group)
were treated with vehicle or UDP-Glc. HSPC mobilization was assessed as described in A. In the representative images of TRAP staining,
osteoclasts are present at high numbers at 6 weeks of age in P2rx7-- KO mouse. Data were obtained from 6- to 8-week-old animals. Arrowheads
indicate TRAP-positive cells. Scale bar: 50 uM. (C) B6 mice were injected as described for Figure 4A. Bone marrow cells were collected from each
treatment group and stained with indicated antibodies. Data represent 3 independent experiments. (D) Bone marrow mononuclear cells were
isolated from B6 mice. To determine the protease activity, bone marrow supernatants were analyzed by zymogram analysis as described in the
Methods. The intensity of the zymogram bands was analyzed utilizing densitometry, represented as fold change relative to vehicle-treated mice.
Similar results were observed in 3 independent experiments. Data are mean + SD. *P < 0.05, **P < 0.01; #P < 0.05, #*P < 0.01 vs. P2rx7++ CTL.

HSPC mobilization, it significantly reduced mitochondrial super- Controversy still exists regarding the role of osteoclasts in regulating
oxide levels compared with UDP-Glc alone (Figure 7A, right HSPC mobilization (36-39), raising the question of whether osteo-
panel). This suggests that the combination of UDP-Glc and G-CSF  clasts indeed play an essential role in UDP-Glc-mediated HSPC mobi-
augments the mobilizing effect through as yet unknown mecha-  lization. To address this question, we first utilized the osteopetrotic
nisms, rather than via a further increment of ROS level. (op/op) mouse model. Mice homozygous for the op mutation exhibit
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Analysis of HSPC migration in response to UDP and UDP-Gilc. (A) Mice were treated as described in Figure 8. Expression levels of CXCR4
were determined in bone marrow and PB cells after gating on LSK or SLAM LSK subsets. Data are from at least 2 independent experiments
with 4 mice/group. (B and C) B6 mice (n = 7/group) were treated with UDP-Glc or UDP-GIc/NAC as described in A. PB cells (CD45.2)
were collected and injected into recipient mice (CD45.1.2) (6 x 108/mouse), which were conditioned 24 hours before injection. Animals
were sacrificed 12—14 hours after injection. (B) Recipient bone marrow cells were analyzed for expression of donor cell marker (CD45.2).
(C) CD45.2+ cells were gated and analyzed for the presence of LSK cells. (D) B6 mice (n = 5/group) were injected with UDP (200 mg/kg),
UDP-Gilc (200 mg/kg), or UDP plus UDP-Glc and PB LSK cells quantified. (E) Chemotaxis assays were performed as described in Figure
1E. Lin— bone marrow cells were placed in the upper well (108/well); UDP, UDP-Gilc, or UDP plus UDP-Glc (10 uM each) was placed in the
lower wells. Cells that migrated to lower wells were collected and stained for Sca-1 and c-Kit. Data represent 2 independent experiments,
each with duplicate wells per treatment condition. Data are mean + SD. *P < 0.05, **P < 0.01.
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a severe deficiency of osteoclasts, and this strain can serve as a model
to investigate the role of osteoclasts in UDP-Glc-mediated HSPC
mobilization (40). Administration of UDP-Glc into littermate con-
trol mice (CTL; +/0p) induced osteoclastogenesis and promoted the
mobilization of LSK cells and SLAM LSK cells (Figure 9A). However,
op/op mice given the same treatment showed no changes in osteoclas-
togenesis and failed to show a statistically significant increase in the
number of peripheral LSK and SLAM LSK cells (Figure 9A). These
results suggest that osteoclasts play an important role in the regula-
tion of UDP-Glc-mediated HSPC mobilization.

To further study the impact of osteoblasts/osteoclasts in UDP-
Glc-mediated HSPC mobilization, P2X;-deficient mice were ana-
lyzed. Deficiency of P2X; in the mouse results in impaired bone
formation and excessive bone resorption (41). In accordance with
this finding, a significantly increased numbers of osteoclasts were
detected in untreated P2X; KO mice (Figure 9B). UDP-Glc did not
lead to a further noticeable increase in osteoclast activity in P2X;
KO mice. Similarly, UDP-Glc-treated P2X; KO mice showed no
significant increase in the number of peripheral LSK cells, com-
pared with the vehicle-treated P2X; KO mice (Figure 9B, top left).
There was a trend toward moderately increased numbers of SLAM
LSK cells (~1.9-fold) in the blood of UDP-Glc-injected P2X; KO
mice. However, this did not reach statistical significance. Nota-
bly, steady-state basal levels of circulating LSK cells were elevated
in P2X7; KO mice compared with those in WT mice (Figure 9B,
top left), suggesting the possibility that P2X; deficiency may lead
to constitutive LSK cell mobilization in part through increased
osteoclast activity. Taken together, these results suggest a poten-
tial role of osteoclasts in UDP-Glc-induced HSPC mobilization.

The proteolytic enzymes produced by monocytes/granulocytes are
also important contributors mediating HSPCs mobilization (42).
Thus, we examined whether UDP-Glc could induce the release of
proteases from monocytes/granulocytes. As previously documented,
there were overall increases in the percent of CD11b* and/or Gr-1*
cells in the bone marrow of G-CSF-treated mice; in contrast, UDP-
Glc did not lead to any notable changes in the percent of CD11b*
and/or Gr-1* cells in the bone marrow (Figure 9C). Elevated levels of
the proteolytic enzymes such as MMP-9, neutrophil elastase (NE),
and cathepsin G (CG) were observed in mice treated with G-CSF (Fig-
ure 9D). UDP-GIc also elevated the level of MMP-9 and NE but at
a significantly lower level compared with those treated with G-CSF
(Figure 9D). There were no significant differences in MMP-2 and CG
levels between vehicle- and UDP-Glc-injected groups.

We then determined the effect of UDP-Glc on the expression of
CXCR4, which plays a key role in homing and mobilization of HSPCs
(43). UDP-Glc-treated mice displayed no significant change in the
percentage of CXCR4-expressing cells in their bone marrow LSK and
SLAM LSK cells (Figure 10A, top panel). In contrast, UDP-Glc treat-
ment led to an increased CXCR4 expression in the peripheral (circu-
lating) LSK (33.4% vs. 15.2%) and SLAM LSK (53.1% vs. 14.5%) pop-
ulations (Figure 10A, bottom panel). NAC was able to abrogate the
increase of CXCR4 expression induced by UDP-Glc, albeit not com-
pletely. When injected, UDP-Glc-mobilized PB cells homed to the
bone marrow more efficiently than did vehicle-treated PB cells (Figure
10B). Homing of UDP-Glc-mobilized cells was inhibited by NAC pre-
treatment. A significantly higher number of donor-derived LSK cells
(P < 0.05) was found in the bone marrow of mice transplanted with
UDP-Glc-mobilized PB cells than in those of mice transplanted with
vehicle-treated PB cells (Figure 10C). However, given that UDP-Glc-
mobilized PB contained greater numbers of LSK cells (Figure 2D), it is
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not clear whether UDP-Glc has a major effect on the homing capacity
of the mobilized LSK cells through its upregulation of CXCR4.

It was previously shown that UDP antagonizes the action of
UDP-Glc (44). We therefore evaluated the effects of UDP on UDP-
Glc-mediated HSPCs migration. UDP alone did not elicit any
appreciable change in the number of LSK cells in the peripheral
circulation (Figure 10D). However, when UDP was simultaneously
treated with UDP-Glc, it antagonized UDP-Glc-induced LSK cell
mobilization (Figure 10D). Interestingly, UDP could chemoattract
LSK cells in vitro in the presence or absence of CXCL12 (Figure
10E). Conversely, UDP-Glc treatment led to a moderate inhibition
of UDP-induced chemotaxis, but this did not reach the statistical
significance in the presence of CXCL12.

Discussion
Mobilized HSPCs could regenerate a complete hematopoietic sys-
tem for cancer patients with hematolymphoid malignancies or
solid tumors. Yet more than 20% of patients fail to mobilize suf-
ficient stem cells for transplantation (45). These include patients
who were previously treated with intensive radiation and chemo-
therapy, those who have genetic disorders such as FA, and those
who are over 60 years of age (11, 46). A combination of G-CSF with
cytotoxic agents improves HSPC mobilization in poor-mobilizer
patients, but this is often accompanied by serious side effects (47).
Such limitations necessitate the discovery of novel mobilizing reg-
imens, so that therapy can be tailored to the individual. The data
presented in the current study establish what we believe is a novel
aspect of the nucleotide sugar, UDP-Glc, in HSPC mobilization.
Functional characteristics of HSPCs, such as homing, engraft-
ment, cell cycle status, and self-renewal activity vary according to
their tissue of origin (14, 48). For example, circulating blood stem
cells can not compete effectively against bone marrow-derived
stem cells for long-term multilineage repopulation (49). Therefore,
when mobilized cells are assessed for their functional activity, it is
more legitimate to compare cells from the same tissue origin, i.e.,
G-CSF-mobilized PB versus UDP-Glc-mobilized PB. To this end,
we adapted a competitive repopulation assay in which a mixture of
equal numbers of UDP-Glc- and G-CSF-mobilized blood cells were
transplanted into conditioned recipients (see Supplemental Figure
2), which allowed a direct comparison of UDP-Glc-mobilized cells
with G-CSF-mobilized cells under the same microenvironment.
Following administration of UDP-Glc, the spleen and blood
contained increased numbers of CFU-Cs. Since the frequency of
HSPCs in the spleen is about 10% of that of bone marrow, the
increase of CFU-Cs in the spleen (Figure 1B and Figure 2B) may
have been the result of mobilization, expansion of resident splenic
HSPCs, or (most likely) both. While UDP-Glc-mobilized cells had
a lower capacity to form in vitro colonies compared with G-CSF-
mobilized cells, serial transplantation experiments showed that
UDP-Glc preferentially mobilized long-term self-renewing HSPCs.
UDP-Glc-mobilized PB contained a greater number of SLAM LSK
cells than G-CSF-mobilized cells, which could provide a rationale
for their superior long-term repopulating ability. However, when
sorted peripheral SLAM LSK cells from UDP-Glc mobilization were
compared with equal numbers of counterpart cells from G-CSF
mobilization in competitive serial transplantation models (Figure
4G), UDP-Glc-mobilized SLAM LSK cells consistently displayed
superior long-term repopulating ability, suggesting that the qual-
itative advantage of UDP-Glc-mobilized HSPCs also account for
the superior engraftment potential of UDP-Glc-mobilized cells.
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Cytokine-induced stem cell mobilization is often accompa-
nied by profound changes in number and composition of acces-
sory cells contained within the PBSC collection (50). In contrast,
UDP-Glc did not cause any noticeable quantitative changes in the
accessory cell compartment (Figure 3A). Accessory cells, especially
T cells, exert immune regulatory function and influence the devel-
opment of GVHD and graft-versus-leukemia (GVL) in the allo-
geneic setting (51). UDP-Glc appears to have minimal effects on
peripheral T cell numbers, which may be beneficial in reducing
the incidence and severity of GVHD in the setting of certain clin-
ical situations. When transplanted, the skewing of the lymphoid/
myeloid ratio toward the lymphoid lineage was pronounced in the
UDP-Glc-mobilized HSPCs (Figure 5, B and C). In addition, UDP-
Glc did not disrupt cell cycle quiescence of HSPCs, and this could
contribute to the enhanced long-term engraftment potential of
UDP-Glc-mobilized cells. All of these findings indicate that UDP-
Glc is a previously unrecognized HSPC mobilizer that egresses a
functionally distinct subset of the HSPCs.

Redox signaling plays a central role in regulating HSPC mobili-
zation (32), because many of the cytokines, chemokines, and adhe-
sion molecules associated with HSPC mobilization are regulated
through a redox-regulated process (52). Mice treated with UDP-
Glc expressed high levels of mitochondrial superoxide in their
HSPCs. Using antioxidants to lower these mitochondrial super-
oxide levels significantly reduced the mobilizing effect of UDP-
Glc, and this coincided with the reduction in RANKL and osteo-
clastogenesis (Figure 8). These results therefore suggest that ROS
play a role in mediating the UDP-Glc-induced HSPC mobilization
through an increase of RANKL expression and osteoclast activity.

It has been shown that osteoclasts mediate HSPC egress from the
endosteal osteoblastic niche by degrading endosteal components
(36, 37, 39). However, other lines of evidence indicate that osteo-
clasts are dispensable for HSC mobilization (38). UDP-Glc mobili-
zation was not achievable in mouse models of osteopetrosis (op/op),
suggesting that osteoclast formation is required for UDP-Glc-
mediated HSPC mobilization. On the other hand, P2X; KO mice,
which display excessive osteoclast resorption activity at 6-8 weeks
of age (41), showed a higher number of circulating LSK cells than
WT mice, even under steady-state conditions. UDP-Glc did not
further increase osteoclast formation in P2X; KO mice that were
already osteoporotic, and no significant change was observed in
the number of peripheral LSK cells in UDP-Glc-injected P2X; KO
mice. Taken together, our findings suggest that the extent of osteo-
clast formation in response to UDP-Glc is functionally associated
with the ability of UDP-Glc to mobilize HSPCs.

Other mechanisms for UDP-Glc-induced mobilization would be
an indirect effect involving activation of neutrophils with the sub-
sequent release of proteases (53): increased levels of proteases can
attack several target proteins, including CXCR4, CXCL12 (SDF-
la), or VCAM-1, leading to inactivation of CXCR4/CXCL12- or
VCAM-1/VLA-4-dependent signals and thus cell migration out of
bone marrow. Unlike G-CSF, however, UDP-Glc had no effect on
granulocyte and monocyte mobilization (Figure 3A). Furthermore,
UDP-Glc was able to mobilize HSPCs in G-CSFR-deficient (Csf3r7/")
mice, although to a lesser extent than in WT mice (Figure 3B),
suggesting that granulocyte and monocyte mobilization does not
appear to be essential in UDP-Glc-mediated mobilization. Despite
the insignificant impact on granulocytes and monocytes, there were
trends toward modest increases in the levels of MMP-9 and NE (but
not MMP-2 and CG) in the bone marrow of UDP-Glc-injected mice
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(Figure 9D). While this increase was substantially lower in magni-
tude compared with increases in G-CSF-treated mice, we cannot
exclude the possibility that proteolytic enzymes contribute, at least
to some extent, to UDP-Glc-mediated mobilization.

UDP-Glc treatment increased CXCR4 cell surface expression
in peripheral HSPCs but not in bone marrow HSPCs (Figure
10A). However, it remains an open question as to whether or not
the increased CXCR4 expression by UDP-Glc is associated with
increased homing capacity.

UDP-Glc is known to bind the P2RY14 receptor. It is therefore
of interest to investigate whether UDP-Glc triggers HSPC mobi-
lization through P2RY14 receptor-dependent or -independent
mechanisms (or both). While this area warrants further study
using animal models such as conditional P2ry14 KO animals,
there are contradictory reports that UDP-Glc is not a function-
ally relevant ligand at P2RY14 receptor (54, 55). It is also note-
worthy that HSPC mobilization is often mediated through mul-
tiple trans-acting signals rather than ligand-receptor interactions
(56, 57). Recent studies established the biological significance of
extracellular nucleotides in migration and engraftment of human
HSPCs (19, 20): UTP has the capacity to chemoattract human
CD34* cells and enhances engraftment of human HSPCs. Because
chemokine/chemokine receptor axes play a critical role in HSPC
mobilization, it is notable that P2RY14 also encodes a 7-trans-
membrane G-protein coupled receptor (GPCR) with a chemok-
ine receptor signature (e.g., DRY motif in the 3rd intracellular
domain) (58). However, UDP-Glc did not display chemoattractive
properties on mouse LSK cells. Rather, UDP, which antagonizes
the action of UDP-Glc (44), had chemotactic activity and attracted
mouse LSK cells (Figure 10).

Quiescent HSCs have higher long-term repopulating abil-
ities than do HSCs in active cell cycle (59). Since UDP-Glc does
not affect cell cycle quiescence of bone marrow-resident HSPCs
(Figure 5A), this could contribute to the enhanced long-term
engraftment potential of UDP-Glc-mobilized cells. How UDP-
Glc mobilizes HSPCs without disrupting cell cycle quiescence
remains unknown. Unlike cytotoxic drug- and/or cytokine-based
mobilizations that are often accompanied by marked changes in
cell proliferation, cell death, and bone marrow sinusoidal endothe-
lium, UDP-Glc did not lead to significant changes in any of these
secondary events. It is also conceivable, although still speculative,
that UDP-Glc may regulate cell cycle progression through modu-
lation of cyclin-dependent kinase inhibitors.

UDP-Glc is a naturally occurring metabolite in the human body,
so that it may mitigate many of the side effects often associated with
other synthetic mobilizers. Indeed, none of the UDP-Glc-treated
animals showed signs of side effects such as spleen enlargement
(Supplemental Figure 4). They appeared normal and healthy dur-
ing the course of the study. Furthermore, UDP-Glc-induced osteo-
clastogenesis is only temporary (reversible) (Supplemental Figure 3).
Nevertheless, when a new compound is considered for clinical devel-
opment, it is generally recommended to initiate therapy at a low
dose to minimize potential adverse effects. A high-potency UDP-
Glc, MRS 2690, displays approximately 7-fold higher potency than
UDP-Glc (60), and became commercially available in recent years.
This new compound may allow a reduction in the dose of UDP-Glc
needed while maintaining the desired effects.

Considering the high cost, side effects, and ineffectiveness of
conventional mobilization regimens, there is a compelling need
to seek alternative mobilization regimens. UDP-Glc mobilizes
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functionally distinct subsets of HSPCs compared with those
mobilized by G-CSF, suggesting the possibility that the combi-
nation regimen might enhance both short- and long-term repop-
ulating capacity of the mobilized cells. In this context, UDP-Glc
can be utilized as a complement regimen that potentiates the
long-term repopulating capacity of G-CSF-mobilized HSPCs.
Therefore, on the basis of our observations, UDP-Glc mobili-
zation, either alone or combined with G-CSF, could potentially
provide a scientific basis for improving transplantation out-
comes. Moreover, UDP-Glc minimally affects the immune cell
content of the mobilized cells, and this may alter the likelihoods
of graft failure, GVHD, and GVL.

The small size of UDP-Glc offers other tangible advantages
over other protein-based mobilizers, including easy access to
intracellular targets, low cost, and ease of production as well as oral
bioavailability. Administration of UDP-Glc appeared to be well tol-
erated at high doses, suggesting the potential suitability as a ther-
apeutic agent in humans. Clearly, further pharmacokinetic data
will be required in pursuit of more effective HSPC mobilization
and to lessen toxicity to donors and recipients. Our results may
have important clinical implications in designing new mobilization
strategies to improve the efficiency and outcome of autologous and
allogeneic PBSC transplantation.

Methods

Animals and treatment. Mice received s.c. injections of UDP-Glc (200 mg/kg;
Sigma-Aldrich) dissolved in sterile endotoxin-free PBS. G-CSF (Neupogen;
Amgen) was administered daily at a dose of 300 ug/kg s.c. for 4 consecutive
days as previously described (11). For the combination group, mice were
injected UDP-Glc at 200 mg/kg s.c. for 6 consecutive days (from day 0 to
day 5), accompanied by 300 ug/kg s.c. injections of G-CSF (from day 2 to
day 5). NAC (Sigma-Aldrich) was administered s.c. at 100 mg/kg/day.

CFU-C and CAFC. Mobilized mononuclear PB cells and spleen cells were
seeded for the colony-forming cell (CFC) assay. The numbers of BFU-E,
CFU-GM, and CFU-GEMM colonies were counted using standard criteria.
CAFC was performed as described previously (61).

Transplantation. For competitive repopulation assays, an equal num-
ber of PB cells mobilized by each agent (PBS vs. UDP-Glc, UDP-Glc vs.
G-CSF, and G-CSF vs. UDP-Glc/G-CSF) were transplanted into condi-
tioned recipient mice (CD45.1.2., 9.5-10 Gy). Although we used CD45
congenic animals (B6) in competitive repopulation assay, in order to
confirm that our results are not due to potential variability resulting
from the disparity between the CD45.1 and CD45.2, the results were fur-
ther confirmed by reciprocal injections of mobilizers (i.e., inject G-CSF
into CD45.1 and UDP-Glc to CD45.2 mice, and vice versa). The ratio of
CD45.1/CD45.2 cells in recipient PB was determined at various times
after transplantation. When we transplant sorted CD45.1* SLAM LSK or
CD45.2* SLAM LSK cells into lethally irradiated animals, 1-2 x 10¢ PB
cells (CD45.1.2) were co-administered whose contribution to recipient
hematopoietic reconstitution is minimal.

Flow cytometry analysis. The relative contributions of UDP-Glc-, G-CSF-,
and UDP-Glc/G-CSF-mobilized PB cells to recipient blood and bone
marrow were assessed by flow cytometry analysis using anti-CD45.1 and
anti-CD45.2 antibodies (eBioscience). PB LSK and SLAM LSK cells were
phenotyped using the following antibodies: lineage markers PE-Cy7-con-
jugated anti-CD3, anti-CD4, anti-CD8, anti-CD45R, anti-CD11b, anti-
Gr-1,and anti-TER-119 (eBioscience); PE-conjugated anti-Sca-1 (eBiosci-
ence); APC-conjugated anti-c-Kit (eBioscience); perCP/Cy5.5-conjuated
anti-CD150 (BioLegend); Pacific Blue-conjugated anti-CD48 (BioLeg-
end). The percentage of bone marrow LSK and SLAM LSK cells derived
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from UDP-Glc- and G-CSF-mobilized cells was analyzed among the gated
CD45.1 or CD45.2 compartment. Mitochondrial superoxide level was
measured using MitoSox (Invitrogen) within LSK cells according to the
manufacturer’s instructions.

TRAP staining and immunobistochemistry. Femurs dissected from treated mice
were embedded in paraffin and longitudinally cut to 5-um thickness. For
identification of osteoclasts, the sections were stained using a TRAP staining
kit (B-Bridge International Inc.) according to the manufacturer’s instruc-
tions. For the in vitro osteoclast differentiation assay, bone marrow cells
(2 x 10%) were pretreated with 20 ng/ml M-CSF (eBioscience) for 3 days and
further cultured for 4 days with various concentrations (0-200 uM) of UDP-
Glc. After 7 days of incubation, cells were stained and counted as described
above. For immunohistochemical staining of RANKL, the sections were incu-
bated overnight with anti-mouse RANKL (Santa Cruz Biotechnology; 1:50).

Chemotaxis assay. For chemotactic assays, lineage-depleted cells (10°/
well) were placed in the upper chamber. UDP, UTP, and UDP-Glc (10 uM;
Sigma-Aldrich) were placed to the bottom chamber with or without
CXCL12 (120 ng/ml; Peprotech). After 6 hours of incubation, migrated
cells were stained with FITC-conjugated anti-mouse Sca-1 (eBioscience) and
APC-conjugated anti-mouse c-Kit (eBioscience). Flow cytometry was used
to enumerate migrated cells.

Zymographic analysis. For zymography, bone marrow supernatants were
loaded on 10% precasted polyacrylamide gel with gelatin for MMP-2 and
MMP-9, and 12.5% precasted polyacrylamide gel (Bio-Rad) with casein for NE
and CG under non-reducing conditions. After electrophoresis, the gels were
washed in zymogram renaturation buffer (2.5% Triton X-100) and then incu-
bated overnight at 37°C in zymogram development buffer (Bio-Rad). The gels
were then stained with 0.5% Coomassie blue solution and destained. Protein-
ase activity was determined using colorless zones against a blue background.

Statistics. All data are expressed as mean + SD. One-way ANOVA was used
for multiple comparisons using SPSS version 16.0 software. P < 0.05 was
considered statistically significant.

Study approval. All animal studies were conducted after review and
approval by the University of Pittsburgh’s Institutional Animal Care and
Use Committee and in accordance with the University of Pittsburgh’s Pol-
icy on the Care, Welfare, and Treatment of Laboratory Animals.
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