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Introduction
Recent reports suggest that hematopoietic stem cells
(HSCs) of human origin also have hepatic potential.
Following clinical liver or bone marrow (BM) trans-
plantation from sex-mismatched donors, BM-derived
hepatocytes have been identified (1–3). Murine and
rat HSCs can also migrate to and engraft irradiated
or injured adult livers, with hepatic differentiation
(4–6). Single murine HSC transplantation has result-
ed in detection of HSC-derived cells in the liver of
irradiated recipients with a low percentage of trans-
planted cells exhibiting immunohistochemical and
morphologic properties of hepatic epithelial cells (7),

confirmed (as a rare event) in another report using a
different protocol (8). This process was not document-
ed in parabiotic mice (8), suggesting that it does not
occur under steady-state homeostatic conditions in
nonirradiated or nondamaged intact livers. Enriched
human BM or cord blood (CB) CD34+ progenitors and
sorted primitive human CD34+/CD38– cells, a popula-
tion highly enriched for HSCs, can also engraft the liver
of irradiated immune-deficient NOD/SCID and
NOD/SCID/B2m-null mice at low frequencies.

In addition to extensive multilineage hematopoietic
differentiation in the murine BM and spleen, trans-
planted BM or CB CD34+ progenitor cells can also
rarely develop into human hepatic-like CD45-negative
cells that express hepatocyte-specific antigen, c-met, and
cytokeratin 19, produce human albumin, and respond
to stimulation induced by liver injury together with
HGF in vivo (9, 10). These human albumin–producing
cells were detected in the murine liver, but not in other
organs such as the murine BM and spleen (9, 10). In
addition to its powerful mitogenic effect on hepato-
cytes, in vitro stimulation with the hepatic cytokine
HGF also promotes proliferation, adhesion, and sur-
vival (11). HGF stimulation also promotes high-level
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differentiation into albumin-producing cells with liver-
specific lineage markers by hematopoietic CD34+

enriched cells obtained from human BM (12) and CB
mononuclear cells (CBMCs) (13). However, evidence for
clonal properties of stem cells with both hematopoiet-
ic and hepatic potential has been documented only with
murine and rat stem cells and not with human repopu-
lating progenitors. In vitro cultured, single rodent stro-
mal progenitors (multipotent adult progenitor cells)
also demonstrate both hematopoietic and hepatocytic
differentiation potential in vivo in transplanted recipi-
ents preconditioned with total body irradiation (14).
However, the mechanisms that mediate and regulate the
essential first step of migration into and retention of
hematopoietic stem and progenitor cells with hepatic
potential in the damaged liver are currently unknown.

Although the levels of HSCs that engraft the irradiat-
ed liver and develop into hepatocyte-like, albumin-pro-
ducing cells are very low, this process can be amplified
by liver injury or viral inflammation. Under strong selec-
tion conditions that exist in fumarylacetoacetate hydro-
lase–null mice, which have ongoing severe hepatocyte
damage due to deficiency of this enzyme, there is enor-
mous amplification of transplanted, purified murine
HSCs that demonstrate hepatic morphology and func-
tion, with correction of the metabolic disorder (6) by cell
fusion (15). Liver repopulation by BM cells from Bcl-2
transgenic mice transplanted into WT recipients, fol-
lowed by repeated rounds of liver injury and regenera-
tion induced by Fas-mediated apoptosis, represents
another example of selective amplification of trans-
planted BM cells after they have differentiated into
hepatocytes (16). High levels of BM-derived hepatocytes
were also reported in a liver transplant recipient in
whom the transplanted liver became infected with hep-
atitis C virus (HCV) (2). Liver injury together with HGF
stimulation, or partial hepatectomy significantly
increased the levels of human albumin–producing
hepatocyte-like cells in the murine liver (10, 13). These
studies demonstrate that the potential of HSCs to gain
hepatic phenotype can be significantly amplified under
stress conditions. However, the mechanisms and factors
that regulate HSC recruitment to the treated liver and
induce their hepatic phenotype are currently unknown.

The chemokine stromal cell–derived factor-1 (SDF-1),
also termed CXCL12, the only known powerful
chemoattractant of HSCs of both human (17) and
murine origin (18), is widely expressed in many tissues
during development (19) and adulthood (20–22),
including the liver (23–25). We have shown that BM
homing and repopulation by sorted human CD34+/
CD38–/low stem cells transplanted into the tail vein of
irradiated immune-deficient NOD/SCID and NOD/
SCID/B2m null mice are dependent on SDF-1/
CXCR4 interactions (26, 27). We further demonstrat-
ed the involvement of these interactions in G-CSF–
induced mobilization of murine and human stem
cells (28). We therefore hypothesized that SDF-1/
CXCR4 interactions are implicated in stress-induced

stem cell trafficking in vivo and in particular sought
to identify mechanisms that mediate in vivo migra-
tion of hematopoietic progenitor cells into the liver
under stress conditions.

Methods
Human cells. Human CBMCs and adult mobilized
PBMCs were obtained after informed consent in accor-
dance with procedures approved by the human ethics
committee of the Weizmann Institute of Science.
CD34+ cell enrichment was performed using magnetic
bead separation as previously described (27). CXCR4
expression was determined by flow cytometry using
purified anti–human CXCR4 (clone 12G5; R&D Sys-
tems Inc., Minneapolis, Minnesota, USA) and second-
ary F(ab′)2 fragment of goat anti-mouse IgG-FITC
(Jackson ImmunoResearch Laboratories Inc., West
Grove, Pennsylvania, USA).

Mice. NOD/SCID mice were bred and housed as pre-
viously described (27). All experiments were approved
by the animal care committee of the Weizmann Insti-
tute of Science. Mice were sublethally irradiated (375
cGy) where indicated, 24 hours before transplanta-
tion. CXCR4 neutralization: human CD34+ cells were
preincubated with anti–human CXCR4 neutralizing
mAb 12G5 (10 µg per 0.5 × 106 cells, R&D Systems
Inc.) and were injected into the tail vein without wash-
ing (0.5 × 106 to 0.6 × 106 CD34+ cells/mouse for hom-
ing assays, 2 × 105 CD34+ cells/mouse for engraftment
assays). Mice were killed 4 hours, 16 hours, or 5–6
weeks after cell transplantation as indicated. Single-
cell suspensions of liver tissues were washed thor-
oughly with PBS. Homing of human cells was deter-
mined as described (27), acquiring 1.5 × 106 cells/
sample. Human cell engraftment in the murine liver
was determined by Southern blot for human DNA
using a human-specific α-satellite probe 5–6 weeks
after transplantation (26).

For in vivo SDF-1 injection, nonirradiated NOD/
SCID mice were anesthetized as described (27). Human
SDF-1α (1 µg/mouse; PeproTech Inc., Rocky Hill, New
Jersey, USA) was injected directly into the hepatic
parenchyma before human cell transplantation. For
liver injury, mice were injected intraperitoneally with
10, 15, or 30 µl/mouse of CCl4. Liver samples were col-
lected within a few hours or 1–2 days later, as indicat-
ed. In homing assays, mice were intravenously trans-
planted with human mobilized PB CD34+ cells (0.6 × 106

cells/mouse) 4 hours before liver collection. Homing
was blocked by preincubation of transplanted cells
with 10 µg of anti-CXCR4/mouse or by intraperitoneal
injection of 100 µg/mouse of MMP-2/MMP-9
Inhibitor III (Calbiochem-Novabiochem Corp., San
Diego, California, USA). Human progenitors in the
blood circulation of engrafted mice transplanted a
month before with human CBMCs (2 × 107 cells/
mouse) were quantified by seeding 2 × 105 PBMCs/ml
for a CFU assay as described (27). CXCR4 expression
was determined by flow cytometry.
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ELISA for mouse SDF-1. Liver extracts (of nonirradiated
mice, or 24 and 48 hours after irradiation) were prepared
by cell lysis with 25 mM Tris (pH 7.5), 1% Triton X-100,
0.5 mM EDTA, 150 mM NaCl, 10 mM NaF, and pro-
tease inhibitor cocktail (1% PMSF; Sigma-Aldrich, St.
Louis, Missouri, USA). Total proteins in these extracts
were quantified by Bradford assay and equal protein
amounts were assayed for SDF-1 as described (28).

Immunohistochemical detection of human proteins. Frozen
5-µm sections were fixed in acetone and air-dried and
the endogenous peroxidase was blocked. The endoge-
nous biotin was further blocked with the avidin-biotin
blocking kit (Vector Laboratories Inc., Burlingame, Cal-
ifornia, USA). Endogenous mouse IgG was blocked
using the Mouse-on-Mouse Immunodetection Kit
(Vector Laboratories Inc.) according to the manufac-
turer’s instructions. The primary mAb, anti–human
albumin, was diluted 1:50 in MOM working solution
and incubated for 30 minutes at room temperature.
The secondary Ab, biotinylated anti-mouse IgG1 raised
in rabbit (Zymed Laboratories Inc., South San Francis-
co, California, USA), was diluted 1:100 in MOM work-
ing solution and applied for 30 minutes at room tem-
perature. The sections were then incubated with the
ABC complex (MOM; Vector Laboratories Inc.) and
developed with DAB as substrate.

Five-micrometer sections of formaldehyde-fixed and
paraffin-embedded NOD/SCID mouse liver tissue were
used for the detection of human SDF-1, CD45, and albu-
min. The sections were deparaffinized and incubated
with these primary Ab’s: mouse anti–human SDF-1 Ab
K15C at 1:400; mouse anti–human albumin (1:5,000;
Cedarlane Laboratories Ltd., Hornby, Ontario, Canada);
and mouse anti–human CD45 (1:40; Dako Corp.,
Carpinteria, California, USA). Overnight incubation at
4°C was followed by incubation with biotin-labeled rab-
bit anti-mouse IgG (1:100; Dako Corp.) for 30 minutes
at room temperature. The sections were then incubated
with ABC complex (Vector Laboratories Inc.) and devel-
oped with DAB as substrate. They were counterstained
in hematoxylin and covered with coverslips. To rule out
false-positive signals contributed by damaged tissue and
as a control, liver sections obtained from nontreated
mice or from irradiated nontransplanted mice were
labeled with human-specific anti-CD45 or anti–SDF-1
Ab. We did not observe human CD45-positive cells in
these control tissues, and SDF-1 staining was restricted
to the bile ducts (data not shown).

Detection of human albumin mRNA and protein. Albumin
mRNA was detected in total RNA extracted from frozen
liver tissue using Trizol reagent (Invitrogen Corp., San
Diego, California, USA) according to the manufactur-
er’s instructions. Reverse transcription was used to pre-
pare cDNA with 2.5 µg DNA-free RNA, 0.5 µg oligo
d(T) primer, and SuperScript II RT (Invitrogen Corp.).
Reverse-transcribed products were amplified for albu-
min cDNA sequences using human albumin–specific
primers 5′-AACGCCAAGTAAGTGACAGA and 3′-GAAAAA-
GAAAAACAGATGAA. Amplification was performed at

95°C for 10 minutes, 40 cycles of 94°C for 30 seconds,
50°C for 60 seconds, and 72°C for 60 seconds, with a
final extension at 72°C for 7 minutes. PCR products
were then separated by 1.0% agarose gel electrophoresis.

Human albumin was identified in protein extracts
from the liver of engrafted mice by Western blot analy-
sis using mouse monoclonal anti–human albumin Ab,
IgG1 isotype (Cedarlane Laboratories Ltd.), which did
not cross-react with mouse albumin. Briefly, aliquots
of liver extract containing 50 µg protein were separat-
ed by electrophoresis on 10% SDS-polyacrylamide gels,
the proteins were transferred to nitrocellulose mem-
branes using the Trans-Blot Semi-Dry Transfer Cell
(Bio-Rad Laboratories Inc., Hercules, California, USA),
and the membranes were incubated with mouse mon-
oclonal anti–human albumin (Cedarlane Laboratories
Ltd.) at a dilution of 1:1,000, followed by incubation
with rabbit anti-mouse IgG F(ab′)2 conjugated with
alkaline phosphatase (Sigma-Aldrich) at a dilution of
1:3,000. Subsequent color development used the
NBT/BCIP system (Bio-Rad Laboratories Inc.).

Zymography. A whole liver was homogenized with 1 ml
PBS, filtered, and centrifuged twice at 4°C at 1,500 g for
10 minutes. Supernatants were kept on ice and protein
concentration was measured by Bradford protein assay
(Bio-Rad Laboratories Inc.). Five micrograms of liver
supernatant was loaded on 10% SDS-PAGE gels con-
taining 1 mg/ml gelatin. Gels were rinsed for 30 minutes
in 2.5% Triton X-100, washed with double distilled H2O,
and incubated at 37°C for 16 hours with developing
buffer consisting of 50 mM Tris (pH 8), 5 mM CaCl2, 200
mM NaCl, and 0.02% Brij (Sigma-Aldrich). Gels were
stained with 0.25% Coomassie blue for 3 hours and
destained with 5% acetic acid and 10% methanol.

Chemotaxis. Migration of enriched CD34+ cells toward
a gradient of SDF-1 was determined by Transwell (Corn-
ing, Corning, New York, USA) assay as described (26). In
one set of experiments, 10 ng/ml of SDF-1 was added to
the lower chamber and conditioned medium of the cell
line HT1080, enriched with secreted MMP-2 and 
MMP-9 (29), was added to the upper Transwells togeth-
er with CD34+ cells. Cells were incubated with MMP-2/
MMP-9 Inhibitor III (100 µM; Calbiochem-Novabio-
chem Corp.) for 30 minutes at 37°C before migration.
When added together, HT1080-conditioned medium
and MMP-2/MMP-9 inhibitor were preincubated toge-
ther (30 minutes at 37°C) before they were added to the
cells in the upper Transwell. In another set of experi-
ments, CD34+ cells were incubated for 40 hours in RPMI
1640 supplemented with 10% FCS in the absence of
human cytokines or with stem cell factor (SCF) (50 ng/ml;
R&D Systems Inc.), HGF (100 ng/ml; PeproTech Inc.), or
both cytokines before migration to 125 ng/ml of SDF-1.

Immunocytochemistry. CB CD34+ enriched cells were
incubated for 40 hours in RPMI 1640 supplemented
with 10% FCS in the absence of cytokines or with 
SCF (50 ng/ml; R&D Systems Inc.), HGF (100 ng/ml; 
PeproTech Inc.), or both cytokines. Cells were plated on 
glass coverslips coated with fibronectin (10 µg/cm2; 
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Calbiochem-Novabiochem Corp.) and incubated for 2
hours at 37°C in 5% CO2. Cells were then fixed for 25
minutes in 3% paraformaldehyde and permeabilized for
5 minutes in 0.5% Triton X-100, both in PBS. Cells were
indirectly immunolabeled with rabbit anti–human
CXCR4 polyclonal Ab (Chemicon International, Temec-
ula, California, USA), washed extensively with PBS, and
incubated with phalloidin-TRITC (Sigma-Aldrich) and
goat anti-rabbit Alexa 488 (Molecular Probes Inc.,
Eugene, Oregon, USA). Following extensive washing
with PBS, samples were mounted in Elvanol (Mowiol 4-88;

Aventis, Strasbourg, France); all procedures were carried
out in a humidified atmosphere at room temperature.
Immunofluorescence was viewed and analyzed using a
confocal microscope (Bio-Rad Laboratories Inc.) at a
magnification of ×100.

Results
SDF-1/CXCR4 interactions mediate homing and engraftment
of the liver by enriched human CD34+ progenitors in trans-
planted NOD/SCID mice. To examine the role of SDF-1 in
HSC recruitment to the liver, we transplanted irradiated
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Figure 1
SDF-1/CXCR4 interactions mediate homing and engraftment of irradiated NOD/SCID mouse liver by human CD34+ cells. (a) Homing of human
CB or MPB enriched CD34+ cells to the murine BM, spleen (Spl), and liver is inhibited by neutralizing CXCR4. Data present inhibition as per-
centage of control. P ≤ 0.008, comparing anti-CXCR4–treated samples with their control counterparts. (b) A representative homing experiment
shows human CD34+/CD38–/low homing cells (gated) in the liver of mice transplanted with nontreated cells (top), or CXCR4-neutralized cells
(middle). A noninjected (Non-inj) mouse served as a negative control (bottom). Numbers indicate human homing cells/1.5 × 106 acquired cells.
(c) Four-hour homing of CXCR4-neutralized or nontreated CD34+ cells to the liver of nonirradiated mice. Human SDF-1 was injected into the liver
parenchyma as indicated. Cells were collected from the injected lobe to determine the homing of human CD34+ cells. (d) Human cell engraft-
ment of the liver by CB nonstimulated CD34+ cells or CD34+ cells that migrated toward SDF-1, determined by Southern blot specific for human
DNA. A representative blot is shown (*mouse transplanted with CD34+ cells migrating toward SDF-1). (e) Data as presented in d, summarizing
three independent experiments (n = 37 mice). (f) SDF-1 levels in liver extracts of mice with no irradiation (ctrl), 24 hours and 48 hours after irra-
diation, determined by ELISA. Data summarize three experiments.



NOD/SCID mice with human CD34+ enriched cells
from mobilized peripheral blood or CB, with and with-
out neutralizing CXCR4 Ab’s, and assayed their hom-
ing. CXCR4 neutralization significantly inhibited the
homing of human CB or MPB CD34+ enriched cells to
the BM, spleen, and liver of NOD/SCID recipients 16
hours after transplantation (Figure 1a). The more
primitive, undifferentiated CD34+/CD38–/low cells,
highly enriched for human HSCs (25) and cells with
hepatic-like potential (9, 10), also require SDF-1/
CXCR4 interactions for their migration to the murine

liver (Figure 1b). Next, human SDF-1 was injected
locally into the hepatic parenchyma of nonirradiated
NOD/SCID recipients, followed by intravenous infu-
sion of enriched human CD34+ cells. Human SDF-1
increased the homing of CD34+ progenitors, while neu-
tralizing CXCR4 Ab’s almost completely abrogated
their homing (Figure 1c). These findings suggest that
local tissue expression of SDF-1 plays a chemotactic
role in the migration of human stem and progenitor
cells to the irradiated murine liver.

The levels of human DNA in the livers of NOD/SCID
mice 5–6 weeks following transplantation with
enriched human CB CD34+ progenitors were low but
detectable (Figure 1, d and e). Transplantation of en-
riched CD34+ cells that were selected for their ability to
migrate in vitro to a low concentration of SDF-1 prior
to transplantation led to significantly higher levels of
human DNA in the engrafted liver (Figure 1d, mouse
3, and Figure 1e, right). In contrast, no human DNA
could be detected in the livers of mice coinjected with
neutralizing CXCR4 Ab’s regardless of their migration
potential, demonstrating an essential role for SDF-1/
CXCR4 interactions in human HSC engraftment of the
murine liver (Figure 1d, mouse 1 and mouse 2, and Fig-
ure 1e). Since migration of human progenitors to the
murine liver requires SDF-1–mediated signaling, we
measured the levels of this chemokine in the livers of
irradiated and nontreated mice, and documented a sig-
nificant increase in SDF-1 expression following total
body irradiation (Figure 1f).

SDF-1 expression and human cell localization around the
liver bile duct. Five to six weeks after transplantation
of human CD34+ cells, nonhepatic cells were identi-
fied in the murine liver adjacent to the bile ducts
(Figure 2a). SDF-1 is highly expressed in bile duct
epithelial cells of mice 5–6 weeks after irradiation
and transplantation of human progenitors (Figure
2b). Of interest, large clusters of cells surrounding
the bile ducts of engrafted mice were identified as
human CD45+ cells (Figure 2c) in close proximity to
the SDF-1–rich microenvironment (Figure 2b). Sin-
gle human CD45+ cells were also observed in the liver
sinusoids scattered throughout the parenchyma (Fig-
ure 2d). Since human liver inflammation due to HCV
infection has been associated with increased BM-
derived hepatic differentiation (2), we also stained
normal and HCV-infected human livers for SDF-1
immunoreactivity. The HCV-infected liver displayed
very high expression of SDF-1 due to extensive bile
duct proliferation, and more importantly, expression
of SDF-1 in the inflamed liver bile ductule and other
nonparenchymal cells such as oval cells, canal of Her-
ing, or endothelial cells, that were not observed in
control healthy human liver (Figure 2, e and f). These
results suggest that increased levels of SDF-1 bound
to the liver bile duct epithelium and other non-
parenchymal cells can attract and retain BM-derived
hematopoietic cells within the liver. Of interest, this
patient presented significant leukocytic infiltration
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Figure 2
SDF-1 expression and engrafting cell accumulation within the liver.
(a–d) NOD/SCID mice transplanted with CB CD34+ cells. (a) Hema-
toxylin and eosin staining 5–6 weeks after transplantation shows a bile
duct (large arrow) adjacent to a large portal vein (pv) with cells sur-
rounding the duct (dashed arrow) that are not observed in normal
mouse liver. (b) Identification of SDF-1 in the bile ducts of NOD/SCID
mouse liver. All epithelial cells in the bile ducts are strongly positive for
SDF-1 (large arrow); scattered bile ductule cells (arrowheads) are also
SDF-1–positive. (c) Human CD45+ hematopoietic cells (small arrows)
are present in large numbers surrounding the bile ducts (large arrows)
and accumulate to very high density between the ducts and the adja-
cent portal veins. (d) Human CD45+ cells are also observed as single
cells or small clusters in random distribution in the hepatic sinusoids.
Original magnification for a–d, ×400. (e and f) SDF-1 expression in
normal adult human liver and in the liver of a patient with chronic
hepatitis resulting from HCV infection was detected by immunohis-
tochemistry. (e) Normal liver shows a single mature bile duct stained
positive for SDF-1 (arrow) and absence of SDF-1 expression in
endothelial cells lining a venous channel (arrowheads). (f) Liver from
a patient with chronic liver disease from HCV infection shows exten-
sive proliferation of bile ducts positive for SDF-1 expression (arrows)
as well as expression of SDF-1 in bile ductule epithelium and/or canal
of Hering or oval cells (arrowheads). Magnification for e and f, ×200.



in the inflamed liver, predominantly by lymphocytes,
suggesting involvement of the increased SDF-1 levels
in attraction of lymphocytes to the HCV-infected
liver (data not shown). 

Rare, hepatic-like potential of liver-engrafting human pro-
genitor cells. Low levels of human albumin mRNA
and/or protein expression were present in more than
50% of engrafted murine livers as detected by RT-PCR
and Western blot, respectively (Figure 3, a and b). Using
quantitative PCR, the level of human albumin mRNA
in the engrafted mouse liver was at or below 0.01% of
that observed in normal human liver. Another hepato-
cyte-specific marker, human α1-antitrypsin mRNA, was
also detected in engrafted mouse livers by RT-PCR
using human-specific oligonucleotides (data not
shown). The hepatic-like potential of CD34+ human-
derived cells in the murine liver was also demonstrated
by immunohistochemistry showing individual cells
and small to medium-sized clusters of cells with hepa-
tocytic morphology and human albumin expression in
all sections examined (Figure 3, c–f). Although rare (1–2
cells or cell clusters per section showed human albumin
expression in multiple sections), these cells were not
present in control mouse livers (data not shown).

Stress-induced MMP-2/MMP-9 expression recruits CXCR4+

hematopoietic progenitors to the injured liver. Liver injury
has been found to increase the levels of transplanted
rodent BM progenitor cells exhibiting a hepatic phe-
notype in the rat and murine liver (4–6). CCl4-induced
liver injury 1 month after transplantation, in combi-
nation with HGF stimulation, significantly increased
the levels of hepatic-like differentiation and human
albumin production in immune-deficient NOD/SCID
and NOD/SCID/B2m null mice engrafted with human
CD34+ and CD34+/CD38– progenitors, revealing less
than 1% human albumin–producing cells in the
murine liver 2 months after transplantation (10); this
result was supported in another report using a differ-
ent protocol (13). In our studies, a single injection of
CCl4 rapidly induced increased homing of enriched
human CD34+ cells to the livers of treated mice in a
CXCR4-dependent manner (Figure 4a). CCl4-mediated
liver injury also induced the recruitment of human
colony–forming progenitors from the BM to the circu-
lation of engrafted NOD/SCID mice (Figure 4b). Unex-
pectedly, we noticed increased levels of CXCR4 expres-
sion on human MNCs in the circulation of CCl4-
treated mice (Figure 4c). In addition, CCl4 treatment
resulted in increased activity of the proteolytic enzyme
MMP-2 and emergence of MMP-9 in the liver of treat-
ed NOD/SCID mice (Figure 4d). However, SDF-1 was
still strongly expressed on bile duct epithelium (Figure
4e–h, see arrows in Figure 4f and 4h), with additional
expression in bile ductule, canal of Hering, and undif-
ferentiated oval cells that are induced to proliferate
during liver injury (30) (arrowhead in Figure 4g). This
pattern of SDF-1 expression was not detected in livers
obtained from control noninjured or nonirradiated
mice (Figure 4e). Supernatants from a human cell line

(HT1080) that secretes MMP-2 and MMP-9 were also
found to increase surface CXCR4 expression on
enriched human CD34+ cells (Figure 4i). Moreover, this
MMP’s enriched supernatant significantly increased
SDF-1–mediated migration of human progenitors in
vitro and was inhibited by a specific MMP-2/MMP-9
inhibitor (Figure 4j), demonstrating that these prote-
olytic enzymes directly affect the motility of enriched
human CD34+ progenitors. This inhibitor also reduced
the migration of human CD34+ progenitors to the
injured liver (Figure 4a), demonstrating a central role
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Figure 3
Hepatic differentiation of human albumin–producing cells within the
liver of transplanted NOD/SCID mice. (a) Detection of human albu-
min (Alb) mRNA by RT-PCR using human albumin–specific oligonu-
cleotides and mouse dipeptidyl peptidase IV (DPPIV-specific) oligonu-
cleotides as an internal control. (–), no RNA included; H, human liver
RNA; M, RNA from a control, nontransplanted mouse liver; lanes 1,
2, 3, 4, and 5, RNA from the liver of mice transplanted with human CB
CD34+ enriched cells. (b) Detection of human albumin by Western blot
in the liver of NOD/SCID mice engrafted with human CD34+ CB cells
using a mouse mAb specific for human albumin. Shown are a control
human liver protein extract (H), liver protein extract from a control
nontransplanted mouse (M), and extract from three mice transplant-
ed with human CB CD34+ cells (lanes 1, 2, and 3). (c and d) Sections
of formaldehyde-fixed, paraffin-embedded liver tissue analyzed for
detection of human albumin using human albumin–specific mAb. (e
and f) Sections of frozen liver stained for human albumin, as described
in c and d, counterstained with hematoxylin (e) and not counter-
stained (f). Individual cells (c and d) and small to medium-sized clus-
ters of cells (e and f) with the morphologic appearance of hepatocytes
and expressing human albumin were present in the liver of NOD/SCID
mice transplanted with human CB CD34+ cells, but not in the liver of
control, nontransplanted NOD/SCID mice (data not shown). Origi-
nal magnification: c, ×200; d, ×100; e and f, ×400.



for these proteolytic enzymes in SDF-1–mediated
recruitment of hematopoietic progenitors to sites of
inflammation in the injured liver.

Increased HGF-mediated motility and CXCR4-mediated
migration by human CD34+ progenitors. HGF is upregulat-
ed in the injured liver following CCl4 administration
(31), and the addition of human HGF increases the lev-
els of human albumin–producing cells in CCl4-injured
livers of engrafted immune-deficient murine chimeras
(10). We therefore hypothesized that HGF may also
participate in the regulation of human CD34+ cell
migration and recruitment to the injured liver.
Enriched CB CD34+ cells were cultured for 40 hours in
the absence of cytokines or in the presence of either
SCF, which has been shown to induce CXCR4 expres-
sion and SDF-1–dependent migration (26), HGF, or a

combination of both cytokines. While CD34+ cells cul-
tured without the addition of these cytokines maintain
a round shape, cells cultured with SCF are spread and
polarized (Figure 5a). Interestingly, HGF by itself in-
duced formation of actin-based protrusions from the
cell surface (arrowhead), and the combination of SCF
and HGF promoted lamellipodia formation, a pheno-
type distinct from that observed with SCF or HGF
alone (Figure 5a, arrow). Most importantly, these cyto-
skeletal rearrangements are associated with CXCR4
upregulation (Figure 5b) and a functionally enhanced
chemotactic response to SDF-1 (Figure 5c). HGF by
itself did not induce chemotaxis of human progenitors
(data not shown); however, HGF increased the motility
of human progenitors and synergized with SCF to
potentiate both CXCR4 expression and SDF-1–induced
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Figure 4
Stress-induced MMP-2 and MMP-9 increase progenitor cell motility and recruitment to the liver. (a) Four-hour homing of human MPB
CD34+ cells to the liver of nonirradiated mice injected 24 hours earlier with 15 µl of CCl4. Anti-CXCR4 pretreatment of transplanted cells
or intraperitoneal injection of MMP-2/MMP-9 inhibitor (1.5 hours before transplantation). Bars indicate the mean number of homing
cells per 1.5 × 106 acquired cells (n = 3 experiments). (b and c) PBMCs of chimeric mice 1 day after injection of 10 µl CCl4 assayed for the
level of human progenitors (b) and human CXCR4 expression (c), (n = 3 experiments). (d) Representative zymography shows MMPs activ-
ity in the mouse liver. Control mice (lanes 1 and 2), mice 1 day after injection of 15 µl CCl4 (lane 3), 2 days after 30 µl CCl4 (lane 4), 2 days
after 15 µl CCl4 (lane 5), and conditioned media of the human cell line HT1080 (lane 6). (e–h) SDF-1 immunostaining of untreated mouse
liver (e) or mouse liver after injection of CCl4 (f–h). Arrows indicate positively stained bile duct epithelium. Arrowhead indicates positive-
ly stained bile ductule or canal of Hering oval cells. Original magnifications: ×1,008, ×1,575, ×1,575, and ×500, respectively. (i) CB CD34+

cells were incubated for 5 hours before CXCR4 staining: isotype control (Isot), cells cultured with RPMI 1640 (Ctrl), cells cultured with
HT1080 conditioned media (sup). Representative data of three experiments. (j) Transwell migration toward SDF-1 with CB and MPB
CD34+ cells, preincubated with RPMI 1640 (Ctrl), MMP-2/MMP-9 inhibitor (inh), HT1080 conditioned media (sup), or HT1080 super-
natant together with MMP-2/MMP-9 inhibitor. Data represent fold-increased migration compared with control cells.



directional migration. These unexpected findings sug-
gest an important role for HGF in facilitating motility
and directional migration of human CD34+ cells in
response to injured liver stress signals.

Discussion
Recent studies have demonstrated the rare potential of
primitive human BM and CB CD34+/CD38– purified
subpopulations to engraft the irradiated or injured
liver of transplanted NOD/SCID mice and to differen-
tiate into hepatocyte-like cells that express liver-specif-
ic proteins (9, 10). In the current research, we provide
mechanistic insights concerning stress-induced migra-
tion and recruitment of enriched human CB and MPB
CD34+ cells to the irradiated or injured liver and reveal
for the first time the central roles of the chemokine
SDF-1, the proteolytic enzymes MMP-2 and MMP-9,
and the cytokine HGF in these processes. Stress can act
to facilitate tissue-specific differentiation and provide
an advantage to transplanted hematopoietic cells, as
others have shown (6), and can also act to induce secre-
tion of signaling mediators that increase migration and
guide transplanted cells to the injured organ, as our
findings reveal. These sequential events are regulated
at least in part by the same mediators, such as HGF,
which participates both in human CD34+ progenitor
migration and development (10–12).

SDF-1 is locally increased within the BM following
total body irradiation or chemotherapy (32), suggesting
that it also serves as a stress signal for circulating cells,
recruiting them to the damaged tissue. We found
increased SDF-1 expression in the liver following total
body irradiation. Moreover, in human HCV-infected
liver or the injured murine liver, SDF-1 distribution is
extended to bile ductule, canal of Hering, and oval cells.
Interestingly, SDF-1 on bile duct epithelium of CCl4-
treated mice is positively immunostained using the
K15C mAb, which binds the signaling N-terminus of
the chemokine. Proteolytic cleavage associated with
inactivation of SDF-1 was demonstrated by several
degrading enzymes (28, 33, 34) including MMP-2 and
MMP-9, which cleave the N-terminus (35). In CCl4-
treated livers, SDF-1 levels measured by ELISA were only
slightly reduced (data not shown). Together, these
results imply there is a protective microenvironment or
a rapid replacement of proteolytically cleaved chemo-
kine by the liver epithelium and increased expression
during liver injury/inflammation. Of interest, using the
same Ab during G-CSF–induced mobilization, SDF-1
levels in the BM were significantly reduced (28), docu-
menting differences in stress-induced chemokine
expression. Nevertheless, the possibility of SDF-1–pos-
itive staining but not function within the CCl4-treated
liver has to be considered as well.

A local increment in SDF-1 levels facilitated hom-
ing to the liver, whereas impairing SDF-1/CXCR4
interactions abolished both homing and engraft-
ment of this organ by enriched human CD34+ cells.
Accumulation of human CD45+ cell clusters around

the bile duct/SDF-1–rich microenvironment also sug-
gests involvement of SDF-1/CXCR4 interactions in reten-
tion of human progenitors in the treated liver. These
interactions mimic those observed between HSCs and the
SDF-1–rich BM endosteum region in which hematopoi-
etic progenitors are localized in close proximity to this
chemokine (32, 36, 37), which is also a survival factor for
both human and murine progenitors (38, 39).

Proteolytic enzymes such as MMPs are widely
involved in matrix degradation in the context of
motility and in vivo migration of normal and malig-
nant cells. Rat MMP-9 and MMP-2 were activated
following CCl4-mediated liver injury (40). In CCl4-
treated NOD/SCID mice, we also detected increased
MMP-2 secretion and emergence of MMP-9. Could
stress-induced secretion of MMPs in the liver trans-
mit signals for hematopoietic cell migration and
recruitment to this organ? CCl4 treatment triggered
mobilization of human progenitors from the murine
BM into the blood circulation, accompanied by
increased CXCR4 expression. In addition, we found
increased CXCR4-dependent homing of human
CD34+ cells to the liver of CCl4-treated mice; this
homing was significantly reduced by a specific
MMP-2/MMP-9 inhibitor. MMP secretion in response
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Figure 5
HGF facilitates CD34+ cell motility, CXCR4 expression, and SDF-1–
mediated directional migration. CB CD34+ cells were cultured for 40
hours in RPMI 1640 supplemented with 10% FCS alone (Ctrl) or in
the presence of SCF (50 ng/ml), HGF (100 ng/ml), or SCF plus HGF.
(a) CD34+ cultured cells indirectly immunolabeled with anti-CXCR4
Ab (green) and stained for polymerized actin (red). Merged images
are also presented. Arrowhead indicates cell surface protrusion.
Arrow indicates lamellipodia. (b) CXCR4 expression analyzed by flow
cytometry. (c) Transwell migration toward a gradient of SDF-1 with
CB CD34+ cultured cells. Data represent percentage of migration. (–)
indicates spontaneous migration without SDF-1.



to CCl4 is related to liver sinusoidal stellate cells (41)
or other nonparenchymal cells such as hematopoietic
monocyte/macrophage/dendritic cells infiltrating the
damaged liver (40). MMP-2 and MMP-9 can also
increase recruitment of CD34+ cells via other path-
ways, such as shedding of membrane-bound SCF and
autocrine secretion of these enzymes by CD34+ pro-
genitors in response to SDF-1 stimulation (42, 43).

Acute liver injury triggers the expression of other fac-
tors, such as the pleiotropic cytokine HGF (31). We
demonstrate for the first time that HGF also induces
cytoskeleton rearrangement and increases the motili-
ty of and potentiates the response of immature CD34+

cells to SDF-1 signaling by inducing CXCR4 upregu-
lation and synergizing with SCF. Interestingly, stellate
cells that line the liver sinusoids and secrete MMPs are
also the major source of SCF (44) and of HGF pro-
duction in the liver following CCl4 injury (31). Thus,
stellate cells may orchestrate stress signals that recruit
CD34+/CXCR4+ progenitor cells from the blood cir-
culation into the SDF-1–rich microenvironment of the
liver. While irradiation alone mediated a low frequen-
cy of human hepatocyte-like cells (9), significant
amplification of human albumin–producing cells in
the murine liver was achieved by Wang et al. (10) by
combining CCl4 injury with exogenous human HGF
administration. We report that in addition to induc-
ing hepatocyte proliferation, HGF also contributes to
the recruitment of human CD34+ stem cells to the
injured liver, which is an essential first step in primi-
tive human CD34+/CD38– cell differentiation into
albumin-producing cells.

Thus, we suggest a general model of regulatory cross-
talk between injured tissues and HSCs that is activated
by stress signals that increase migration and recruit
HSCs to damaged organs and contribute to their
repair. SDF-1 was recently shown to be involved in liver
allograft rejection (25), ischemic brain (which also dis-
plays an expanded distribution of SDF-1 expression to
the inflamed endothelium) (45), myocardial infarction
(46), and oval cell proliferation (47). We propose SDF-1
as a key molecule in regulation of HSC migration and
development. While SDF-1 is widely expressed in many
tissues, a local increase in membrane-bound expression
of this chemokine, including by ductule epithelial cells,
oval cells, and canal of Hering, together with specific
local or circulating stress signals, enhances the motili-
ty and response sensitivity of CD34+ progenitors to
SDF-1 signaling. Together with proteolytic enzymes
such as MMP-2 and MMP-9 and cytokines produced by
the injured organs, such as HGF and SCF, these factors
can amplify the levels of migrating progenitors in the
circulation and navigate them to damaged tissue. Our
model suggests that an interplay between cytokines,
chemokines, and proteolytic enzymes regulates both
the migration of HSCs to the injured liver and their dif-
ferentiation as part of liver repair. This study also
demonstrates the potential of human CD34+ stem cells
to respond to stress signals from injured/inflamed

nonhematopoietic organs such as the liver, and sug-
gests stem cell recruitment to nonhematopoietic
organs as an important physiological process.
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