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Abstract: The scope of this review is to revise recent advances of the cell-based therapies of
liver diseases with an emphasis on cell donor’s and patient’s age. Regenerative medicine with
cell-based technologies as its integral part is focused on the structural and functional restora-
tion of tissues impaired by sickness or aging. Unlike drug-based medicine directed primarily at
alleviation of symptoms, regenerative medicine offers a more holistic approach to disease and
senescence management aimed to achieve restoration of homeostasis. Hepatocyte transplanta-
tion and organ engineering are very probable forthcoming options of liver disease treatment in
people of different ages and vigorous research and technological innovations in this area are
in progress. Accordingly, availability of sufficient amounts of functional human hepatocytes
is crucial. Direct isolation of autologous hepatocytes from liver biopsy is problematic due to
related discomfort and difficulties with further expansion of cells, particularly those derived
from aging people. Allogeneic primary human hepatocytes meeting quality standards are also
in short supply. Alternatively, autologous hepatocytes can be produced by reprogramming of
differentiated cells through the stage of induced pluripotent stem cells. In addition, fibroblasts
and mesenchymal stromal cells can be directly induced to undergo advanced stage hepato-
genic differentiation. Reprogramming of cells derived from elderly people is accompanied
by the reversal of age-associated changes at the cellular level manifesting itself by telomere
elongation and the U-turn of DNA methylation. Cell reprogramming can provide high quality
rejuvenated hepatocytes for cell therapy and liver tissue engineering. Further technological
advancements and establishment of national and global registries of induced pluripotent stem
cell lines homozygous for HLA haplotypes can allow industry-style production of livers for
immunosuppression-free transplantation.
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Introduction

No liver pathology occurs specifically at advanced age, but disease progression, its
incidence, and the patient’s reaction to drugs and medical manipulations may differ
in younger and older people. It should be recognized though, that chronologic age
is an arbitrary characteristic of a person. Much of human aging research concerns
older individuals. However, senescence does not necessarily start at an advanced age.
Recently, it has been shown that differences in the pace of aging can be readily detected
in people in their late 30s.! This study quantitatively evaluated physiological deteriora-
tion across multiple organ systems — cardiovascular, renal, hepatic, immune, and others
—1in 38-year-old people and found that already at this stage a substantial proportion of
young individuals were aging more rapidly than their peers and were showing lower
physical fitness, cognitive decline, regression of renal, heart and liver function, and
self-reported ill health. Accordingly, not just chronological, but biological age clearly is
a very important factor to be considered when new methods of treatment of the people
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of any age are developed. Regenerative medicine based
primarily on stem cell biology research is a new approach to
disease treatment largely focused on the correction of age-
and pathology-related malfunction of organs and systems by
the enhancement of tissue regeneration and substitution of
dysfunctional and senescent cells, tissues, and organs.

Liver pathology is a serious health problem worldwide
because of high morbidity and mortality in end-stage liver
disease associated primarily though not solely with grow-
ing cirrhosis and cancer incidence in at least half-a-billion
patients with persistent hepatitis B and C infection and in tens
of millions of alcoholics.>* Allogeneic liver transplantation
can save lives and improve health, but only in 20%-30% of
patients due to donor shortage, medical contraindications,
and social and economic reasons.>® In general, present day
therapeutic techniques do not consistently ensure patient’s
recovery or even the upholding of the status quo. Cell-based
technologies of regenerative medicine using autologous or
allogeneic hepatocytes or cells capable of hepatogenic dif-
ferentiation offer a novel approach to better management and
diagnostics of liver disease. Indeed, cell transplantation is by
far less invasive and expensive compared to transplantation of
whole liver or its part, while organ engineering has the poten-
tial to solve the problem of liver donor shortage. In addition,
human hepatocytes are used in extracorporeal liver support
systems and their long-term cultures are gradually substitut-
ing animal experiments in drug testing and in vitro disease
modeling. Accordingly, availability of sufficient amounts of
functional human hepatocytes becomes imperative.

Aging presents additional and not yet fully understood
challenges in both hepatocyte manufacture and clinical or
experimental applications. The response of the recipient
body to cell therapy or a tissue engineering construct trans-
plantation depends on his or her age. Biological aging is
a universal phenomenon occurring at different levels of
organization including cellular level. During the lifetime of
multicellular organisms, cells undergo changes and develop
signs of senescence. They also find themselves in a distorted
microenvironment.

Mechanisms of cellular senescence have been only
partly disclosed and include free radical damage to the inner
machinery of the cell, loss of telomerase activity resulting
in the shortening of telomeres and cell cycle arrest, accu-
mulation of DNA modifications, alterations of mitochondria
functions, and others.”® The above-listed mechanisms are
of course inter-related. For example, oxidative free radical
stress causes nuclear DNA and mitochondria damage. In
principle, age-related changes can induce altered reactions

of cultured cells taken from older donors to differentiation
and dedifferentiation stimuli.'® However, some data accu-
mulated so far suggest that is not always the case. Neither
replicative aging in vitro nor cell donor’s advanced age
prevents adult differentiated cells, for example, skin fibro-
blasts from dedifferentiation into induced pluripotent stem
cells (iPSCs), while redifferentiation of iPSCs can yield
fibroblasts with the characteristics of juvenile proliferating
cells, not initial senescent fibroblasts, thus demonstrating
the reversibility of aging at the cellular level.''? Therefore,
cell therapy and tissue engineering followed by tissue and
organ transplantation may offer not only relief from liver and
other diseases but also a method of rejuvenation, at least at
the tissue and organ level. Cell transplantation (cell therapy)
and tissue and organ engineering present a novel and yet
not fully explored and tested approach to disease treatment.
However, it seems to have bright prospects because it is
based on high quality and well subsidized fundamental and
applied research in cell biology, molecular biology, biology
of aging, and related fields.

This review is aimed to expose age-related aspects
of human hepatocytes preparation by differentiation of
iPSCs obtained from cells taken from adult donors or by
transdifferentiation of mesenchymal stem cells (MSCs) and
fibroblasts. It also depicts some of the prospective problems
associated with the application of cell-based therapies to
the treatment of patients with a special focus on age-related
issues.

Generation of iPSCs from
differentiated cells taken from

donors of various ages
Reprogramming of somatic cells into iPSCs presents a
unique opportunity to obtain autologous pluripotent cells
for cell therapy, tissue engineering, drug testing, and disease
modeling. Originally, human iPSCs have been generated
from skin fibroblasts of an adult person by transfecting
them with a set of four genes highly expressed in early
embryogenesis — Oct4, Sox2, KIf4 and c-Myc — often called
Yamanaka factors and abbreviated as OSKM.'3 Earlier, the
same battery of genes had been used to induce pluripotency
in mouse embryonic and adult fibroblasts!* suggesting fun-
damental similarities of the mechanisms of pluripotency
induction across the species. Significantly, the induction of
pluripotency occurs in a stochastic manner and initially the
percentage of reprogrammed cells was quite low.

Studies examining the impact of somatic cell donor
age upon the efficiency of reprogramming to pluripotency
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in mice demonstrated lower reprogramming frequency in
cells derived from older animals.”*'” Bone marrow cells
from 23-month-old mice transfected with Yamanaka factors
generated five times less colonies positive for the stem cell
marker alkaline phosphatase compared to cells isolated from
2-month-old animals. Moreover, in older mice, reprogram-
ming took twice as long than in younger ones.

Unlike data from mouse experiments, studies with
human cells produced conflicting results and did not show
clear impact of cell donor’s age on reprogramming efficacy.
Remarkably, iPSCs could be obtained from the fibroblasts
of =100 year-old people.!® These “centenarian” iPSCs
expressed pluripotency markers and were actually pluripotent
being able to differentiate into the derivatives of the three
germ layers — ectoderm, endoderm, and mesoderm. Using
four Yamanaka factors, Somers et al'® derived 100 cell lines
from fibroblasts donated by people aged 8—64 years. Repro-
gramming efficacy was 0.1%—1.5% and did not correlate with
donor’s age. All the resultant cells expressed pluripotency
markers and robustly differentiated along the endoderm
lineage route. In contrast, Sharma et al,® also using OSKM
array, found that skin fibroblasts obtained from donors aged
50-85 years reprogrammed with substantially lower efficacy
than cells derived from younger 0—18-year-old donors, but
not from 20-49-year-old donors. The nature of these incon-
sistencies is not fully understood. They may be associated
with differences in many parameters characterizing the
reprogrammed cells including their proliferative potential
or culture conditions.

Since the pioneering works of Takahashi et al,'*!* where
OSKM cassette was delivered to fibroblasts by retroviral
vectors, other combinations of reprogramming factors and
different gene delivery vehicles supplemented by specific
iRNAs, proteins and biologically active small molecules
have been successfully tested to convert somatic cells to
pluripotent state.?! All these approaches provide iPSCs and
many of them improve the yield of pluripotent cells. On the
other hand, iPSCs produced by different methods may be
not quite identical hindering the evaluation of the impact of
different parameters including age.

Lapasset et al used a cocktail of six factors (traditional
OSKM cassette plus Nanog and Lin28) to effectively repro-
gram aging cells obtained by prolonged in vitro passaging and
showing all signs of replicative senescence, as well as cells
derived from people of very advanced (92-101 years) age.!!
All the resulting iPSC clones were positive for pluripotency
markers Tral-60 and SSEA-4 and were able to differentiate
into the ectoderm, endoderm, and mesoderm derivatives. In

addition, they were characterized by low expression levels
ofinhibitors of cyclin-dependent kinases p16™%44 and p2 1™
blocking cell cycle progression from phase G1 to phase S,
elongated telomeres which did not shorten during passaging,
and normal mitochondrial metabolism similar to that of the
embryonic stem cells. The authors of the paper argue that
neither replicative aging in vitro nor cell donor’s advanced
age prevent cells from dedifferentiation into iPSCs. Rediffer-
entiation of iPSCs yielded fibroblasts with the characteristics
of juvenile proliferating cells, once more demonstrating the
reversibility of aging at the cellular level. These data have
been confirmed using a more extended panel of age-dependent
cell characteristics including telomere length, mitochondrial
function, heterochromatin loss, state of the nuclear lamina,
DNA repair machinery, and percentage of aging cells in the
population to evaluate differences in the reprogramming of
fibroblasts obtained from young and old donors.'> Age-related
changes of each of the described parameters observed in
fibroblasts taken from older people were eliminated after
pluripotency induction and redifferentiation.

The reprogramming efficacy and pace depend upon the
levels of stem cell-related genes expression in the initial
somatic cells. For example, reprogramming of keratinocytes
goes two times faster and 100 times more effectively com-
pared to skin fibroblasts.?> Unlike fibroblasts, keratinocytes
have stem cell-related genes expression pattern similar to
embryonic stem cells. Two independent studies demonstrated
that mouse neural stem/progenitor cells expressing high
levels of endogenous Sox2 and c-Myc can be effectively
reprogrammed by just two (Oct4 + K1f4 or Oct4 + c-Myc)?
or three (Oct4, KlIf4, c-Myc)** factors. These data suggest
higher reprogramming efficacy of stem/progenitor cells
compared to adult fully differentiated cells.?

This hypothesis is supported by significant experi-
mental evidence, including data on the reprogramming of
B lymphocytes.??” Forced expression of Yamanaka factors
proved to be insufficient to reprogram B cells to iPSCs, even
in case of very efficient exogene transfer when all B cells
overexpress OSKM. Pluripotency induction occurred only
after overexpression of the OSKM cassette was supplemented
with overexpression of the CEBPa transcription factor or
knockdown of its suppressor Pax5. Unlike mature cells,
B lymphocyte progenitors were easily reprogrammed just
by introduction of classical Yamanaka battery.

Abramovich et al were the first to suggest as early as in
2008 that reprogramming of adult somatic cells to iPSCs
is accompanied by the reversal of the indications of cell
senescence resulting in “rejuvenation” at the cellular level.?
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Later, this point of view concerning human cells became
predominant.'-12239 [t was further supported by demonstrat-
ing telomere elongation,* mitochondria rejuvenation up to
the state characteristic of the embryonic stem cells,* and
enhanced DNA reparation capacity®** in iPSCs, though in
different iPSC lines these changes may be pronounced to a
varying extent. In the course of reprogramming to iPSCs,
somatic cells undergo profound modification allowing them
to revert to the state of “stemness”. Fully reprogrammed
iPSCs are similar (though not identical) to embryonic stem
cells regarding their gene expression profile’*¢ with elevated
activity of genes responsible for pluripotence and cell renewal
(Oct4, Nanog, Sox2, Lin28, Zic3, Fgf4, Tdgfl, and RexI)
and low activity of genes related to tissue specialization.
Their DNA methylation profile also reverts to embryonic
state. However, iPSCs may retain remnants of the pattern
of DNA methylation characteristic of differentiated cells
from which they were derived, the so-called “epigenetic
memory”’, making them and embryonic stem cells somewhat
different.’” The impact of the epigenetic memory on the
process of somatic cell reprogramming to iPSCs, stability
of iPSCs characteristics during passaging, and the results
of redifferentiation have been repeatedly discussed in the
literature.***° Possibly, epigenetic memory is retained merely
at early passages, while full reprogramming including its loss
may be a continuing process.

Hence, in humans, cell donor’s age is not crucial for the
reprogramming of somatic cells to iPSCs and redifferen-
tiation of the latter. These processes are to a greater extent
influenced by other factors including tissue origin of donor
cells, extent of their differentiation, presence of hereditary
and somatic mutations, nongenetic donor pathologies, and
number of iPSCs passages before redifferentiation.

Hepatogenic differentiation of iPSC
Adult human liver tissue contains multiple cell types among
which hepatocytes are the prevailing species comprising
70%—-80% of the total cell number. Hepatocytes and one
other type of liver tissue cells, biliary cells, differentiate
from bipotent progenitors belonging to the endoderm lineage
and are called hepatoblasts.*! Most other liver cells, includ-
ing endothelium, stellate cells, and resident macrophages
usually designated as Kupffer cells are derived from the
mesoderm.

Hepatocytes carry out the majority of crucially important
liver functions including glucose metabolism, synthesis,
storage and degradation of other metabolites, detoxification
of poisonous substances and drugs, bile production, and others.

For a long time, primary hepatocytes isolated from human
liver biopsies or autopsies served as the “golden standard” in
drug metabolism research during preclinical drug testing.*?
Consequently, they were a very intensely studied cell type
and their production was a top priority. As shown in the Cell
therapy and tissue engineering in the treatment of liver diseases
section of this article, primary hepatocytes were also tested
in cell therapy of liver pathology. Unluckily, primary human
hepatocytes have very restricted in vitro proliferation capac-
ity making them virtually inaccessible in quantities sufficient
for extensive preclinical research and liver tissue reconstruc-
tion.* In addition, in vitro manipulations can deprive primary
human hepatocytes from some of their essential properties
causing changes as significant as cytochrome P450 inacti-
vation.* These limitations shaped further efforts to improve
the methods of functional human hepatocytes production,
iPSCs obviously being one of the most convenient starting
materials for the delivery of both autologous and allogeneic
human hepatocytes.

The development of the methods of hepatocytes produc-
tion from iPSCs started soon after the introduction of iPSC
technology. Quite logically, the related protocols were based
on procedures initially applied to embryonic stem cells and
comprised several steps more or less closely reproducing
the stages of hepatocyte differentiation throughout the onto-
genesis. Each step started with application of a certain set
of growth and transcription factors. Song et al were among
the first to introduce a four-step differentiation protocol of
the hepatogenic differentiation of human iPSCs starting with
iPSC differentiation into the definitive endoderm followed
by the stages of hepatocytic specification, hepatoblast expan-
sion, and hepatocyte maturation.* Three-step protocols also
including consecutive stimulation of iPSC differentiation
into definitive endoderm, immature hepatocytes, and mature
hepatocytes induced by three different sets of growth and
transcription factors followed soon.**4

As indicated above, at the first stage of hepatogenic dif-
ferentiation, embryonic stem cells or iPSCs are converted into
the definitive endoderm. Activin A, a member of the activin
family of the transforming growth factor beta (TGF-beta)
superfamily, is one of the key factors shaping this process. It
has been demonstrated that activin A participates in maintain-
ing the “stemness” via SMAD-dependent activation of pluri-
potency factors such as Oct-4, Nanog, Nodal, and others.*#°
On the other hand, activin A is known to inhibit cell growth
and proliferation by stimulating the transcription of the cell
cycle inhibitors p15, p21, and p27%®13%5! and to enhance
differentiation through inhibition of c-Myc translation.*?
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Furthermore, the Nodal/Wnt signal pathway was shown to
play a significant role in human embryonic stem cell differ-
entiation along the endodermal route.® Nodal is an activin
analog also belonging to the TGF-beta superfamily. Activin/
Nodal signaling regulates the transcription of Smad2/3 factor
essential for differentiation to the definitive endoderm.™ It is
also capable of activating many other genes in the course of
endoderm development during embryogenesis.>

Activin A promotes differentiation into the definitive
endoderm in both mouse® and human®*® embryonic stem
cells. However, it has been suspected for a long time that the
effects of activin A on human embryonic stem cell differen-
tiation strongly depend on its concentration.”” Low (5 ng/mL)
activin A concentrations contribute to the maintenance of
undifferentiated state of embryonic stem cells*® and iPSCs>
probably due to the induction of Oct-4, Nanog, Nodal, Wnt3,
fibroblast growth factor (FGF)-2, and FGF-8 and suppres-
sion of bone morphogenic protein (BMP) signaling, while
high concentrations (25-100 ng/mL) promote their differ-
entiation into the definitive endoderm in a dose-dependent
manner.*>* Consequently, activin A concentration of about
100 ng/mL is routinely used at the first stage of most newer
iPSC hepatogenic differentiation protocols.®%* In addition
to activin A, other factors including Wnt3a combined with
hepatocyte growth factor (HGF),*' B27 serum-free supple-
ment initially designed for maintenance of hippocampal and
cortical neurons in culture,? and LY294002, the specific
inhibitor of phosphatidylinositol-3-phosphatase,* are used
to enhance the efficacy of differentiation at stage 1.

During the first phase of hepatogenic differentiation, iPSC
cultures undergo substantial morphological and molecular
transformation.*®¢!"63 Dissociation of intercellular contacts
prompts formation of more loosely packed associations of
spiky shaped cells expressing definitive endoderm markers
FoxA2, GATA4, and Sox17 instead of compact clusters typi-
cal for iPSCs. The efficacy of endodermal differentiation lies
within the 60%—-80% range as judged by the emergence of
cells expressing definitive endoderm markers.*

The second stage of the hepatogenic differentiation of
human iPSCs embraces the specification of the definitive
endoderm and the start of hepatogenic differentiation per se.
Stage 2 can be initiated by the addition of a cocktail compris-
ing HGF, FGF-2/-4, and BMP-2/-4.52% The first of the cited
publications presents data for human, while the second for
porcine iPSC differentiation. Earlier, it has been shown that
BMP-4 and FGF-2 play a pivotal role in the process of hepato-
cytic specification in mouse embryos.®¢ HGF is also crucial
for normal liver development. HGF knock-out mice failed to

acquire normal liver architecture during embryogenesis and
suffered from the disintegration of liver parenchyma.’ HGF
and its c-MET receptor are essential for cell proliferation, sur-
vival, motility, tissue invasion, and morphogenesis.® Some
authors along with the cocktail of growth factors described
above induced the second hepatogenic differentiation stage
with chemical substances such as dimethyl sulfoxide and/or
beta-mercaptoethanol.®!-¢*

During stage 2, cells continued to proliferate and went
through further morphological modification acquiring
spindle-like or polygonal epithelium-like shape. Expression
of'the definitive endoderm markers gradually decreased while
the expression of hepatoblast markers hepatocyte nuclear
factor 4alpha (HNF-4alpha) and alpha-fetoprotein gradually
increased. 162 At this point, 80% of cells were positive for
HNF-4alpha.*s

During the last phase of the hepatogenic differentiation
of iPSCs, hepatoblasts are converted to functionally active
hepatocyte-like cells. Oncostatin M (OSM), a member of the
cytokine IL-6 family, is the key factor used to guide cells
through this stage. In fetal liver, OSM is synthesized by the
hematopoietic cells. In the middle of the gestation period,
OSM together with glucocorticoids, HGF, and Wnt supports
the differentiation of hepatocytes.® 7! In vitro OSM induces
the maturation of mouse fetal hepatoblasts manifested by the
expression of glucose-6-phosphatase and tyrosine amino-
transferase and the accumulation of glycogen.® OSM stimu-
lates the metabolic maturation of hepatocytes through the
activation of gp130 receptor and JAK/Stat3 signal pathway.”
It also assists the morphological maturation of hepatocytes
through K-ras activation and formation of E-cadherin-based
adherence junctions between fetal cells,” as well as through
the expression of claudin-2 which participates in the estab-
lishment of tight junctions enhancing the paracellular barrier
function and regulating the permeability of the paracellular
zones.” During hepatogenic differentiation of mouse iPSCs,
OSM induces hepatocyte maturation by induction of gluco-
corticoid production.” The role of glucocorticoids is further
stressed by older works reporting that rat hepatocytes can be
maintained in functionally active state and switched from the
synthesis of alpha-fetoprotein to albumin production by the
synthetic glucocorticoid dexamethasone.”>””

In the course of maturation, hepatocytes acquired
features characteristic of mature cells: cuboidal form,
numerous vacuoles, and vesicles in the cytoplasm, elevated
cytoplasm-to-nucleus ratio, and noticeable well-defined
nucleolus. Besides, hepatocyte-like cells derived from
iPSCs started to express markers of mature hepatocytes,
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such as albumin, alpha-1-antitripsin, cytokeratin/s including
cytokeratine-8, -18, and -19, different enzymes including
cytochrome P450 complex and glutathione S-transferase,
and transporters P-glycoprotein 3 and multidrug-resistance
protein 1. Studies of the functional maturity showed that
these cells secrete high quantities of albumin, utilize urea,
and accumulate glycogen.**476264 The main stages of in vitro
iPSC hepatic differentiation are summarized in Table 1.

To our knowledge, no one has studied the effects of the age
of the donor of cells used to produce hepatocytes via iPSCs
upon the quality of the ensuing hepatocytes. However, as shown
in the Generation of iPSCs from differentiated cells taken from
donors of various ages section, in humans, cell donor’s age is
not pivotal for redifferentiation of iPSCs to fibroblasts and the
quality of the resultant fibroblasts. Hence, age may not be a
major factor in hepatocyte production via iPSCs as well, though
of course this issue has to be addressed experimentally.

Hepatogenic transdifferentiation of
mesenchymal stem cells and skin
fibroblasts

Two preceding sections describe a two-step procedure
of in vitro hepatocyte derivation via the stage of induced
pluripotency. At step one, differentiated cells, for example,
fibroblasts are converted to pluripotency and at step two,
the ensuing pluripotent cells undergo hepatogenic differ-
entiation. As will be shown in this section, probably there
are ways of one-step derivation of hepatocytes from adult
tissue cells. Bone marrow and other tissues contain minute
quantities of pluripotent stem cells throughout life. Many of
those cells are of mesodermal origin. They can be isolated
from bone marrow, adipose tissue, skin, and stroma of virtu-
ally all internal organs along with multipotent (ie, capable
of differentiation to different cell types within mesodermal
lineage) mesenchymal cells and differentiated fibroblasts
and maintained in MSC cultures where they comprise less
than 1% of total cell counts. Tissue pluripotent stem cells

can be induced to one-step differentiation into the ectoderm
and endoderm derivatives including hepatocytes. It is also
possible that some partly or even fully differentiated cells
can be induced to transdifferentiate into cells of different
lineages without full dedifferentiation to embryonic stem
cell-like condition.

Since it has been suggested that blood-borne cells of
bone marrow origin may be the source of stem cells for liver
regeneration,”*? different marrow cells have been studied as
candidates for this role and proved to be able to undergo at
least partial hepatogenic differentiation. These include major
cell types, namely, MSC™ and hematopoietic cells,®! as well
as rare cell species coisolated with stromal cells comprising
the so-called multipotent adult progenitor cells®? and very
small embryonic-like stem cells.®> It should be noted that
since multipotent adult progenitor cells are able to transdif-
ferentiate across the lineage borders (from mesoderm to
endoderm), they of course should be named “pluripotent”,
not “multipotent”.

Transdifferentiation of MSCs into ectoderm and endo-
derm derivatives has been repeatedly demonstrated both
in vitro and in vivo. Petersen et al” experimenting with a rat
model of liver injury were the first ones to prove formation
of oval cells believed to be hepatic stem/progenitor cells
from the bone marrow. Schwartz et al®> showed the ability
of bone marrow cells to convert into the functional liver
cells. Several research groups demonstrated that nonmarrow
MSC:s isolated from different tissues also can be induced to
acquire hepatocyte-like morphology and express hepatocyte
marker genes.3%¢

Importantly, only a fraction of cultured MSC undergoes
differentiation. This fraction probably includes pluripotent
stem cells, preexisting in the culture, such as multipotent
adult progenitor cells and/or very small embryonic-like stem
cells. The other option is genuine transdifferentiation of
progenitor cells committed to differentiation into mesoder-
mal lineage derivatives or even of terminally differentiated

Table | Hepatogenic differentiation of induced pluripotent stem cells

Stage Key inductors Duration Markers
(days)
|. Definitive endoderm Activin A (high dose), 0-5 FoxA2, GATA4, Sox17
Whnt3a, HGF
2. Hepatic specification/expansion HGF, FGF-2/-4, 6-10 HNF-4alpha, alpha-fetoprotein
BMP-2/-4
3. Hepatocyte maturation Oncostatin M 11-21 Albumin, cytokeratines-8, -18, -19, cytochrome

P450, glutathione S-transferase, P-gp3, MRPI

Abbreviations: HGF, hepatocyte growth factor; FGF, fibroblast growth factor; BMP, bone morphogenic protein; HNF-4alpha, hepatocyte nuclear factor 4alpha; P-gp3,

P-glycoprotein 3; MRPI, multidrug-resistance protein 1.
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fibroblasts, also present in the culture. The capacity of
hepatogenic differentiation was revealed in MSCs from such
sources as adipose tissue,* % Wharton’s jelly,’*! umbilical
cord blood,”*** tooth pulp,* and many others.

Though evidence concerning molecular pathways
involved in MSC transdifferentiation into hepatocytes has
been accumulating for more than a decade, it is still limited.
MSC transdifferentiation is a complex process regulated by
intracellular and external signals. Exact molecular events
involved in the conversion of different cell types constituting
heterogenous MSC populations may vary in detail. However,
activin A, FGF, BMPs, HGF, and OSM are the main external
signals switching and maintaining the conversion of any cell
type in MSC cultures.*!-9>%

Many protocols of MSC transdifferentiation into func-
tionally active hepatocytes have been suggested. The most
effective employ consecutive addition of growth factors and
other biologically active molecules to the culture medium
to achieve partial in vitro reconstruction of the changes in
differentiating cell microenvironment occurring in vivo. The
most frequently used protocol includes two stages. At stage 1,
hepatogenic differentiation is induced by FGF and HGF, while
at stage 2 hepatocyte maturation is promoted by OSM,88.2097.98
The efficacy of hepatogenic differentiation can be enhanced
by the addition of dexamethasone, nicotinamide, or insulin—
transferrin—selenium. Differentiation is usually carried out in
serum-free conditions,®**° but some effective protocols utilize
low serum media.”® The efficiency of hepatocyte formation is
higher if cells are initially at the postmitotic stage of the cell
cycle achieved in highly confluent (80%—100%) cultures'® or
by inhibition of cell proliferation by the addition of epidermal
growth factor (EGF) and FGF-2.%

Hepatogenic differentiation of MSCs can be monitored
by a standard set of methods. Differentiation-associated
changes include morphological transformation, modifica-
tion of the pattern of expressed genes, and the onset of
functional activities characteristic of hepatocytes. In the
course of morphological transformation, MSCs acquire
polygonal shape, granulated cytoplasm, and tight intercel-
lular contacts.”?7!°! Emergent hepatocyte-like cells start
expressing specific marker proteins such as alpha-fetoprotein,
albumin, cytokeratine-18 and -19, HNF-4alpha and HNF-
lalpha, and others.®®°"192 Alpha-fetoprotein is expressed at
the onset of differentiation, while later its expression goes
down. Hepatocyte-like cells also express such enzymes as
CYP7Al1, CYP1A1, CYP2C9, CYP3A4, and NADPH-
cytochrome P450 reductase involved in the metabolism of
drugs and xenobiotics and synthesis of stearic acid and bile

acids.”” It should be noted that in some cases, hepatocyte
marker protein expression may be not a very reliable sign of
hepatogenic differentiation of MSC. As shown by Campard
etal,”” MSCs isolated from the umbilical cord and maintained
in standard culture conditions constitutively express hepato-
cyte markers albumin, alpha-fetoprotein, connexin 32, and
cytokeratine-8, -18, and -19.

Microarray analysis of gene expression profile of hepa-
tocytes derived by transdifferentiation of adipose tissue
MSCs demonstrated its similarity to the expression profile
of adult human hepatocytes.!”® Comparison of full-genome
expression profiles of adipose tissue-derived MSCs cultivated
for 4 weeks in pro-hepatogenic conditions and naive cells
showed activation of genes associated with liver-specific
functions including protein metabolism, regulation of the
innate immune response, and toxin biodegradation.'™ More-
over, mesenchymal line-specific genes were downregulated
and epithelium-specific genes upregulated confirming
transformation of mesenchymal cells to epithelial state typi-
cal for most cells of internal organ parenchyma including
hepatocytes.

Functional activity analysis of hepatocyte-like cells
derived from MSCs demonstrated secretion of albumin and
urea, accumulation of intracellular glycogen and low density
lipoprotein uptake.®***

MSCs from different tissues may be a very convenient
starting material for autologous hepatocyte production
because of relative simplicity and low cost of the isolation,
expansion, and differentiation procedures. Animal experi-
ments have demonstrated that autologous, allogenic, and
even xenogenic hepatocyte-like cells from MSCs are able
to integrate into adult liver parenchyma.®®105-107

MSC:s reside in the stromal and vascular portion of all
organs and tissues and can be easily isolated and main-
tained in vitro due to their plastic adherence and ability to
proliferate in conventional culture media.'®*!!! Remarkably,
fibroblasts, though supposed to be fully differentiated cells,
can be isolated and cultured in exactly the same conditions.
Analysis of morphology, expression of surface markers, and
differentiation potential of human MSCs isolated from dif-
ferent sources and “fibroblasts” from skin and liver stroma
demonstrated coincidence of many parameters of MSCs and
fibroblast cultures.'?!"2 !> All studied cultures of MSCs and
fibroblasts were heterogeneous and, importantly, contained
cell subpopulations of varying size differing by the ability to
differentiate within (into mesoderm derivatives) and across
(into ectoderm and endoderm derivatives) the borders of their
primary germ layer. Not surprisingly, some cells showed
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signs of mesenchymal—epithelial transition revealing the
presence of pluripotent cells.!® In vitro cultures of “MSCs”
and “fibroblasts” seem to contain the same cell types, but in
different proportions: MSC cultures comprise more stem/
progenitor cells and fibroblast cultures are stuffed primar-
ily with differentiated cells. Apparently, fibroblast cultures
should be similar to MSC cultures as a feasible source of
cells for hepatogenic transdifferentiation.

Despite the diversity of tissues from which MSCs and
fibroblast cultures for hepatocyte production can be obtained,
skin is probably the most suitable source just because of
its accessibility. Cultured skin fibroblast-like cells contain
subpopulations capable of differentiation within and out of
the boundaries of the mesodermal lineage: into adipocytes,
osteoblasts, chondrocytes, smooth muscle cells, neurons,
astrocytes, and insulin-producing cells.'? 2116120 Cyltures
of skin plastic adherent cells contain cells originating from
different structures forming this complex organ including
dermis, adipose tissue, hair follicles, sweat and sebaceous
glands, and others. It should be noted that fibroblast-like
cells derived from skin specimens taken from the skull are
partly of ectoderm origin because during embryogenesis in
this area dermis is formed from the neural crest. The wide
assortment of cell types present in the cultures of skin plastic
adherent cells ensures the broad spectrum of their possible
differentiation routes. Hepatogenic differentiation of some
of those cell species has been actually demonstrated.

For instance, Huang et al'?! isolated the so-called
foreskin-derived fibroblast-like stromal cells (FDSCs) from
human foreskin. FDSCs were able to differentiate into
adipocytes, osteoblasts, smooth muscle cells, and Schwann
cells. They formed spheroids if maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM)-F12 with the addition
of EGF and FGF-2, while in the absence of growth factors
they were growing as a plastic-adherent culture displaying
fibroblast-like morphology. Cells from both suspension
and plastic-adherent cultures expressed similar spectra of
MSC markers being CD90-, CD105-, CD29-, CD44-, SH3-,
SH4-, and CD73-positive and CD45- and CD34-negative.
Adherent FDSCs expressed less of such embryonic stem cell
markers as Oct-4 and E-cadherin, although two types of cul-
tures expressed comparable levels of other embryonic stem
cell markers SSEA-1 and SSEA-4. Unlike adhesive cells,
spheroid-forming FDSCs expressed the neural crest stem cell
marker neurotrophin receptor p75 NTR and hepatocyte mark-
ers alpha-fetoprotein and c-Met growth factor suggesting the
presence of pluripotent cells and/or cells committed to dif-
ferentiate along ectodermal or endodermal route. However,

not just suspension culture cells but also adhesive cells
could be induced to undergo hepatogenic differentiation.'??
In the course of transformation, they expressed hepatocyte
markers alpha-fetoprotein, albumin, cytokeratine-18 and -19,
and CYP3A4. Both cell types got through morphological
changes acquiring epithelium-like shape and became able
to accumulate glycogen and low density lipoprotein uptake.
FDSCs retained differentiation potential for at least 15 pas-
sages and after freeze/thaw procedures.

The so-called skin-derived progenitors are another kind
of skin cells with high differentiation potential capable of
hepatogenic differentiation.!'*'?* They display fibroblast- like
morphology, are cultivated in the presence of EGF and FGF-2,
express MSC markers CD29, CD44, CD90, and CD105, and
do not express CD14, CD34, CD45, and CD68.'** Unlike
FDSCs, skin-derived progenitors do not express p75 NTR.'%
In the course of the in vitro differentiation into hepatocytes,
skin-derived progenitors consecutively expressed markers
of the early and middle phases of hepatogenic differentia-
tion in vivo: CK18, HNF-4alpha, and HNF-1alpha, while
no morphological changes occurred. The latter manifested
themselves at a more advanced stage when cells acquired
polygonal cuboid shape and started to produce albumin.'?

Lysy et al'?” compared human skin fibroblasts and
bone marrow MSCs by their ability to differentiate into
the mesoderm (osteoblasts and adipocytes) and endoderm
(hepatocytes) derivatives. Skin fibroblasts expressed the
pattern of surface markers typical for MSC, had classical
fibroblast morphology, and were able to differentiate into
osteoblasts and adipocytes confirming their mesodermal
origin. After induction of hepatogenic differentiation, both
skin fibroblasts and bone marrow MSC acquired hepatocyte-
like morphology, started to express liver-specific genes at
the transcriptional and translational levels, and accumulated
urea. However, some differences between two cultures were
revealed. Fibroblasts accumulated less urea than MSCs. Gene
expression analysis showed that after hepatogenic differentia-
tion, fibroblasts still remained in the state of mesenchymal—
epithelial transition. Finally, fibroblasts retained the capacity
for hepatogenic differentiation during three passages, while
MSCs during eight passages.

Cell therapy and tissue engineering

in the treatment of liver diseases

Human hepatocytes derived from adult cells by reprogram-
ming via iPSCs or by direct transdifferentiation can be used
to treat liver pathology applying one of the two existing
practical approaches — transplantation of the suspension
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of hepatocytes (cell therapy) or ex vivo fabrication of the
whole liver or its part followed by total or partial surgical
substitution of the patient’s liver (tissue/organ engineering)
(Figure 1). Both approaches are still in their infancy, but
the development of a much simpler method of cell therapy
was initiated earlier and diverse cell types and transplanta-
tion routes have already been tested in preclinical animal
experiments and clinical trials. Initially, hepatocytes tested
in preclinical and clinical studies were primary hepatocytes
isolated from liver biopsy or autopsy samples, while trials
with in vitro processed cells began later.

Primary hepatocyte transplantation proved quite effective
in the experimental setup'?* '*° and in the treatment of some
liver metabolic disorders, but not acute liver failure or chronic
liver disease.!*'"!*% Liver tissue engraftment and participation
in its de novo formation is likely to be the major mechanism
providing the beneficial effects of primary hepatocytes trans-
plantation. However, other mechanisms, such as paracrine
action stimulating tissue regeneration are also involved.

The very limited success of primary hepatocyte transplan-
tation in humans is at least partly related to the inaccessibility
of the proper cellular material. Direct isolation of autologous
hepatocytes from patient’s liver biopsy is associated with
patient’s inconvenience and difficulties obtaining sufficient
quantities of viable cells. Therefore, in the clinical context,

Cell therapy
bz
b, 4
/

and bioprinting

Dedifferentiation

~ _ Redifferentiation
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the only human primary hepatocytes available are poor
quality allogeneic cells derived from livers unsuitable for
organ transplantation. Lack of reliable sources of primary
human hepatocytes remains a major obstacle for their use.
Some animal experiments demonstrated effective engraft-
ment of xenogeneic hepatocytes into the liver tissue.!3¢!
However, the suggested transplantation of animal hepato-
cytes into humans will hardly be adopted in the near future
because of safety concerns.

Further research is underway to improve hepatocyte
transplantation methods. Recently, experiments carried out
in mice showed very high regeneration-promoting activity of
the so-called hybrid periportal hepatocytes residing in portal
triads of healthy liver and capable of replenishing the entire
chronically damaged parenchyma.!*® Importantly, hybrid
periportal hepatocytes checked in three disease models exhib-
ited unmatched regeneration-promoting activity, but never
originated cancer cells. Now, characterization of analogous
human cells and testing their liver regeneration capacity is
on the agenda of regenerative hepatology.

Transplantation of MSC by itself produces relief in
animal models of liver diseases®'*” and in patients with
liver pathology.!*1¥2 Mechanisms underlying the ben-
eficial effects of MSC transplantation may include in situ
transdifferentiation of transplanted cells into hepatocytes,
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Figure | Methods of in vitro production of human hepatocytes and biomedical applications utilizing cultured human hepatocytes.

Abbreviations: iPSC, induced pluripotent stem cell; MSC, mesenchymal stem cell.
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paracrine stimulatory action upon resident liver stem cells, or
immunomodulation. Liver pathology-related symptoms may
also be attenuated by the transplantation of hematopoietic
cells' or their derivatives such as macrophages.'*

However, the major part of preclinical and clinical
research is conducted with MSCs due to their unique features,
such as low immunogenicity, affinity to the sites of ischemia,
inflammation or trauma, and ability to modulate immune
responses.

Hence, several cell types were tried out in cell therapy
of liver diseases. Hepatocytes may well not be the most
effective cells, but only autologous hepatocytes fit such
applications as liver tissue engineering, underscoring the
significance of the development of the methods of their
production from adult human cells, either by induction of
pluripotency followed by hepatogenic differentiation or
direct transdifferentiation of adult stem cells or even termi-
nally differentiated cells.

Liver tissue engineering is still in the initial phase of
technological development. The approaches tested so far
in animals include obtaining decellularized organ scaffold
followed by its repopulation with hepatocytes and other
liver cells and bioprinting.'* During decellularization, cells
and immunogenic molecules are removed by perfusion of
the organ with detergent- and enzyme-containing solutions
leaving the extracellular matrix scaffold reproducing organ
architecture and detailed 3D microstructure providing
adequate framework for blood vessels and biliary ducts.'*
The extracellular matrix scaffold can be repopulated by
hepatocytes and other liver cells in a bioreactor providing a
“neo-organ”. Recellularized liver graft was first successfully
transplanted into the rat by Uygun et al.'* The methods were
further elaborated'*”'® and later included the use of human-
ized model of porcine liver scaffold and human cells.'*

Bioprinting using elements of extracellular matrix and
live cells allows precise formation of elaborate 3D tissue and
organ structures, including vascular network. This method
was successfully applied to make metabolically active 3D
hepatic tissue constructs.!>*!>! At present, 3D bioprinted
fragments of liver tissue do not survive for more than a few
days. However, this method seems to have great potential
for its further development.

New approaches to liver tissue engineering are being
developed and important improvements introduced. For
example, microencapsulation of hepatocytes before their
engraftment into the tissue constructs facilitates long-time
survival of functionally intact cells.'s? Scaffold-free methods
of the assembly of large tissue fragments or whole organs are

aimed to totally exclude the use of allogenic biomaterials in
organ manufacturing process. '

In addition to donor organ shortage, liver transplantation
is restrained by the need to control adverse immune reactions.
The use of autologous cells to construct a new organ for
transplantation can solve both problems, but has two serious
disadvantages. Firstly, building an individual organ for each
patient will be very costly. Secondly, it will take at least several
months to make a liver or its part from autologous cells and this
is not suitable for patients with acute liver failure. Fortunately,
recent research developments give hope to produce organs
for immunosuppression-free transplantation using allogenic
cells. The HLA specificity of an individual is determined by
two coexpressed haplotypes, each represented by an HLA-A,
HLA-B, and HLA-DR gene. Due to the influence of a number
of internal and environmental factors, the combinations of
these three genes are not random and there are statistically
preferable patterns. It is possible to select homozygous donors
with statistically prevalent HLA gene combinations that match
substantial numbers of vastly heterozygous potential cell and
organ transplantation recipients. Based on these assumptions,
Nakatsuji et al calculated that 30 homozygous iPSC lines
derived from donors selected from 15,000 Japanese individuals
would match 82.2% of potential Japanese recipients, while 50
lines originating from donors selected from 24,000 individuals
would raise the score to 90.7%.'>* The corresponding figures
for UK are the following: 150 selected homozygous HLA-
typed volunteers could match 93% of the UK population.'
These findings provided the basis for the idea of a global iPSC
lines registry.'* The success of cell therapy of liver diseases
and liver tissue engineering depends upon many factors includ-
ing the age of the cell donor and recipient. As already noted
above, biological aging occurs at different levels including
cellular level. Throughout lifetime, hepatocytes, fibroblasts,
MSCs, hematopoietic cells, macrophages, and other cells
mentioned in this review undergo mutually dependent age-
related modifications, such as free radical damage to the inner
machinery of the cell, shortening of telomeres, accumulation
of DNA modifications, alterations of mitochondria functions,
and others.” In stem cells, these changes result in replicative
senescence first described in cultivated fibroblasts and widely
regarded as a universal tumor-suppressive mechanism."”’ Rep-
licative senescence manifests itself by permanent cell cycle
arrest, telomere shortening, telomerase-reverse transcriptase
dysfunction, irreparable DNA damage, metabolic shift from
Krebs cycle toward glycolysis, and finally to cell death. It
leads to partial eradication of resident and stem cell popula-
tions including those in bone marrow and liver, decline in
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tissue regeneration capacity, and ultimately causes reduction
of parenchymal cell numbers and functional impairment in
most organs and tissues including liver.

Biopsies taken from older individuals presumably contain
more cells with somatic mutations, chromosome modifica-
tions, and fewer stem cells. However, in cell culture, most
damaged cells die and cells with short telomeres do not
proliferate. This makes the clonal composition of cultured
cells population different from clonal composition of cells
in originating tissue. Due to elimination of damaged cells,
populations of cultured cells seem to become “younger”, at
least at first passages. Research in this field is impeded by the
lack of an accurate quantitative method of evaluation of the
biological age of cells and tissues. The value of the currently
prevalent indicator, telomere length, is disputed because it
undergoes age-related changes at a different pace in differ-
ent tissues.'>® Recently, Horvath introduced a novel method
of evaluation of cell and tissue age based on the studies of
cytosine-5 methylation within CpG dinucleotides, also called
DNA methylation.' In this and following studies, DNA
methylation showed an excellent correlation with chrono-
logical age of cell or tissue donor in most human cell types
and tissues, including liver and hepatocytes.'>'®° It should
be noted that both telomere length and DNA methylation
assays show that pluripotency induction in somatic cells
is accompanied by the rejuvenation of cells converted into
iPSC and shifting of both parameters to the values char-
acteristic of embryonic stem cells.’'> The situation with
rejuvenation of directly transdifferentiated somatic cells
is less clear and should be reassessed using more accurate
criteria including epigenetic approaches like Horvath’s DNA
methylation test.

Conclusion

There is no simple solution to the problems of liver pathol-
ogy, age-related liver pathology, or age-related diseases in
general. Modern medicine still relays primarily on the use
of xenobiotic drugs to relieve symptoms. As pointed out by
Richard F Walker back in 2006:

[...] a proactive, holistic approach intended to delay onset
or avoid development of age-related disease is more logical

than a reactive, symptomatic approach.'®!

Since 2006, there is little change in clinical medicine but
huge progress in fundamental research laying the basis for
the transformation of the paradigm.

Remarkably, classical donor organ transplantation,
including liver transplantation, displays distinct features of a

holistic tactic because replacement of heart, kidney, or liver
provides coordinated normalization of a number of crucially
important homeostasis parameters. Cell-based technologies
including cell therapy and tissue/organ engineering offer
further advancement of transplantation methodology with
much better control over the quality of transplanted mate-
rial. In addition, research in this field, particularly stem cell
and differentiation/dedifferentiation studies, deliver better
understanding of aging and age-linked pathology. There
are still many questions to be answered and many basic and
technical problems to be solved. But it is already clear that
cell-based therapies will play an increasingly important role
in the development of novel methods of the management
of age-related issues. Studies of age-related aspects of the
control of liver diseases using cell-based technologies are in
their initial phase, but the prospects of cell therapy and organ
engineering utilizing rejuvenated hepatocytes produced from
somatic cells via iPSC or by direct transdifferentiation seem
quite promising.

Production of liver or liver lobes for transplantation is not
likely in near future, but achievable in a longer prospective.
Autologous or HLA-matched human iPSCs are probably
the most convenient source of cell material. Currently, this
technological trend attracts investment and in some coun-
tries enjoys support from national and local governments.
Concerted studies in the field of iPSC technology-based
human tissue and organ engineering currently conducted
in Japan already deliver results. Masayo Takahashi group
of the RIKEN Center for Developmental Biology in Kobe,
Japan, was the first to carry out a clinical study of an iPSC-
based technology using retinal pigment epithelium cells
obtained by differentiation of iPSC derived from autologous
dermal fibroblasts.!*> Transplantation of retinal pigment
epithelium cell sheet into the subretinal space of an elderly
woman with age-related moist macular degeneration did not
produce serious adverse effects and resulted in partial vision
restoration.'* Serious efforts are focused on the engineering
of kidneys and methods designed in these studies may be
applied to engineering of livers as well.!*4

At present, California Institute of Regenerative Medicine
Human Pluripotent Stem Cell Repository, the largest human
iPSC bank, holds just 300 human iPSC lines which is of
course very far from quantities needed to provide cellular
material for immunosuppression-free therapy. However,
several companies started commercial iPSC and derivative
production and biobanking. Among these, ReproCELL,
Kanagawa, Japan, offers hepatocytes produced from iPSC
lines. There are a number of national and international
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initiatives to create cell repositories and registers big enough
to provide starting material to develop immunosuppression-
free transplantation technologies.

Transplantation of hepatocytes, MSC, or hematopoietic
cells delivered encouraging results in many animal models and
some clinical trials. Unfortunately, not enough has been done
to reveal the differences in the reactions of younger and older
animals or patients with liver pathology to cell transplantation.
This is a very important subject for further studies. Taking
into account that aging starts early in life and manifests itself
at varying chronological age,' every successful clinical tactic
aimed to reverse age-related changes actually contributes to
geriatrics. However, to accurately evaluate these approaches,
better ways of age assessment at the cellular and tissue levels
are needed. The recently introduced method of age estimation
at the epigenomic level' supplements the traditional practice
based on telomere length measurements and the combination
of those two approaches may provide a more accurate measure
of cell and tissue senescence and its reversal. It fully relates
to liver pathology management. Liver is an organ with a
complex tissue architecture which is difficult to reproduce ex
vivo. However, existing approaches including repopulation of
decellularized cadaveric human liver scaffolds with hepato-
cytes and other cells and bioprinting have good chances to be
transferred to practical medicine within a decade or two,'*>16
while new developments will be arriving.
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