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Thrombopoietin enhances hematopoietic stem and progenitor
cell homing by impeding matrix metalloproteinase 9 expression
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Abstract

We reported a novel function of recombinant human thrombopoietin (TPO) in
increasing hematopoietic stem and progenitor cell (HSPC) homing to the bone mar-
row (BM). Single doses of TPO treatment to the recipients immediately after BM
transplantation showed significantly improved homing of HSPCs to the BM, which
subsequently resulted in enhanced short- and long-term engraftment of HSPCs in
mice. We found that TPO could downregulate the expression and secretion of matrix
metalloproteinase 9 in BM cells. As a result, SDF-1a level was increased in the BM
niche. Blocking the interaction of SDF-1a and CXCR4 on HSPCs by using AMD3100
could significantly reverse the TPO-enhanced HSPC homing effect. More
importantly, a single dose of TPO remarkably promoted human HSPC homing and
subsequent engraftment to the BM of nonobese diabetic/severe combined immuno-
deficiency mice. We then performed a clinical trial to evaluate the effect of TPO
treatment in patients receiving haploidentical BM and mobilized peripheral blood
transplantation. Surprisingly, single doses of TPO treatment to patients followed by
hematopoietic stem cell transplantation significantly improved platelet engraftment
in the cohort of patients with severe aplastic anemia (SAA). The mean volume of
platelet and red blood cell transfusion was remarkably reduced in the cohort of
patients with SAA or hematological malignancies receiving TPO treatment. Thus, our
data provide a simple, feasible, and efficient approach to improve clinical outcomes in

patients with allogenic hematopoietic stem cell transplantation. The clinical trial was
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1 | INTRODUCTION

Successful repopulation of the hematopoietic and immune systems of
patients after hematopoietic stem cell transplantation (HSCT) depends
on the efficient homing of intravenous-infused hematopoietic stem
and progenitor cells (HSPCs) to the bone marrow (BM) and subse-
quent hematopoiesis in the niche. HSPC homing from peripheral
blood to the BM is a rapid, critical, and multistep process in which
stem and progenitor cells undergo rolling, firm adhesion to endothelial
cells, transendothelial migration, lodging, and attachment to the BM
microenvironment within a few hours after transplantation. However,
not all infused HSPCs find their way to the BM home. The majority of
HSPCs are tethered by various nonhematopoietic organs.>? There-
fore, the use of agents to ensure that as many HSPCs as possible seed
to the BM is a favorable strategy for improving the subsequent
engraftment and repopulation efficiency of transplanted HSPCs, par-
ticularly when infused umbilical cord blood (UCB) HSPC numbers are
limited.® Currently, various agents to enhance the homing efficiency
of HSPCs have been reported,*® and several approaches for enhanc-
ing HSPC homing and engraftment are being evaluated in clinical tri-
als.””? However, there is still an urgent need to discover a drug that is
efficient in improving HSPC homing to the BM.

Thrombopoietin (TPO) is an important stimulator and clinical
drug for promoting megakaryopoiesis and platelet production.®*
Additionally, TPO has been proved to exert critical function on
hematopoietic stem cells (HSCs), which can activate the c-MPL
receptor on HSCs and regulate hematopoiesis, HSC self-renewal,
and quiescence.'? Exogenous multiple-day treatment with TPO in
an irradiated mice model can promote hematopoietic recovery and
HSPC engraftment, which is mainly ascribed to the role of TPO in
regulating HSPC proliferation and survival.'* Given that homing of
HSPCs to the BM is the first and critical step for subsequent HSPC
engraftment, we are wondering whether TPO regulates the homing
of HSPCs to the BM niche, a process that occurs within hours after
transplantation. Considering the clinical use of recombinant human
TPO in the treatment of thrombopenia,l‘:"16 further research on its
role in affecting HSPC homing to the BM will represent a valuable
and rapid pathway for identifying drugs that improve HSPC engraft-
ment efficiency.

Here, we report that TPO exhibits a remarkable role in enhancing
HSPC homing to the BM and, subsequently, leading to short- and
long-term hematopoietic engraftment in mice. The mechanism of TPO
in enhancing HSPC homing to the BM involves the downregulation of
matrix metalloproteinase 9 (MMP-9) gene expression and subsequent

perturbation of the SDF-1a/CXCR4 axis. More importantly, we found

registered in the Chinese Clinical Trial Registry website (www.chictr.org.cn) as
ChiCTR-OIN-1701083.

engraftment, hematopoietic stem and progenitor cells, homing, matrix metalloproteinase 9,

Lessons learned

e Thrombopoietin (TPO) administration on the day of trans-
plantation was shown to be safe and beneficial for those
patients in a haploidentical hematopoietic stem cell trans-
plantation setting, especially for the patients with severe
aplastic anemia.

e TPO administration on the day of transplantation signifi-
cantly reduced the number of platelet units and red blood
cell units transfused for those patients with severe aplastic
anemia or hematologic malignancies receiving hematopoi-

etic stem cell transplantation.

Significance statement

This article reports a novel function of recombinant human
thrombopoietin (TPO) in increasing hematopoietic stem and
progenitor cell (HSPC) homing to the bone marrow (BM),
which subsequently resulted in enhanced long-term engraft-
ment of HSPCs in mice. Notably, TPO treatment to patients
followed by hematopoietic stem cell transplantation improved
platelet engraftment outcomes, especially in patients with
severe aplastic anemia. To the best of authors' knowledge,
the results of this study are innovative and might represent a
valuable and rapid pathway for improving HSPC homing to
the BM and the hematopoietic repopulation efficiency in

patients.

that single doses of TPO treatment followed by HSCT demonstrated
a therapeutic role in improving clinical outcomes. Our data provide
insight into the early activation of TPO receptor signaling in the BM
of patients, which might be an efficient strategy to enhance HSPC
homing and engraftment after HSCT.

2 | MATERIALS AND METHODS

21 | Irradiation

Irradiation was administered using a ¢0Co irradiator (890-1100
cGy/min) at 9.5 Gy (4.5 and 5 Gy at a 1-hour interval) for the
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C57BL/6 mice and 3.5 Gy for the nonobese diabetic/severe combined
immunodeficiency (NOD/SCID) mice.

2.2 | Homing experiments

Eighteen hours after the CD45.2" mice received the irradiation, BM
mononuclear cells (MNCs) from donor CD45.1* mice were harvested
using lymphocyte separation medium (TBD Sciences, China) and
transplanted into the irradiated CD45.2" mice (tail vein injections,
2 x 107 each). Single doses of TPO (50 ug/kg) or phosphate-buffered
saline (PBS) were given to the recipient mice immediately after BM
transplantation (BMT). After 20 hours, the chimeric CD45.2* mice
were sacrificed for homing assays. The homing efficiency of donor
Lin~Scal* (LS), Lin~c-Kit" (LK), and Lin"Scal*c-Kit" (LSK) cells was cal-
culated according to the literature.!” Details of the calculation method

are provided in the supplemental online Methods section.

2.3 | Competitor transplantation experiments

BM MNCs (2 x 10°), harvested from the 1° recipient mice at 20 hours
after BMT with the different treatments, were mixed with 2 x 10°
competitor CD45.2" BM MNCs and cotransplanted into irradiated
CD45.2* mice (2° recipients). For the 3° transplantations, BM MNCs
from 2° chimeric mice were transplanted into irradiated CD45.2" mice
(2 x 107 cells per mouse), and peripheral blood (PB) from the 3° recipi-

ent mice were harvested at 16 weeks after transplantation.

2.4 | Human umbilical cord blood MNC homing
in the NOD/SCID mice

MNCs were isolated from the fresh human umbilical cord blood (UCB)
samples using a lymphocyte separation medium at 1.077 g/mL (TBD Sci-
ences, China), and 1 x 107 MNCs (approximately 1 x 10° CD34" cells)
were then transplanted into the irradiated NOD/SCID mice. Single doses
of TPO (50 ng/kg) or PBS were administered to the recipient mice imme-
diately after cell transplantation. After 20 hours, two femurs and two tib-

ias from each chimeric mouse were collected for flow cytometric assays.

2.5 | Patient and transplantation characteristics

Patients diagnosed with severe aplastic anemia (SAA; n = 19) or hema-
tologic malignancies (n = 38) in our department during 2014-2016
who were suitable for receiving HSCT were subcutaneously injected
with single doses of TPO (300 U/kg) on the day of transplantation. All
the patients received both BM and mobilized PB HSCT and a total of
two doses of TPO. Situation-matched patients (14 patients with
aplastic anemia, 43 patients with leukemia) between 2013 and 2014
were retrospectively analyzed as controls. The characteristics of

patients, donors, and transplants are summarized in Table 1.
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2.6 | Statistical analysis

The clinical data were analyzed using log-rank tests to evaluate
cumulative incidence for platelets and neutrophils. Unless other-
wise noted, the P values were calculated using unpaired two-
tailed Student's t tests, and all error bars represent the means
+ SDs. The variance similar between the groups has been statisti-
cally compared. Analyses were performed using SASS and Gra-
phPad Prism, and P values <.05 were considered statistically

significant.

3 | RESULTS

3.1 | TPO enhances homing of HSPCs to the BM
and subsequently results in enhanced short- and
long-term engraftment of HSPCs in mice

We first tested whether the subcutaneous administration of TPO to
the irradiated CD45.2 mice in single doses affected the in vivo homing
of the donor CD45.1" HSPCs to the recipient BM (Figure 1A). The
results revealed that a single dose of the TPO treatment at 50 pg/kg
caused a significant increase in the percentage of CD45.1°LS,
CD45.17LK, and CD45.1"LSK cells in the BM (Figure 1B). The homing
efficiency of donor LK and LSK cells to the BM was significantly
increased by TPO treatment (Figure 1C). We then used colony-
forming unit (CFU) assays to further assess the capacity of TPO to
regulate the homing of HSPCs to the BM. Typical colonies, including
BFU-erythrocyte, CFU-granulocyte/granulocyte and macrophage/
macrophage, and CFU-granulocyte, erythrocyte, monocyte/macro-
phage, and megakaryocyte (CFU-GEMM), were scored based on mor-
phologic criteria. Consistently, the homing efficiency of CFUs and
different types of CFUs to the BM in TPO-treated mice was much
greater than those in the vehicle-treated mice, with an approximately
3.39-fold increase in total CFUs and a 3.46-fold increase in CFU-
GEMMs (Figure 1D,E).

Enhanced HSPC homing could result in increased engraftment of
transplanted HSPCs.*® To further assess the enhanced homing effi-
ciency of HSPCs by TPO treatment, competitive repopulation models
were then applied following the homing experiments (Figure 2A). BM
MNCs (2 x 10%), harvested from the 1° CD45.2* recipient mice at
20 hours after CD45.1" BMT with or without TPO treatments, were
mixed with 2 x 10° competitor cells and cotransplanted into irradiated
CD45.2* mice (2° recipients). The increase in homed donor (CD45.1%)
HSPC numbers in the mice that underwent a single dose of TPO admin-
istration was also reflected by increased engraftment of the primary
donor CD45.1% cells in the PB in the 2° recipients, particularly at
12 weeks after transplantation (Figure 2B). Long-term donor CD45.1*
cell engraftment rates, particularly the CD45.1"LSK cell engraftment
rates, in the BM were significantly increased in the mice that received
chimeric BM cells from the TPO-treated 1° recipient mice compared
with those in the mice that received cells from the vehicle-treated 1°

recipients at 20 weeks after transplantation (Figure 2C-E). BM cells



Transplant characteristics
BM

Infused total
nucleated
cell dose (x10%/kg,
median, range)
Transplanted CD34"
cells (%, median,
range)
PB
Infused total
nucleated
cell dose (x108/kg,
median, range)
Infused CD34" cells
(%, median, range)
PB + BM
Infused total
nucleated cell

dose (x108/kg,
median, range)

Infused CD34" cells
(x10°/kg, median, range)

4.89 (1.20-10.30)

0.52(0.19-1.25)

5.5(2.14-11.50)

0.42 (0.09-0.76)

4.19 (1.53-12.49)

4.24 (0.68-9.60)

0.73 (0.14-3.20)

6.4 (3.80-12.30)

0.61(0.08-1.42)

6.22(1.78-19.35)

4.52(0.68-10.30 4.20(0.90-7.36)

0.64 (0.14-3.20) 0.44(0.20-1.02)

6.02(2.14-12.30) 4.57 (1.30-7.96)

0.53(0.08-1.42) 0.55(0.16-1.21)

5.36(1.53-19.35) 4.34 (1.16-8.76)
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TABLE 1 The characteristics of patients, donors, and transplants
Severe aplastic anemia Hematologic malignancies
Characteristics Control (n = 14) TPO (n = 19) Total (n = 33) Control (n=43) TPO (n=38) Total (n = 81)
Median age, years 16 (11-26) 20 (11-32) 18(11-32) 24 (11-49) 28 (11-59) 26 (11-50)
(range)
Sex
Male 7 (50%) 12 (63%) 19 (58%) 28 (65%) 21 (55%) 49 (60%)
Female 7 (50%) 7 (37%) 14 (42%) 15 (35%) 17 (45%) 32 (40%)
ABO mismatch
Major 5(36%) 14 (74%) 19 (58%) 26 (60%) 22 (58%) 48 (60%)
Minor 5 (36%) 2 (11%) 7 (21%) 7 (16%) 7 (18%) 14 (20%)
No 4 (29%) 3(16%) 7 (21%) 10 (23%) 9 (24%) 19 (20%)
Disease
ALL 23 (53%) 16 (42%) 39 (48%)
AML 10 (23%) 15 (39%) 25 (31%)
MDS 7 (16%) 5 (13%) 12 (15%)
CML 3 (7%) 2 (5%) 5 (6%)
Donor match (all partially matched)
3/6 7 (50%) 17 (89%) 24 (73%) 27 (63%) 23 (61%) 50 (62%)
4/6 7 (50%) 2 (11%) 9 (27%) 16 (37%) 15 (39%) 31(38%)
Risk
H 31 (72%) 30 (79%) 61 (75%)
L 2 (5%) 8 (21%) 10 (14%)
M 10 (23%) 0 10 (14%)

3.60(1.48-7.10) 3.92(0.90-7.36)

0.56 (0.22-1.42) 0.50(0.20-1.42)

6.45(2.37-9.90)  5.45(1.30-9.90)

0.57(0.19-1.54) 0.56 (0.16-1.54)

10.39 (3.85-17.19) 10.64 (7.92-16.35) 10.53 (3.85-17.19) 8.76 (5.32-13.73) 10.06 (5.75-16.30) 9.37 (5.32-16.30)

5.31(1.19-17.90) 4.80(1.16-17.90)

Abbreviations: ALL, acute lymphoblastic leukemia; AML, acute myelocytic leukemia; CML, chronic myelocytic leukemia; H, high risk; L, low risk;
M, moderate risk; MDS, myelodysplastic syndromes.

from the 2° recipients were then transplanted into the 3° CD45.2 mice.
The 3° recipients receiving transplants that incorporated the primary

TPO-enhancing homed BM cells exhibited increased engraftment of

CD45.1* blood lineage cells compared with the control group at

16 weeks after transplantation (Figure 2F). These results strongly indi-

cate that the increased numbers of homed HSPCs by a single
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FIGURE 1 TPO enhances homing of HSPCs to the BM. A, Schematic representation of the homing experiments. Lethally irradiated CD45.2*
mice were transplanted with CD45.1" BM MNCs and injected with single doses of TPO at 50 ug/kg or PBS as a control. BMs were harvested for
homing assays 20 hours later. B,C, The percentage and homing efficiency of donor CD45.1* HSPCs (LS, LK, and LSK cells) in the recipient BM (n = 3
each). D,E, The homing efficiency of CFU as calculated by comparing the homed CFU numbers with the initially injected CFU numbers. *P < .05,

**P < .01, ***P < .001. TPO treatment group vs control group. BFU-E, burst-forming unit-erythrocyte; CFU-G/GM/M, colony-forming unit-
granulocyte/granulocyte and macrophage/macrophage; CFU-GEMM, colony-forming unit-granulocyte, erythrocyte, monocyte/macrophage, and
megakaryocyte (n = 3 each). BM, bone marrow; HSPC, hematopoietic stem and progenitor cell; MNC, mononuclear cell; PBS, phosphate-buffered

saline; TPO, thrombopoietin

subcutaneous TPO injection to the primary recipients subsequently
exhibited improved long-term engraftment in the serial transplantation
models.

Based on the effect of TPO in promoting HSPC homing to the BM
and long-term engraftment, we predicted that a single administration of
TPO to recipients would enhance the short-term engraftment of
transplanted hematopoietic cells. Lethally irradiated wild-type mice
were transplanted with 1 x 10° BM cells from p-actin-luciferase trans-
genic mice and received one dose of the TPO or PBS treatment. The
in vivo bioluminescence imaging results revealed that TPO administra-
tion significantly increased transplanted hematopoietic cell engraftment
in the BM, particularly at 2-3 weeks after transplantation (supplemental
online Figure S1A,B). We also observed the survival rate of the recipi-
ents following low numbers of hematopoietic cell transplantation and
TPO treatment. The results showed that the irradiated mice that
received 2.5 x 10° BM cells and PBS treatment exhibited a low survival

rate (50%). In contrast, 100% of the lethally irradiated mice that were
given 2.5 x 10° BM cells and single injections of TPO survived (supple-
mental online Figure S1C). These results indicated that single adminis-
trations of TPO significantly improved homing of HSPCs to the BM and
subsequently led to enhanced short- and long-term engraftment of
HSPCs in mice.

3.2 | TPO enhances HSPC homing by
downregulation of MMP-9 expression and secretion

The process of HSPC homing to the BM involves several proteolytic
enzymes and some important pathways.1??* A recent study suggested
that MMP-9 was affected by TPO in a brain ischemic model.2> Given
that the proteolytic enzyme MMP-9 was involved in the regulation of

migration and adhesion-related molecules and HSPC mobilization and
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FIGURE 2 TPO enhances engraftment of HSPCs to the BM. A, Schematic representation of the homed CD45.1" BM cell engraftment assays
from the competitive and noncompetitive transplantation experiments. Lethally irradiated CD45.2" mice (1° recipients) received CD45.1* BM
MNCs and single doses of TPO or PBS treatment (mean + SD, n = 8 for the control group and n = 10 for the TPO treatment group). B, Flow
cytometric analyses of the donor CD45.1" cell percentages in the PB at 4, 8, and 12 weeks after 2° transplantation (mean + SD, n = 8 for the
control group and n = 10 for the TPO treatment group). C, The percentages of donor CD45.1" cells in the 2° recipient BMs at 20 weeks after
transplantation. D,E, Representative dot plots and percentages of donor LSK cells (CD45.1"CD45.27LSK) in the 2° recipient BMs at 20 weeks
after 2° transplantation. F, The donor CD45.1" blood lineage cell percentages in the 3° recipients at 16 weeks after transplantation (mean + SD,
n = 5 for the control group and n = 6 for the TPO treatment group). BM, bone marrow; HSPC, hematopoietic stem and progenitor cell; MNC,

mononuclear cell; PBS, phosphate-buffered saline; TPO, thrombopoietin

homing in the BM,24%” we analyzed whether MMP-9 played an impor-
tant role in TPO-stimulated homing of HSPC. Single doses of TPO
(50 pg/kg) or PBS were given to the C57BL/6 mice receiving lethal irra-
diation without BMT. At 20 hours after TPO treatment, the mice were

sacrificed for BM section and supernatant assays. The immunohisto-
chemical assay results showed a notable decrease in MMP-9 protein
level in the BM extracellular stroma and BM cells of the TPO-treated

recipient mice (Figure 3A). Consistently, enzyme-linked immunosorbent
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FIGURE 3 TPO enhances HSPC homing by the downregulation of MMP-9 expression and secretion. A, Immunostaining of femur sections
with anti-MMP-9 antibody (bar = 100 pm). B, BM MMP-9 levels in the recipient mice without BMT. C, Q-PCR for MMP-9 gene expression in the
recipient BM cells. D, Western blotting of the recipient BM cells without transplantation using an antibody against MMP-9. E, Q-PCR for MMP-9
gene expression of in vitro cultured BM cells. F, BM SDF-1a levels in the recipient mice at 20 hours following a single dose of TPO or PBS
injection. The BM samples were collected from the supernatants of BM cell suspensions that were flushed from two femurs using 1 mL PBS and
were assayed with a SDF-1a ELISA kit. G, Immunostaining of femur sections with an anti-SDF-1« antibody (bar = 100 pm). BM sections were
prepared at 20 hours after TPO or PBS treatment. H, Western blotting of the recipient BM cells without transplantation using an antibody against
SDF-1a. I, Q-PCR for SDF-1a gene expression in the recipient BM cells. J,K, The donor cell percentages and homing efficiency analyses indicating
that treatment with AMD3100 blocked the TPO-enhanced homing of donor LSK cells. n = 3 each. *P < .05, **P < .01, compared with the control
group; #P < .05, #P < .01, compared with the TPO group. All recipient mice were lethally irradiated and received single-dose TPO or PBS
injections without BMT. BM, bone marrow; BMT, bone marrow transplantation; HSPC, hematopoietic stem and progenitor cell; MNC,
mononuclear cell; PBS, phosphate-buffered saline; Q-PCR, quantitative polymerase chain reaction; TPO, thrombopoietin

assay (ELISA) results showed lower MMP-9 levels in the BM superna- 9 protein expression and secretion. We then used quantitative real-time
tants of the TPO-treated mice compared with the control group polymerase chain reaction (Q-PCR) and Western blotting to evaluate
(Figure 3B), which was indicative of the inhibitory role of TPO in MMP- the expression level of MMP-9 in BM cells at 18 hours after TPO or



668 STEM CELLS

LIU ET AL.

TRANSLATIONAL MEDICINE

PBS treatment. Similarly, the expression of MMP-9 gene and protein
was significantly reduced in the BM cells from lethally irradiated
mice receiving TPO treatment compared with the control group
(Figure 3C,D). Downregulated MMP-9 gene expression was also
detected in cultured BM cells at 12, 18, and 24 hours after the addition
of TPO into the medium compared with the control group without TPO
supplement (Figure 3E).

It has been reported that the chemokine SDF-1a can be degraded
by MMP-928 and the alteration of SDF-1« levels in the BM niche reg-
ulates HSPC homing.2?*° Thus, we inferred that the reduction of
MMP-9 level in the BM from TPO-treated mice would change the
concentration of SDF-1a in the BM niche. We next used ELISA to
detect the SDF-1a protein level in the BM supernatants from TPO-
and PBS-treated mice receiving lethal irradiation without BMT. We

observed that a single dose of the TPO administration to the lethally
irradiated mice caused an increase in the SDF-1a levels in the BM
supernatants (Figure 3F). Of note, stronger SDF-1a staining in the
BM extracellular stroma was observed at 20 hours after TPO treat-
ment than that in the vehicle treatment group (Figure 3G). Interest-
ingly, the levels of SDF-1a protein and mRNA in the recipient BM
cells exhibited no significant change at 18 hours following the TPO
or vehicle injections (Figure 3H,l). in vitro BM cell culture experi-
ments also suggested that the TPO treatment did not alter the
expression of SDF-1a (data not shown), indicating that the alteration
in the SDF-1a concentration in the BM niche caused by TPO was
not correlated with the transcriptional regulation of SDF-1a. These
results indicated that TPO administration decreased MMP-9 expres-

sion in the BM of lethally irradiated mice, which in turn reduced the
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FIGURE 4 TPO enhances homing of human MNCs to the BM of NOD/SCID mice. A,B, Representative dot plots and percentages of donor
human HSPCs (CD45*CD34" and CD45*CD34"CD387) in recipient BMs at 20 hours after cell transplantation. C, Numbers of human
CD45*CD34" and CD45"CD34*CD38" cells in the BMs of the mice. n = 5 each. D,E, Representative dot plots and percentages of the donor
human CD45" blood cells in the recipients at 4 weeks after transplantation. Mean + SD, n = 5 for the control group and n = 9 for the TPO
treatment group, *P < .05, **P < .01, ***P < .001. TPO treatment group vs control group. BM, bone marrow; HSPC, hematopoietic stem and
progenitor cell; MNC, mononuclear cell; NOD/SCID, nonobese diabetic/severe combined immunodeficiency; TPO, thrombopoietin
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degradation of SDF-1a and increased the concentration of it in
the BM.

It has been proved that the increased SDF-1« levels in the recipient
BM attract more CXCR4* HSPCs to the BM.2® To further investigate
the critical role of SDF-1a/CXCR4 in TPO-enhanced HSPC homing, we
next used AMD3100, a CXCR4 antagonist, to block the interaction
between SDF-1a and CXCR4.3! The results revealed that blocking the
SDF-1a/CXCR4 pathway by AMD3100 remarkably inhibited the TPO-
enhanced homing of CD45.1*LSK cells to the BM (Figure 3J,K), indicat-
ing that TPO might promote the interaction of SDF-1a/CXCR4 axis on
HSPCs in BM niche and result in increased HSPC homing to the BM.

3.3 | TPO enhances homing of human HSPCs
to the BM of NOD/SCID mice

To further determine whether TPO accelerated the homing of human
hematopoietic cells, we isolated UCB MNCs and injected these cells
into NOD/SCID mice after the mice received 3.5 Gy of irradiation.

Severe Aplastic Anemia
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Remarkably, single doses of TPO treatment increased the percentages
and numbers of human CD45'CD34" and CD45"'CD34"CD38" cells
that homed to the BM (Figure 4A-C), which indicated a novel role of
TPO in enhancing the homing of human HSPCs to the
BM. Subsequently, 4 weeks after transplantation of human UCB
MNCs, we harvested cells from the PB of these recipient mice and
detected the incorporation of human cells. Of note, the percentage of
human CD45" cells in the PB of TPO-treated mice showed a 2.4-fold
increase compared with that in the control group (Figure 4D,E), indi-
cating that a single administration of TPO facilitated short-term
engraftment of human HSPCs in NOD/SCID mice.

3.4 | Single administrations of TPO treatment
on the day of transplantation improves the clinical
outcomes in patients following HSCT

Increased HSPC seeding efficiency to the BM by TPO should lead to
better engraftment of these transplanted cells in patients. We then

Hematologic Malignancies
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Day

Clinical outcomes in patients receiving haploidentical HSCT with or without recombinant human TPO treatment. A, The neutrophil

engraftment, platelet engraftment, and platelet recovery in patients with SAA receiving haploidentical HSCT with or without TPO administration.
B, The neutrophil engraftment, platelet engraftment, and platelet recovery in patients with hematologic malignancies receiving haploidentical HSCT
with or without TPO treatment. HSCT, hematopoietic stem cell transplantation; SSA, severe aplastic anemia; TPO, thrombopoietin
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conducted clinical trials to investigate the safety and therapeutic
effect of TPO treatment in enhancing engraftment of human HSPCs.
Nineteen patients with SAA at a median age of 20 years (range
11-32 years) were enrolled and injected with TPO followed by
haploidentical BM and PB HSCT (Table 1). Fourteen patients with
SAA at a median age of 16 years (range 11-26 years) who underwent
haploidentical HSCT were retrospectively analyzed (Table 1). The
cumulative incidence of neutrophil engraftment indicated that TPO
treatment improved neutrophil recovery at 30 days after transplanta-
tion in patients with SAA. However, there was no statistical difference
between the two groups (P = .0982; Figure 5A). Of note, the cumula-
tive incidence of platelet engraftment at 50 days after transplantation
.0263;
Figure 5A). Median time to platelet engraftment in patients with SAA

was significantly different between the two groups (P =

who received the TPO treatment was 19 days, and for patients in the
historical cohort, it was 46 days. The difference in the cumulative inci-
dence of platelet recovery >50 000/pL at 50 days after transplanta-
tion between the two groups was statistically significant (P = .0257;
Figure 5A). Seventy-five percent of the patients with TPO treatment
vs 40% of the patients in the control group achieved platelet recovery
at 50 days after transplantation. We also conducted clinical trials in
38 patients with hematologic malignancies who received allogeneic
HSCT and TPO treatment (Table 1). There was no statistically signifi-
cant difference in the cumulative incidence of neutrophil and platelet
engraftment between the TPO treatment cohort and the historical
controls (Figure 5B). We found that the patients who received the
TPO treatment showed a shorter median time in platelet engraftment
than that in the historical control patients with hematologic malignan-
cies at 50 days after transplantation (23 vs 33 days; Figure 5B). The
cumulative incidence of platelet recovery (platelet number > 50 000/

pl) in patients who received the TPO treatment was remarkably

different from that of the patients in the historical cohort (P = .0063;
Figure 5B). TPO administration significantly reduced the number of
platelet units transfused before platelet engraftment for those
patients with SAA or hematologic malignancies after HSPC transplan-
tation (Figure 6A,B). The number of red blood cell (RBC) units trans-
60 days

transplantation in the cohort of patients with SAA or hematological

fused was also remarkably reduced within after
malignancies receiving TPO treatment compared with the control
group (Figure 6C,D). No severe adverse effects for TPO treatment
were observed in any of the patients. These clinical data indicate that
single injections of TPO followed by HSCT are simple, feasible, and
useful ways to improve engraftment efficiency in a haploidentical

HSCT setting, especially for those patients with SAA.

4 | DISCUSSION

Homing of HSCs, which occurs within 24 hours after HSCT, is a first
and critical step for BM seeding by HSPCs and seriously affects sub-
sequent engraftment efficiency of transplanted HSPCs. However, only
a small part of i.v.-infused HSPCs seed into BM, which precedes pro-
liferation and differentiation of these transplanted HSPCs in this envi-
ronment. Most of the infused HSPCs are tethered by other
nonhematopoietic tissue or organs.>? The HSPC seeding efficiency to
the BM varies between 1% and 10%, which indicates that homing to
BM by HSPCs might be a random process.?? It was acceptable that
low seeding efficiency of transplanted HSPCs can greatly influence
subsequent hematopoiesis in BM. Given that the i.v.-infused HSPC
numbers from a single unit of UCB are much lower than adult BM and
mobilized PB, the problem for low seeding efficiency of HSPCs from

UCB is more prominent, which leads to an increase in the risk of graft
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failure and delays the engraftment time of neutrophils and platelets in
patients. Therefore, improving homing efficiency of HSPCs from the
beginning of HSCT is important to shorten the engraftment time of
neutrophils and platelets in patients.

In our previous work, we found consecutive injections of TPO for
14 days after HSCT significantly increased the engraftment of HSPCs
in mice.2* It was acceptable that two critical factors, homing efficiency
to the BM and proliferation capacity in the BM of these i.v.-infused
HSPCs, can mainly affect the engraftment of HSPCs. Most reports
showed that TPO can promote HSC proliferation and differentiation

into megakaryocyte 83334

which is one of the main ways to improve
the engraftment efficiency of transplanted HSPCs. Given that the
homing efficiency exerts great influence in subsequent engraftment
results of HSPCs, we wondered whether TPO can affect the seeding
efficiency of HSPCs to the BM. To discover the possibility of this
cytokine in improving the homing of HSPCs to the BM, single doses
of TPO, instead of 14 consecutive doses, were administered to the
recipients immediately after HSCT. Homing efficiency of HSPCs was
evaluated within 20 hours after transplantation. Surprisingly, we
observed that single doses of TPO significantly increased the
seeding efficiency of transplanted HSPCs to the BM of mice. We
used three methods to determine the homing effect of HSPCs cau-
sed by TPO, which included CFU assays, surface marker analysis of
these homed hematopoietic cells within 20 hours after transplanta-
tion, and serial transplantation experiments with homed hematopoi-
etic cells. The results of these experiments provided the solid
evidence for improving the homing effect of injected HSPCs to the
BM by TPO. Although the homing process of HSPCs to the BM
appears much shorter than subsequent hematopoiesis in the BM, it
is the first step in increasing the seed numbers of HSPCs reaching to
the BM for subsequent hematopoietic repopulation. Our experi-
ments, in which single injections of TPO significantly improved the
survival rate of irradiated mice transplanted with low hematopoietic
cell numbers, further support this point. A competitive repopulation
experiment has been considered a good surrogate assay to evaluate
homing of long-term HSCs. In our study, we showed that TPO treat-
ment profoundly enhanced homing of long-term multilineage
repopulating HSCs, indicating that TPO signaling is critical for hom-
ing of primitive functionally HSCs into BM.

The proliferation effect on HSPCs by TPO could not be the rea-
son for enhanced homing of these infused HSPCs to the BM. The
homing process occurred within 24 hours and did not require cell
division.2° Several reports have suggested that the proliferation of
transplanted HSPC homing to the BM could not be detected even
48 hours after transplantation.3> Interestingly, Srour demonstrated
that human BM and mobilized PB HSPCs were predominantly in the
GO/G1 phases of the cell cycle up to 40 hours after transplanta-
tion.3¢ To investigate the mechanism of TPO in improving the hom-
ing of HSPCs to the BM, we focused on the influence of TPO on the
chemotactic axis in the BM niche. Accumulated evidence indicates
that a SDF-1a chemotactic tug-of-war gradient between BM and PB
explains mobilization and homing of HSPCs.%” By using an ELISA, we

found that SDF-1a levels showed an increase in the BM niche.
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However, a single TPO administration did not change the expression
levels of SDF-1a mRNA and protein in BM cells. To further find the
clue, we analyzed the proteinase MMP-9, which has been reported
to regulate SDF-1a levels by inactivating them. As our preclusion,
MMP-9 was decreased in expression and secretion from BM cells by
TPO treatment. Consistently, in vivo TPO administration showed
reduced MMP-9 enzymatic activity in the BM supernatants of the
lethally irradiated mice (supplemental online Figure S2A). in vitro BM
cell culture experiments also suggested that TPO treatment inhibited
the enzymatic activity of MMP-9 (supplemental online Figure S2B).
However, TPO administration showed no significant alteration on
the gene expression of MMP inhibitors TIMP1-4 (supplemental
online Figure S3). The expression level of EGR-1 and KLFé gene was
remarkably upregulated in the BM cells with TPO treatment (supple-
mental online Figure S4). It has been reported that EGR-1 and KLFé
could inhibit MMP9 expression.334° The mechanism of MMP-9
downregulation by TPO might be related with the activation of EGR-
1 and KLF6 expression. The enhanced SDF-1a level by decreased
MMP-9 expression in BM by TPO caused much stronger attraction
for infused HSPCs to the BM. Importantly, interruption of the strong
connection of BM SDF-1a and CXCR4 on HSPCs through AMD3100
administration remarkably blocked the homing effect of HSPCs to
the BM by TPO. Our data provided the first evidence that TPO
showed a new role in regulating the homing of HSPCs and discov-
ered the novel mechanism that TPO regulated MMP-9 gene expres-
sion in BM cells and subsequently affected the levels of SDF-1«a in
the BM.

Recombinant human TPO has been used in the clinics in China
for more than 10 years.'>¢ In recent years, the new generation of
TPO receptor agonists, such as romiplostim and eltrombopag, have
been proved to have clinical efficacy in increasing platelet counts in
thrombocytopenia via modulating the TPO receptor.*14? Given that
recombinant human TPO has been widely used in the hospital in
China, we further conduct clinical trials to observe the role of TPO in
improving engraftment of transplanted HSPCs in patients with SAA
or hematologic malignancies. For a patient who needs to receive
HSCT therapy and is lacking human leukocyte antigen-identical
donors, haploidentical HSCT is the treatment of choice.***> How-
ever, the engraftment outcome needs to be improved. In the clinical
trial, one dose of TPO injection on the day of transplantation notably
accelerated platelet engraftment and recovery in the patients with
SAA receiving haploidentical HSCT, further indicating that TPO
given once on the day of transplantation is a beneficial treatment
approach for them. For patients with hematologic malignancies
receiving HSCT, a single use of TPO on the day of transplantation
also sped up platelet recovery and reduced the number of transfused
platelet and RBC units. Given that we have proved that TPO has the
function to enhance HSPC homing to the BM in animal experiments,
the better engraftment effect of transplanted HSPCs in clinical trials
caused by TPO administration together with HSCT might be ascribed
to the homing-promoting effect of this drug on HSPCs. The clinical
data are encouraging and indicate that a simple and inexpensive
strategy of using single doses of TPO can eventually improve clinical
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outcomes in patients following BM or mobilized blood transplanta-
tion. The new generation of TPO receptor agonists have similar bio-
logical function to recombinant TPO. Notably, eltrombopag is an
orally available TPO receptor agonist and romiplostim is an injectable
TPO peptide mimetic. Given that TPO receptor agonists can modu-
late HSPC function and stimulate megakaryopoiesis and have shown
clinical efficacy in improving platelet levels in patients with

424647 jt is valuable to conduct new clinical trials

thrombocytopenia,
to observe whether single doses of TPO receptor agonists along with
HSPC transplantation can improve the engraftment efficiency of

these transplanted HSPCs.

5 | CONCLUSION

Our study first demonstrates that TPO has a novel role in improving
the homing efficiency of mouse and human HSPCs to the BM and
subsequently enhancing the short- and long-term engraftment of
transplanted HSPCs. TPO enhances the homing of HSPCs into the
BM mainly by suppressing the expression and secretion of MMP-9
and modulating the SDF-1a/CXCR4 axis in the BM niche. More
importantly, our clinical trial data indicate that subcutaneous single-
dose administration of TPO followed by HSCT is a powerful
method to improve clinical outcomes in patients with SAA or hema-
tological malignancies. This simple treatment might become an
advantageous and economic approach to accelerate HSPC engraft-
ment for patients receiving haploidentical adult HSCT or UCB

transplantation.
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