
Evidence that b7 Integrin Regulates Hematopoietic
Stem Cell Homing and Engraftment Through

Interaction with MAdCAM-1

Jodi L. Murakami,1–3 Baohui Xu,4 Christopher B. Franco,5,6 Xingbin Hu,1,7

Stephen J. Galli,5,8 Irving L. Weissman,5,6 and Ching-Cheng Chen1–3

a4b7 integrin is a cell adhesion receptor that is crucial for the migration of hematopoietic progenitors and
mature effector cells in the periphery, but its role in adult hematopoiesis is controversial. We identified a subset
of hematopoietic stem cells (HSCs) in the bone marrow (BM) that expressed b7 integrin. These b7+ HSCs
were capable of multilineage, long-term reconstitution and had an inherent competitive advantage over b7-

HSCs. On the other hand, HSCs that lacked b7 integrin (b7KO) had reduced engraftment potential. Interest-
ingly, quantitative RT-PCR and flow cytometry revealed that b7KO HSCs expressed lower levels of the
chemokine receptor CXCR4. Accordingly, b7KO HSCs exhibited impaired migration abilities in vitro and BM
homing capabilities in vivo. Lethal irradiation induced expression of the a4b7 integrin ligand—mucosal ad-
dressin cell adhesion molecule-1 (MAdCAM-1) on BM endothelial cells. Moreover, blocking MAdCAM-1
reduced the homing of HSCs and impaired the survival of recipient mice. Altogether, these data indicate that b7
integrin, when expressed by HSCs, interacted with its endothelial ligand MAdCAM-1 in the BM microenvi-
ronment, thereby promoting HSC homing and engraftment.

Introduction

Hematopoietic stem cells (HSCs) are blood-forming
stem cells that are responsible for the continual regen-

eration of blood and immune cells throughout a person’s life.
The ability to self-renew and differentiate into all mature
types of blood cells is unique to HSCs. Based on these
functional properties, HSC transplants are routinely used to
treat patients who have hematologic malignancies and other
disorders of the blood and immune system. After exposure to
high doses of chemotherapy and/or radiation to eradicate
dysfunctional and malignant cells, myelosuppressed patients
receive transplants of HSCs from healthy donors to recon-
stitute the patients’ hematopoietic system.

After transplantation, the first step necessary for suc-
cessful engraftment and repopulation of all the hematopoi-
etic lineages is for donor HSCs to migrate and home to the
recipient’s bone marrow (BM) through the circulatory sys-
tem. It is believed that the trafficking of HSCs follows a
process that resembles leukocyte migration to lymph nodes

and inflamed tissues. This multistep process is mediated by
direct interactions between circulating cells and endothelial
cells (ECs), and occurs through their binding to cell ad-
hesion molecules expressed on the vascular endothelium
[1]. The initial interactions between selectins/integrins and
their endothelial ligands permit cell tethering and rolling.
This is followed by the activation of chemokine receptors
and integrins that results in high affinity binding to immu-
noglobulin superfamily ligands, and enables firm adhesion
and transmigration through the endothelial barrier [2,3].
Thus far, studies investigating the molecular interactions
that regulate the trafficking of HSCs have established the
importance of the chemokine receptor CXCR4/CXCL12
ligand [4–7] and a4b1 integrin/vascular cell adhesion
molecule-1 (VCAM-1) adhesion pathways [8–12] for HSCs
to home to the BM microenvironment of irradiated recipi-
ents. However, despite the identification of a few molecules
that have been linked to the HSC homing process, the mo-
lecular mechanisms underlying the homing of transplanted
HSCs to the BM remain largely unknown.
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During the homing process, the dynamic interactions
regulating cell adhesion and transendothelial migration are
mediated by integrins and their ligands. Integrins are trans-
membrane cell adhesion receptors composed of single a and
b subunits, which bind at the dimeric interface to enable
cell–cell and cell–extracellular matrix interactions. The a4
(CD49d) subunit can pair with b1 (CD29) (a4b1 integrin; also
known as very late antigen-4 [VLA-4]) to bind VCAM-1 or
b7 (a4b7 integrin; also known as lymphocyte Peyer’s patch
adhesion molecule-1 [LPAM-1]) to bind mucosal addressin
cell adhesion molecule-1 (MAdCAM-1) [13]. The a4b1 in-
tegrin/VCAM-1 interaction plays an important role in HSC
homing to the BM [8–12], but further studies are required to
dissect the exact role of a4b7 integrin in HSC trafficking.

In this study, we identified a subset of HSCs that express
b7 integrin and showed a competitive advantage in long-
term engraftment. Using in vitro transwell migration assays,
in vivo homing assays, and various transplantation assays,
we provide evidence that the recognition of b7 integrin on
HSC surface by its endothelial ligand MAdCAM-1 pro-
motes HSCs to home to and engraft in the BM.

Materials and Methods

Animals

C57BL/Ka, C57BL/Ka-CD45.1, C57BL/Ka-Thy1.1-CD45.
1xC57BL/Ka-Thy1.1-CD45.2 F1, and b7 integrin-deficient
(b7KO, CD45.2) mice were maintained by the Animal Re-
source Center of City of Hope or Stanford University under
specific pathogen-free conditions. All mice used in this study
were matched for sex and age (6–12 weeks). Mouse care and
experimental procedures were performed in accordance with the
federal guidelines and protocols approved by the Institutional
Animal Care and Use Committee at City of Hope and Stanford
University Administrative Panel on Laboratory Animal Care.

Flow cytometry and cell sorting

BM cells were harvested by gently crushing femurs and
tibias with a mortar and pestle in PBS buffer, and then filtering
through a 40mm strainer (BD Biosciences). For the isolation
of HSCs, hematopoietic stem and progenitor cells (HSPCs)
were enriched from collected BM cells using the c-kit
MicroBeads Kit (Miltenyi Biotec) according to the manu-
facturer’s instructions. The enriched HSPCs were then stained
with labeled antibodies against Sca-1, c-kit, CD150, Flk-2, b7
integrin, CD34, CD48, CD3, CD4, CD8, B220, Gr-1, CD11b,
and Ter119. To identify BM ECs and stromal cells, BM cells
were stained with labeled antibodies specific for CD31,
Ter119, CD45, CD105, and MAdCAM-1. Flow cytometry
analysis and cell sorting was performed on a 4-laser, 15-
detector FACSAria III sorter (BD Biosciences), and all flow
cytometry data were analyzed with FlowJo software (Tree
Star). All antibodies were conjugated in-house or purchased
from BioLegend or eBiosciences, unless otherwise noted.

Transplantation assays

For HSC engraftment, 100 purified HSPCs were double
sorted from WT mice and together with 2 · 105 helper whole
BM (WBM) cells, were retro-orbitally injected into WT
recipient mice irradiated with 900 rads. For competitive re-
constitution assays that used b7- and b7+ HSCs, 50 purified

b7- and b7+ HSCs (LSK CD150+) were isolated from dif-
ferent congenic WT mice by two rounds of sorting and then,
together with 2 · 105 helper WBM cells, were retro-orbitally
injected into F1 (CD45.1/CD45.2) recipient mice irradi-
ated with 900 rads. For competitive reconstitution assays
using WT and b7KO HSCs, 50 purified HSCs (LSK
CD150+Flk2-CD48-) were double sorted from WT (CD45.1)
and b7KO (CD45.2) mice and together with 2 · 105 helper
WBM cells were retro-orbitally injected into F1 (CD45.1/
CD45.2) recipient mice irradiated with 1100 rads. Trans-
planted mice were bled at 4, 8, 12, and 16 weeks after trans-
plant and donor chimerism was analyzed by staining cells
with labeled antibodies specific for B220, CD19, CD3,
TCRb, CD11b, Gr-1, CD45.1, and CD45.2. For transplanta-
tion of WT and b7KO HSCs alone, 500 purified HSCs (LSK
CD150+Flk2-) were double sorted from WT or b7KO mice
then retro-orbitally injected into WT recipient mice irradi-
ated with 900 rads, and their survival was monitored and
recorded. For MAdCAM-1-blocking experiments, 200 puri-
fied HSCs (LSK CD150+Flk2-) were double sorted from WT
mice. WT recipients were irradiated with 900 rads, and after
18 h, recipient mice were treated with isotype control IgG or
MAdCAM-1-blocking antibodies (20 mg/kg body weight).
Four hours after treatment, HSCs together with 2 · 105 helper
WBM cells were retro-orbitally injected, and the survival of
transplanted recipients was monitored and recorded.

In vitro transwell migration assay

We purified 20,000 LSK BM cells from WT or b7KO
mice, suspended them in Iscove’s modified Dulbecco’s
medium (IMDM; Gibco, Life Technologies) supplemented
with 10% fetal bovine serum (FBS; Atlanta Biologicals),
and 10 ng/mL each of SCF and TPO (Peprotech), and placed
them in the upper chamber of a transwell insert (5mm pore
size; Costar; Corning). We added 100 ng/mL of CXCL12
(PeproTech) to the lower chamber and after 3 h at 37�C,
cells that migrated to the lower chambers were harvested
and analyzed by flow cytometry.

In vivo homing assay

We purified 50,000 LSK BM cells from WT or b7KO
mice, labeled them with carboxyfluorescein succinimidyl
ester (CFSE) and retro-orbitally injected them into WT re-
cipient mice irradiated with 800 rads. Sixteen hours after
transplantation, BM cells were harvested from the mice and
the number of transplanted CFSE-labeled cells recovered
was determined by flow cytometry. For MAdCAM-1-
blocking experiments, WT recipients were irradiated with
800 rads, and after 18 h, recipient mice were treated with
isotype control IgG or MAdCAM-1-blocking antibodies
(20 mg/kg body weight). Four hours after treatment, irradi-
ated recipients were retro-orbitally injected with 50,000
sorted CFSE-labeled WT LSK BM cells. Sixteen hours after
transplantation, the number of transplanted CFSE-labeled
cells recovered was determined by flow cytometry.

Colony-forming assay

A single-cell CFU-C assay was performed as previously
described [14]. Briefly, HSPCs were sorted individually into
96-well round bottom plates containing IMDM (Gibco)
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supplemented with 10% FBS (Atlanta Biologicals) and
10 ng/mL each of IL-1a, IL-3, IL-5, IL-6, IL-7, IL-9, IL-10,
IL-11, GM-CSF, TPO, EPO, SCF, and Flt3L (PeproTech).
Cells were cultured for 7 days at 37�C and individual wells
were analyzed by flow cytometry to distinguish the different
hematopoietic lineages.

Quantitative RT-PCR

Total RNA was isolated from HSCs (LSK CD150+

Flk2-CD48-) purified from WT and b7KO mice using the
RNeasy Plus Micro Kit (Qiagen) and reverse transcribed using
the Sensiscript RT Kit (Qiagen). Quantitative RT-PCR was
performed using CXCR4 (Mm01292123_m1) and GAPDH
(Mm9999915_g1) TaqMan Gene Expression Assays (Applied
Biosystems) in a ViiA7 Real-Time PCR System (Applied
Biosystems).

Irradiation experiments

WT mice were irradiated with 1200 rads and peripheral
blood (PB), spleen, femurs, and tibias were collected at 6, 12,
18, and 24 h after total body irradiation (TBI). The cell sur-
face expression of MAdCAM-1 on BM cells and splenocytes
was analyzed by flow cytometry. BM supernatant was pre-
pared by aspirating the marrow from tibias and femurs using
500mL PBS and then collecting the supernatant. Aliquots of
BM supernatant and PB plasma samples were stored at -80�C
until used. The concentrations of cytokines/chemokines in the
BM supernatant and PB plasma were analyzed in duplicate
using the MILLIPLEX MAP Multiplex Assay (Millipore).
The concentration was determined for these 31 mouse cyto-
kines/chemokines: eotaxin, granulocyte colony-stimulating
factor (G-CSF), granulocyte-macrophage colony-stimulating
factor (GM-CSF), interferon (IFN)-g, interleukin (IL)-1a, IL-
1b, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12
(p40), IL-12 (p70), IL-13, IL-15, IL-17A, IFN-g-inducible
protein 10 (IP-10), keratinocyte-derived chemokine (KC),

leukemia inhibitory factor (LIF), lipopolysaccharide-inducible
CXC chemokine (LIX), monocyte chemotactic protein-1
(MCP-1), macrophage colony-stimulating factor (M-CSF),
monokine induced by IFN-g (MIG), macrophage inflamma-
tory proteins (MIP)-1a, MIP-1b, MIP-2, regulated on activa-
tion normal T-cell expressed and secreted (RANTES), and
tumor necrosis factor (TNF)-a.

Statistical analyses

Statistically significant differences were calculated with
paired or unpaired two-tailed Student’s t-test or analysis of
variance using GraphPad Prism software v.6. Survival
curves were analyzed using the Kaplan–Meier analysis. A
P value of at least <0.05 was considered significant. All
pooled values are expressed as mean – SEM.

Results

A subset of HSCs in the BM express b7 integrin

We used flow cytometry to determine whether HSCs
express b7 integrin, and we detected a small subpopulation
of HSCs (LSK CD150+) in the BM that expressed high
levels of b7 integrin on their cell surface (b7+ HSCs;
Fig. 1A). These b7+ HSCs expressed low levels of the dif-
ferentiation marker Flk-2 (Fig. 1B). When we assessed
the in vitro differentiation potential of these b7+ HSCs
in single-cell colony-forming assays [14], using the chi-
square test, we did not find any significant difference
between b7+ and b7 negative to low (b7-) HSCs (Supple-
mentary Fig. S1A; Supplementary Data are available online
at www.liebertpub.com/scd). We then compared the long-
term repopulating potential of the b7+ and b7- HSCs
by transplanting 100 b7- or b7+ HSCs (LSK CD150+), to-
gether with 2 · 105 BM helper cells, into lethally irradiated
mice. We found that both b7- and b7+ HSCs were able to
repopulate the lymphoid and myeloid lineages 16 weeks

FIG. 1. b7+ hematopoietic stem
cells (HSCs) are capable of multi-
lineage, long-term reconstitution.
(A) Representative profile of flow
cytometry analyses of CD150 and
b7 integrin expression on Lin-Sca-
1+c-kit+ (LSK) bone marrow (BM)
cells. (B) Representative histogram
of flow cytometry analyses of Flk-2
expression on cell populations spec-
ified in (A) (b7-CD150+ cells shown
in green; b7+CD150+ cells shown in
blue; b7-CD150- cells shown in
orange; b7+CD150- cells shown
in red). (C) Frequency of donor-
derived myeloid cells in the peri-
pheral blood of recipient mice at
16 weeks after transplantation with
100 test cells plus 2 · 105 competitor
whole BM (WBM) cells. Data are
mean – SEM (n = 13 per group, from
three independent experiments). Col-
or images available online at www
.liebertpub.com/scd
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after transplant (Fig. 1C and Supplementary Fig. S1B, C).
Collectively, these data indicate that b7 integrin was highly
expressed on a subset of HSCs in the BM, which, like b7-

HSCs, were capable of multilineage, long-term reconstitu-
tion of irradiated recipients.

b7 integrin expression on HSCs enhances
their engraftment in the BM

Since we observed a trend toward an increased engraft-
ment ability of b7+ HSCs when compared to b7- HSCs in
the standard transplantation assay, we next characterized the
engraftment potential of b7+ HSCs in a more rigorous assay
that involves competitive reconstitution. We sorted 50 b7-

and b7+ HSCs (LSK CD150+) from different congenic do-
nors and transplanted them together with 2 · 105 helper BM
cells into lethally irradiated recipients (CD45.1/CD45.2 F1)
(Fig. 2A). We detected significantly higher myeloid con-
tributions from b7+ HSCs at 16 weeks after transplantation
compared to the b7- HSCs that were simultaneously trans-
planted into the same lethally irradiated mice (Fig. 2B and
Supplementary Fig. S2B). These data suggest that b7+ HSCs
had an enhanced engraftment potential compared to b7-

HSCs under transplant conditions. To extend these obser-
vations, we evaluated the engraftment potential of HSCs
that lack b7 integrin. First, we sorted 500 HSCs (LSK
CD150+Flk2-) from the BM of WT or b7 integrin-deficient
(b7KO) mice, and transplanted them into lethally irradiated

recipients. We observed reduced survival of recipient mice
transplanted with b7KO HSCs compared to mice trans-
planted with WT HSCs (Fig. 2C), demonstrating that 500
b7KO HSCs could not rescue irradiated recipients. We next
sorted 50 HSCs (LSK CD150+CD48-Flk2-) from the BM of
WT (CD45.1) or b7KO (CD45.2) mice, and transplanted
them together with 2 · 105 helper BM cells into lethally
irradiated recipients (CD45.1/CD45.2 F1; Fig. 2D and
Supplementary Fig. S2A). While CD45.2 hematopoietic
cells have an inherent engraftment advantage [15,16], we
found that the CD45.1 WT HSCs outcompeted the CD45.2
b7KO HSCs and thus, the b7KO HSCs had a significantly
reduced ability to reconstitute the lymphoid and myeloid
lineages as compared to competitor WT HSCs (Fig. 2E and
Supplementary Fig. S2C). Consistent with our previous
findings, these results demonstrated that the repopulating
capacity of b7KO HSCs was reduced in direct competition
with WT HSCs. Taken together, these data indicate that the
expression of b7 integrin on HSCs conferred them with a
competitive advantage during engraftment.

b7 integrin deficiency impairs the homing
of HSCs to the BM

Our observation that the repopulating capacity of b7KO
HSCs was reduced suggests that b7 integrin may play a role
in HSC homing to the BM after transplantation into irradi-
ated recipients. CXCL12/CXCR4 signaling plays an

FIG. 2. b7 expression on
HSCs enhances engraftment
potential. (A) Experimental
design of competitive reconsti-
tution assay using CD150+b7+

and CD150+b7- LSK BM
cells. (B) Frequency of donor-
derived myeloid cells in the
peripheral blood of recipient
mice at 16 weeks after trans-
plantation (n = 9 per group,
from three independent experi-
ments, *P < 0.05). (C) Lethally
irradiated mice were trans-
planted with 500 WT or b7KO
HSCs and their survival was
monitored (n = 8–9 per group,
from two independent experi-
ments, *P < 0.05). (D) Experi-
mental design of competitive
reconstitution assay using wild
type (WT) and b7KO HSCs.
(E) Frequency of donor-
derived myeloid cells in the
peripheral blood of recipient
mice between 4 and 16 weeks
after transplantation. Data are
mean – SEM (n = 11–17 per
group, from four independent
experiments, *P < 0.05).
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important role in the trafficking of HSCs, including homing,
lodgment, and retention. To assess the homing abilities of
b7KO HSCs, we performed an in vitro transwell migration
assay using sorted WT and b7KO LSK cells. We observed
that the migration of b7KO LSK cells toward CXCL12, a
chemoattractant for HSPCs, was decreased compared to WT
LSK cells (Fig. 3A). Because CXCL12 signaling is medi-
ated through the chemokine receptor CXCR4, we next ex-
amined if CXCR4 was expressed by b7KO HSCs. We found
that b7KO HSCs expressed a significantly lower level of
CXCR4 mRNA (Fig. 3B) and cell surface protein (Fig. 3C)
compared to WT HSCs. To then evaluate the in vivo homing
potential of b7KO HSCs, we transplanted 50,000 CFSE-
labeled WT or b7KO LSK cells into lethally irradiated mice
and quantified the number of CFSE+ donor cells that were
recovered from the recipient’s BM 16 h after transplantation
(Fig. 3D and Supplementary Fig. S3). Consistent with the
transwell migration assay, significantly fewer b7KO LSK
cells were recovered from the BM of lethally irradiated mice
compared to WT LSK cells (Fig. 3E). These data indicate
that the ability of b7KO HSCs to home to the BM is reduced
after transplantation into lethally irradiated recipients. Al-
together, the results support our hypothesis that b7 integrin
enhances HSC homing to the BM during transplantation.

Blocking MAdCAM-1 reduces the homing of HSCs
to the BM and survival of irradiated recipients

Myelosuppression induces an inflammatory environment
within the BM that is associated with higher levels of
proinflammatory cytokines [17]. Expression of MAdCAM-1
is regulated by the NF-kB and PI3K/AKT signaling path-
ways [18–21], both of which strongly correlate with the
inflammatory response. Indeed, treatments with a variety of
proinflammatory molecules, including lipopolysaccharide,
TNF-a, IL-1b, IFN-g, and CXCL12 [18,19,21–23], can en-

hance MAdCAM-1 expression in EC cell lines. However,
it is unknown whether endothelial MAdCAM-1 expres-
sion within the BM microenvironment is regulated by
similar molecular mechanisms. Therefore, we examined
whether myelosuppression could trigger MAdCAM-1 ex-
pression within the BM microenvironment. Mice treated
with TBI and MAdCAM-1 expression in the BM were ana-
lyzed by flow cytometry at specific times after irradiation. We
observed a significant increase in the frequency of
MAdCAM-1-expressing ECs (Ter119-CD45-CD31+ BM
cells) in the BM after lethal irradiation (Fig. 4A, B and
Supplementary Fig. S4). Furthermore, we found that the
concentrations of G-CSF, IL-1a, MCP-1, and KC in the
BM supernatant, and those of TNF-a and IL-6 in the PB
plasma of lethally irradiated mice, were significantly in-
creased after TBI (Fig. 4C). Collectively, the data indicate
that irradiation triggered the release of proinflammatory
cytokines and enhanced levels of MAdCAM-1 expression
on BM and spleen ECs and stromal cells.

Since our data suggest that b7 integrin can promote the
homing of HSCs and indicate that TBI induces MAdCAM-1
expression on BM ECs, we hypothesized that the ability of
a4b7 integrin to influence the homing of HSCs can be medi-
ated through a specific interaction with the MAdCAM-1 ligand
in the BM microenvironment. To test this hypothesis, we used
a MAdCAM-1 antibody to block its interaction with a4b7
integrin. We found that lethally irradiated mice treated with the
MAdCAM-1 blocking antibody before HSC transplantation
had a lower survival rate than those treated with an isotype
control antibody (Fig. 4D, E). Moreover, significantly fewer
WT LSK cells were recovered from the BM of irradiated mice
that received the MAdCAM-1 blocking antibody compared
to those that received an isotype control antibody (Fig. 4D–F).
These data indicate that antibody blocking of the interactions
between b7 integrin and MAdCAM-1 severely limited the
ability of HSCs to home to the BM after transplantation.

FIG. 3. b7KO HSCs have impaired homing capabilities. (A) Frequency of WT and b7KO LSK cells that migrated toward
CXCL12 in the transwell migration assay. Data are mean – SEM (n = 8–11 per group, from three independent experiments,
*P < 0.05). (B) Quantitative real-time PCR for CXCR4 mRNA levels in sorted WT and b7KO HSCs. Samples were run in
triplicate and each value was normalized to GAPDH expression. Data are mean – SEM (*P < 0.05). (C) Representative
histogram of flow cytometry analysis (left) and CXCR4 relative expression level (right) on WT (gray) and b7KO (black)
HSCs (n = 4 per group, from two independent experiments, *P < 0.05). (D) Experimental design of the in vivo homing assay.
(E) Frequency of CFSE+-transplanted cells that were recovered in the BM of recipient mice at 16 h after transplantation.
Data are mean – SEM (n = 6–8 per group, from three independent experiments, *P < 0.05).
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Together, these results support our hypothesis that b7 integrin
binds to MAdCAM-1 to mediate an interaction between HSCs
and the BM microenvironment that facilitates HSC homing.

Discussion

This study identified a subset of HSCs that express high
levels of surface b7 integrin. Functionally, these b7+ HSCs
exhibited a competitive advantage over the corresponding b7-

HSCs for long-term engraftment in lethally irradiated mice.
Conversely, either genetic b7 deficiency or inhibiting
MAdCAM-1 through blocking antibody impaired the abilities
of HSCs to home to and engraft in the BM after transplantation.
Altogether, our data indicates that b7 integrin on HSC surface,
by interacting with its endothelial ligand MAdCAM-1 in the
BM, can enhance HSC homing and subsequent engraftment.

Recent evidence suggests that the primitive HSC pool is
comprised of several distinct HSC subtypes that functionally

FIG. 4. MAdCAM-1 expression on BM ECs increases in response to lethal irradiation and blocking MAdCAM-1 reduces
the survival of irradiated recipients due to decreased BM homing. (A) Representative profile of flow cytometry analyses of
MAdCAM-1 expression on Ter119-CD45-CD31+ BM endothelial cells (ECs) at the indicated times after total body
irradiation (TBI). (B) Frequency of MAdCAM-1-expressing cells among BM ECs at the indicated times after TBI. Data are
mean – SEM (n = 4 per group, representative of three independent experiments, *P < 0.05). (C) Concentration of cytokines
and chemokines in the BM supernatant (left) and peripheral blood plasma (right) at the indicated times after TBI. Samples
were run in duplicate. Data are mean – SEM (n = 2–4 per group, *P < 0.05). (D) Experimental design of the transplantation
assay and in vivo homing assay using a control or MAdCAM-1 blocking antibody. (E) Survival of lethally irradiated
recipients treated with control antibody or MAdCAM-1-blocking antibody before HSC transplantation (n = 10 per group,
from two independent experiments, *P < 0.05). (F) Frequency of CFSE+-transplanted cells that were recovered in the BM of
recipient mice at 16 h after transplantation. Data are mean – SEM (n = 5–8 per group, from three independent experiments,
*P < 0.05).
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differ in their lineage potential and self-renewal capacity
[24,25]. According to the expression patterns of CD150 and
b7 integrin in the LSK cell population, we identified a
subset of b7+ HSCs (LSK CD150+) in the BM at steady state
(Fig. 1A, B). Prior studies have demonstrated the expression
of a4b7 integrin on a heterogeneous population of murine
HSPCs [26]. It was previously reported that the expression
of b7 appeared to be restricted to various mature hemato-
poietic cells and committed progenitors [27]. However, we
showed that b7+ HSCs were capable of reconstituting my-
eloid and lymphoid populations in irradiated mice long term
without obvious lineage bias (Fig. 1C and Supplementary
Fig. S1B). These data provide functional evidence against
the possibility that the surface expression of b7 on HSCs is a
marker for a homogeneous but lineage-restricted progenitor
population. While the repopulating potential of b7+ and b7-

HSCs differed, no difference was observed in their lineage
potential in vivo. This may suggest functional differences in
HSCs, however, further studies are required.

Our finding that b7KO HSCs have reduced migration
toward CXCL12 in vitro (Fig. 3A) prompted us to inves-
tigate CXCR4/CXCL12 signaling. We discovered that
b7KO HSCs expressed significantly lower levels of CXCR4
mRNA (Fig. 3B) and cell surface protein (Fig. 3C) com-
pared to WT HSCs. Therefore, it seems likely that the re-
duced migration of the b7KO LSK cells is caused by the
lower cell surface expression of the CXCR4 receptor, which
impairs the ability of the b7KO LSK cells to respond to its
ligand CXCL12. Since both adhesion molecules and che-
mokines play crucial roles in BM homing, this led us to
hypothesize that the engraftment defect of b7KO HSCs may
primarily reflect inefficient homing to the BM after trans-
plantation. Indeed, we found that the ability of b7KO HSCs
to populate the BM in vivo was severely impaired following
transplantation into irradiated recipients (Fig. 3E). This is
in agreement with previous studies demonstrating that
antibody blocking of a4b7 integrin on donor WBM cells
impedes cell rolling on the BM vasculature [26] and sub-
sequently BM homing after transplant [26,28]. Altogether,
we conclude that the impaired ability of b7KO HSCs to
home into the BM of irradiated hosts after transplantation
accounted for their reduced engraftment potential.

Various factors such as Robo4 [29] and sphingopho-
spholipids (S1P and C1P) [30] may influence HSC homing.
Although some recent studies have questioned the role of
CXCR4 in HSC homing in fetal liver hematopoiesis [31]
and CXCR4-overexpression studies [32], it is commonly
accepted that the CXCR4/CXCL12 axis plays a significant
role in the BM homing of transplanted HSPCs [33,34].
Consistent with the role of CXCR4 in HSC homing, we
observed that b7KO HSCs were impaired in their ability to
migrate toward CXCL12 in vitro and home to BM in vivo
(Fig. 3A–E). However, it is unclear how CXCR4 expression
is mechanistically regulated by b7 integrin. One study has
reported the integrin-mediated upregulation of CXCR4 ex-
pression on pancreatic cancer cells [35]. It is thus possible
that b7 integrin expression on HSCs may directly regulate
CXCR4 cell surface expression and/or reduce its internali-
zation. Alternatively, several reports have shown that ex-
posure to hypoxia led to upregulation of CXCR4 expression
in a diverse range of cancer cells [36–42]. Thus, the surface
expression of b7 integrin on HSCs may influence HSC lo-

comotion within a specific BM niche, where low oxygen
tension may favor the expression of CXCR4.

Although b7 deficiency reduced CXCR4 mRNA level in
HSCs by two-third, the surface expression was only partly
affected (1.5-fold) (Fig. 3B, C). Since CXCR4 internaliza-
tion and degradation is dynamically regulated, the cell sur-
face staining does not necessarily parallel CXCR4 protein
levels. CXCR4 expression is influenced by a wide variety of
physiological stimuli [43]. CXCL12 ligand binding also
causes receptor activation and subsequent rapid internali-
zation [44–46]. Following internalization, CXCR4 can be
marked by ubiquitination for lysosomal degradation [47] or
recycled back to the plasma membrane for further ligand
binding [46]. It has been shown that in many different cell
types, lack of CXC12 rapidly upregulated CXCR4 surface
expression during short-term culture [34,48], suggesting that
CXCR4 cell surface expression and internalization is tightly
regulated posttranslationally.

Consistent with reports by Tada and colleagues, we ob-
served that MAdCAM-1 expression was induced on BM ECs
within 24 h after lethal irradiation (Fig. 4A, B) [28,49].
Moreover, we found that blocking MAdCAM-1 lowered
survival rate (Fig. 4E) and reduced HSC homing to the BM
(Fig. 4F) in the HSC-transplanted mice. These data suggest
that the activity of a4b7 integrin on HSCs was mediated
through its specific interaction with its endothelial ligand
MAdCAM-1 in the BM microenvironment. Additionally, be-
cause lethal irradiation also induces the expression of fibro-
nectin and VCAM-1 on BM ECs [28,49], we cannot exclude
the possibility that a4b7 integrin binding to these low-affinity
ligands may also be involved in HSC homing to the BM.

The role of a4b7 integrin in HSC trafficking has remained
unclear. Previous studies have suggested a potential role for
a4b7 integrin and MAdCAM-1 in HSC homing to the re-
cipient’s BM using cell lines and blocking antibodies.
However, the use of a mixed population of HSPCs, not a
purified HSC population, made it difficult to interpret their
results [26,28]. Therefore, the homing of HSCs, committed
progenitors and terminally differentiated mature hemato-
poietic cells cannot be distinguished from one another, and
thus, whether or not the outcomes are the consequence of a
direct effect on HSCs cannot be determined. Here, our KO
mouse studies using highly purified cell populations clearly
demonstrate the importance of a4b7 integrin for the BM
homing of transplanted HSCs. We performed our in vivo
homing assay by transplanting sorted b7KO LSK cells and
then used the CFSE label to distinguish homed donor HSCs
from the residual host cells in the recipient BM. Our find-
ings are consistent with previous studies by Katayama et al.
in which they transplanted whole BM cells that had been
treated with the a4b7 blocking antibody and then used a
CFU-C assay to quantify the number of transplanted cells
that had homed to the BM.

In summary, our study indicates that b7 integrin on the HSC
surface interacts with endothelial MAdCAM-1 in the BM to
promote the homing of HSCs and thereby enhance their en-
graftment. A better understanding of how the differential ex-
pression of adhesion molecules influences the trafficking of
individual subsets of circulating HSCs will support the de-
velopment of novel strategies for controlling the fate of
transplanted HSCs, thus, improving the engraftment efficiency
of clinical HSC transplantation.
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