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Abstract: Introduction: Mesenchymal stem cells (MSCs) contribute to the engraftment of transplanted hemato-
poietic stem cells (HSCs). MSCs also accelerate hematological recovery by secreting SDF-1 and enabling HSCs to
enter the bone marrow (BM) via the SDF-1/CXCR4 axis. HOXB4 has been shown to stimulate HSC self-renewal. In
this study, we examined whether SDF-1 and HOXB4 expression in MSCs co-transplanted with HSCs could synergis-
tically improve hematopoietic recovery in irradiated mice. Methods: Using recombinant adenoviruses, we gener-
ated genetically modified BM-MSCs that expressed SDF-1, HOXB4, and an SDF-1/HOXB4 fusion gene. We then
co-transplanted these modified MSCs with HSCs and investigated blood cell counts, BM cellularity, degree of human
HSC engraftment, and survival rate in irradiated mice. Results: We found that co-culturing the SDF-1/HOXB4 fu-
sion gene-modified MSCs (SDF-1/HOXB4-MSCs) and human umbilical cord blood CD34* cells significantly improved
HSC cell expansion in vitro. More importantly, co-transplantation of CD34* cells and SDF-1/HOXB4-MSCs markedly
increased the hematopoietic potential of irradiated mice as evidenced by the rapid recovery of WBC, PLT and HGB
levels in peripheral blood and of BM cellularity. Co-transplantation also markedly improved engraftment of human
CD45" cells in mouse BM. Conclusions: Our study demonstrates that SDF-1/HOXB4-MSCs markedly accelerate
hematopoietic recovery and significantly improve survival among mice treated with a lethal dose of irradiation.
Therefore, SDF-1/HOXB4-MSCs could have therapeutic value by improving the efficacy of clinical transplantations
in patients with defective hematopoiesis.
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Introduction vant role for MSCs [10], but they have also sug-
gested that co-transplantation of HSCs with

It isWe”accepted thattransplantation of hema- MSCs may improve overall clinical outcomes

topoietic stem cells (HSCs) is one of the most
effective therapies for patients with hemato-
poietic disorders and with various forms of
ischemic anemia resulting from chemoradia-
tion [1]. Recent studies have found that the
bone marrow engraftment of transplanted
HSCs is improved when they are co-transplant-
ed with umbilical cord-derived or bone marrow-
derived mesenchymal stem cells (MSCs) [2-9].
These studies have not only uncovered an adju-

(5]

An early and critical step for engraftment
involves the stable homing of transplanted
HSCs to the bone marrow (BM). Masuda et al.
have shown that co-transplantation with MSCs
improves HSC migration and homing to the BM
[7]. MSCs express high amounts of stromal cell-
derived factor-1 (SDF-1), also known as chemo-
kine (C-X-C motif) ligand 12 (CXCL12), which
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binds to its cognate receptor C-X-C motif recep-
tor 4 (CXCR4) in HSCs [11]. This interaction
mediates the proliferation, migration and hom-
ing of HSCs (3, 21, 22). These observations
suggest that HSC engraftment and hematologi-
cal recovery might be enhanced if SDF-1
expression is upregulated in MSCs [11-13]. In
addition to external factors, it is known that
reprogramming transcription factors, such as
homeobox B4 (HOXB4), can effectively enhance
the self-renewal of HSCs [14-16]. The rein-
forced expression of HOXB4 has been found to
increase the efficiency of renewal and produce
the most effective HSCs (reviewed in [17]).

In this study, we transduced human BM-MSCs
with recombinant adenovirus expressing a
SDF-1/HOXB4 fusion gene, and co-transplant-
ed these modified MSCs with human cord
blood CD34* HSCs (CB-HSCs) into total body
irradiated NOD-SCID mice. The hematopoietic
reconstitution of these experimental mice was
analyzed, and a potential application of this
enhanced transplantation procedure is dis-
cussed in the context of acute irradiation injury
and other hematopoietic disorders.

Materials and methods
Animals and human specimens

Four- to six-week-old female NOD/SCID/IL2ry™"
mice from Jackson Laboratory (Bar Harbor, ME,
USA), weighing 18-20 g, were kept in a sterile
hood. The feed was sterilized with ¢°Co radia-
tion. All animal studies were approved by the
Institutional Animal Care and Use Committee at
the Third Military Medical University (Chongging,
China).

Umbilical cord blood samples were collected
from healthy, full-term newborn infants at the
Department of Gynecology and Obstetrics.
Bone marrow samples were collected from
patients who underwent a bone marrow aspira-
tion/biopsy procedure for suspected hemato-
logic disorders at the Department of Hema-
tology, the Southwest Hospital (Chong-
ging, China). Around 2-4 ml of bone marrow
was collected from each patient. All the bone
marrow cells used in this study were examined
by routine morphologic and immunophenotypic
assays and classified as normal. Written and
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informed consent was obtained from all study
participants prior to enrollment. This study was
approved by the Ethics Committee of the Third
Military Medical University.

Preparation of recombinant adenovirus

Full length SDF-1 and HOXB4 genes, as well as
a SDF-1-(GlySer) 3-HOXB4 fusion gene were
synthesized within unique Xho | and EcoR |
sites. These genes were inserted into the ade-
novirus vector pIRES2-EGFP (Foregene, Beijing,
China) to generate the recombinant adenovirus
expression plasmids pAD-SDF-1-IRES-GFP,
pAD-HOXB4-IRES-GFP and pAD-SDF-1-(GlySer)
3-HOXB4-IRES-GFP. After digestion with Pac I,
the linearized recombinant plasmids were
transfected into 293A cells (Jingmei Biotech
Co.Ltd., Shenzhen, China), which were subse-
quently maintained by routine cell culture.
When 80% cytopathic effect (CPE) was
achieved, the supernatants containing recom-
binant adenovirus AD-SDF-1-IRES-GFP, AD-
HOXB4-IRES-GFP and AD-SDF-1-(GlySer) 3-
HOXB4-IRES-GFP, hereafter called AD-SDF-1,
AD-HOXB4 and AD-SDF-1/HOXB4 respectively,
were harvested and titered in 293A cells. The
titers of recombinant adenoviruses (rADs) were
adjusted to a final of 1 x 10! infectious units/
ml (IFU) and stored in -80°C.

MSC preparation and transfection with rADs

Human BM-MSCs were isolated from BM aspi-
rates based on previously published methods
[7, 10]. Briefly, the harvested BM aspirate was
digested with ACK buffer (155 mM NH,CI, 10
mM KHCO3, and 0.1 m Methylenediamine tet-
raacetic acid; Wako, Osaka, Japan) to lyse red
blood cells and then subjected to Ficoll separa-
tion to obtain the nucleated cell fraction. MSCs
were isolated by allowing them to adhere to
plastic for 1 hour, and then they were cultured
for 2 to 3 weeks in Dulbecco’s modified Eagle’s
medium supplemented with 20% fetal bovine
serum and penicillin/streptomycin at 37°C with
5% CO,,.

MSCs, at 80% confluence, were transfected
with 20 ul of the rAds with 10 multiplicity of
infection (MOI). After 5 days, the transfected
cells were observed under fluorescence micro-
scope for GFP expression. The immunopheno-
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type of MSCs transfected with various rAds
were analyzed by flow cytometry (FCM) using PE
labeled anti-human CD34, and FITC labeled
anti-human CD45, CD44, and CD90 monoclo-
nal antibodies (mAb). The expression levels of
transduced genes were confirmed by RT-PCR
and Western blot analysis.

Isolation of HSCs

Umbilical cord blood CD34* cells were isolated
according to our previously published method
[18]. Briefly, umbilical cord blood samples were
collected from healthy, full-term newborns
immediately at birth. Mononuclear cells were
isolated by using Isopaque-Ficoll gradients. The
CD34" cells were obtained using a mini mag-
netic cell sorting system (mini-MACS; Miltenyi
Biotec, Germany) according to the manufactur-
er's instructions. The purity of the isolated
CD34* cells was analyzed with FCM using PE
labeled mouse anti-human CD34 mAb (eBiosci-
ence, USA).

In vitro co-culture of recombinant MSCs and
HSCs

Recombinant Ads-transfected MSCs (1 x 10*
cells) were seeded in single wells of a 24-well
plate in triplicate. These MSCs were exposed to
a 30 Gy dose of ¢°Co y-radiation at 80% conflu-
ence, which were taken as the trophocytes.
Purified CD34"* cells (5 x 10%) were then plated
into each well and co-cultured for 7 days in
serum-free culture media supplemented with
SFC (100 ng/ml; Behringwerke, Marburg, Ger-
many), IL-3 (50 ng/ml; Boehringer Mannheim,
Mannheim, Germany) and GM-CSF (25 ng/ml;
Boehringer Mannheim). After 8 days, nonadher-
ent cells in each well were counted and ana-
lyzed by FCM using PE labeled mouse anti-
human CD34 mAb (eBioscience, USA).

Co-transplantation of recombinant MSCs and
HSCs

After a 3.5 Gy dose of ®°Co total radiation, the
animals were provided with food supplemented
with antibiotics and sterile, acidized drinking
water containing amphotericin B (80 mg/l) and
ciprofloxacin (80 mg/I). Within 12 hours of irra-
diation, 12 mice in each experimental group
were transplanted or co-transplanted with the
following amounts of cells via the tail vein: (1)
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SDF-1 group: 8 x 10° SDF-1/MSCs+ 1 x 10°
CD34" cells; (2) HOXB4 group: 8 x 10° HOXB4/
MSCs+ 1 x 10° CD34" cells; (3) S-H group: 8 x
10° SDF1-HOXB4/MSCs+ 1 x 10° CD34" cells;
(4) MSC-HSC group: 8 x 10° MSCs+ 1 x 10°
CD34" cells; (5) HSC group: 1 x 10° CD34*
cells; (6) IR group: 0.3 ml physiological saline
per mouse (no treatment control).

The general status and survival of animals were
recorded daily after transplantation. At 1, 2, 3
and 4 weeks after transplantation, tail vein
blood was harvested and the leukocyte and
platelet counts and the hemoglobin levels were
examined. At 2 and 4 weeks after transplanta-
tion, 2 mice from each group were anesthetized
with isoflurane and sacrificed by cervical dislo-
cation. The BM cells from their tibia and femur
were harvested for cytology analysis with
Wright staining. Engraftment of human cells
was evaluated by FCM immunophenotyping
with FITC-labeled anti-human CD45 antibody
(eBioscience, USA).

Reverse transcriptase polymerase chain reac-
tion (RT-PCR)

The expression levels of SDF-1, HOXB4 or
SDF-1/HOXB4 mRNA were analyzed by RT-PCR.
Briefly, total RNA was isolated from rADs-trans-
fected MSCs, reversely transcribed into cDNA,
and subjected to PCR using a kit (Promega,
USA). PCR primers, designed with Primer
Premier 5.0 software (Premier, Canada), are as
follows: for SDF-1, 5-GCCTGAGCTACAGATG-
CC-3’ (forward) and 5-AGCTTTCTCCAGGTAC-
TCCT-3’ (reverse); for HOXB4, 5-AGCGATTACC-
TACCCAGCGACC-3’ (forward) and 5-AGGAGC-
CCGAGGGGACAGAC-3' (reverse); for SDF-1/
HOXB4 fusion gene, 5-GCCTAGGCTACAGATG-
CC-3' (forward) and 5-AGGAGCCCGAGGGG-
ACAGAC-3’ (reverse). Human B-actin was used
as the internal control.

Western blotting

Total protein was prepared from MSCs trans-
fected with various rAds. After separation by
SDS-PAGE, proteins were transferred onto
PVDF membranes and incubated at 4°C over-
night in 1:1000 diluted goat anti-human SDF-1
(Santa Cruz Biotechnology, Inc., USA) or 1:800
diluted goat anti-human HOXB4 (Santa Cruz
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Figure 1. The properties of transfected MSCs. A and B. Expression of the transgenes in MSCs. The MSCs were
prepared from bone marrow cells and transfected with the recombinant adenovirus Ad-SDF-1, Ad-HOXB4 and Ad-
SDF-1/HOXBA4. Five days later, the transfected cells were examined for expression of SDF-1, HOXB4 and SDF-1/
HOXB4 genes by RT-PCR and Western blotting assays. The empty virus and the GAPDH gene were used as controls
A. The transfected MSCs were further examined for GFP expression by fluorescence microscopy. B, C. The expres-
sion of surface markers of MSCs before and after transfection with rAD-SDF-1/HOXB4 as analyzed by FCM assay
using PE labeled anti-human CD34 and FITC labeled anti-human CD45, CD44, and CD90 mAbs.

Biotechnology, Inc.). This was followed by incu-
bation with rabbit anti-goat 1gG HRP (Santa
Cruz Biotechnology, Inc.) and detection of tar-
get bands by an enhanced chemiluminescence
assay. Human [-actin was used as a control.
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Statistical analysis

Statistical analysis was performed with SPSS
10.0 software. Measurement data were exp-
ressed as means + standard deviation (SD).
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Figure 2. Effects of the transfected MSCs on HSCs. Recombinant Ads-transfected MSCs (1 x 10* cells) were exposed
to a 30 Gy dose of %°Co y-radiation, which were taken as the trophocytes. Then purified CD34* cells (5 x 10* cells)
were co-cultured with modified MSCs or unmodified MSCs for 7 days. The following day (day 8), nonadherent CD34*
cells in each well were detected by FCM using a PE labeled mouse anti-human CD34 antibody. The left panel shows
a representative result of three independent experiments. The statistical analyses are displayed in the right panel.
SDF-1: SDF-1/MSCs+ CD34* cells; HOXB4: HOXB4/MSCs+ CD34* cells; S-H: SDF1-HOXB4/MSCs+ CD34"* cells;

MSC + HSC: untreated MSCs+ CD34* cells.

Measured data among groups were compared
with single-factor analysis of variance. The sur-
vival rate among groups was compared by chi-
square test. A difference was considered sig-
nificant at P < 0.05.

Results

Expression levels of transduced genes in
MSCs

Expression levels of transduced genes in
human BM-MSCs were examined by RT-PCR
and Western blotting assays. BM-MSCs trans-
duced by rAd-SDF-1 simultaneously expressed
endogenous SDF-1 and exogenous SDF-1
(Figure 1A). As expected, mRNA and protein
levels of endogenous HOXB4 were low and
undetectable, respectively, in BM-MSCs. In
contrast, transduced MSCs expressed high lev-
els of exogenous HOXB4. MSCs transduced
with the SDF-1/HOXB4 fusion gene also pro-
duced stable levels of mMRNA and protein prod-
uct (Figure 1A). GFP expression, as detected by
fluorescence microscopy, confirmed that the
genetically modified MSC strains were trans-
duced with similar efficiencies (Figure 1B).
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After confirming that the transgenes were being
expressed, the modified MSCs were immuno-
phenotyped using well-characterized surface
markers. As expected, untransfected MSCs
expressed CD90 and CD44 (MSC markers) and
did not express CD34 and CD45 (hematopoi-
etic cell markers) [19, 20]. Importantly, these
expression patterns were maintained in trans-
fected MSCs (Figure 1C), indicating the trans-
fection process did not affect the basic charac-
teristics of MSCs.

SDF-1/HOXB4-MSCs efficiently expand iso-
lated HSCs

Umbilical cord blood CD34"* cells, isolated with
a mini magnetic cell sorting system, were com-
posed of 2.87% HSCs prior to purification by
MACS, which ultimately yielded a population of
99.2% pure HSCs. Remarkably, co-culturing of
highly purified HSCs and modified MSCs, trans-
duced with either SDF-1 or SDF-1/HOXB4,
resulted in a dramatic increase in the number
of expanded HSCs in vitro (Figure 2). However,
this increase was not detected in HSCs co-cul-
tured with HOXB4-transduced MSCs, suggest-
ing that HOXB4 expression in MSCs does not

Am J Transl Res 2014;6(6):691-702
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Figure 3. Survival rate in irradiated mice under different transplantation regimens. Within 12 hours of receiving a
3.5 Gy dose of ®°Co total irradiation, 12 mice in each experimental group were transplanted with the indicated cell
types via the tail vein. The survival rate of animals were recorded daily after transplantation. SDF-1: SDF-1/MSCs+
CD34* cells; HOXB4: HOXB4/MSCs+ CD34" cells; S-H: SDF1-HOXB4/MSCs+ CD34* cells; MSC-HSC: MSCs+ CD34*
cells; HSC: CD34* cells alone; IR: irradiated mice injected with 0.3 ml physiological saline. *P < 0.05 vs all other
groups; #P < 0.05 vs IR, HSC, MSC + HSC, and HOXB4 groups, respectively.

directly affect HSC expansion. Among all the
experimental groups, the SDF-1/HOXB4 (S-H)
group yielded the highest increase in the num-
ber of expanded CD34* cells, which was almost
2-fold higher than the cell counts in the MSC-
HSC and HOXB4 groups (Figure 2).

Co-transplantation of HSCs and SDF-1/
HOXB4-MSCs improved the general status and
survival of irradiated mice

At 24 h post irradiation, mice in all experimen-
tal groups exhibited frayed fur, reduced activity,
fastidiousness and gradually decreasing body
weight. However, beginning at 7-10 days post
irradiation, these indexes started to return to
normal in mice from all groups except the IR
group. As shown in Figure 3, at 14 days post
irradiation, the survival rate in the IR group was
significantly lower compared to other groups.
The highest survival rate was observed in the
S-H group, wherein all mice were viable 14 days
post irradiation. Moreover, we also observed
that the survival rate was higher in the SDF-1
group than in the HSC, MSC+HSC and HOXB4
groups. At 28 days postirradiation, we observed
similar trends for the survival rates in each
group. Specifically, all 12 mice died in IR group
(0/12 survived), while most mice in the S-H
group were viable (11/12 survived). Again, the
survival rate in S-H group was the highest
among all groups (Figure 3).

Co-transplantation of CD34* hematopoietic

cells with genetically modified MSCs rapidly
and effectively restored hematopoiesis in ir-
radiated mice

As shown in Figure 4, levels of WBC, HGB and
PLT in peripheral blood of NOD-SCID mice of all
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experimental groups dramatically decreased
after receiving a 3.5 Gy dose of ¢°Co total body
irradiation. All the mice in the IR group died 2-3
weeks post irradiation. Although the mice
transplanted with HSCs and/or MSCs (geneti-
cally modified or wildtype) also experienced
dramatically decreased WBC, PLT and HGB lev-
els after irradiation, their levels recovered 7 to
28 days post irradiation. Remarkably, the WBC,
PLT and HGB levels in the S-H group, which
were transplanted with HSCs + SDF-1/HOXB4-
MSCs, were completely restored to normal lev-
els by day 28. A complete recovery was not
observed in mice co-transplanted with HSCs +
SDF-1-MSCs, although WBC, PLT and HGB lev-
els in these mice recovered more quickly than
in mice transplanted with HSCs alone, HSCs +
unmodified MSCs, and HOXB4-MSCs.

The results above suggest that the co-trans-
plantation of HSCs with genetically modified
MSCs could contribute to the recovery of levels
of WBC, PLT and HGB by regulating the hemato-
poietic functions of bone marrow cells. To
address this point, we investigated the bone
marrow cytology of mice following transplanta-
tion. On days 14 and 28 post irradiation, bone
marrow cells were harvested from each experi-
mental group and subjected to Wright staining.
As shown in Figure 5, on day 14 post transplan-
tation, hematopoietic cells in mice of the IR
group displayed marked hypocellularity, with
empty particles. The bone marrow cytology in
all other groups was comparably favorable. The
cellularity was significantly higher in the SDF-1
and S-H groups, and the S-H group had the larg-
est number of hematopoietic cells among all
groups.

Am J Transl Res 2014;6(6):691-702
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Figure 4. Recovery of peripheral hematogenesis in irradiated mice following transplantations. At 1, 2, 3 and 4 weeks
post transplantation with the indicated cell types, mice from each group were examined for leucocyte, platelet and
hemoglobin levels in blood (harvested from the tail vein). All IR group mice died between 2 and 3 weeks post irradia-
tion and thus no data were collected thereafter. #P < 0.05 vs normal control, i.e., the naive NOD-SCID mice; *P <
0.05 vs S-H group.
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Figure 5. Cytology of bone marrow of mice transplanted with various cell types. At 2 and 4 weeks after transplanta-
tion, 2 mice from each group were anesthetized and sacrificed by cervical dislocation. The BM cells from the tibia
and femur were harvested for cytological examination following Wright staining. IR group (no treatment control) mice
died 2 to 3 weeks post irradiation and thus no data were collected after these time points. The image shown is a
representative from two mice in each group (400x magnification).

On day 28 post transplantation, the hematopoi- pletely, recovered. However, the BM cells in S-H
etic cells in BM of HSC, MSC-HSC, SDF-1 and group were almost completely restored to nor-
HOXB4 group mice had largely, but not com- mal cellularity, as evidenced by the dense
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Figure 6. The engraftment of human CD45" cells in irradiated mouse BM. At 6 weeks post transplantation, the BM
cells from the indicated groups were evaluated for the presence of human CD45* cells by FCM using a FITC-labeled
anti-human CD45 antibody. The left panel shows a representative result of three independent experiments. The
statistical analyses are displayed in the right panel. IR group mice died between 2-3 weeks and thus no data for this

group was collected at this time point.

appearance of the BM and the increased
amount of megakaryocytes (Figure 5).

Transplanted human CD45" cells are engraft-
ed in bone marrow of mice

We further investigated the engraftment and
the migration of human CD45* cells into the
hematopoietic microenvironment. BM cells
were harvested from mice at 4 weeks after
transplantation and were analyzed by FCM for
expression of human CD45. The results showed
that the percentage of human CD45* cells in
BM cells from the SDF-1 and S-H groups was
significantly higher than in other groups (Figure
6). Among all groups, the S-H group had the
highest number of engrafted human CD34*
cells, comprising almost half of the total BM
cells in mice (Figure 6).

Discussion

Several studies have shown that MSCs pos-
sess the ability to promote engraftment and to
accelerate hematological recovery after HSC
transplantation [21]. In this study, we investi-
gate whether exogenous expression of SDF-1
and HOXB4 in MSCs could augment its benefi-
cial effects on hematopoietic recovery follow-
ing HSC transplantation. Using recombinant
adenoviruses, we genetically modified BM-
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MSCs to express SDF-1, HOXB4, and fused
SDF-1/HOXB4 genes. We found that all modi-
fied MSCs effectively expressed the transgenes
and that the neither the expression nor the
transduction procedure altered MSC character-
istics. Moreover, co-culturing of all genetically
modified MSCs led to a significant expansion of
transplanted HSCs in vitro. More importantly,
co-transplantation of the CD34* cells, isolated
from human cord blood, with modified MSCs
markedly increased hematopoietic recovery in
irradiated mice, as evidenced by the rapid
recovery of BM cellularity and WBC, PLT and
HGB levels in peripheral blood. We speculate
that these enhanced effects were likely due to
improved engraftment efficiency of transplant-
ed HSCs. Indeed, we detected an increased
number of human CD45* cells in mouse BM in
our co-transplantation assays. Overall, our
observations in vitro and in vivo demonstrate
that the SDF-1/HOXB4 fusion transgene had
the most favorable effect on HSC expansion.

MSCs are key components of the hematopoi-
etic microenvironment and play important regu-
latory roles during hematopoiesis [22, 23]. It is
hypothesized that MSCs support hematopoie-
sis by mediating diverse mechanisms including
directing cell-to-cell contacts, paracrine signal-
ing, extracellular matrix scaffold dynamics, BM
homing, and the functions of endogenous

Am J Transl Res 2014;6(6):691-702
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immunologic and nonimmunologic metabo-
lites, all of which involve interactions between
MSCs and HSCs [21, 23, 24]. In the context of
HSC transplantation, HSCs can effectively
expand and contribute to hematopoiesis and
ultimately immunogenic function only upon
engraftment into the BM cavity. It has been
shown that chemokines play important roles
during HSC engraftment. SDF-1, derived from
MSCs and other stromal cells, couples with
CXCR4, expressed by HSCs, to form one of the
most important axes in the homing and engraft-
ment of HSCs [12, 25]. During this process,
SDF-1 directly mediates the migration of HSCs
through the endothelium (via E-selectin and
P-selectin interactions) and the homing of HSCs
to the stem cell niche. In line with previous
studies, our results revealed that genetically
modified MSCs, expressing exogenous SDF-1,
markedly induced hematopoietic recovery and
survival in lethally irradiated mice. Furthermore,
our findings suggest that modified MSCs con-
tribute to hematopoietic recovery through a
mechanism that likely involves homing and
engraftment of HSCs.

Aside from external signaling factors, expres-
sion of protein factors, such as the transcrip-
tion factor HOXB4, within HSCs are also
involved in the regulation of HSC proliferation
and self-renewal [14-17]. In umbilical cord
blood and adult BM, the enhanced expression
of HOXB4 has been found to effectively increase
proliferation of CD34* cells without inducing
leukemia or other deleterious processes [14,
15]. In these studies, exogenous HOXB4
expression was genetically reinforced in HSCs,
similar to our study. Several other studies have
demonstrated that HOXB4 protein expression
could enhance HSC activity. Krosl et al. and
Tang et al. found that the expression of HOXB4
fused with the signal transduction domain of
HIV  transactivating protein  (TAT-HOXB4)
enhanced the expansion of HSCs from mice
and humans [16, 26]. In these cases, the ‘tat’
sequence of recombinant TAT-HOXB4 fusion
protein facilitated its translocation into HSCs,
where HOXB4 function is most evident [16].
Taken together, these studies indicate that
exogenous HOXB4 expression, through the
transgene method or the recombinant protein
strategy, specifically contributes to HSC func-
tion. Indeed, in our co-transplantation assays,
MSCs transduced with HOXB4 alone had a sim-
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ilar effect as untransduced MSCs on HSC func-
tion in mice.

In this study, we found that the SDF-1/HOXB4
fusion gene transduced in MSCs had the most
beneficial effects on HSC expansion and bone
marrow reconstitution. Moreover, this particu-
lar cell line most significantly improved survival
of mice receiving a lethal dose irradiation. In
fact, all mice transplanted with SDF-1/HOXB4
MSCs survived 4 weeks post irradiation, while
none of the mice in the non-transplanted group
were viable just 2 weeks post irradiation.
Hematopoiesis in these mice at 4 weeks was
also completely restored, as evidenced by the
normal levels of BM cellularity and WBC, PLT
and HGB levels in peripheral blood. We specu-
late that a synergistic effect of SDF-1 and
HOXB4 contributed to these enhanced effects.
Since SDF-1 is a chemokine and is actively
extruded from MSCs, the fusion protein SDF-1/
HOXB4 might similarly be secreted and be
taken up by HSCs, which bind to SDF-1. In this
way, the fusing of SDF-1 with HOXB4 might
function to deliver HOXB4 to HSCs. Therefore,
the SDF-1/HOXB4 fusion protein might repre-
sent a novel therapeutic strategy to treat hema-
topoietic deficiencies.

In conclusion, this study demonstrated that
SDF-1/HOXB4-MSCs significantly increase HSC
growth in vitro and engraftment in vivo. As a
consequence, we detected significantly enhan-
ced survival and hematopoietic recovery in
lethally irradiated mice. Our results suggest
that genetically modified MSCs expressing
SDF-1/HOXB4 could potentially be a promising
strategy to improve the clinical outcome of
HSCs transplantation for patients with hemato-
poietic failure.
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