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Abstract

The development of new approaches to treat patients with hepatic diseases that can eliminate the
need for liver transplantation is imperative. The use of cell therapy as a means of repopulating the
liver has several advantages over whole organ transplantation, since it would be less invasive, less
immunogenic, and would allow the use, in some instances, of autologous-derived cells. Stem/
progenitor cells that would be ideal for liver repopulation would need to have characteristics such as
availability and ease of isolation, the ability to be expanded in vitro, ensuring adequate numbers of
cells, susceptibility to modification by viral vector transduction/genetic recombination, to correct
any underlying genetic defects, and the ability of restoring liver function following transplantation.
Bone marrow-derived stem cells such as Hematopoietic, Mesenchymal and Endothelial Progenitor
cells possess some or most of these characteristics, making them ideal candidates for liver
regenerative therapies. Here, we will summarize the ability of each of these stem cell populations to
give rise to functional hepatic elements which could mediate repair in patients with liver damage/
disease.
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INTRODUCTION

Liver failure is a potentially life-threatening condition for which organ transplantation is the
only definitive therapy [1]. However, the current shortage of available livers for transplant
results in the death of many patients while awaiting transplantation [2]. Thus, it is imperative
that new approaches for repairing the liver are developed, so that the need for transplanting a
partial or complete human liver to cure the patient can be eliminated. Presently, cell therapies
represent one of the most promising alternative solutions to entire or partial liver transplant
[3-12]. A logical alternative to performing liver transplantation would be to isolate and
transplant human hepatocytes. Unfortunately, human livers would still be required as a source
of cells and, in addition, isolation of human hepatocytes is difficult and inefficient.
Furthermore, differentiated hepatocytes cannot be effectively expanded in culture, greatly
limiting the number of hepatocytes that could be obtained from each liver [13,14]. Therefore,
numerous studies have concentrated on investigating the ability of a variety of stem cells that
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can be readily isolated using non-invasive procedures, to give rise to hepatocytes both in vitro
and in vivo. In addition, many of these cell populations can be expanded significantly in vitro,
making it possible to generate large numbers of cells for transplantation from a fairly small
number of initial stem cells. Since some of these stem cell populations are present within the
adult, and could thus be isolated from the patient to be treated, it would be possible to produce
personalized, immunologically matched hepatocytes.

Here we will discuss bone marrow as a source of some of the most promising stem cell
candidates for liver regeneration/repair. We will present data supporting the ability of each of
the stem cell populations to give rise to functional hepatic elements which could mediate repair
in patients with liver damage/disease, and a summary clinical trials using cell therapy for liver
regeneration.

Hematopoietic Stem Cells for Liver Regeneration

Hematopoietic stem cells (HSC) are probably the most studied and best understood stem cell
within the body [15]. Since pioneering studies in the early sixties demonstrating that HSC
existed within the marrow and were able to completely repopulate the hematopoietic system
of lethally irradiated murine recipients [16—18], HSC have been the center of intensive research.
HSC have been proven to be invaluable in the clinic, in the treatment of numerous hematologic
and non-hematologic malignancies as well as a range of both inherited and acquired diseases.
In addition to the bone marrow, HSC can also be harvested from cytokine-mobilized peripheral
blood and umbilical cord blood, making it possible to harvest these cells from the patient in
adequate amounts, using relatively non-invasive procedures. Therefore, HSC meet the
requirements of cells that would be ideally suited for cells therapies such as availability, ease
of isolation, and the ability to be harvested from the patient to be treated.

In the field of liver regeneration, HSC have received a great deal of attention as a result of
ground-breaking studies showing that HSC, following transplantation, had the ability to give
rise to hepatocyte-like cells in vivo and completely repopulate the liver of FAH mice, correcting
their disease phenotype [19,20]. These studies were followed by others using a variety of rodent
model systems to rigorously test the hepatocytic potential of HSC from various sources [19,
21-37]. Table 1 shows the sources of cells used in studies that demonstrated the hepatocytic
potential of enriched populations of HSC in various murine models with a wide range of genetic
lesions and injuries induced by either chemicals or physical means. Since each group used
different criteria for isolating HSC, and each injury/disease model seems to have its own unique
characteristics, resulting in differing outcomes, the results from these studies have been rather
hard to interpret, even when the same or very similar types of HSC are transplanted. However
it safe to say that umbilical cord blood HSC, appear to more consistently generate higher levels
of hepatocytes following transplantation than HSC isolated from bone marrow or mobilized
peripheral blood. Furthermore, it is clear from these studies that HSC give rise to higher levels
of liver engraftment when they are transplanted into models in which the host’s endogenous
hepatocytes are defective either as a result of genetic lesion or due to treatment with agents
that prevent host hepatocyte replication. It appears that the only way to achieve high levels of
donor HSC-derived hepatocytes is to somehow impart a proliferative/survival advantage to the
transplanted cells. The mechanism whereby the hepatocytes are generated from the
transplanted HSC has also been a controversial point among research groups. In some cases,
such as the FAH model, it appears that the donor-derived hepatocytes are generated almost
entirely through fusion of the transplanted HSC with the host’s endogenous hepatocytes [20,
35,38]. However, in other models, the hepatocytes are generated almost exclusively through
what seems to be true differentiation of the HSC into hepatocytes without exchange of any
genetic or cellular elements between the host and the engrafted human cells [21,25,34,36,39].
It has also been shown that the phenotype and purity of the cell population transplanted also
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influences the production of hepatocytes and whether fusion was observed or not [8,9,40,41].
Therefore, depending on the source of cells and etiology of disease, the outcome will differ
significantly in terms of numbers and how hepatocytes are being generated. Using a non-injury
model of transplantation in which the procedure is performed during the fetal period when the
liver is rapidly proliferating and differentiating, it is possible to obtain high levels of
engraftment and differentiation of the donor human cells without forcing the transplanted cells
to adopt a specific fate by damaging/inducing regeneration within the recipient liver [42-45].
The lack of injury is therefore important, since in the presence of disease/damage, the host
hepatic microenvironment may be far more conducive to apoptosis than engraftment and
differentiation [42], making it very hard to assess the true potential/ability of the transplanted
cells [43-48]. Using the fetal sheep model, we performed a detailed head-to-head comparison
between HSC from bone marrow versus those of cord blood, and those from mobilized
peripheral blood [49] with respect to their ability to give rise to functional hepatocytes in vivo.
Our results showed that phenotypically identical HSC from three different clinically relevant
sources possess marked differences in their hepatocytic potential, with cord blood HSC giving
rise to the greatest numbers of hepatocytes, followed closely by bone marrow-derived HSC,
all in the absence of fusion. Of particular note, HSC derived from mobilized peripheral blood
exhibited substantially lower hepatocytic potential than those from either cord blood or
marrow, suggesting that mobilized peripheral blood will not likely prove to be the ideal source
of HSC for hepatic repair/regeneration. We also compared the hepatocytic potentials among
different putative HSC phenotypes and found that adult human BM CD34*Lin"CD38" cells
were able to generate more hepatocytes in vivo than any other phenotype tested, suggesting
that this fraction of cells are enriched not only for HSCs but also for cells with hepatocytic
potential [49]. In addition, our studies demonstrated that for each given HSC population, the
hepatocytes generated from the hematopoietic graft expanded over time, gradually comprising
a larger percentage of the total hepatic mass.

Mesenchymal Stem Cells for Liver Regeneration

Mesenchymal stem cells (MSC) make up part of the bone marrow stromal microenvironment
that provides support to the hematopoietic stem cell and drives the process of hematopoiesis
[50,51]. Despite their important role within the bone marrow, MSC are rare cells with estimates
for MSC frequency ranging from 0.001-0.01% of the total nucleated cell population present
within the marrow [52]. Like HSC, MSC cannot be isolated to absolute purity, although
numerous culture methods and surface markers have been characterized that enable one to
enrich for MSC, with each laboratory preferring its own method of isolation. This makes the
comparison of results obtained by various laboratories very difficult, since each lab is likely
studying somewhat different cell populations despite the fact that all of these cells have
collectively been referred to as MSC. In addition to the bone marrow, these cells have now
been isolated from numerous tissues, including brain, liver, lung, fetal blood, umbilical cord
blood, kidney, and even liposuction material [53-59], leading one to postulate that MSC are
likely to play a critical role in organ homeostasis, perhaps providing supportive factors like in
the bone marrow, and/or mediating maintenance/repair within their respective tissue.

Recent studies have shown that MSC, like HSC, have far greater differentiative abilities than
previously thought. They in fact appear to be capable of giving rise to cells of all three germinal
layers [60], including albumin-producing hepatocyte-like cells in vitro and in vivo [61-64].
However, in contrast to HSC, MSC can be expanded in culture for long periods of time without
any seeming loss of differentiation capacity. Furthermore, since MSC are quite amenable to
genetic modification/correction, MSC could be harvested from the patient’s own marrow, even
if the liver disease present was the result of an underlying genetic defect, and genetically
corrected autologous MSC could thus be propagated to generate sufficient numbers of cells to
achieve meaningful levels of engraftment following transplantation. Similar to the studies
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performed with human HSC, each group of investigators using MSC defined these cells in
different ways ranging from specific antigen profile to simple plastic adherence, generating
data that were not always in agreement. However, it is recognized overall that MSC appear to
be able to exert beneficial effects in a wide range of injuries and disease states within the liver,
and that fusion does not appear to play a major role in the beneficial effects of transplanted
MSC. One issue which has complicated interpretation of the data generated from these studies
in liver is that it appears that the transplantation of MSC somehow stimulates the host’s liver
to repair itself without the donor cells actually having to persist long-term within the recipient.
Several studies clearly demonstrated that secretion of factors which stimulate the regeneration
of endogenous parenchymal cells were likely to play important roles in promoting tissue
recovery [42,65-69]. These findings led to the question of whether MSC can actually generate
hepatocytes or if, perhaps, all the effects they produce are simply mediated through release of
soluble factors. In vitro studies have now provided definitive evidence that MSC can, under
appropriate conditions be made to differentiate into cells with all of the characteristics of
functional hepatocytes that can currently be assessed in culture [70-73]. Furthermore, MSC
possess other equally important therapeutic effects besides contribution to the cellular pool. A
variety of evidence from animal studies has now indicated that MSC have the ability to enhance
fibrous matrix degradation, likely through the induction of metalloproteinases, suggesting that
MSC may be ideally suited for treatment of liver diseases involving fibrosis [3,74-80].
However, these results must be interpreted carefully since other studies have suggested that
under different conditions, transplanted MSC may actually contribute to the myofibroblast pool
and thus enhance the fibrotic process within the liver [3,81-84]. To rigorously test whether
these qualities could be exploited to generate significant numbers of hepatocytes in vivo, we
examined the ability of clonally-derived human MSC from adult bone marrow to generate
functional albumin-producing hepatocytes in vivo following transplantation into fetal sheep
recipients, comparing two routes of administration, intraperitoneal and intrahepatic [61]. Our
results showed that, although MSC efficiently generated significant numbers of hepatocytes
by both routes of administration, the intrahepatic injection resulted in substantially more
efficient generation of hepatocytes. In addition to higher levels of hepatocytes, the animals that
received an intrahepatic injection also exhibited a widespread distribution of hepatocytes
throughout the liver parenchyma, while those receiving an intraperitoneal injection exhibited
a preferential periportal distribution of human hepatocytes that produced higher amounts of
albumin [61]. These studies thus provided compelling evidence that MSC represent a valuable
source of cells for liver repair and regeneration and demonstrate that, by altering the site of
injection, the generation of hepatocytes occurs in different hepatic zones. In other studies, we
evaluated the ability of mesenchymal cells derived from non-hematopoietic organs to form
hepatic cells in vitro and in vivo [53]. After culture in specific inducing media, cells with
hepatocyte-like morphology and phenotype were obtained, suggesting that metanephric-
derived MSC could also serve as a source of cells with hepatic repopulating ability. Also, like
their bone marrow counterparts, these cells gave rise to significant numbers of human albumin-
producing hepatocyte-like cells upon in utero transplantation. Similar results were also
obtained using a novel adherent MSC-like cell population isolated from umbilical cord blood,
which the authors termed unrestricted somatic stem cells, or USSC [85]. This cord blood-
derived MSC population was capable of giving rise to albumin-producing human parenchymal
hepatic cells at levels of over 20% in the recipient liver, in the absence of any injury or genetic
defect. Another key aspect to assessing the utility of stem cell therapy for regenerative medicine
for the liver, and for other organs as well, is the mechanism whereby the transplanted cells
replace/repopulate the recipient liver [61]. We showed that MSC could give rise directly to
cells within the liver without the need for first forming hematopoietic elements[86]. In more
recent studies, we have now shown that the ability to directly contribute to liver repopulation
without the need for a hematopoietic intermediate enables the transplanted MSC to rapidly
begin contributing to the growing liver, producing cells with hepatic markers within as little
as 24 or 48 hours post-transplant [86]. The findings of these more recent studies confirmed our
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prior findings regarding the lack of a need for fusion, and furthered our understanding of the
mechanism of hepatic repopulation by demonstrating that the generation of hepatocytes occurs
independently of the transfer of either mitochondria or membrane-derived vesicles between
the transplanted donor cells and the cells of the recipient liver [86]. These findings thus provide
strong evidence to support genetic reprogramming and differentiation of the transplanted stem
cells. The lack of fusion as a requirement for liver repopulation was in contrast to the results
of numerous other studies employing injury models, raising the possibility that the efficacy
and mechanism of stem cell repair will likely depend upon not only the stem cell population
being transplanted, but also the nature of the injury/defect within the liver, and therefore the
conditions within the hepatic microenvironment at the time of stem cell transplantation.

Endothelial Progenitor Cells (EPC) for Liver Regeneration

A population of cells that may prove valuable in the repair/regeneration of damaged/diseased
liver through the promotion of supportive factors necessary to the host’s endogenous
hepatocyte repair mechanisms is the so-called endothelial progenitor cells, or EPC. These cells
have now been shown to engraft within the injured liver and generate new blood vessels,
through the secretion of numerous growth factors such as hepatocyte growth factor (HGF) and
vascular endothelial growth factor (VEGF) that assist in the regenerative process [87-91].
Therefore, EPC improved the survival of mice that were subjected to severe liver injury,
probably through stimulating regeneration of the liver via its own endogenous cellular reserves
[89]. Also, in a rat model of cirrhotic liver disease, transplanted EPC incorporated into the
portal tracts and fibrous septa, significantly reducing liver fibrosis [87]. Furthermore, in
similarity to some of the effects observed following transplantation with bone marrow-derived
MSC, livers of animals receiving EPC transplantation showed significantly increased levels
of matrix metalloproteinase (MMP)-2, -9 and -13, with a concomitant reduction in levels of
tissue inhibitor of metalloproteinase-1. Likewise, in rats with chronic liver injury induced by
intraperitoneal injection of dimethylnitrosamine, EPC stimulated liver repair and suppression
of liver fibrogenesis [88]. Stimulation of this regenerative process allowed maintenance of
normal liver function parameters such as transaminase, total bilirubin, total protein, and
albumin despite the continued administration of DMN [88]. Thus, while only a small number
of studies have been performed to date investigating the potential of EPC’s for liver
regeneration/repair, these investigations have provided compelling evidence that EPC
transplantation is effective both at preventing liver fibrosis, and also for promoting regeneration
in chronically damaged livers in which fibrosis is already well established. Therefore, EPC’s
may prove to be a crucial cell type for therapies for liver disorders in which the host’s own
hepatocytes do not possess a genetic defect, and are thus capable of responding with
proliferation to the array of supportive factors released by the engrafted cells repopulating the
damaged regions of the liver.

Bone Marrow-Derived Stem Cells in Clinical Trials

The clinical use of bone marrow-derived cells for repair/regeneration within the liver is still in
its infancy. The unwillingness to test these cells in human patients is mainly due to the
uncertainty of the outcome, based on conflicting studies in animal models, and the possibility
of cellular fusion as a repair mechanism that may lead to genetically unstable hepatocytes
within the environment of a diseased liver [5]. Five clinical feasibility studies, in which the
number of patients in each case has been small and no control arm has been included, have
been reported thus far. The first of these investigated the effect of infusing autologous BM-
derived CD133+, in patients that were undergoing partial hepatectomy for liver cancer, to
expand a remnant segment of liver [92]. The results of this study were promising, in that patients
receiving the infusion of BM cells (which likely contained both HSC and EPC) exhibited 2.5-
fold higher mean proliferation rates when compared with a group of three consecutive patients
who did not receive BM cells. Infusion of autologous CD34+ cells via either the portal vein
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or the hepatic artery was also shown to transiently improve serum bilirubin and albumin for
greater than 60 days in 5 patients suffering from cirrhosis [93]. Furthermore, a long-term
follow-up in these patients demonstrated that 4 of the 5 patients maintained improved clinical
parameters for roughly 12 months post-infusion [94]. Two other recent studies have tested the
safety and efficacy of using both CD34+ BM-derived cells [95] and BM MSC [96] to treat
patients with cirrhosis. The infusion of CD34+ cells via the hepatic artery resulted in
hepatorenal syndrome and death of 1 patient, with the remaining 3 patients showing no
evidence of significant clinical improvement. In contrast, infusion of BM-derived MSC via a
peripheral vein was found to be well tolerated and have a definite therapeutic effect for 2 of
the 4 patients in the trial [96]. In the one other study that has thus far been reported, nine patients
with cirrhosis were treated by portal vein infusion of autologous whole, unselected BM cells.
24 week follow-up revealed some improvement in Child-Pugh score, albumin, and biopsy
evidence of an increase in hepatocyte turnover.

Although these studies provide hope that BM-derived cells may prove to be a valuable resource
for cell-based therapies for liver disease, the results must be interpreted with some caution,
given the limited number of patients enrolled in each trial and the lack of appropriate controls.
Furthermore, since autologous cells were used in these trials, there was no way for the
investigators to assess the actual engraftment, persistence, or differentiative potential of the
transplanted cells, leaving the mechanism responsible for the observed clinical improvements
open to speculation.

SUMMARY

The current shortage of donor organs available for transplant and the severe morbidity and
mortality associated with this procedure underscores the need for alternatives to liver
transplantation. The ability to repair the liver by transplanting bone marrow-derived cells such
as HSC, MSC, or EPC, rather than the liver itself, has shown great promise in animal models.
Unfortunately, the lack of standardization of protocols for isolating specific cell types and the
use of a variety of injury/disease models has made the interpretation of these results rather
difficult, and has left open questions regarding the mechanism(s) whereby these cells mediate
their beneficial effects. The results with human clinical trials, although promising, are not yet
definitive, but have certainly sustained a reserved optimism as to the role of cell therapies for
treating liver diseases, once methodologies have become standardized and optimized.
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Effects of Cell Therapy in Liver Diseases

Release of trophic and regenerative factors
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FIGURE 1.
Effects of cell therapy in liver diseases.
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