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Abstract

Background & Aims—Hepatic regeneration is a heterogeneous phenomenon involving several
cell populations. Oval cells are considered liver stem cells, a portion of which derive from bone
marrow (BM). Recent studies have shown that granulocyte—colony stimulating factor (G-CSF)
may be effective in facilitating liver repair. However, it remains unclear if G-CSF acts by
mobilizing BM cells, or if it acts locally within the liver microenvironment to facilitate the
endogenous restoration program. In the present study, we assessed the involvement of G-CSF
during oval cell activation.

Methods—Dipeptidyl-peptidase-1V—deficient female rats received BM transplants from wild-
type male donors. Four weeks later, rats were subjected to the 2-acetylaminofluorene/partial
hepatectomy model of oval cell-mediated liver regeneration, followed by administration of either
nonpegylated G-CSF or pegylated G-CSF. Control animals did not receive further treatments after
surgery. The magnitude of oval cell reaction, the entity of BM contribution to liver repopulation,
as well as the G-CSF/G-CSF-receptor expression levels were evaluated. In addition, in vitro
proliferation and migration assays were performed on freshly isolated oval cells.

Results—Oval cells were found to express G-CSF receptor and G-CSF was produced within the
regenerating liver. G-CSF administration significantly increased both the magnitude of the oval
cell reaction, and the contribution of BM to liver repair. Finally, G-CSF acted as a chemoattractant
and a mitogen for oval cells in vitro.

Conclusions—We have shown that G-CSF facilitates hepatic regeneration by increasing the
migration of BM-derived progenitors to the liver, as well as enhancing the endogenous oval cell
reaction.

Liver regeneration is a heterogeneous phenomenon, involving at least 3 levels of
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proliferating cells: mature hepatocytes, ductular progenitors, and oval cells.! The term oval
cells (OCs) defines small proliferating cells with an oval-shaped nucleus and a high nuclear
to cytoplasm ratio, which appear within the liver after certain models of injury and
carcinogenesis.2 OCs are bipotential, sharing the ability to differentiate into hepatocytes and
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biliary epithelial cells, and, therefore, represent putative liver stem cells.? In OC-mediated
liver regeneration, OCs arise from the portal tract periphery and migrate into the lobular
parenchyma. Trafficking, mobilization, and homing of OCs are regulated by several factors,
including adhesion molecules, cytokines, and chemotactic molecules.3 As for their origin,
some believe that OCs derive from ductular cells of the canals of Hering, whereas others
speculate that they arise from liver-committed circulating stem cells of extrahepatic origin.4
Numerous studies conducted on animal models and human beings have suggested that bone
marrow cells (BMCs) may give rise to OCs.>2 In vitro studies also have shown that a
subpopulation of BMCs expresses hepatic markers and, conversely, that OCs express
hematopoietic antigens such as CD34, c-kit, and Thy-1.10.11

Mobilization of BMCs into the circulation can be induced by a wide variety of molecules
such as cytoreductive drugs, chemokines, and hematopoietic cytokines.12 Granulocyte—
colony stimulating factor (G-CSF) is among the most commonly used BMC mobilizing
agents because of its potency and lack of toxicity.13 The biological effects of G-CSF are
mediated predominantly through the G-CSF receptor (G-CSFR), and partly through trans-
activating signals within the BM microenvironment.14 Recent studies have suggested that G-
CSF may be effective in mobilizing cells that contribute to liver repair after damage.15-18
However, it remains unclear if G-CSF acts mainly by recruiting BMCs, or if it acts locally
within the liver microenvironment to facilitate the endogenous hepatic restoration program.
The potential trophic effects of G-CSF on liver stem cells could have a dramatic clinical
impact because G-CSF is one of the few growth factors approved for use in patients.13

In the present study, we sought to assess the role of G-CSF during OC-mediated liver
regeneration. We used the well-established model of OC activation in rats, involving the
administration of 2-acetylaminofluorene (2AAF) before partial hepatectomy (PH).1° 2AAF
is metabolized selectively by hepatocytes to an N-hydroxyl derivative, which interferes with
the cyclin-D; pathway. Therefore, the administration of 2AAF before PH inhibits hepatocyte
proliferation and forces OC recruitment to mediate liver regeneration. This procedure results
in a robust OC response after PH (peaking between days 9 and 11), and within 14 days OCs
begin to differentiate into hepatocytes.20 In addition, we have investigated the effects of G-
CSF administration after 2AAF/PH in terms of magnitude of the OC response, as well as the
degree of BMC contribution to the regenerative process. To assess the BM contribution to
liver repopulation, we used the dipeptidyl-peptidase-1V (DPPIV)-deficient rat model.>
DPPIV is an exopeptidase expressed by many cell types, including BM, blood, and hepatic
cells. After BM transplantation (BMTx) from wild-type rats into DPPIV™ animals, the
expression of DPPIV can be used to detect donor-derived cells in the chimeric recipients.
Finally, we have evaluated the effects of G-CSF on OCs through in vitro assays. We have
shown that G-CSF enhances hepatic regeneration after BMTx/2AAF/PH in rats by
mobilizing liver committed BMCs, as well as by promoting migration and proliferation of
endogenous OCs.

Materials and Methods

Animal Treatments

Animals—DPPIV™ F344 female rats (age, 8 —10 wk) were in-house bred and maintained
on standard laboratory chow and daily cycles, alternating 12 hours of light and dark. Wild-
type F344 male rats (age, 8 —10 wk) were purchased from Charles River Laboratories
(Wilmington, MA). All procedures were performed with the approval of the University of
Florida Institutional Animal Care and Usage Committee. The experimental design is
summarized in Figure 1.
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BMC isolation and transplantation—Before BMTx, DPPIVV™ female rats were exposed
to total body y-irradiation (1:37Cs, JL Shepherd Mark-I; J.L.. Shepherd and Associates, San
Fernando, CA), administered in 2 doses of 450 rads each, 3 hours apart. BMCs were isolated
from the long bones of donor rats. Cells were passed through a 130-um cell strainer,
collected by centrifugation at 220 x g, and resuspended in Iscove’s modified Dulbecco’s
medium (IMDM) (GIBCO, Grand Island, NY). BMCs were transplanted into recipient rats
via tail vein injection after irradiation (5 x 10 cells/rat). Three weeks later, the donor
contribution to BM reconstitution was assessed through analysis of the presence of Y-
chromosome and DPPIV in blood cells.

OC activation model and G-CSF administration—Recombinant methionyl human G-
CSF (Filgrastim) and its pegylated counterpart (peg-Filgrastim, Peg—G-CSF) were kindly
provided by Amgen Inc. (Thousand Oaks, CA). The 2AAF/PH regimen for OC induction
was performed as previously described.19 Briefly, 4 weeks after BMTx, chimeric animals
were implanted intraperitoneally with a time-released 2AAF pellet (70 mg/28-day release;
Innovative Research of America, Sarasota, FL). Seven days later, rats underwent PH, as
described elsewhere.2! Animals then were administered subcutaneously Peg—G-CSF (10
mg/kg in a single dose; group A), or nonpegylated G-CSF (250 ug/kg/day for 5 days; group
B). Control rats did not receive any treatment after 2AAF/PH (group C). Postsurgery,
animals were placed in general housing until death at 1, 3, 5, 7, 11, 15, and 28 days after PH
(21 animals in each group, 3 rats/time point). Samples of liver tissue were collected
separately in optical cut temperature embedding medium (Sakura Finetek USA, Inc,
Torrance, CA), snapfrozen in liquid nitrogen, and embedded in paraffin after overnight
fixation in 10% formalin.

Histology, Immunohistochemistry, and Immunofluorescence

For morphology studies, 5-um paraffin sections were stained with H&E.
Immunohistochemistry and immunofluorescence were performed either on 5-um paraffin-
embedded or OCT frozen sections using standard staining protocols. Immunophenotyping of
liver samples used 1:100 mouse anti-Ki67 (proliferation index; BD Biosciences Pharmingen,
San Diego, CA); 1:100 mouse anti-OV6 (oval and ductular cell marker; a generous gift from
Dr Sell, Albany, NY); 1:100 sheep anti—a-fetoprotein (anti-AFP) (OCs and progenitor cell
marker; Nordic Immunological Lab., Tilburg, The Netherlands); 1:100 mouse anti-CD45
(common leukocyte antigen; BD Biosciences Pharmingen); 1:100 rabbit anti-G-CSFR and
1:100 goat anti—-G-CSF (both from Santa Cruz Biotechnologies, Santa Cruz, CA). Negative
controls and isotype controls (Vector Laboratories, Burlingame, CA) showed negligible
autofluorescence and nonspecific binding of primary antibodies to cells/tissue. Vector ABC-
kit (Vector Laboratories) and 3,3'-diaminobenzidine tetrahydrochloride (DAB) reagent
(Dakocytomation, Carpinteria, CA) were used in the immunoperoxidase detection
procedure. For immunofluorescence staining, Vectastain kit with DAPI, Texas-red, and
fluorescein-conjugated secondary antibodies (Vector Laboratories) were used. The
enzymatic DPPIV staining procedure was performed as previously described.22 To confirm
the epithelial nature of donor-derived cells within the liver, double immunofluorescence for
OV6 and CD26 was performed, using 1:100 goat anti-CD26 (anti-DPPIV, Santa Cruz
Biotechnologies). Quantification of Ki67, OV6, and DPPIV* cells was obtained through the
analysis of 5- 8 fields selected randomly from each specimen (objective magnification,
20x). The samples were photographed using an Olympus microscope and an Optronics
digital camera (Olympus, Melville, NY). Selected slides also were analyzed by confocal
microscopy (Spectra Confocal Microscope TCS-SP2-AOBS, equipped with Software V.
2.61; Leica Microsystems Inc., Bannockburn, IL).
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DNA Polymerase Chain Reaction, Reverse-Transcription Polymerase Chain Reaction, and
Western Blotting

To assess the donor contribution to BM reconstitution, DNA polymerase chain reaction
(PCR) analysis for the sexual region of the Y chromosome was performed 3 weeks after
BMTx on DNA extracted from blood cells, as previously described.> Reverse-transcription
(RT)-PCR analysis for G-CSFR was performed on RNA isolated from normal liver, freshly
isolated OCs, and cultured OCs by using the RNeasy kit (Qiagen, Valencia, CA). cDNA was
synthesized from 5 ug of total RNA. RT-PCR was performed as described elsewhere.® The
resulting RT-PCR products were analyzed on 1.5% agarose gels stained with ethidium
bromide. For Western blot analysis, frozen liver samples were thawed and total proteins
were extracted from homogenates in RIPA buffer, separated by 8% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis and transferred to polyvinylidene-difluoride membranes.
Immunoblotting was performed using 1:500 anti-G-CSF, 1:500 anti-G-CSFR, and 1:5000
anti-g-actin (Abcam Inc., Cambridge, MA). Immunocomplexes were detected with
horseradish-peroxidase—conjugated secondary antibodies (Santa Cruz Biotechnologies).
Detection was performed using the ECL plus kit (Amersham Life Science, Piscataway, NJ).

In Vitro Assays

Cytospins and in vitro assays were performed on OCs isolated from rats subjected to 2AAF/
PH, as described elsewhere.10:23 Briefly, isolation was achieved by using a standard 2-step
collagenase perfusion. Cells were centrifuged at 55 x g to separate the hepatocyte fraction
from nonparenchymal cells, the latter were collected at 220 x g. Nonparenchymal cells were
incubated with Thy-1-fluorescein isothiocyanate— conjugated antibody (BD Biosciences
Pharmingen), followed by incubation with anti—fluorescein isothiocyanate microbeads.
Thy-1* OCs subsequently were selected using immunomagnetic sorting (MACS; Miltenyi
Biotec Inc., Auburn, CA). Cell viability was determined to be greater than 90% by Trypan-
blue dye exclusion.

Cytospins—Cytocentrifugation was performed on collected Thy-1* cells at 41 x g
(Cytospin-4; Thermo-Shandon, Cheshire, England). Cytospin preparations (10° cells/slide)
were stained for Thy-1, OV6, CD45, G-CSFR, and G-CSF as described earlier. For in vitro
proliferation and migration assays 3 different doses of G-CSF were tested: 10 ng/mL, 100
ng/mL, and 500 ng/mL. All assays were performed in triplicate to ensure statistical
significance. Antibiotic-antimycotic solutions were added to each buffer.

Proliferation assay—Cells (2 x 10°) were seeded in 6-well plates in IMDM
supplemented with 10% fetal bovine serum, 1% insulin, and were incubated at 37°C, 5%
CO», overnight. The next day, medium was removed and the cells were cultured in different
buffers: IMDM with 0.5% bovine serum albumin (negative control), IMDM with 10% fetal
bovine serum (positive control), and IMDM with 0.5% bovine serum albumin and various
doses of G-CSF (experimental groups). Cell counts were performed on trypsinized cells
immediately before the test (day 1), and every subsequent 48 hours.

Migration assay—Cell motility was assessed in transwells, as previously described.23
Briefly, transwell culture dishes (Coring, Inc., Costar, NY) with 5-um pore filters were
precoated overnight with 0.006% rat-tail collagen. Cells (1 x 10°) were suspended in
migration buffer (IMDM, 10% fetal bovine serum, and 1% insulin), and allowed to attach
overnight. Nonadherent cells were removed from the top of the transwell chambers and the
transwells then were transferred to new wells containing various doses of G-CSF in
migration buffer. Plates were incubated at 37°C, 5% CO», for either 4 or 6 hours. As
controls, G-CSF either was excluded from the lower chamber (migration control) or added
to both the lower and upper chambers (chemokinetic control). At the end of the assay, cells
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that had migrated to the bottom of the transwell filter were fixed, stained, and counted. Data
were normalized for each independent experiment with respect to the migration control, and
expressed as the relative chemotactic index.

Statistical Analysis

Results

Values presented are expressed as mean + SD. After acquiring all data for histologic
parameters and in vitro assays, the Student t test was applied to determine statistical
significance. A P value of less than .05 was considered significant. Data analysis was
performed by Microsoft Excel software (Microsoft, Redmond, WA).

G-CSF Is Produced Within the Liver During OC-Mediated Regeneration and Acts as Both a
Paracrine and Autocrine Factor on Hepatic OCs

Morphologic analysis of liver samples from animals subjected to BMTx/2AAF/PH (group
C) confirmed the typical features of OC-mediated liver regeneration.10 Specifically, in
H&E-stained liver sections, oval-like cells, appearing as dark blue areas because of their
large nuclei and scant cytoplasm, were seen surrounding the portal tracts after PH, and their
number increased progressively, reaching a peak at day 11. These cells were positive for
both OV6 and Ki67, indicating that they were proliferating OCs. Subsequently, the number
and proliferation activity of OCs progressively decreased.

BM-derived cells were detected within the liver by their expression of DPPIV. Scattered
patches of DPPIV*, oval-like cells, and hepatocytes were detected. These patches ranged in
size from single cells to small clusters. As for the magnitude of BM contribution to liver
repopulation, in agreement with published data,24 our study showed that the BM
contribution to liver repopulation was a relatively rare event, resulting in a total contribution
(DPPIV* OCs and hepatocytes within the recipients’ livers) of 0.47% + 0.12% at day 11 and
0.68% =+ 0.21% at day 28 after PH. At day 11, the majority of the DPPIV* cells had an oval-
like morphology and were concentrated within the periportal OV6™ areas, whereas at day 28
the majority of the DPPIV™ cells were hepatocyte-like.

To assess whether G-CSF may act directly on OCs, we studied the expression of G-CSFR in
liver samples. G-CSFR was not expressed in normal liver, whereas it was induced during
OC-mediated liver regeneration. Immunofluorescence revealed that G-CSFR was expressed
by ductular and periductular cells after OC activation, colocalizing with the OC marker AFP
(Figure 2A—C). G-CSF expression was detected in periportal cells and colocalized with G-
CSFR within the OC population (Figure 2D-F). Confocal microscopy was used to confirm
these findings on representative sections (Figure 2G-I). Western blot analysis revealed that
G-CSFR was not produced by normal liver, whereas its expression was induced after OC
activation. G-CSF production also was increased after 2AAF/PH, peaking between days 5
and 7 after surgery (Figure 3A). Finally, hepatic expression of G-CSFR mRNA was
established through RT-PCR, performed on freshly isolated OCs, cultured OCs, and normal
liver tissue (Figure 3B).

Hepatotrophic Effects of G-CSF Administration During OC-Mediated Liver Regeneration

To assess the effects of exogenous G-CSF during OC-mediated liver regeneration, BMTx/
2AAF/PH pre-treated rats were subjected to G-CSF administration after surgery. We
analyzed several parameters, such as the proliferation index (Ki67") and the magnitude of
the OC reaction (OV6™") in G-CSF-treated rats vs untreated rats. We compared 2 different
molecular forms of G-CSF: recombinant methionyl human G-CSF (group B) and its
pegylated counterpart (Peg—G-CSF, group A). An augmented OC reaction, relative to
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controls, was observed in both of the G-CSF-treated groups (Figures 4 and 5). Particularly
at day 11 after 2AAF/PH, the magnitude of the OC reaction was increased up to 5 times in
animals treated with Peg—G-CSF and up to 2 times after G-CSF injection, as compared with
controls (P < 0.05) (Figure 4A-C). At day 28, when only a few OCs still were present in
2AAF/PH controls, the number of liver OCs remained significantly higher in G-CSF-and
Peg—G-CSF-treated rats (up to a 5- and 9-fold increase, respectively; P < .05). The highest
OC response was measured in rats injected with Peg—G-CSF, although this increase was not
statistically significant when compared with nonpegylated—G-CSF-treated animals (Figure
5A). The proliferation index also was increased significantly in animals treated with G-CSF
or Peg—G-CSF (data not shown).

In an effort to evaluate the degree of BM contribution to liver repopulation after G-CSF
administration, we quantified the number of donor-derived cells (DPPIV*) in all groups. In
serial sections, DPPIV* cells were seen predominantly within clusters of OC (OV6*) (Figure
4D and E). Double immunofluorescence for OV6 and CD26 (DPPIV) confirmed the
epithelial nature of the donor-derived cells within the liver (Figure 4F—K). The number of
DPPIV* liver cells was significantly higher after G-CSF treatment (Figure 5B). Indeed, the
number of donor-derived BM cells engrafted into the livers of G-CSF- and Peg—-G-CSF-
treated animals was proportionally higher at each time point vs controls, reaching a 4-fold
increase at day 11 in group B (P <.05). In animals treated with G-CSF and Peg—G-CSF the
average number of DPPIV* liver cells at day 11 represented, respectively, 2.06% * .15%
and 1.58% =+ .84% of the entire liver population. At day 28, DPPIV* liver cells represented,
respectively, 4.16% + .62% (G-CSF) and 4.23% + .75% (Peg—G-CSF) of the whole liver
cell population, an increase of up to 6-fold as compared with controls (group Avs C, P <.
05).

Immunofluorescence confirmed the expression of G-CSF and G-CSFR within the OC
population after treatment with exogenous G-CSF (Figure 6A—C). G-CSFR co-localized
with AFP (Figure 6D-F), whereas only a few G-CSFR™ cells were hematopoietic cells
(CD45™"), thereby excluding the possibility of significant hematopoietic cell contamination
(Figure 6G-I).

G-CSFR Is Expressed Largely by Thy-1* Sorted OCs and G-CSF Promotes Both Migration
and Proliferation of Hepatic OCs In Vitro

OCs were isolated using the hematopoietic immunomarker Thy-1 in conjunction with
magnetic cell sorting.10-22 In our study, we obtained an average of 3.5 x 106 Thy-1* cells
from each liver. To test the specificity of the sorting procedure, cytospin preparations of
Thy-1* cells were stained for Thy-1, OV6, and CD45 (Figure 7A-C). Approximately 95.8%
+ 2.3% of the cells were Thy-1*, 86.2% + 7.5% were OV6™, and the degree of
hematopoietic cell contamination was negligible (2.2% + 1.3% CD45™"). Double-
immunofluorescence staining for G-CSFR and the hematopoietic marker CD45 confirmed
that numerous Thy-1* cells expressed G-CSFR (58.7% + 5.3%), whereas the few CD45*
cells that were present did not express G-CSFR (Figure 7D-F). A further demonstration of
the ability of OC to express G-CSFR was obtained by double-immunofluorescence staining
for G-CSFR and the OC marker OV6. Most of the sorted cells were OV6* (*86%), and a
majority of them co-expressed G-CSFR (*59%) (Figures 8A-C and 9). Moreover, most of
the Thy-1 sorted cells co-expressed G-CSF and its receptor (Figure 8D-F).

As previously stated, OCs are able to proliferate in response to certain liver injuries and
actively migrate from the portal tract periphery into the lobular parenchyma. We
investigated the potential role of G-CSF in both OC proliferation and matility. G-CSF, at a
concentration of 100 ng/mL, was able to significantly stimulate OC proliferation as
compared with negative controls (P <.05), whereas lower or higher doses had only a slight
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effect on proliferation (Figure 10A). In the migration assay, when G-CSF was added to the
lower chamber, OCs crossed the filter in a dose-dependent manner, reaching a peak in the
presence of 100 ng/mL of G-CSF (>6-fold increase after 6 hours, P <.0001) (Figure 10B).
Interestingly, higher doses of G-CSF (500 ng/mL) did not affect cell motility.

Discussion

In the present study we have shown that G-CSF contributes to liver regeneration, both by
increasing the engraftment of BMCs into the liver, and by enhancing the endogenous OC
reaction. G-CSF acts on hepatic OCs as both an autocrine and a paracrine factor, and it is
able to stimulate OC proliferation and migration in vitro. The effects of G-CSF on OC
motility and proliferation are dose-dependent, reaching peak efficacy at 100 ng/mL. We
speculate that the lack of an effect with higher doses may be owing to positive-feedback
signals trigged by saturation of the G-CSFR.

G-CSF is a cytokine synthesized by a variety of cell types, and it is known to be involved in
the proliferation and differentiation of granulocytes and their precursors, as well as in
mediating hematopoietic stem cell mobilization to peripheral blood.1213 Recent studies have
indicated that G-CSF may be effective in mobilizing cells that contribute to liver repair.
BMCs mobilized by G-CSF contributed to hepatic regeneration after acute and chronic
damage induced by CCly in a murine model.16 G-CSF administration, during CCly recurrent
liver injury, significantly increased the number of BM-derived hepatocytes.1’ G-CSF
stimulated peripheral blood BMCs to give rise to albumin-producing hepatocytes after
infusion into analbuminemic rats.® Finally, G-CSF administration was able to induce BMC
mobilization in cirrhotic patients, and a clinical improvement was registered in about 50% of
treated individuals.2> However, it remains unclear if G-CSF acts mainly by recruiting
BMCs, or if it acts locally to facilitate the endogenous hepatic restoration program. Indeed,
in the previously cited studies, G-CSF administration significantly accelerated the
regeneration processes. Nevertheless, the level of BMC engraftment remained rather low,
suggesting that G-CSF exerts a predominantly hepatotrophic effect, promoting the
endogenous repair program. This hypothesis is supported by other reports showing the
efficacy of G-CSF administration before hepatic damage. Theocharis et al26 first reported
that pretreatment with G-CSF significantly promotes DNA synthesis after liver injury, and
recently showed that G-CSF improves survival rate in a rat model of fulminant hepatic
failure.2” They speculated that G-CSF facilitates hepatic proliferation by enhancing the
expression of growth factors and proto-oncogenes, but the physiologic and pharmacologic
mechanisms of this facilitation were not elucidated.26-27 In the present study, we showed
that G-CSF acts on OCs, the putative liver stem cells, affecting their proliferation and
motility. Our results expand the knowledge regarding the spectrum of actions of G-CSF on
adult stem cells. In fact, it has been shown that G-CSF acts not only on myeloid precursors,
but also on neural and muscle stem/progenitor cells. In particular, recent reports have shown
that G-CSF and its receptor are widely present in neurons and adult neural stem cells. This
expression is induced by ischemia, and both counteracts neuronal degeneration and
contributes to long-term plasticity after damage.2829 Similarly, G-CSF administration after
myocardial infarction in mice induces G-CSFR expression in cardiomyocytes and results in
the prevention of cardiac remodeling.30

Regarding the BMC contribution to liver regeneration, our study shows that the number of
BM-derived hepatic cells in G-CSF-treated animals was increased up to 6-fold, as compared
with the controls. Peg—G-CSF seemed to be more effective than the nonpegylated molecule,
probably owing to an increased serum half-life, even though the difference was not
statistically significant (group A vs B, P > .05). However, the level of BMC contribution in
our experiments did not reach those of other models. Several factors appear to affect the
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contribution of BMCs to liver repair. These include the nature, severity, and persistence of
injury, as well as the dosage and timing of drug administration. A recent review of several
published studies reported a frequency of less than 0.05% of BM-derived hepatocyte-like
cells, when no selective pressures designed to increase the yield of BM contribution were
used. When hepatocyte proliferation was inhibited, only half of the analyzed reports showed
yields greater than 1.5%.24 Although these levels of BM contribution would seem to
preclude BMC as an effective tool for enhancing organ regeneration, the few BMCs that do
engraft may play an important role in modulating the endogenous repair mechanisms. We
showed that human cord blood hematopoietic stem cell administration represents a rescue
therapy after liver injury in rats and nonobese diabetic/severe combined immunodeficiency
mice.8? The engrafted BMCs were able to facilitate hepatic repair, partly by conversion into
liver cells, and partly by modulating the liver microenvironment. As for the effects of G-
CSF on the hepatic regeneration, it has been suggested that G-CSF may act as a “yet
unrecognized hepatocyte-growth factor inducer.”16 The existence of hepatocyte growth
factors has been reported extensively, and their interactions and synergies are important
elements in controlling the regenerative processes. Some of these molecules also are able to
affect OC activation, but most of the specific liver stem cell-stimulating factors remain
unknown. In the present study we have shown that G-CSF per se acts as a growth factor and
a mobilizing agent for hepatic OCs. These results may help to elucidate the physiologic and
pharmacologic mechanisms underlying the effects of G-CSF observed in previously
reported studies. Furthermore, G-CSF might represent a critical factor for multiple lineages
of tissue-committed stem cells, given that it exerts direct trophic effects on adult stem cells
within the BM, muscle, nerve, and, as we now have shown, the liver.

As for the cellular mechanisms underlying the BMC conversion into hepatic cells, it has
been observed that cell fusion may explain some of the presumed plasticity of BMCs seen in
specific models of liver regeneration.3! However, other convincing data indicate that liver
repopulation is possible without fusion.22 We believe that fusion may or may not play a
prominent role in the plasticity of stem cells, depending on the model of injury and the host
phenotype.3! In our model, hepatocyte proliferation was inhibited at the time of G-CSF
administration, and the direct BM contribution to liver regeneration remained a relatively
rare phenomenon, whereas the local effect of the drug on the endogenous OC population
seems the most likely mechanism to explain our findings. The current study does not focus
on the ultimate origin of the BMCs that are participating in liver regeneration. If a portion of
these cells do arise from a fusion event, but maintain functionality, they still are relevant
therapeutically. Given the extent of endogenous OC participation as compared with BMCs,
the action of G-CSF on endogenous liver cells is likely to have a greater therapeutic impact.

In conclusion, with the present study we have shown that G-CSF exerts multiple beneficial
effects on hepatic repair programs, both by increasing the engraftment of BMCs into the
liver, and by enhancing the endogenous OC reaction. Our results confirm the previously
reported data on G-CSF mobilization of liver-committed BMCs, and further highlight the
complexity of the mechanisms involved in the activation and trafficking of liver stem cells
and their derivatives. G-CSF treatment is an appealing potential therapy for improving liver
regeneration because it offers both ease of treatment and versatility. The present study
provides the conceptual basis for the development of therapeutic strategies aimed at
stimulating the proliferation, mobilization, and targeting of OCs to enhance recovery from
hepatic injury.
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Experimental design. DPPIV-female rats were exposed to total body y-irradiation, before
BMTx. BMCs were isolated from wild-type male rats and transplanted into recipient rats.
Three weeks later, donor contribution to BM reconstitution was assessed. Four weeks after
BMTX, chimeric animals were implanted with a 2AAF pellet, and 7 days later rats
underwent PH. After surgery, animals were administered Peg—G-CSF (group A), or
nonpegylated G-CSF (group B). Control rats did not receive any further treatment (group C).
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(A—C) Double-immunofluorescence staining of livers from group C (11 days after 2AAF/
PH) showed expression of (A) G-CSFR (green), (B) AFP (red), and (C) co-expression
(yellow) by many periportal cells. A few cells expressed AFP alone (small arrows, 2B and
2C), or G-CSFR alone (large arrows, 2A and 2C). The inserts in A and B represent isotype
controls for G-CSFR and AFP, respectively. Cell nuclei were stained with DAPI (blue).
Original magnification, 40x objective. (D—F) Double-immunofluorescence staining of livers
from group C (11 days after 2AAF/PH) detected cells expressing (D) G-CSFR (green), (E)
G-CSF (red), and (F) co-expression (yellow) in many periportal cells. A few cells expressed
G-CSFR alone (large arrows, 2D and 2F) or G-CSF alone (small arrows, 2E and 2F). The
inserts in D and E represent isotype controls for G-CSFR and G-CSF, respectively. Cell
nuclei were stained with DAPI (blue). Original magnification, 40x objective. (G-I)
Confocal microscopy was used on representative sections from the same animals (group C).
Immunofluorescence for (G) G-CSFR (green) and (H) G-CSF (red) shows (I) co-expression
(merge) within many periportal cells. The presence of dual markers (yellow) is evident in
most cells shown. Both G-CSFR and G-CSF also were seen as distinct colors in separate
cellular domains, denoting differential distribution within the cell (large arrows and small
arrows, respectively). Cell nuclei were stained with DAPI (blue). Original magnification,
63x objective.
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Figure 3.

(A) Western blot analysis of liver homogenates confirmed the expression of both G-CSF and
G-CSFR after 2AAF/PH in rats (at days 1, 3, 5, 7, 11, and 15 after surgery) vs normal liver
(NL). G-CSFR was not produced by NL, whereas its expression was induced after OC
activation, with a peak at days 3-7 after PH. G-CSF production also was increased after
2AAF/PH, peaking at days 5-7 after PH. (B) RT-PCR amplification of G-CSFR mRNA in
normal liver, freshly isolated OCs, and cultured OCs provide further proof of the expression
of G-CSFR by hepatic OCs.
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Figure 4.

H&E staining of liver sections 11 days after 2AAF/PH in (A) control animals (group C), (B)
after G-CSF treatment (group B), and (C) after Peg—G-CSF administration (group A). At the
peak of the OC reaction, the number of OCs was significantly higher in animals treated with
G-CSF or Peg—G-CSF as compared with controls. Original magnification, 10x objective. (D
and E) Representative serial sections stained for OV6 and DPPIV in the liver of a BMTx/
2AAF/PH rat treated with exogenous G-CSF (group A). The expression of DPPIV
represents a specific marker of BM donor-derived cells. (E) Right panel shows expression
of DPPIV on many small, periportal cells (red—orange). (D) The corresponding serial
section depicted in the left panel shows that many of the DPPIV* cells also express the OC
marker OV6 (brown), and therefore may be considered BM-derived OCs. Black arrows
indicate the same cells on each figure. Original magnification, 20x objective. (F-K) Double-
immunofluorescence staining of liver from group A (11 days after 2AAF/PH) detected cells
expressing (anti-DPPIV, 4F and 41, green) CD26, (4G and 4J, red) OV6, and (4H and 4K,
yellow) co-expression in many periportal cells («<). Cell nuclei were stained with DAPI
(blue). Original magnification, 40x objective.
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Figure 5.

(A) Average OV6* cells/field in livers of animals treated with either pegylated or
nonpegylated G-CSF at 11 and 28 days after 2AAF/PH, as compared with 2AAF/PH alone
(CNT). (B) Average DPPIV* cells/field in livers of animals treated with either pegylated or
nonpegylated G-CSF at 11 and 28 days after 2AAF/PH, as compared with 2AAF/PH alone
(cnt). Data represent the mean value + SD of cell counts, normalized with respect to control.
*P < .05. At day 11 after 2AAF/PH, the magnitude of the OC reaction was increased up to 5
times in animals treated with Peg—G-CSF as compared with controls. At day 28, when only
a few OCs still were present in 2AAF/PH controls, the number of liver OCs remained
significantly higher in G-CSF- and Peg—G-CSF-treated rats (up to 9-fold increase).
Similarly, the number of donor-derived BMCs engrafted into the livers of G-CSF- and Peg—
G-CSF-treated animals was proportionally higher at each time point, reaching a 4-fold
increase at day 11 and a 6-fold increase at day 28 after PH.
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Figure 6.
(A-C) Double-immunofluorescence staining on liver section 11 days after 2AAF/PH/G-CSF

treatment (group B) detected (A) G-CSFR (green), (B) G-CSF (red), and (C) co-expression
(yellow) by many periportal cells. A few cells expressed G-CSF alone (<, 6B and 6C). (D-
F) Double-immunofluorescence staining of liver 11 days after 2AAF/PH/G-CSF treatment
(group B) showed expression of (D) G-CSFR (green), (E) AFP (red), and (F) co-expression
(yellow) by many periportal cells. A few cells expressed AFP alone (<, 6E and 6F). (G-I)
Double-immunofluorescence staining of liver 11 days after 2AAF/PH/G-CSF treatment
(group B) detected (G) G-CSFR (green) and (H) CD45 (red). (I) The merge of panels G and
H showed that G-CSFR™* cells were mostly CD45™, thereby excluding the possibility of
significant hematopoietic cell contamination. Cell nuclei were stained with DAPI (blue).
Original magnification, 40x objective.
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Figure 7.

(A-C) Thy-1* sorted cell cytospins stained for (A) Thy-1, (B) OV6, and (C) CD45. Most of
the sorted cells were OV6* and Thy-1*, whereas a very few hematopoietic cells (CD45%)
were observed. (D-F) Double-immunofluorescence staining of Thy-1* sorted cell cytospins
show (D) G-CSFR (green) and (E) the hematopoietic marker CD45 (red). Numerous Thy-1*
cells expressed G-CSFR (~59%), whereas the degree of hematopoietic cell contamination
was negligible. (F) The merge of panels D and E showed that the few CD45* cells were G-
CSFR™. Cell nuclei were stained with DAPI (blue). Original magnification, 100x objective.
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Figure 8.

(A—C) Double-immunofluorescence staining of Thy-1* sorted cell cytospins showed the
expression of (A) G-CSFR (green) and (B) the OC marker OV6 (red). Most of the sorted
cells were OV6 positive (~86%), and a majority also expressed G-CSFR (~59%). (C) The
merge of panels A and B showed that all of the G-CSFR™ cells also expressed OV6. (D-F)
Double-immunofluorescence staining of Thy-1* sorted cell cytospins stained for (D) G-
CSFR (green) and (E) G-CSF (red). (F) The merge of panels D and E shows that most of the
Thy-1 sorted cells co-expressed G-CSF and G-CSFR (yellow), whereas a few were only G-
CSF* («). Cell nuclei were stained with DAPI (blue). Original magnification, 100x.
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Figure 9.

(A-C) Confocal microscopy of double-immunofluorescence staining of Thy-1* sorted cell
cytospins for (A) G-CSFR (green), (B) OV6 (red), and (C) co-expression (yellow). Note that
the distribution of these proteins within the cell is not identical (large and small arrows,
respectively). Cell nuclei were stained with DAPI (blue). Confocal magnification, 252x
(63x objective combined with 4x digital zoom).
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Figure 10.

(A) Effects of G-CSF on OC proliferation. OCs were incubated in IMDM medium
supplemented with 10% fetal bovine serum (o), or serum-free IMDM medium containing
0.5% bovine serum albumin with G-CSF at 10 ng/mL (4p), 100 ng/mL (m), 500 ng/mL (A),
or without G-CSF (o, negative control) for the indicated times. Differences were statistically
significant when comparing 100 ng/mL G-CSF vs negative controls. *P < 0.05, **P < .005.
(B) Effect of G-CSF on OC migration in transwells. OCs were seeded in the top chamber
with 10, 100, or 500 ng/mL G-CSF placed in the bottom chamber, or 100 ng/mL of G-CSF
placed in both chambers (CNT+/+, chemokinetic control). Migration controls were used
with no G-CSF in either chamber (cnt—/-). Data represent the mean value + SD of 3
independent experiments, normalized with respect to control migration (relative chemotactic
index; *P < .05, **P < .01, ***P < .0001). When G-CSF was added to the lower chamber,
OCs crossed the filter in a dose-dependent manner, reaching a peak in the presence of 100
ng/mL of G-CSF (>6-fold increase after 6 hours).
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