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Abstract

Introduction Bone marrow-derived cells (BMCs) include

stem cells capable of self-renewal and differentiation into a

variety of cell types. Administration of granulocyte colony-

stimulating factor (G-CSF) induces the circulation of

BMCs in the peripheral blood. A phase II prospective trial

was carried out for evaluation of BMC mobilization

induced by multiple courses of G-CSF in cirrhotic patients.

Patients and methods Fifteen patients with advanced

liver cirrhosis (Child-Pugh score C6 points) were enrolled

and treated with a 3-day G-CSF course, administered at

3-month intervals for a total of four courses. BMC mobi-

lization was assessed by evaluating CD34?ve cells using

flow cytometry. Expressions of multiple hepatic and stem

markers were assessed on mobilized CD34?ve cells.

Feasibility and safety were explored; clinical and adverse

events were compared to those of a control group. Telo-

mere length was monitored to rule out early cell aging

caused by G-CSF.

Results A significant increase in G-CSF-induced circu-

lating CD34?ve cells was consistently observed, although

a progressive reduction of peak values was documented

from cycle I to IV (p \ 0.005). Mobilized CD34?ve cells

expressed both stem and multiple hepatocyte markers,

including mRNA of albumin and CYP2B6 (cytochrome P2

B6). Treatment was well tolerated, with no severe adverse

events and no significant telomere length shortening fol-

lowing G-CSF. The procedure was safe. Overall, ten

patients had either improved or had stable liver function

tests (such as the Child-Pugh score), whereas five worsened

and died from liver-related causes.Electronic supplementary material The online version of this
article (doi:10.1007/s12072-013-9473-9) contains supplementary
material, which is available to authorized users.
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Conclusion This study demonstrates that G-CSF can be

safely administrated up to four times over a 1-year period

in decompensated cirrhotic patients. The repeated BMC

mobilization favors the circulation of stem cells coex-

pressing hepatic markers and mRNA of liver-related genes.

Keywords Bone marrow-derived stem cells �
G-CSF � Liver advanced cirrhosis � Mobilization �
CD34?ve cells � Hepatic markers

Abbreviations

BMC Bone marrow-derived cells

G-CSF Granulocyte colony-stimulating factor

TL Telomere length

PB Peripheral blood

BM Bone marrow

MELD Model for end-stage liver disease

CFU-GM Colony-forming unit-granulocyte–

macrophage

SDF-1 Stromal derived factor-1

SCF Stem cell factor

HGF Hepatocyte growth factor

ALB_1 Albumin 1

AFP-1 Alpha-feto protein 1

HNF4A-1 Hepatocyte nuclear factor 4A

CYP2B6_2 Cytochrome P2 B6

RT-PCR Real time polymerase chain reaction

US Ultrasound

CP Child-Pugh

SD Standard deviation

WBC White blood cells

c-Met Hepatocyte growth-factor receptor

Introduction

Several studies have documented the regenerative potential

of human stem cells for the repair of damaged tissues.

Bone marrow has been considered the most accessible

source for the acquisition of adequate amounts of func-

tionally active stem cells. Indeed, bone marrow-derived

cells (BMCs) include multipotent stem cells capable of

self-renewal and differentiation into a variety of adult cell

types including hepatocytes. A number of reports have

demonstrated that BM stem cells can be converted into

hepatocyte-like cells in vitro and, in response to acute or

chronic liver damage, can spontaneously populate the liver

and contribute to hepatic regeneration [1–4]. However, the

rate of BM stem cells capable of lodging in the liver,

leading to possible regeneration of hepatic tissue, is ulti-

mately very low [5]. After mobilization into the peripheral

blood (PB), BM-derived CD34?ve cells coexpressing

immature stem cell markers such as CD133 and CD117

(c-Kit) might home to the liver and may contribute to liver

regeneration. A non-invasive and effective approach for

obtaining large numbers of circulating BMCs is their

mobilization by cytokines [6, 7]. Granulocyte colony-

stimulating factor (G-CSF) is the most widely used cyto-

kine for BMC mobilization purposes because of its high

tolerability. Some reports have already shown the feasi-

bility and potent BMC mobilization capacity of G-CSF in

cirrhotic patients [8, 9]. Moreover, G-CSF treatment led to

improved survival with signs of histological liver regen-

eration in animal models [10, 11]. More recently, the

clinical benefit of G-CSF has been reported in patients with

acute liver injury [12]. Mobilized CD34?ve cells can be

easily collected in large amounts and re-infused as autol-

ogous cells through the hepatic vessels. Enhanced hepatic

regeneration with signs of clinical improvement has been

reported using this approach, confirming the potential for

liver regeneration of mobilized BMCs [8, 13].

Several aspects regarding the possible use of G-CSF in

patients with cirrhosis require further investigation including

the degree of mobilization of immature cells after multiple

courses, the possible expression of hepatic markers by mobi-

lized cells and potential effects on liver function. This study is a

phase II prospective trial carried out to evaluate the feasibility

and safety of multiple procedures of BMC mobilization in

patients with cirrhosis and signs of liver decompensation, and to

characterize the liver signature of mobilized cells.

Patients and methods

Study patients and control group

Fifteen patients with advanced liver cirrhosis (Child-Pugh

score C6 and MELD score C10) referred to our Hepato-

logical Unit were enrolled and followed in a phase II pro-

spective trial on the safety and feasibility of multiple courses

of G-CSF, administered for 3 consecutive days. Eligibility

and exclusion criteria are listed in the Supporting Informa-

tion section: link-1. Patients with hepatocellular carcinoma

and active alcohol abuse were excluded; alcohol intake had

to be interrupted at least 12 months prior to enrollment and

abstinence maintained during the entire follow-up study.

Adverse and clinical events occurring throughout the

study in G-CSF treated patients were compared with those

of a control group of 15 patients selected with the same

inclusion/exclusion criteria, link-1, and matched to the

study patients for the Child-Pugh score (±1), MELD score

(±4), sex and age (±5 years). The control group was

managed and monitored during the same time period and in

the same way as the treated patients. The main clinical

features of the patients entering the study protocol and of

the control group are summarized in Table 1.

1076 Hepatol Int (2013) 7:1075–1083

123



Experimental protocol

The protocol consisted of G-CSF (Myelostim�, Italfarma-

co, Milan, Italy), given subcutaneously at a dose of 5 lg/kg

every 12 h for 3 consecutive days. This is the standard

protocol employed for BMC mobilization in healthy vol-

unteer donors for hematopoietic stem cell transplantation

and has already been utilized in previous mobilization

protocols for patients with advanced liver failure [9, 12, 14].

G-CSF administration was repeated every 3 months for a

total of four courses, in line with a recent report of multiple

courses of G-CSF in patients with amyotrophic lateral

sclerosis [15]. Subsequent to the entire treatment program,

all patients were followed up for 12 months. The protocol

was approved by the Regional Ethics Committee (Eudract

no. 2008-003701-14), and the study was carried out

according to the 1975 Declaration of Helsinki. All patients

gave formal written informed consent before entering the

study protocol.

Assessment of BMC mobilization

The degree of BMC mobilization was assessed by evalu-

ating the number of circulating CD34?ve cells using flow

cytometry, as described [9]. Circulating myeloid progenitor

(CFU-GM) levels were determined using the clonogenic

assay at baseline and following G-CSF administration, as

described [18].

Immunophenotypic characterization of circulating

CD34?ve cells

Two-color flow cytometry was used to characterize mobi-

lized CD34?ve cells. Cells were double stained using anti-

CD34-FITC or anti-CD34-PE (BD Biosciences, San Josè,

CA) monoclonal antibodies in combination with one of the

following monoclonal antibodies: anti-CD133-PE (marker

of liver progenitor cells; Miltenyi Biotech, GmbH,

Germany), anti-CD90-PE (Thy1; (BD Biosciences, Pharm-

igen, San Diego, CA), anti-CD184-FITC [CXCR4, stromal

cell derived factor-1 (SDF-1) receptor; Medical and Bio-

logical Laboratories, Japan], anti-CD117-PE [c-KIT, stem

cell factor (SCF) receptor, (BD Biosciences], and anti-cMET

[hepatocyte growth factor (HGF) receptor; BD Biosciences].

A minimum of 150,000 cells per sample were acquired and

analyzed using a FACSCalibur Flow Cytofluorimeter from

BD using the Cell Quest PRO Software.

Plasma concentration of hematopoietic cytokines

and hepatocyte growth factor

SDF-1 (stromal derived factor-1), SCF (stem cell factor)

and HGF (hepatocyte growth factor) were measured at

baseline and on day 4 following G-CSF administration

using quantitative sandwich enzyme immunoassay kits

(R&D Systems, Minneapolis, MN, USA) according to the

manufacturer’s instructions.

Reverse-transcription polymerase chain reaction

(RT-PCR) for mRNAs

Mobilized CD34?ve cells were evaluated for their possible

content of hepatocyte-related mRNA. Details of the cell

purification procedure are reported in the supporting

information section: link-2.

Total RNA was extracted from purified CD34?ve cells

using the RNeasy Plus Mini kit (Qiagen, Germany). The

QuantiTect Primer Assay (Qiagen, Germany) was used for

Table 1 Main clinical features

of study patients and controls

NS not statistically significant,

HCV hepatitis C virus, HBV

hepatitis B virus, NASH non-

alcoholic steatohepatitis, GI

gastrointestinal, WBC white

blood cells

Parameters Study patients n = 15 Controls n = 15 p-value

Male/female 11/4 11/4 NS

Age (years), median (range) 61 (39–71) 60 (42–75) NS

BMI, median (range) 25.33 (19.31–33.66) 25.05 (18.36–35.44) NS

Alcoholic liver cirrhosis 8 8 NS

Viral cirrhosis HCV/HBV 4/1 4/1 NS

NASH cirrhosis 2 2 NS

Abdomen Ascites 13 11 NS

Previous GI bleeding 6 8 NS

Porto-systemic encephalopathy 8 9 NS

Chronic portal thrombosis 3 1 NS

Child-Pugh score, median (range) 9 (7–13) 9 (7–12) NS

Meld score, median (range) 17 (12–39) 15 (12–38) NS

WBC/ll median (range) 3,270 (2,070–8,720) 4,007 (1,999–7,500) NS

Platelets/ll, median (range) 65,000 (40,000–209,000) 72,000 (45,000–225,000) NS

Creatinine mg/dl, median (range) 1.08 (0.66–2.82) (0.55–2.06) NS
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amplification of mRNA liver-specific markers, namely

ALB_1 (albumin 1), AFP_1 (alpha-feto protein 1),

HNF4A-1 (hepatocyte nuclear factor 4A) and CYP2B6_2

(cytochrome P2 B6). Details of the assay are reported in

the supporting information section: link-3.

Detection of HCV RNA in mobilized CD34?ve cells

Total RNA extracted from immuno-purified CD34?ve

cells collected from nine patients was available for HCV-

RNA detection. Details are reported in the supporting

information section: link-4.

Safety and clinical evaluation

To evaluate possible early and late side effects, clinical

examination and biochemical data (including blood count,

transaminases, glucose, albumin, bilirubin, prothrombine

time, alfa-fetoprotein, serum creatinine, gamma-glutamyl

transpeptidase, pseudocholinesterase) were recorded prior

to treatment (at baseline), daily during G-CSF adminis-

tration, monthly during the intermediate periods between

G-CSF administration and 3 monthly for 12 months

thereafter. The total study time was 21 months. Abdominal

ultrasound (US) scans and portal US Doppler imaging were

performed daily from day 0 to day 4 and every 3 months

thereafter in order to evaluate changes in spleen diameter,

portal flow and possible appearance of focal lesions. The

Child-Pugh (CP) score, MELD scores and liver function

tests were assessed in the study group at baseline and

during treatment up to the final follow-up. Results were

compared with analogous assessments performed in control

patients during the observation period. In all patients, cir-

rhosis complications were treated with standard therapies,

and infusion of albumin was performed following local

guidelines (serum albumin \2 g/l with edema/ascites

nonresponsive to diuretics or paracentesis [4l).

A breath test with [14C]-labeled aminopyrine was used

as a non-invasive measure of cytochrome P-450 metabolic

activity in liver function tests. Following ingestion of

[14C]-aminopyrine, breath 14CO2 data were analyzed

from patients with hepatic disease before and after treat-

ment with G-CSF. Tests were based on 2 h sampling of

breath 14CO2 produced by demethylation of [14C]-labeled

aminopyrine to analyze the hepatic microsomal enzyme

function.

Telomere evaluation

In order to rule out possible early aging of hematopoietic

cells due to proliferative stress induced by repeated expo-

sure to G-CSF, telomere length (TL) was determined by

Southern blot analysis, as described [16]. The assay was

performed on PB cells following each mobilization course.

Results of TL from treated patients were compared to the

known TL of age-matched normal subjects [17].

Statistical analysis

Categorical data were presented as absolute values and

percentages, whereas continuous data were provided as

median and range or mean and standard deviation (SD) as

appropriate. Student’s t test was used for statistical com-

parison of quantitative and continuous data, whereas the

Mann-Whitney U test was performed for categorical small

sample size data. The Cox regression model was used to

investigate the effect of various variables on survival time.

A p-value \0.05 was regarded as statistically significant.

Analyses were performed using a statistical software

package (StatsDirect version 2.7.8) and GraphPad InStat 3,

version 3.06 (GraphPad Software, Inc.).

Results

Assessment of BMC mobilization

Following G-CSF stimulation, a significant (p \ 0.005)

increase in circulating CD34?ve cells was observed in the

peripheral blood of all patients, as shown in Fig. 1. The

rate of CD34?ve cell mobilization varied remarkably

between patients, ranging from 1.73 to 37.32 CD34?ve

cells/ll at peak detection. The highest values of circulating

CD34?ve cells were obtained during the first mobilization

cycle, with a decreasing trend in the peak values from cycle
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Fig. 1 Pre-treatment and peak values of circulating CD34?ve cells

for each G-CSF courses. Data are expressed as mean ± SD.

*p \ 0.005 compared to basal values
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I to IV (p \ 0.005). Taking all courses into consideration,

the rate of BMC mobilization was significantly lower

(median peak value: 12.54/ll CD34?ve cells, range

3.4–37.3/ll) when compared with mobilization results

from healthy stem cell donors stimulated with G-CSF

observed at our Bone Marrow Transplantation Unit (med-

ian peak value: 36.89/ll CD34?ve cells, range 2.6–130.06/

ll, p \ 0.05). The peak value of mobilized CD34?ve cells

was inversely proportional to spleen diameter (p = 0.046),

but was unaffected by other demographic (age, sex, BMI,

liver disease etiology), clinical and laboratory parameters.

Four patients had progressive liver failure and died before

concluding the study protocol; they showed similar values

of mobilized CD34?ve cells compared to patients with

better clinical basal conditions or to those that completed

the protocol (median: 9.02 cells/ll, range 1.83–37.32 vs.

8.78 cells/ll, range 1.73–15.72), (p [ 0.05).

The number of CD34?ve cells was also evaluated in the

peritoneal ascites of three patients on the peak day of

mobilization. Results demonstrated similar or even higher

values of CD34?ve cells in the abdominal liquid compared

to CD34?ve cells in the peripheral blood.

In order to further characterize BMC mobilization, the

amount of circulating CFU-GM was evaluated during G-CSF

treatment by means of an in vitro clonogenic assay. A signifi-

cant increase in CFU-GM was recorded on day 4 of the treat-

ment (774 CFU-GM/ml, range 68–4592) compared to basal

pre-treatment values (35 CFU-GM/ml, range 5–528)

(p\ 0.001). Again, each G-CSF course led to a subsequent

increase in CFU-GM, with a slight but not significant reduction

in CFU-GM peak values at the fourth mobilization course.

Immunophenotypic characterization of circulating

CD34?ve cells

The expression of early stem cell and epithelial markers by

circulating CD34?ve cells is reported in Table 2. Immu-

nophenotypic characterization was carried out prior to

treatment and daily thereafter during G-CSF administra-

tion. All evaluated markers were expressed by circulating

CD34?ve cells at basal conditions. No relevant differences

in the percentage of CD34?ve cells coexpressing CD90

and CD117 markers were detected following G-CSF

stimulation, while a significant increase in CD133/

CD34?ve cells (p = 0.0015) and a significant reduction in

CD184?ve and hepatocyte growth-factor receptor (c-Met)

?ve/CD34?ve cells (p \ 0.0001) were observed.

Expression of liver-related genes and HCV RNA

in circulating CD34?ve cells

The expression of hepatocyte-specific mRNA was assessed

in purified CD34?ve cells obtained from PB during

mobilization. The expression of ALB and CYP2B6 mRNA

was detectable in mobilized CD34?ve cells in 91 and

82 % of cases, respectively, while AFP and HNF4A-1 only

in 1 % of cases. Similar results were observed in mobilized

CD34?ve cells from healthy volunteer donors (data not

shown).

The availability of purified CD34?ve cells enabled the

investigation of the presence of HCV RNA in BMCs

obtained from nine treated patients (4 HCV-related cir-

rhosis and 5 no-viral cirrhosis patients, used as controls).

Using the RT-PCR assay, HCV RNA was detected in

CD34?ve cells derived from all four HCV-related cirrhosis

patients.

Plasma concentrations of hematopoietic cytokines

and hepatocyte growth factor

Cytokine levels (SCF and SDF-1) and HGF were available

at baseline and at peak day (day 4) after G-CSF adminis-

tration in 12 treated patients and were compared with those

of 6 healthy volunteers. SCF, SDF-1 and HGF values were

significantly higher (p \ 0.005) in cirrhotic patients com-

pared to healthy subjects. Cytokine and HGF levels were

elevated at both baseline and peak mobilization levels,

without significant changes crosswise G-CSF administra-

tion, as shown in Fig. 2.

Safety assessment of repeated G-CSF administration

Overall, treatment was well tolerated, with no notable

severe adverse events, the only major complaint being

manageable bone pain in four patients. No significant

modifications in liver enzymes or ultrasound and Doppler

hepatic features were registered during the treatment per-

iod. As expected, white blood cells (WBC) significantly

increased at each G-CSF course, with peak values between

Table 2 Immunophenotypic characterization of circulating

CD34?ve cells in study patients

Markera Pre-treatmentb

(%)

Mobilization peakb

(%)

p-value

Early stem cells markers

CD90 (Thy1) 67.01 ± 16.35 64.04 ± 13.39 0.7168

CD117 (c-Kit) 50.85 ± 15.2 58.06 ± 21.04 0.062

CD133 62.16 ± 15.52 73.38 ± 10.89 0.0015

Epithelial markers

CD184 20.82 ± 16.15 4.87 ± 3.72 \0.0001

C-Met 45.48 ± 13.8 17.97 ± 16.37 \0.0001

a The expression of early stem cell or epithelial surface markers by

circulating CD34?ve cells was assessed by two-color flow cytometry
b Values obtained at each mobilization course prior to treatment and

on the day of maximal mobilization
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day 3 and 4 (p \ 0.05) with a rapid return to pre-treatment

values within a few days after G-CSF discontinuation. A

minor reduction in platelets and a decrease in fasting

morning glucose levels with no diet change were also

observed. Two patients with mild chronic kidney disease

showed a marked though transient increase in blood cre-

atinine levels up to 3–4 mg/dl during cycles I and II; in

both cases, kidney function was rapidly restored, and cre-

atinine levels returned to basal values following adequate

hydration and diuretic withdrawal. An increase in longi-

tudinal diameter of the spleen was observed at the mobi-

lization peak (median: 168 mm, range 126–210 mm)

compared to pre-treatment diameters (median: 157 mm,

range 125–170 mm) (p \ 0.05). Spleen diameters returned

to pre-treatment values at the end of each G-CSF treatment

course in all patients. No significant adverse events were

recorded in the post-treatment follow-up; no patient

developed hepatocellular carcinoma, and alpha-feto protein

levels remained stable.

In order to rule out possible telomere loss as a conse-

quence of accelerated cell proliferation induced by G-CSF

exposure, TL was evaluated in PB cells at each G-CSF

course. No significant TL shortening was documented from

cycles I to IV (Fig. 3). Our cirrhotic patients showed a

progressive shortening of telomere terminal sequences

related to aging similar to the trend observed in healthy

subjects with a shortening rate of about 50 bp per year.

Exploratory clinical evaluations

Following the IV mobilization course, all treated patients

were followed up for an additional 12 months. Liver-

related complications throughout the study period did not

differ in type or frequency in the G-CSF-treated patients

compared to untreated patients (Table 3).

Eleven patients completed all four G-CSF courses and

four died within the treatment period at 1,2, 8 and

8 months, respectively. Between study patients, at the end

of the follow-up period, five patients (2 HCV, 1 NASH and

2 alcohol-related cirrhosis) showed an improvement in

liver function tests (reduction of C2 points of CP score),

and five (1 HCV, 1 HBV, 1 NASH and 2 alcohol-related

cirrhosis) had stable values (change of B1 point in CP

score), whereas the remaining five patients (1 HCV and 4

alcohol-related cirrhosis) (33 %) worsened and died during

the treatment period or the further follow-up (1 patient).

Overall, in treated patients a significant improvement in the

Child-Pugh score (p \ 0.05) was registered from baseline

and crosswise G-CSF administration to the end of follow-

up, whereas the MELD score did not change significantly.

Details of the Child-Pugh and MELD scores changes

during the study period are summarized in Fig. 4 and
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minimum (bottom), quartiles (white box) and median values

(diamond)

Table 3 Clinical events occurring during treatment and during the

follow-up period of 21 months in treated patients and controls

Clinical event Treated patients

(n = 15)

Controls

(n = 15)

HCC 0 2

Portal thrombosis 0 1

GI hemorrhage 0 0

Severe platelet reductiona 1 0

Severe Infectious eventsb 1 1

Insulin therapy suspension 1 0

Intravenous albumin infusion 6 8

Hepato-renal syndrome 0 2

HCC hepatocellular carcinoma, GI gastrointestinal
a Infection requiring hospitalization
b Reduction of more than 50 % of the platelet count in two consec-

utive evaluations
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Table 4 in the Supporting Information section. Risk of

mortality correlated with pre-treatment serum creatinine

values (p = 0.01), whereas there was no association with

other laboratory parameters. The survival rate during

21 months of follow-up was not different between treated

and control patients. It should be noted that comorbidities,

ischemic heart disease, insulin-dependent diabetes and

chronic kidney disease stage [1 (GFR \89 ml/min/

1.73 m2) affected the five patients who died during treat-

ment or during follow-up (at months 1, 2, 8, 8 and 15,

respectively) and contributed to the worst prognosis of

these patients.

The aminopyrine breath test was carried out prior to and

following treatment in nine patients; the c-aminopyrine

peak and the dosing after 2 h showed an improvement in

liver metabolism in four patients and remained unchanged

in five, with results correlating with CP score improvement

or stabilization.

Liver function tests did not show significant variations

in the 15 control patients from baseline to the end of fol-

low-up as detailed in Fig. 4. The Child-Pugh score

improved in one patient (7 %) (decrease of\2 points in CP

score), was stable in six (40 %) (±1 point in CP score) and

worsened in eight; six of them died during the follow-up

period (at months 1, 1, 2, 6, 16, 18, respectively). Two

control patients developed hepatocellular carcinoma at 6

and 12 months after enrollment, respectively. Liver-related

complications throughout the study period are reported in

Table 3.

Discussion

This prospective trial reports the results of multiple BM

stem cell mobilizations induced by repeated G-CSF cour-

ses in patients with advanced liver cirrhosis. The data

demonstrate that G-CSF can be repeatedly and safely

administrated over 1 year to cirrhotic patients without

relevant side effects.

The study suggests that no adverse events could be

attributed to the mobilization procedure. However, there

are limiting factors for drawing conclusive clinical out-

comes due to the low number of treated patients and to the

unrandomized selection of control patients in this phase II

trial study.

The extent of multiple BMC mobilization in cirrhotic

patients was consistent, but remained significantly lower

compared to that recorded in healthy donors [18, 19].
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These results may be attributed to multiple causes, such as

a long history of liver disease [20], coexisting chronic

cardiopulmonary and kidney diseases, and spleen

enlargement [21]. In our patients the peak values of

CD34?ve cell mobilization were inversely proportional to

the spleen diameter. Although mobilization is reported to

be correlated to younger age [22], no relationship between

the amount of CD34? cell mobilization and age was rev-

eled in this study, as reported [23]. Of interest, the peak

values of circulating CD34?ve cells showed a decreasing

trend from cycle I to cycle IV, in agreement with hema-

tological studies showing that consecutive courses of che-

motherapy and G-CSF treatment at short intervals can

impair progenitor mobilization in peripheral blood [24, 25].

However, in response to G-CSF, despite these features, all

cirrhotic patients were able to mobilize varying amounts of

immature cells with functional properties tested in vitro

with clonogenic assays similar to those from healthy

donors.

This study also aimed to characterize the immunophe-

notypic features of the mobilized cells to describe their

eventual potential contribution to liver regeneration. The

concept that G-CSF promotes mobilization of immature

cells that may lodge in the liver and differentiate into the

hepatocyte lineage [26] is supported, in this study, by the

finding that mobilized stem cells may also express surface

markers and genes associated with liver differentiation.

Mobilized cells showed the variable coexpression of sev-

eral surface markers, including CD133, CD184 and c-Met

(hepatocyte growth-factor receptor). Tissue-specific sur-

face markers have been reported in cirrhotic patients as

well as in patients with coronary artery disease and in

amyotrophic lateral sclerosis (ALS) patients [27]. The

increased CD133 expression is noteworthy because of the

capacity of CD133?ve cells to differentiate in vitro into

cells with hepatocyte-like features. A notable mobilization

of CD133?ve expressing cells has been observed in

healthy human liver donors after partial hepatectomy [28].

Moreover, purified CD34?ve cells obtained after G-CSF

treatment express, in varying proportions, the early hepa-

tocyte markers AFP and HNF4A-1 and the liver-specific

genes, ALB and CYP2B6. Unfortunately, these cells,

mobilized from hepatitis C patients, also contained HCV

RNA, possibly limiting their specific therapeutic use.

Homing of circulating BMCs is a critical issue for the

potential use of mobilized stem cells for regenerative

purposes. Receptors for the cytokines SCF, HGF and SDF-

1 are present on mobilized CD34?ve cells, as also previ-

ously demonstrated [9, 29]. The values of circulating SCF,

HGF and SDF-1 were significantly higher in our cirrhotic

patients than in healthy controls; also high levels of these

cytokines have been documented in murine models of liver

injury and regeneration in patients with liver cirrhosis of

different etiologies [27–29]. SCF and its receptor, c-Kit,

are involved in cell differentiation and hepatic chemotaxis

[30], and HGF is involved in progenitor cell recruitment to

the liver through an SCF-mediated mechanism. G-CSF

administration is able to upregulate SDF-1 expression in an

injured liver, determining an increasing concentration of

SDF-1 from the BM to the injured liver via the peripheral

blood [31]. It could be speculated that the chemoattractive

effect of this gradient toward the liver may explain the

reduction in CD34?ve cells coexpressing CD184 and

c-Met surface antigens in the peripheral blood of our

patients following G-CSF treatment.

In summary, a novel schedule of multiple courses of

G-CSF treatment has been developed for cirrhotic patients

and found to be safe and feasible. Repeated hematopoietic

activation does not modify the degree of cell aging and

cellular senescence of peripheral blood cells after the

1-year treatment, as measured by telomere length following

each G-CSF cycle.

Consistent mobilization of immature CD34?ve cells

from BM to peripheral blood was observed in all patients.

The mobilization process was characterized by the

increased circulation of liver-committed stem cells that

could be suitable for organ regeneration approaches. Dur-

ing multiple G-CSF courses, some clinical benefit may be

registered but not clearly demonstrated. Treated patients

showed improvement in the Child-Pugh score during

treatment persisting in the follow-up, but no improvement

in the Meld score. Randomized studies on adequate num-

bers of patients appear to be necessary in order to establish

the clinical usefulness of the mobilization procedure.
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