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Abstract
AIM: To test the hypothesis that liver cirrhosis is 
associated with mobilization of hematopoietic progenitor 
cells. 

METHODS: Peripheral blood samples from 72 patients 
with liver cirrhosis of varying etiology were analyzed by 
flow cytometry. Identified progenitor cell subsets were 
immunoselected and used for functional assays in vitro . 
Plasma levels of stromal cell-derived factor-1 (SDF-1) 
were measured using an enzyme linked immunosorbent 
assay. 

RESULTS: Progenitor cells with a CD133+/CD45+/
CD14+ phenotype were observed in 61% of the 
patients. Between 1% and 26% of the peripheral blood 
mononuclear cells (MNCs) displayed this phenotype. 
Furthermore, a distinct population of c-kit+ progenitor 
cells (between 1% and 38 % of the MNCs) could be 
detected in 91% of the patients. Additionally, 18% 
of the patients showed a population of progenitor 
cells (between 1% and 68% of the MNCs) that was 
characterized by expression of breast cancer resistance 
protein-1. Further phenotypic analysis disclosed that 
the circulating precursors expressed CXC chemokine 
receptor 4, the receptor for SDF-1. In line with this 
finding, elevated plasma levels of SDF-1 were present 
in all patients and were found to correlate with the 
number of mobilized CD133+ progenitor cells. 

CONCLUSION: These data indicate that in humans, 
liver cirrhosis leads to recruitment of various populations 
of hematopoietic progenitor cells that display markers of 
intrahepatic progenitor cells.
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INTRODUCTION
Since 2000, several studies have suggested that after 
transplantation of  bone-marrow-derived hematopoietic 
stem and progenitor cells, such cells have the capacity 
to migrate into the liver and differentiate into functional 
hepatocytes[1-4]. However, recent data have indicated that 
cell fusion, but not transdifferentiation, is the principle 
mechanism by which bone-marrow-derived cells acquire 
the features of  hepatocytes[5-7], and that the myelomono-
cytic progeny rather than the bone marrow stem cells are 
the major fusion partners of  hepatocytes[8,9]. 

In a previous study, we have demonstrated that partial 
hepatectomy (PH) in healthy human liver donors induces 
a significant mobilization of  CD133+ hematopoietic 
progenitor cells into the peripheral blood[10]. Besides 
their hematopoietic potential, these cells can differentiate 
into cells with a hepatocytic morphology and phenotype  
in vitro, which suggests that the mobilized progenitor cells 
participate in liver repair in vivo. The released progenitor 
cells display a uniform monocytic phenotype, and with 
respect to their hematopoietic differentiation capacity, 
represent myelomonocytic precursor cells. Hence, these 
cells might be endowed with a high fusion potential. It 
has been shown that a subset of  peripheral blood CD14+ 
cells can differentiate into multiple cell lineages of  all 
three germ layers[11,12], therefore, it is also conceivable 
that the CD133+ progenitor cells identified in our 
study are the ancestor cell of  this subset, with a similar 
differentiation plasticity.

By hypothesizing that PH-induced CD133+ cells 
also occur in other clinical situations of  liver injury, we 
analyzed peripheral blood samples of  patients with liver 
cirrhosis for the presence of  these precursors. As in 
our previous study, we used antibodies against the stem 
cell markers c-kit and breast cancer resistance protein-1 
(Bcrp-1) to characterize further the phenotype of  
circulating CD133+ cells. Using this approach, we found 
different populations of  hematopoietic progenitor cells, 
including the CD133+ population observed after PH.

MATERIALS AND METHODS
Materials
Phycoerythrin (PE)-conjugated anti-CD133 monoclo-
nal antibody (MoAb; clone AC141), anti-CD133 MoAb-
conjugated super paramagnetic beads, anti-c-kit MoAb-
conjugated super paramagnetic beads, and anti-IgG2b 
secondary microbeads were purchased from Miltenyi 
Biotec (Bergisch Gladbach, Germany). Anti-BCRP-1 
MoAb and PE-anti-Bcrp-1 were purchased from eBio-
science (Vienna, Austria). PE-anti-c-kit MoAb was 
from DAKO Cytomation (Hamburg, Germany). Fluo-
rescein isothiocyanate (FITC)-conjugated anti-CD34 
MoAb, anti-CD45 MoAb, anti-CD14 MoAb, as well as 
PE- and FITC-conjugated isotype-matched mouse im-
munoglobulins were from BD Pharmingen (Heidelberg, 
Germany), and FITC-anti-CXC chemokine receptor 

4 (CXCR4) MoAb from R&D Systems (Wiesbaden, 
Germany). The stromal cell-derived factor-1 (SDF-1) 
enzyme linked immunosorbent assay (ELISA) kit was 
purchased from R&D Systems. Fibronectin was from 
Gibco Life Technologies (Karlsruhe, Germany), and 
chamber slides were from Becton Dickinson. Methyl-
cellulose and methylcellulose supplemented with hema-
topoietic growth factors were purchased from Cell Sys-
tems (St. Katharinen, Germany). Paraformaldehyde and 
methanol were from Sigma (Deisenhofen, Germany).  
Anti-multi-cytokeratin antibody (rabbit anti-human 
polyclonal) was from Novocastra (Newcastle, UK). An-
ti-rabbit immuno alkaline-phosphatase polymer (N-
Histofine) and the New Fuchsin substrate (N-Histofine 
Substrate Kit) were purchased from Medac (Hamburg, 
Germany).

Collection of peripheral blood samples
The study involved peripheral blood samples from 72 
patients with liver cirrhosis of  varying etiology. All 
patients were enrolled into University Hospital Ham-
burg-Eppendorf  Liver Transplant Protocols and gave 
informed consent for their blood samples to be used 
for experimental purposes. The study protocol was ap-
proved by the University Hospital’s Research Commit-
tee and conformed to the ethical guidelines of  the 1975 
Declaration of  Helsinki. All samples were collected in 
heparinized tubes and immediately prepared for analysis.

Flow cytometry
After lysis with hemolytic buffer (0.155 mol/L NH4Cl, 
0.012 mol/L NaHCO3, 0.1 mmol/L EDTA, pH 7.2) 
for 5 and 2 min, 1 × 106 cells were incubated with PE-
conjugated anti-CD133 MoAb in combination with 
either FITC-conjugated anti-CD34 MoAb, anti-CD45 
MoAb, anti-CD14 MoAb or anti-CXCR4 MoAb. Other 
combinations included FITC-anti-CD34 MoAb, FITC-
anti-CD14 MoAb, or FITC-anti-CXCR4 with either PE-
anti-Bcrp-1 or PE-anti-c-kit. Isotype-matched mouse 
immunoglobulins (BD Pharmingen) served as controls. 
All incubations were performed at 4℃ in the presence 
of  normal goat serum. Two-color flow cytometry was 
accomplished using a FACSCalibur flow cytometer 
(Becton Dickinson) and CellQuest software (Becton 
Dickinson). Each analysis included at least 50 000 
events. By using isotype controls for PE and FITC, 
gates for analysis were set such that the lower left panel 
contained at least 98% of  the total cells. The percentage 
of  positive cells was assessed after correction for the 
percentage of  cells that was reactive with the respective 
isotype control. 

Isolation of mobilized progenitor cells by magnetic cell 
sorting
Cells were incubated with either anti-CD133 MoAb, anti-
c-kit MoAb conjugated super paramagnetic beads or with 
anti-Bcrp-1 MoAb and anti-IgG2b secondary microbeads, 
washed, and processed through a MACS magnetic 
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separation column (Miltenyi Biotec), as previously 
described[13]. An aliquot of  the purified cells was analyzed 
by flow cytometry.

Quantification of SDF-1 by ELISA
The plasma levels of  SDF-1 were measured using a 
sandwich ELISA (R&D Systems) according to the manufa-
cturer’s instructions. Absorbance at 450 nm was determined 
by an automated ELISA reader (THERMOmax; Molecular 
Devices, Ismaning, Germany). Regression curve was used 
to convert OD units to picograms per milliliter of  SDF-1. 
Patients’ samples were run in triplicate.

Suspension cultures
Immunoselected cells were cultured in fibronectin-
coated chamber slides at a density of  2 × 106 cells/mL 
in stem cell growth medium, as previously described[13]. 
Hepatocytic differentiation was induced as previously 
described[10]. Cells were incubated for up to 28 d at 37℃ in 
5% CO2. Additional feeding was performed on alternate 
days. The supernatant was then removed by gentle 
pipetting and replaced with fresh medium.

Clonogenic assays for hematopoietic progenitors
Purified cells were plated at 1 × 103 cells/mL in semisolid 
growth medium (methylcellulose) that was supplemented 
with various hematopoietic growth factors, as previously 
described[13]. All cultures were performed in duplicate, 
incubated at 37℃ in 5% CO2 and 95% humidity, and 
scored after 14 d culture, using an inverted microscope.

Immunocytochemical analysis of CD133-derived cells 
Cultured CD133-derived cells were fixed with 4% 
paraformaldehyde for 10 min at room temperature 
followed by fixation with methanol for 2 min at -20℃ 
or with ice-cold acetone for 10 min. After blocking with 
10% goat serum for 20 min, specimens were incubated 
with an anti-multi-cytokeratin antibody overnight at 
room temperature. The reactivity was detected by using 
an anti-rabbit immuno alkaline-phosphatase polymer in 
combination with the New Fuchsin substrate. Specimens 
were counterstained with hematoxylin. Negative controls 
included replacement of  primary antibody with isotypes 
or PBS, as well as staining of  peripheral blood smears. 
Positive controls were performed using cytospins 
with freshly thawed primary human hepatocytes (own 
preparations from resected liver tissue).

Statistical analysis
Distribution of  data was tested with the Kolmogorov-
Smirnov test. Variables are expressed as mean ± SE. 
Bivariate correlations were analyzed with Spearman’s rho 
as indicated. P < 0.05 was considered significant. For all 
statistical analysis, SPSS version 13.0 was used.

RESULTS
Patients’ characteristics
The characteristics of  the patients studied are shown in 

Table 1. Cirrhosis was caused by autoimmune inflam-
mation (11 patients), alcoholic liver disease (ALD, 30 
patients), hepatitis B (9 patients), hepatitis C (13 patients), 
or to non-specified etiology. Autoimmune-mediated 
cirrhosis was observed more frequently in female patients, 
whereas male patients were predominantly affected 
by ALD and viral hepatitis. The subgroups didnot 
significantly differ in age. With respect to the Child score, 
advanced liver cirrhosis was most prominent in the ALD 
group.

Mobilization of CD133+, c-kit+ and Bcrp-1+ populations
As revealed by flow cytometry, CD133+ cells were 
observed in 61% (44/72) of  all patients (Table 2). On 
average, 5.8% of  the peripheral blood mononuclear cells 
(MNCs) expressed this marker. Further phenotypical 
characterization showed that the vast majority of  these 
cells coexpressed CD14 (Figure 1) and CD45 but not 
CD34 (data not shown), which indicated that this 
population was identical to PH-induced progenitor cells. 
Unexpectedly, a distinct population of  c-kit+ cells was 
found in > 90% of  the patients studied. Between 1% 
and 38% of  the MNCs displayed this phenotype. In 12 
patients, an additional population of  Bcrp-1+ cells was 
detectable, which on average, represented 4.1% of  the 
MNCs (Table 2). All three subsets coexpressed CD45, 
whereas coexpression of  CD34 and/or CD14 was variable 
in c-kit+ and Bcrp-1+ populations (data not shown). 

Lack of correlation between phenotypes and numbers 
of mobilized progenitor cells and clinical parameters
Analysis of  peripheral blood samples from the same 
patient at different time points showed that progenitor 
cell mobilization is not a permanent phenomenon. The 
phenotypes and numbers of  circulating progenitors varied 
in the same patient in an irregular timely manner. Thereby, 
no correlation was found with any clinical parameters, 

Gehling UM et al . Mobilized progenitor cells in cirrhosis 

Table 1  Patient characteristics

AIH ALD Hepatitis B Hepatitis C Other

n 11 30 9 13 9
Sex (M/F) 3/8 21/9 7/2 8/5 5/4
Age (yr, ± SE) 47.4 ± 7 52.9 ± 8 52.5 ± 5 50.5 ± 8 51.8 ± 9
Child A   6 11 7   6 4
Child B   3 17 2   6 4
Child C   2   4 0   1 1

AIH: Autoimmune hepatitis (including primary biliary sclerosis and 
primary sclerosing cholangitis; ALD: Alcoholic liver disease. Other 
includes patients with polycystic liver and with non-specified cirrhosis.

Table 2  Types and frequencies of circulating progenitor cells 
in patients with liver cirrhosis

Cell subset Positive/total number of patients % of the MNCs

CD133+ 44/72 (61.2%) 5.8 ± 4.9
c-kit+  65/72 (90.9%) 9.2 ± 3.2
Bcrp-1+ 12/72 (17.9%) 4.1 ± 3.7
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such as liver enzymes, bilirubin, serum albumin, leukocyte 
count, and platelet count or with the etiology or stage of  
disease (data not shown). However, numbers of  circulating 
CD133+ progenitor cells inversely correlated with patients’ 
age (Figure 2A). In addition, there was a significant positive 
correlation between the numbers of  CD133+/CD34- and 
Bcrp-1+/CD34- peripheral blood cells (Figure 2B). 

Mobilization involves the SDF-1/CXCR4 chemokine 
receptor system
To investigate the molecular mechanisms that mediate 
progenitor cell mobilization, peripheral blood progenitor 
cells were analyzed for the expression of  CXCR4, the 
receptor for SDF-1. Virtually all mobilized CD133+ 
cells coexpressed this receptor, whereas in the c-kit+ 
populations, on average, half  of  the cells stained positive 
for CXCR4 (Figure 3). As mentioned before, Bcrp-1+ 
populations were only observed in a few patients. In the 
set of  experiments in which coexpression of  CXCR4 was 
studied, no patient showed elevated numbers of  Bcrp-1+ 
cells, therefore, the expression of  CXCR4 on these cells 
remains to be explored. In view of  the finding that the 
CD133+ and c-kit+ population were found to exhibit 
CXCR4, the plasma levels of  SDF-1 were measured 
(n = 44). Elevated SDF-1 levels were noted in all patients 
studied. Statistical analysis revealed a significant positive 
correlation of  the plasma levels with the number of  
mobilized CD133+/CD34- cells (Figure 2C).

In vitro functional properties of the mobilized populations
To evaluate the clonogenic potential of  the cirrhosis-
induced progenitor cells, each subset was enriched by 
immunoselection and transferred to a standard colony 
assay for hematopoietic stem and progenitor cells. As 
shown in Table 3, c-kit+ populations and Bcrp-1+ cells 
had the capacity to produce colonies of  the erythroid, 
granulocytic, and macrophage/monocytic lineage, as well 
as mixed colonies. In line with our previous study, CD133+ 
populations solely gave rise to colonies of  the granulocytic 
and macrophage/monocytic lineage. The three progenitor 
cell populations were also evaluated for their potential to 
differentiate into the hepatocytic lineage, using culture 
conditions that were suitable for stimulating hepatocytic 
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Figure 1  Characterization of circulating progenitor cell populations by flow cytometry. A: Forward/sideward scatter analysis; B: Isotype controls; Representative 
two-color flow cytometry analysis of the peripheral blood mononuclear cell (MNC) fraction, demonstrating CD133+ (C and D), c-kit+ (E), and Bcrp-1+ (F) populations.

Table 3  Clonogenic potential of circulating hematopoietic 
progenitor cell populations (mean ± SE)

Cells BFU-E CFU-E CFU-GEMM CFU-GM CFU-G CFU-M

c-kit 5 ± 2 13 ± 5 3 ± 3 19 ± 8 53 ± 11 27 ± 9
Bcrp-1 8 ± 3   9 ± 2 4 ± 1   9 ± 7 37 ± 14 13 ± 5
CD133 0 0 0   5 ± 3 46 ± 13   63 ± 15

The results of three independent experiments per populations are shown, 
each experiment was performed in duplicate. BFU-E: Burst-forming unit 
erythrocyte; CFU-E: Colony-forming unit erythrocyte; CFU-GEMM: 
Colony-forming unit granulocyte-erythrocyte-macrophage-megakaryocyte; 
CFU-GM: Colony-forming unit granulocyte-macrophage; CFU-G: Colony-
forming unit granulocyte; CFU-M: Colony-forming unit macrophage.
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differentiation of  PH-induced CD133+ progenitor cells[10]. 
CD133+ populations reproducibly generated an adherent 
layer of  cytokeratin-expressing cells, while c-kit+ and 
Bcrp-1+ progenitor cells didnot differentiate towards 
the hepatocytic lineage and could only be maintained in 
culture for 5 d (data not shown).

DISCUSSION
We demonstrated in this study that liver cirrhosis is 
associated with mobilization of  CD133+, c-kit+, and 

Bcrp-1+ populations of  hematopoietic progenitor cells. 
Our previous studies have shown that liver resection leads 
to a mobilization of  a unique population of  CD133+ 
progenitor cells with a myelomonocytic phenotype and 
hematopoietic as well as hepatocytic differentiation 
potential in vitro. The finding that identical cells are 
present in the peripheral blood of  patients with liver 
cirrhosis is highly indicative of  a certain role of  these 
cells in liver regeneration. In this context, there is 
increasing evidence that the intrahepatic compartment 
of  progenitor cells, which are referred to as “oval cells” 
in rodents and as “ductular reactions” in humans, and 
which can only be observed as proliferates in diseased 
liver, expresses CD133[14-18]. A recent study has suggested 
that the human liver contains CD133+ stem cells that 
differ from the “ductular reactions” with respect to 
functional properties, and the fact that the CD133+ 
stem cells can be isolated from healthy livers[19]. The 
demonstration of  circulating c-kit+ and Bcrp-1 progenitor 
cell populations in patients with liver cirrhosis might also 
be of  functional significance, because both markers also 
have been shown to be expressed on human intrahepatic 
progenitor cells[20,21]. However, functional analyses in vitro 
have suggested that the c-kit+ and Bcrp-1+ populations 
identified in this study are multi-lineage hematopoietic 
progenitor cells without hepatocytic potential, whereas the 
CD133+ subset represents hematopoietic progenitor cells 
committed to the myelomonocytic lineage, which possess 
hepatocytic potential. Alternatively, it is possible that the 
c-kit+ and Bcrp-1+ cells require other stimuli than used to 
differentiate into hepatocytic cells.

Progenitor cell mobilization in patients with liver 
cirrhosis was found not to be a permanent phenomenon. 
Only a minority of  patients showed all three populations 
at the same time point. Unexpectedly, the occurrence 
of  mobilized progenitor cells didnot correlate with any 
clinical parameter. This led us to the hypothesis that 
mobilization and recruitment, respectively, of  progenitor 
cells in these patients is triggered by intra-organ hypoxia. 
It has been shown that: (1) hypoxia induces mobilization 
of  bone-marrow-derived endothelial progenitor cells 
for neovascularization[22] and the production of  SDF-1 
in endothelial cells[23], and (2) SDF-1 is involved in 
stress-induced stem cell recruitment to the liver[24,25]. 
Therefore, we investigated expression of  the SDF-1 
receptor CXCR4 on the progenitor cell populations and 
assayed the plasma levels of  SDF-1 in these patients 
as a first approach to test our hypothesis. Virtually all 
mobilized CD133+ cells coexpressed CXCR4, whereas 
only a portion of  c-kit+ cells displayed this receptor. 
Coexpression of  CXCR4 by Bcrp-1+ cells could not be 
evaluated because the patients included in this set of  
experiments didnot mobilize Bcrp-1+ cells. However, 
the number of  circulating CD133+ cells was found to 
correlate positively with SDF-1 plasma levels, which 
were elevated in all patients studied, and the numbers 
of  circulating CD133+/CD34- cells correlated with the 
numbers of  Bcrp-1+/CD34- cells, which indicated that 
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the numbers of  Bcrp1+/CD34- cells might also correlate 
with SDF-1 plasma levels. Hence, we hypothesize that 
within the Bcrp-1+ population, Bcrp1+/CD34- cells 
coexpress CXCR4. Interestingly, the numbers of  c-kit+/
CD34- cells didnot show a correlation with SDF-1 plasma 
levels. This finding is line with the observation that not 
all c-kit+ cells coexpressed CXCR4.

There are many hints in the literature that suggest 
that hypoxia-inducible factor 1α (HIF-1α) plays a major 
role in progenitor cell recruitment to injured liver tissue. 
Using a mouse model of  soft tissue ischemia, Ceradini 
et al[26] have shown that HIF-1α regulates progenitor cell 
trafficking in a hypoxic-dependent manner via induction 
of  SDF-1 expression in endothelial cells of  the ischemic 
tissue. The authors have hypothesized that hypoxia is a 
fundamental requirement for progenitor cell trafficking 
and function. We do not believe that hypoxia is a pre-
requisite for progenitor cell recruitment in all situations 
of  tissue injury, because numerous studies have shown 
that expression of  HIF-1α can be induced indepen-
dently of  hypoxia by many cytokines, growth factors 
and hormones[27]. Nevertheless, we believe that intrahe-
patic hypoxia is the initial event that triggers progenitor 
cell recruitment in liver injury. Hence, progenitor cell 
mobilization after PH could arise via an acute state of  
intrahepatic hypoxia, because large parts of  the hepatic 
endothelium are removed. Liver cirrhosis most likely 
causes intermittent hypoxia each time when progressive 
fibrosis ligates relatively large intrahepatic blood vessels. 

This would explain the intermittent occurrence of  mobi-
lized progenitor cells in these patients.

The origin of  mobilized progenitor cells after PH and 
in patients with liver cirrhosis remains to be determined. 
The finding that the number of  circulating CD133+ cells 
correlated inversely with patient age suggests that at least 
this population is mobilized from the bone marrow, be-
cause it is known that the reserve pool of  hematopoietic 
bone marrow stem and progenitor cells decreases with 
age[28]. No correlation was found between the number of  
c-kit+ cells and age, which indicates that the c-kit+ cells do 
not solely derive from the bone marrow. The c-kit+ popu-
lation might also comprise liver-derived angioblasts[19] 
that occur in the circulation because of  hypoxia-induced 
proliferation of  these cells in the liver. With respect to 
Bcrp-1+ cells, the number of  patients that showed an in-
creased number of  these cells didnot suffice to calculate 
the statistical significance of  the correlation with age.

In summary, we have shown that liver cirrhosis is 
associated with an intermittent mobilization of  various 
populations of  hematopoietic progenitor cells into the 
circulation. One of  the populations, characterized by 
expression of  CD133, is identical to the progenitor cell 
population observed in peripheral blood after liver re-
section. Coexpression of  CXCR4 on CD133+ cells and 
c-kit+ cells suggests their origin from the bone marrow. 
Furthermore, our data indicate an involvement of  the 
SDF-1/CXCR4 chemokine receptor system in the mo-
bilization process. Animal studies are needed to evaluate 
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the exact role of  each progenitor cell population in liver 
regeneration.
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COMMENTS
Background
The liver is known to possess enormous regenerative potential. Nevertheless, 
the cellular mechanisms that govern human liver regeneration are not 
understood completely. There is an increasing body of evidence to suggest that 
various types of stem and progenitor cells play a role in this process.
Research frontiers
The authors have demonstrated recently that liver resection in humans leads 
to a significant increase in the number of circulating cells that express the 
hematopoietic stem cell marker CD133 and the leukocyte markers CD45 and 
CD14. This was the first study to indicate that CD133+ progenitor cells might 
contribute to liver regeneration. Meanwhile, several studies have shown that the 
human liver contains various populations of CD133+ stem and progenitor cells. 
In addition, these cells are believed to be involved in hepatocarcinogenesis, a 
process that results from chronic liver regeneration. 
Innovations and breakthroughs
The present study further supports the hypothesis that the CD133+ hematopoietic 
precursor cells observed after liver resection contribute to liver regeneration, 
because circulating cells with an identical phenotype were found in a large 
number of patients with liver cirrhosis of varying etiology. Furthermore, this 
study is believed to be the first to demonstrate the presence of two additional 
populations of hematopoietic progenitor cells in the peripheral blood of these 
patients. Both populations are characterized phenotypically by the expression of 
stem cell markers that are also known to be expressed on human intrahepatic 
progenitor cells.
Applications
Understanding the cellular mechanisms of liver regeneration is a prerequisite 
for the development of novel strategies for treating liver disease. Further 
studies are needed to define the exact role of the three identified progenitor cell 
populations in liver regeneration and to evaluate their therapeutic potential.
Terminology
CD133 is an antigen that is expressed on hematopoietic stem and progenitor 
cells, endothelial progenitor cells, neural progenitor cells, intrahepatic stem and 
progenitor cells, epithelial cells and various cancer stem cells. The physiological 
function of this molecule is not known yet. The antigen c-kit is the receptor for 
the hematopoietic cytokine stem cell factor and is expressed on hematopoietic 
stem and progenitor cells, endothelial and intrahepatic progenitor cells, as well 
as on monocytes, mast cells and dermal melanocytes. Breast cancer resistance 
protein-1 is a membrane protein, which was initially shown to be expressed 
on breast cancer cells. Functionally, it belongs to the ATP-binding cassette 
transporters that serve as protective efflux pumps for many cells, including 
hematopoietic stem cells and intrahepatic progenitor cells.
Peer review
The article is well written, with interesting results that provide sufficient 
experimental evidence to draw the conclusions. The figures reflect the major 
findings of the study, and are presented appropriately. The discussion is well 
organized. References are appropriate, relevant and up to date.
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