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Abstract
Although substantial advances have been made in treating ischemic heart disease
and subsequent heart failure, the overall morbidity and mortality from these
conditions remain high. Stem cell-based therapy has emerged as a promising
approach for prompting cardiac rejuvenation. Various cell types have been tested
in the clinical arena, proving consistent safety results. As for efficiency outcomes,
contradictory findings have been reported, partly due to inconsistency in study
protocols but also due to poor survival, engraftment and differentiation of
transplanted cells in the hostile milieu of the ischemic host tissue. Studies have
varied in terms of route of delivery, type and dose of implanted stem cells,
patient selection and randomization, and assessment of therapeutic effect.
Founded on the main achievements and challenges within almost 20 years of
research, a number of official documents have been published by leading experts
in the field. Core recommendations have focused on developing and optimizing
effective strategies to enrich cell retention and their regenerative potential. Issued
consensus and position papers have stemmed from an unmet need to provide a
harmonized framework for future research, resulting in improved therapeutic
application of cell-based therapies for cardiac regeneration and repair.

Key words: Stem cell therapy; Ischemic heart disease; Heart failure; Cardiac regeneration;
Recommendations
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Core tip: Ischemic heart disease and resulting heart failure remain a major public health
problem worldwide in spite of therapeutic progresses. Almost two decades ago, stem
cell-based therapy appeared as a promising method to stimulate cardiac regeneration.
Based on the main findings and challenges faced during clinical trials within this
timeframe, a number of consensus and position papers have been issued by key opinion
leaders, with the specific aim to empower cell-based cardiac repair and regeneration in
patients with the aforesaid maladies.
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INTRODUCTION
In spite of standard-of-care therapies, ischemic heart disease (IHD) remains one of the
leading causes of early death and disease burden worldwide, leading to almost 9
million deaths and 170 million disability-adjusted life years globally in 2017[1]. The
poor prognosis is related to the reduced endogenous regenerative ability of the adult
human  heart.  Evidence-based  disease  management  greatly  improves  patient
outcomes, but it does not completely prevent myocyte injury and consequent adverse
cardiac remodeling. Ongoing efforts are being made to develop alternative strategies
to  prompt  the  restoration  of  both  cardiac  structure  and  function.  Advances  in
understanding stem cell (SC) biology have led to the development of stem cell-based
therapy (SCT), which holds high therapeutic promise. The rationale behind SCT is
that the supplied cells will facilitate the generation of functional cardiomyocytes and
new blood vessels,  either  by exogenous regenerative  responses  or  by activating
endogenous renewal mechanisms[2].

THE PAST
Since the first in-man SCT for IHD[3], a substantial number of clinical trials (CTs) have
been finalized and comprehensive reviews and meta-analyzes have been published,
yielding inconsistent results[4,5]. But when it comes to papers expressing opinion and
recommendations from expert authorities, their number is not so impressive. Since
current guidelines on SCT in IHD and heart failure (HF) are lacking, experts in the
field  provided  harmonized  statements  in  order  to  move  forward  the  clinical
application of cell-based therapies for cardiac regeneration and repair; three position
papers and two consensus documents have been put out in the last 13 years (Figure
1).

The first document of its kind was presented in 2006, when the Task Force of the
European Society of Cardiology (ESC) published a consensus document on the use of
autologous cell therapy for repair of the heart[6]. Although the 2006 paper is rather
obsolete given the existence of an updated version[7], it has the merit of establishing a
framework for upcoming research.

It took a decade until new papers were issued, a timespan in which important data
have  been  offered  by  completed  CTs.  Provided  recommendations  have  been
formulated to address the main limitations raised within prior hallmark studies, such
as reduced survival and engraftment of delivered cells in ischemic myocardium, lack
of effective differentiation of adult SCs into mature and functional cardiomyocytes,
insufficient  activation  of  resident  cardiac  SCs,  inadequate  electrophysiological
integration  of  the  implanted  cells  with  native  myocardium,  and  the  use  of
inappropriate  end-points  for  assessing  the  outcomes  of  SCT.  Hence,  continual
development  of  carrier  materials  and  priming  strategies  (such  as  genetic  and
pharmacological modification) to improve SC retention, survival and differentiation
has been recommended. A particularly important aspect is related to the type of SC to
be transplanted, which should be carefully chosen. Due to adverse events, the skeletal
myoblast is no longer of interest. First-generation cells, such as bone marrow - derived
mononuclear cells (commonly referred to as BM-MNCs) or mesenchymal stem cells
(MSCs), are considered to prompt endogenous repair mechanisms, while second-
generation cells, such as pluripotent SCs and cardiac stem cells/cardiac progenitor
cells  (CSCs/CPCs),  are  believed  to  hold  exogenous  regenerative  potential  and
actually replace the injured myocardium. Therefore, diverse cell types or a mixture of
cell types have been suggested to be tested in randomized CTs. Nevertheless, possible
confounders  such  as  gender,  age,  comorbidities,  and daily  medications,  should
permanently be taken into account. Last but not least, the necessity of employing
“hard clinically meaningful endpoints” to determine the actual impact on disease
burden has been emphasized[2,7,8].

Notably, disease-specific recommendations have been also envisaged[7].  On the
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Figure 1

Figure 1  Timeline of expert opinions in cell-based therapies for cardiac regeneration and repair. ESC: European Society of Cardiology; TACTICS:
Transnational AllianCe for regenerative Therapies In Cardiovascular Syndromes.

subject of launching additional autologous bone marrow cell CTs in acute myocardial
infarction settings, the consensus was to await results from the BAMI trial[9]. BAMI
was designed as the largest phase III randomized CT with the precise goal to provide
a conclusive answer whether BM-MNCs plus standard of care therapy can lead to a
25% reduction in mortality when compared to best  medical  care alone[10].  It  is  to
emphasize that the study protocol was substantially revised, as the accrual rate was
significantly impaired (375 randomized patients instead of the initial target of 3000
patients). Still, the results are eagerly awaited, and the study is being reconsidered as
an estimation trial with the aim to assess the treatment effect and event rates in the
SCT group. Until now, successful standardization of the bone marrow procurement
and cell manufacturing technique has been reported. The full findings will be released
after October 2019 (the estimated study completion date). In regard to SCT in chronic
HF, the recommendation to use cardiopoietic cells - either primary or engineered - is
reiterated. In view of the recognized safety of SCT, repeated administration should be
planned in order to achieve improved long-term clinical outcome[7].

Of  note,  some  of  the  aforementioned  recommendations  have  already  been
translated into practice. For example, Bartunek and colleagues used a combination of
cardiogenic growth factors to direct patient-derived MSCs toward a cardiopoietic
phenotype[11,12]. Lineage specified MSCs proved to exert beneficial effects on cardiac
remodeling, exercise capacity and quality of life[13,14].

Furthermore,  a  four-arm  randomized  CT  has  been  designed  with  the  aim  to
compare the restorative capacity of autologous bone marrow-derived MSCs and c-kit+

CPCs, either alone or in combination, in patients with ischemic HF. The estimated
study completion date is May 2020[15].

While the aforesaid studies employed adult SCs, there was a single CT that used
human embryonic SC-derived CD15+ Isl-1+ progenitors to treat patients with severe
ischemic HF (the ESCORT study)[16]. Regardless of study limitations (i.e. small sample
size,  lack of blinded assessment,  confounding effect of the concomitant coronary
artery bypass grafting), the trial provided proof of concept for further robust studies.

THE PRESENT
In light of today’s knowledge, the very recent document published on behalf of ESC
has focused on strategies to boost cell delivery and retention within native area by
combined administration of cells, biologically active molecules and bio-materials (e.g.,
hydrogels,  cell  sheets,  prefabricated  matrices,  microspheres,  and  injectable
matrices)[17]. Cutting-edge tissue engineering (TE) approaches have been shown to
increase the long-term cell retention of more than 80%, and for that reason they have
emerged as valuable tools  to advance cell  therapies for  IHD and HF.  The use of
materials  that  do  not  trigger  inflammatory  or  foreign  body  responses  (such  as
naturally derived polymers with an anti-inflammatory activity, extracellular matrix
components,  and  materials  with  controlled  release  of  anti-inflammatory/
immunosuppressive molecules) is favored.

Also,  the therapeutic  potential  held by human induced pluripotent  stem cells
(hiPSCs) is emphasized. Preclinical research revealed that transplanted hiPSC-derived
cardiomyocytes (hiPSC-CMs) were able to persist, mature and proliferate within the
host myocardium, causing improved cardiac function in recipient animals[18-20]. For an
enhanced regenerative outcome, combinations of cells and bio-materials have been
employed. For example, in a porcine ischemic cardiomyopathy model, transplantation
of hiPSC-CMs cell sheets together with an omentum flap as a source of blood supply
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yielded better results compared with hiPSC-CM administration alone[21]. Similarly, co-
transplantation  of  multiple  hiPSC-derived  cardiovascular  cell  types  (i.e .
cardiomyocytes, endothelial cells and smooth muscle cells) with a 3D fibrin patch
impregnated with a pro-survival factor resulted in reduced cardiomyocyte apoptosis,
diminished infarct size, and improved cardiac function[22]. However, the use of iPSC-
CMs is not without risks (i.e. graft-related arrhythmias). For a safe and effective iPSC-
based  therapy,  targeted  cardiomyocyte  subtype  specification  and  functional
maturation are of the essence. Accordingly, sustained efforts have been made to attain
specialized, mature hiPSC-CM phenotypes, which could be further used for human
engineered heart muscle constructs[23-25].

Another topic evoked by the authors of the ESC position paper refers to prompting
cardiac  regeneration by cell-free  in  situ  strategies,  such as  injection of  materials
containing instructive signals for cardiac cell reprogramming or SC-derived secretome
survival factors. In particular, direct cellular reprogramming of cardiac fibroblasts
seems most appealing, given their abundance in infarcted myocardium. Indeed, prior
studies have demonstrated that fibroblasts can be driven directly into cardiomyocytes
by distinct combinations of lineage-significant transcription factors or microRNAs[26-30].
Of  note,  induced in  situ  fibroblast  reprogramming improved cardiac function in
animal myocardial infarction models, with 30%-40% increase in left ventricle ejection
fraction and reduction of fibrotic scar by up to 50%[31].

At present, with very few exceptions (Table 1[16,32-34]), the use of tissue-engineered
constructs for myocardial regeneration is still in the preclinical phase. To expedite TE
and cell-based therapies for cardiac repair, the experts from the ESC Working Group
on Cellular Biology of the Heart have issued several key statements. Hence, more
effective TE strategies to increase cell  retention should be further developed and
optimized (including 3D printing to augment the biological ability of TE products). Of
note,  the  whole  fabrication of  products  should be  conducted in  agreement  with
regulatory  demands,  comprising  proof  of  concept  in  rodent  and  large  animal
models[17].

THE FUTURE
With  BAMI’s  results  being  expected  to  be  released  and  pluripotent  SC-cardiac
derivatives  entering the  clinical  arena,  it  seems like  these  are  exciting times  for
mending broken hearts. Hence, one can only ask oneself: What next?
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Table 1  Ongoing / completed human clinical trials for cardiac tissue engineering

Clinical trial name Trial identifier Target sample size Status

Epicardial Infarct Repair Using
CorMatrix®-ECM: Clinical
Feasibility Study (EIR)

ClinicalTrials.gov Identifier:
NCT02887768[32]

8 Completed

Transplantation of Human
Embryonic Stem Cell-derived
Progenitors in Severe Heart Failure
(ESCORT)

ClinicalTrials.gov Identifier:
NCT02057900[16]

10 Completed

Myocardial Assistance by Grafting a
New Bioartificial Upgraded
Myocardium (MAGNUM Trial)

- 20 Completed

A Study of VentriGel in Post-MI
Patients

ClinicalTrials.gov Identifier:
NCT02305602[33]

15 Active, not recruiting

Clinical trial of human (allogeneic)
induced pluripotent stem cell-
derived cardiomyocyte sheet for
severe cardiomyopathy

UMIN-CTR Clinical Trial ID:
UMIN000032989[34]

3 Not yet recruiting
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Abstract
Ischemic stroke is a critical disease which causes serious neurological functional
loss such as paresis. Hope for novel therapies is based on the increasing evidence
of the presence of stem cell populations in the central nervous system (CNS) and
the development of stem-cell-based therapies for stroke patients. Although
mesenchymal stem cells (MSCs) represented initially a promising cell source,
only a few transplanted MSCs were present near the injured areas of the CNS.
Thus, regional stem cells that are present and/or induced in the CNS may be
ideal when considering a treatment following ischemic stroke. In this context, we
have recently showed that injury/ischemia-induced neural stem/progenitor cells
(iNSPCs) and injury/ischemia-induced multipotent stem cells (iSCs) are present
within post-stroke human brains and post-stroke mouse brains. This indicates
that iNSPCs/iSCs could be developed for clinical applications treating patients
with stroke. The present study introduces the traits of mouse and human iNSPCs,
with a focus on the future perspective for CNS regenerative therapies using novel
iNSPCs/iSCs.

Key words: Ischemic stroke; Stroke patients; Central nervous system; Neural
stem/progenitor cells; Multipotent stem cells; Stem-cell-based therapies

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Ischemic stroke is a critical disease that is accompanied by serious symptoms,
such as paresis. Until recently, it was believed that areas affected by stroke mainly
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consist of necrotic and inflammatory cells. However, we have recently demonstrated that
novel ischemia-induced stem cells can be isolated from not only mouse brains after
stroke but also human brains after stroke. These stem cells exhibited the multipotency
and differentiated into electrophysiologically functional neurons. In this article, we
introduce the future perspectives for patients suffering from ischemic stroke using these
regionally derived stem cells.

Citation: Nakagomi T, Takagi T, Beppu M, Yoshimura S, Matsuyama T. Neural regeneration
by regionally induced stem cells within post-stroke brains: Novel therapy perspectives for
stroke patients. World J Stem Cells 2019; 11(8): 452-463
URL: https://www.wjgnet.com/1948-0210/full/v11/i8/452.htm
DOI: https://dx.doi.org/10.4252/wjsc.v11.i8.452

INTRODUCTION
Cerebrovascular diseases, including stroke, are a leading cause of death worldwide.
Owing to recent therapeutic advances such as reperfusion therapies by intravenous
administration  of  recombinant  tissue  plasminogen  activator  (IV  t-PA)  and
neuroendovascular treatment, including mechanical thrombectomy[1-3], some patients
can recover from stroke without sequelae. With the increased implementation of these
therapies, it is speculated that more stroke patients can benefit from them. In addition,
the therapeutic time window of IV t-PA was extended to 4.5 h[4]. Moreover, there is a
possibility, when guided by imaging, for the IV t-PA indication to be expanded in
patients  with  acute  ischemic  stroke  of  unknown  onset[5].  As  for  mechanical
thrombectomy, the therapeutic time window was expanded up to 16 h from onset or
to 24 h if the acute stroke patients had a mismatch between the ischemic core and
hypoperfusion area[6,7]. However, many patients with stroke are not eligible for these
therapies because of excluding factors (e.g., time after onset and portion of vascular
obstruction). Currently, approximately 13%-20% of acute ischemic stroke patients are
potentially eligible for mechanical thrombectomy[7,8]. In patients who had mechanical
thrombectomy, the rate of good clinical outcome was below 50%[3].  Alternatively,
patients receive rehabilitation, but many continue to suffer from various sequelae
such as paresis.

Thus, more attention is paid to reparative medicines, particularly to those based on
stem cell therapies. Various types of stem cells, including neural stem/progenitor
cells (NSPCs)[9-12],  mesenchymal stem cells (MSCs)[13,14]  (e.g.,  bone marrow-derived
MSCs, adipose-derived MSCs [15,16]), embryonic stem (ES) cell-derived NSPCs[17], and
induced pluripotent stem (iPS) cell-derived NSPCs[18], are considered as candidates for
cell transplantation following ischemic stroke.

Although the  central  nervous  system (CNS),  brain  and spinal  cord,  was  long
considered not to have regeneration potential after injury, accumulating evidence
indicate that the adult CNS contains NSPCs[19,20].  Therefore,  CNS repair might be
achieved through endogenous stem cells. However, no concrete evidence showing
that stem-cell-based therapies by NSPCs are clinically useful for patients with various
CNS diseases, including stroke, was reported. Although the reason remains unclear,
increasing evidence shows that the traits of not only stem cells themselves but also a
stem-cell  niche  surrounding  stem  cells  (e.g.,  endothelial  cells)  alter  after
ischemia/hypoxia and differ among the developing ages of mice in the CNS[21-24].
Thus, the lack of data may be due to the NSPCs being derived not from pathological
but from normal conditions (e.g., developmental fetal NSPCs)[9,10] and investigation
having focused on the reparative mechanism not emerging from the pathological
CNS.

INSPCS/ISCS DERIVED FROM MICE ISCHEMIC BRAINS
In our laboratory, we aimed to develop a method to isolate and utilize endogenous
NSPCs specifically induced by brain injury such as ischemic stroke (injury/ischemia-
induced NSPC; iNSPC). We used a mouse model of cerebral infarction whose post-
ischemic areas were highly reproducible[25,26]. As a result, we demonstrated for the first
time  that,  although  mature  neural  cells  such  as  neurons,  astrocytes,  and
oligodendrocytes underwent cell death within ischemic regions, iNSPCs that had the
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potential  to  differentiate  into  these  cells  developed within  the  same areas[27].  In
addition,  we have shown that  activation of  iNSPCs promoted neural  repair  and
functional recovery following ischemic stroke[22,28].

BRAIN PERICYTES FOLLOWING ISCHEMIA: DO THEY
FUNCTION AS NSPCS?
Many  types  of  cells,  including  astrocytes  in  the  subventricular  zone  (SVZ)[29,30],
reactive astrocytes[31], resident glia[32], oligodendrocyte precursor cells (OPCs)[33,34], and
ependymal cells[35,36], have been reported as NSPC candidates. Although the origin of
iNSPCs remains unclear, previous studies showed that several types of NSPCs such
as SVZ astrocytes[37,38] and OPCs[39,40] reside near blood vessels, in close association
with endothelial cells. We have previously shown that nestin+ iNSPCs within ischemic
areas express various pericyte markers such as platelet-derived growth factor receptor
beta (PDGFRβ), neuronal/glial 2 (NG2), and alpha smooth muscle actin (αSMA)[21,24,41].
Importantly, nestin+ cells were absent from non-ischemic areas in the cortex of adult
mice, indicating that normal pericytes in the adult brain do not express nestin. Thus,
we proposed that brain pericytes, localized near blood vessels, are potentially giving
rise to iNSPCs after injuries such as ischemic stroke[24,42].

Pericytes are localized near blood vessels and form a neurovascular unit (NVU)
together with endothelial  cells  and neural lineage cells  (neurons and astrocytes).
Pericytes are heterogeneous cells:  although PDGFRβ, NG2, nestin,αSMA, CD146,
Glast, Tbx18, and regulator of G protein signaling 5[24,43-51] are expressed on pericytes,
none of those are specific markers. Birbrair et al[44] divided skeletal-muscle-derived
pericytes into two subtypes (nestin−/NG2+ type-1 pericytes and nestin+/NG2+ type-2
pericytes). Using their proposed categorization, iNSPCs would be classified as type-2
pericytes as they express both nestin and NG2. In addition, Birbrair et al[52] reported
that nestin+/NG2+ type-2 pericytes have NG2+ glia-like traits. However, NG2+ glia is
identical  to  OPCs[53],  and  both  pericytes  and  OPCs  express  common  markers,
including NG2 and PDGFRα[54]. Thus, the precise connection between iNSPCs and
resident glia should be determined in further studies (Figure 1).

BRAIN PERICYTES FOLLOWING ISCHEMIA: DO THEY
FUNCTION AS MULTIPOTENT STEM CELLS?
Brain  pericytes  are  a  key component  of  the  NVU and play an important  role  in
maintaining this unit[55]. Even after severe stress such as ischemic stroke, cells forming
the NVU, including pericytes[42] and endothelial cells[23], survive, suggesting that these
cells play an essential role under pathological conditions as well as under normal
conditions.

Besides  endothelial  cells[56-59],  pericytes  possess  plasticity[54,60]  and  function  as
multipotent stem cells as well[43,44,47,61-67]. Therefore, we investigated whether iNSPCs
maintain  their  multipotency  under  pathological  conditions.  We  found  out  that
iNSPCs  can  differentiate  into  not  only  neural  but  also  mesenchymal  lineages,
including  osteoblasts,  adipocytes,  and  chondrocytes[21,41].  Thus,  under  ischemic
conditions following stroke,  brain pericytes might convert  into injury/ischemia-
induced multipotent stem cells (iSCs) by acquiring the stemness, thereby producing
iNSPCs (Figure 1). Consistent with our previous reports[21,41], using a mouse model of
cerebral  infarction,  other groups have also shown that  brain pericytes following
ischemia display the potential  to  differentiate  into multilineage cells[68].  We also
showed that iSCs share angioblast features and give rise to hematopoietic cell lineages
such as microglia[21,41]. Consistent with these reports, a recent study showed that brain
pericytes  and endothelial  cells  share  certain  traits[69].  Interestingly,  a  subtype of
pericytes  was  reported  to  be  derived  from  hematopoietic  lineages,  including
microglia[70-72].  Thus,  the  relationship  among iSCs,  pericytes,  and hematopoietic
lineages remains to be elucidated in future studies.

It remains unclear whether brain pericytes behave as multipotent stem cells in vivo.
Ideally, this should be clarified in mice using pericyte markers. A recent study using
genetic mapping by the Cre-loxP system failed to demonstrate that Tbx18+  brain
pericytes function as multipotent stem cells in vivo following mild injury, although
they  behave  as  multipotent  stem cells  in  vitro[50].  However,  phenotypes  of  cells
expressing certain genes (e.g.,  nestin) in transgenic mice differ depending on the
intron  regions  in  which  a  tag  (e.g.,  green  fluorescent  protein)  is  inserted[73-75].
Accumulating evidence also shows that genetic mapping techniques by the Cre-loxP
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Figure 1

Figure 1  Schematic representation of the fate of injury/ischemia-induced multipotent stem cells and injury/ischemia-induced neural stem/progenitor cells
following ischemic stroke. Under ischemic conditions following stroke, brain pericytes, which constitute the neurovascular unit together with endothelial cells and
neural lineage cells, may convert into induced multipotent stem cells (iSCs) by acquiring stemness. iSCs may generate induced neural stem/progenitor cells, which
have the potential to differentiate into various neural lineage cells, including neurons, astrocytes, and oligodendrocytes. NG2: Neuronal/glial 2; iSCs: Injury/ischemia-
induced multipotent stem cells; PDGFRβ: Platelet-derived growth factor receptor beta; iNSPCs: Injury/ischemia-induced neural stem/progenitor cells.

system  present  several  pitfalls[76-78].  For  example,  gene  expression  patterns  and
localizations of certain genes (e.g., nestin) are different depending on the reporter mice
used for crossbreeding[78]. Additionally, recombination efficiency following tamoxifen
treatment differs among the developing stages of  mice[77].  Furthermore,  we have
previously demonstrated that induction of iNSPCs/iSCs varies with the degree of
ischemic stimuli and that a severe injury is essential for inducing iNSPCs/iSCs[42].
Therefore, whether brain pericytes function as multipotent stem cells following injury
in vivo should be carefully investigated in further studies.

Moreover, to confirm that iSCs are multipotent, it is necessary to show that iSCs
derived  from  a  single-cell  type  can  differentiate  into  multiple  cell  types.  We
previously proposed that iSCs might be composed of subpopulations each specifically
differentiating into neural or mesenchymal lineages[79]. If so, these subpopulations
once  isolated  could  be  useful  for  clinical  applications.  For  example,  the  sub-
population that can predominantly differentiate into neuronal lineages would be used
for neural repair following CNS injuries. However, the precise relations between
iNSPCs and iSCs should be clarified in further studies (Figure 1).

BRAIN PERICYTES FOLLOWING ISCHEMIA: HOW DO THEY
ACQUIRE THE STEMNESS?
Although the  mechanism by which  brain  pericytes  acquire  multipotency  under
ischemic conditions remains unclear, we have previously demonstrated that brain
pericytes display up-regulated expression of various stem cell and undifferentiated
cell markers when they are incubated under oxygen–glucose deprivation (OGD) that
mimics  ischemia/hypoxia[21,41].  In  general,  pericytes  have  the  characteristics  of
mesenchymal lineages, and NSPCs have traits of epithelial lineages. Following OGD
stimuli, we showed that the mesenchymal-epithelial transition (MET) was facilitated
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in  brain  pericytes  as  demonstrated  by  the  up-regulated  expression  of  the  Sox2
gene[21,41].

These  findings  suggest  that  iNSPCs/iSCs  are  derived from brain  PCs  having
developed stemness through cellular reprogramming and MET. In support of this
viewpoint,  accumulating evidence shows that  brain PCs reprogrammed by gene
transduction (e.g.,  Sox2  gene)  acquire  neural  lineage traits,  including NSPC and
neuron phenotypes[48,80].

In addition to the NSPC marker nestin, iNSPCs/iSCs express various stem cell and
undifferentiated cell markers, including Sox2, Nanog, c-myc, and Klf4. However,
iNSPCs/iSCs  lack  Oct  3/4  gene  expression,  which  is  essential  in  producing  iPS
cells[21,24,81], even though iNSPCs/iSCs can differentiate into neural and mesenchymal
lineages. Therefore, iNSPCs/iSCs differ from pluripotent stem cells such as iPS cells
and ES cells. We also found out that it is not easy for somatic adult pericytes to be
reprogrammed into a pluripotent state even when subjected to severe stress such as
ischemia[21].  However, a recent study showed that an injury stimulus did convert
skeletal  muscle cells  into a pluripotent state[82].  Thus,  whether injury stimuli  can
induce somatic cells to become pluripotent cells should be carefully investigated in
future studies.

BRAIN PERICYTES FOLLOWING ISCHEMIA: ARE THEY
IDENTICAL TO OTHER TYPES OF MULTIPOTENT STEM
CELLS THAT RESIDE NEAR BLOOD VESSELS?
Akin  to  pericytes,  previous  studies  showed that  multipotent  stem cells  such  as
MSCs[83-87] and neural crest stem cells (NCSCs)[88] reside in the perivascular regions of
multiple organs. These cells also differentiate into various lineages, including neural
and mesenchymal lineages, consistent with the traits of iNSPCs/iSCs.

Comparing iNSPCs/iSCs with other types of multipotent stem cells such as bone-
marrow-derived  MSCs,  iNSPCs/iSCs  differentiate  into  mesenchymal  lineages,
including osteoblasts and adipocytes as well as MSCs. Using multi-electrode arrays[89],
we  recently  reported  that  iNSPCs/iSCs,  but  not  MSCs,  have  the  potential  to
differentiate  into  electrophysiologic-functional  neurons[90].  On the  basis  of  their
developmental origin in multiple organs, the majority of non-CNS pericytes originate
from the mesoderm. However, brain pericytes are likely neural crest derivatives[91,92].

The cells of the neural crest originate from the neural tube through the epithelial-
mesenchymal  transition.  The cells  of  the  neural  crest  are  multipotent  stem cells
(NSCs) that share both neural and mesenchymal traits[79,93,94].

Considering their origin, iNSPCs/iSCs have a stronger neural phenotype than
MSCs. Thus, it is likely that iNSPCs/iSCs are stem cells which differ from previously
reported ones. However, recent studies show that the traits of MSCs vary among
organs[87]. Thus, brain MSCs might have features differing from those of MSCs derived
from other organs (e.g., bone-marrow-derived MSCs)[95], and further investigations are
necessary regarding the relations among iNSPCs/iSCs, brain pericytes, and brain
MSCs.

INSPCS/ISCS DERIVED FROM HUMAN ISCHEMIC BRAINS
To translate the non-clinical findings obtained in mouse iNSPCs/iSCs into clinical
applications, it is essential to understand the traits of human iNSPCs/iSCs obtained
from patients with stroke.

Using  brain  samples  obtained  from  stroke  patients  who  needed  both
decompressive craniectomy and partial lobectomy as a life-saving therapy for diffuse
cerebral  infarction,  we  attempted  to  isolate  human  iNSPCs/iSCs.  We  detected
iNSPCs/iSCs within post-stroke areas of the human brains, consistent with those of
mouse brains[21,24,41,90].

Isolation and characterization of human iNSPCs/iSCs from stroke patients
Recently, we have reported the traits of iNSPCs/iSCs obtained from two patients with
cerebral infarction[96]. The samples obtained from two elderly patients displayed gross
necrosis  and histological  cell  death.  Immunohistochemical  analysis  showed that,
although mature neural cells disappear within post-stroke areas, nestin+ cells were
present within these areas. The nestin+ cells localized near blood cells and expressed
pericyte markers such as NG2 and αSMA. After the cells isolated from post-ischemic
human tissues were incubated in medium with basic fibroblast growth factor (bFGF)
and epidermal  growth factor  (EGF),  many proliferative  cells  emerged,  and they
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expressed the dividing cell marker Ki67. The cells isolated from post-ischemic human
tissues expressed not only nestin but also the pericyte markers NG2, PDGFRβ, and
αSMA. However, these nestin+ cells did not express endothelial cells and astrocytes
markers.  These  findings  indicate  that  brain  pericytes  convert  into  nestin+

iNSPCs/iSCs within post-stroke human brains, consistent with mouse brains[21].
Next, we examined the multipotency of human iNSPCs/iSCs. Even after several

passages,  nestin+  iNSPCs/iSCs retained the  expression of  various  stem cell  and
undifferentiated cell  markers,  including Sox2,  c-myc,  and Klf4.  When they were
incubated under conditions to promote the differentiation into mesoderm lineages
such as osteoblasts, adipocytes, and chondrocytes, they differentiated into these cells,
respectively. They also formed neurosphere-like cells under floating cultures and
differentiated into Tuj-1+ and MAP2+ neuronal cells. These findings demonstrate that
iNSPCs/iSCs are present within post-stroke human brains as well as in post-stroke
mouse brains.

However, more precise traits of human iNSPCs/iSCs remain unclear, including
their multipotency potential to differentiate into functional neurons. To address this
question, we are now investigating the features of human iNSPCs/iSCs obtained from
additional post-ischemic cerebral samples. Our preliminary study shows that human
iNSPCs/iSCs expanded from a single-cell lineage mainly differentiated into Tuj1+

neurons under neuronal differentiation conditions, and they differentiated into fatty
acid  binding  protein  4  (FABP4)+  adipocytes  under  adipogenic  differentiation
conditions. Our recent study also reveals that human iNSPCs/iSCs have the potential
to differentiate into functional neurons[97]. These results indicate that iNSPCs/iSCs (at
least  a  sub-population)  function as  multipotent  stem cells  that  differentiate  into
neuronal cells. Therefore, these cells should be renamed iSCs rather than iNSPCs
because they can differentiate into various cell lineages other than neural.

Other questions remain. For example, the traits of iNSPCs/iSCs may differ from the
time of injury onset to surgery. Also,  iNSPC/iSC features may vary among CNS
regions (e.g.,  cerebrum, cerebellum, brainstem, spinal cord).  Regarding the latter
question, our recent study demonstrated that iNSPCs/iSCs could be isolated from the
cerebellum[97]  as  well  as  the  cerebrum[96].  Comparative  gene  expression  profiles
showed that although the cerebellar iNSPCs/iSCs resembled cerebral iNSPCs/iSCs,
they expressed certain cerebellum-specific genes[97]. Thus, further studies are needed
using additional samples to identify comprehensively the traits of iNSPCs/iSCs.

THE PROSPECTS OF REGENERATIVE THERAPIES USING
INSPCS/ISCS
Evidence showing that iNSPCs/iSCs are present within post-stroke human brains
suggests that stem-cell-based therapies using iNSPCs/iSCs could contribute to neural
repair in patients with stroke in the future. Two strategies for clinical applications
using iNSPCs/iSCs could be implemented as follows.

A strategy targeting exogenously transplanted NSPCs/iSCs
The first strategy implies to transplant exogenous iNSPCs/iSCs within or near post-
ischemic areas (Figure 2A). iNSPCs/iSCs isolated from ischemic areas exhibit high
proliferative  activities  in  a  medium  containing  bFGF  and  EGF[96].  Thus,  after  a
satisfactory  expansion  of  iNSPCs/iSCs,  the  autologous  transplantation  of
iNSPCs/iSCs could be performed during subacute and chronic periods. This therapy
presents the advantage to repeatedly transplant iNSPCs/iSCs that satisfy certain cell
profiles. Another advantage is that the cell number (e.g., low dose of cells and high
dose of cells) and the transplant location (e.g., within ischemic areas, around ischemic
areas, and non-ischemic areas) can be chosen.

On the other hand, there are several disadvantages. For example, several weeks are
required  to  prepare  enough  iNSPCs/iSCs  in  vitro,  not  allowing  iNSPC/iSC
transplantation in stroke patients during acute phases. Furthermore, iNSPCs/iSCs
cannot be obtained from any stroke patients. Currently, iNSPCs/iSCs can only be
obtained from patients who needed both decompressive craniectomy and partial
lobectomy as  a  life-saving  therapy  for  diffuse  cerebral  infarction.  It  is  ethically
impossible to get iNSPCs/iSCs from patients with small infarcted areas (e.g., lacunar
infarction). Therefore, only a small portion of stroke patients would be eligible for this
treatment in the future.

Currently, we are investigating the safety (e.g., tumorigenesis onset and formation)
and  efficiency  (e.g.,  cell  survival,  neuronal  differentiation,  and  functional
improvement)  upon transplantation of  human iNSPCs/iSCs in mice post-stroke.
Theoretically, the above-mentioned problems would be solved if iNSPCs/iSCs are
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Figure 2

Figure 2  Prospects of regenerative therapy using injury/ischemia-induced neural stem/progenitor cells and injury/ischemia-induced multipotent stem
cells. A: Strategic targeting of exogenously transplanted iNSPCs/iSCs. iNSPCs/iSCs exhibit high proliferative activity and differentiate into electrophysiologically-
functional neurons in vitro. Thus, it is expected that transplanted iNSPCs/iSCs can differentiate into neuronal cells in vivo, thereby promoting central nervous system
repair; B: A strategy for activating endogenous iNSPCs/iSCs. Administration of bioactive molecules has the potential to promote neural repair by regulating cell
proliferation, cell differentiation, and cell death of endogenous iNSPCs/iSCs. iSCs: Injury/ischemia-induced multipotent stem cells; iNSPCs: Injury/ischemia-induced
neural stem/progenitor cells.

expandable in allograft and autograft transplantations. However, we have to carefully
evaluate whether iNSPCs/iSCs can be utilized as an allograft because iNSPCs/iSCs
are stem cells that originated from brains that differ from stem cells derived from non-
CNS (e.g., bone marrow-derived MCS).

These problems may be solved using iNSPCs/iSCs derived from iPS cells.  For
example, using iPS-cell-derived iNSPCs/iSCs obtained from skin fibroblasts of stroke
patients,  patients  may  receive  an  autologous  transplantation  therapy  using
iNSPCs/iSCs. However, when making iPS cells, new problems could emerge, such as
tumor formation.

A strategy activating endogenous iNSPCs/iSCs
The  second  strategy  involves  identifying  the  factors  regulating  the  fate  of
iNSPCs/iSCs (e.g., factors promoting cell proliferation and differentiation, and factors
inhibiting cell death) and to develop those as innovative drugs (Figure 2B).

Using  a  mouse  model  of  cerebral  infarction,  we  previously  showed  that
iNSPCs/iSCs isolated from ischemic areas differentiated into electrophysiologic-
functional neurons and did express mature neuronal markers[27]. In vivo, the number
of  nestin+  iNSPCs/iSCs  peaked  around  post-stroke  day  3  and  then  gradually
decreased. In addition, immature newly born neurons were identified within and near
ischemic  areas  at  post-stroke  day  3,  and  their  numbers  decreased  thereafter  as
well[24,42,49].

This  suggests  that,  although iNSPCs/iSCs  are  present  within  ischemic  areas,
several factors regulate their survival, proliferation, and differentiation. In support of
this viewpoint, we have previously demonstrated that the endothelial cells residing
around  iNSPCs/iSCs  promote  their  survival,  proliferation,  and  neuronal
differentiation[22,28]. This suggests that endothelial-derived trophic factors exhibit a
positive  effect  on  iNSPCs/iSCs.  Alternatively,  endothelial  cells  and/or  the
extracellular matrix produced by endothelial  cells[98]  may function as a niche for
iNSPCs/iSCs, as it is the case with NSPCs[99].

Further  investigations  are  needed  to  understand  the  factors  involved  in  the
regulation of iNSPCs/iSCs. However, our previous studies indicated that a subset of
lymphocytes that infiltrated into ischemic areas during acute phases inhibited the
survival  of  iNSPCs/iSCs[100,101].  In  addition,  our  preliminary  study  showed that
inflammatory cells such as microglia/macrophages rapidly increase at the time when
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nestin+ iNSPCs/iSCs disappear. These findings indicate that iNSPC/iSC regulation
also relies on environmental factors surrounding them (e.g., inflammatory cells), and
both intrinsic and extrinsic factors play an essential role in neural regeneration.

CONCLUSION
Our studies showed that iNSPCs/iSCs are present within post-stroke areas of mouse
and human brains. Further studies are needed to identify the traits, fate, proliferation,
and differentiation factors of iNSPCs/iSCs for their clinical applications. However,
iNSPCs/iSCs represent a cornerstone in contributing to CNS repair because they are
stem cells that develop within ischemic areas following CNS injuries. Evidence of the
presence of iNSPCs/iSCs within post-ischemic human brains is encouraging for the
development of new stem-cell-based therapies for stroke patients.
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Abstract
Mesenchymal stem cells are undifferentiated cells able to acquire different
phenotypes under specific stimuli. In vitro manipulation of these cells is focused
on understanding stem cell behavior, proliferation and pluripotency. Latest
advances in the field of stem cells concern epigenetics and its role in maintaining
self-renewal and differentiation capabilities. Chemical and physical stimuli can
modulate cell commitment, acting on gene expression of Oct-4, Sox-2 and Nanog,
the main stemness markers, and tissue-lineage specific genes. This activation or
repression is related to the activity of chromatin-remodeling factors and
epigenetic regulators, new targets of many cell therapies. The aim of this review
is to afford a view of the current state of in vitro and in vivo stem cell applications,
highlighting the strategies used to influence stem cell commitment for current
and future cell therapies. Identifying the molecular mechanisms controlling stem
cell fate could open up novel strategies for tissue repairing processes and other
clinical applications.

Key words: Stem cells; Epigenetics; Self-renewal; In vitro differentiation; Physical
stimuli; Stem cell fate; Clinical practice; Cell transplantation
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self-renewal and differentiation capability. Activation or silencing of genes controlling
stemness and tissue-lineage specification are related to chromatin-remodeling factors and
epigenetic regulators. In this review, we focused on the principal epigenetic markers that
regulate stem cell pluripotency, in vitro manipulation and the current state-of-the-art in
vivo applications of human mesenchymal stem cells.

Citation: Cruciani S, Santaniello S, Montella A, Ventura C, Maioli M. Orchestrating stem cell
fate: Novel tools for regenerative medicine. World J Stem Cells 2019; 11(8): 464-475
URL: https://www.wjgnet.com/1948-0210/full/v11/i8/464.htm
DOI: https://dx.doi.org/10.4252/wjsc.v11.i8.464

INTRODUCTION
Stem cells are known for their self-renewal and their capability to differentiate into
various lineages, participating in tissue regeneration after damage[1]. Since human
embryonic stem cells (ESCs) are isolated from the inner cell mass of the blastocyst[2]

their application in vitro and in vivo is burdened by ethical issues, causing researchers
to turn their interests toward other sources[3,4]. Mesenchymal stem cells, defined by
other  authors  as  mesenchymal  stromal  cells[5],  have  shown  a  high  proliferative
potential in vitro,  being identified as the elements that maintain the bone marrow
microenvironment, improve hematopoiesis and give rise to various cell lineages[6,7].
The most common source for human mesenchymal stem cells (hMSCs) is the bone
marrow, usually obtained from the iliac crest of adult patients. Bone marrow-derived
stem cells (BM-MSCs) can be separated from the tissue by centrifugation in a density
gradient media and, once placed in culture, they can be easily induced to differentiate
towards  different  phenotypes[8].  MSCs  are  found  in  many  other  adult  tissues,
including the dental pulp[9],  adipose tissue (ASCs)[10],  umbilical cord blood[11]  and
Wharton’s jelly of umbilical  cord12].  Despite some differences in terms of growth
kinetics and pluripotency, donor age- and -gender-related features[13,14],  MSCs can
differentiate under a variety of external cues, acting to replace damaged cells and
maintain  tissue  homeostasis[15].  In  order  to  reduce  manipulation  of  the  stromal
fraction, minimize enzymatic digestion and ensure maximum yield in culture, the
interest of researchers has turned to the optimization of MSC isolation protocols[16,17].
In particular, new devices have been developed for adipose tissue, based only upon
mechanical forces, thus allowing a micro-fragmented tissue fraction in one-step that is
enriched in hMSCs and pericytes[18,19].  Stem cells represent an important model to
study the molecular pathways involved in disease onset  and progression and to
develop drug delivery system and differentiation processes, in view of a successful
application  in  tissue  engineering  and  clinical  practice[20,21].  In  this  review,  we
summarize the influence of specific chemical and physical agents able to affect stem
cell behavior and fate, pointing out the current development of hMSCs applications in
vivo.

EPIGENETIC REGULATION OF SELF-RENEWAL AND
PLURIPOTENCY
Stem cell differentiation is an essential complex process involved in the maintenance
of  tissues  homeostasis,  being  in  turn  orchestrated  by  a  wide  range  of  signaling
pathways[22].  In  vitro  differentiation  involves  different  molecular  mechanisms
influencing  the  expression  of  the  main  markers  of  stemness:  Octamer-binding
transcription factor 4 (Oct-4), sex determining region Y-box 2 (Sox-2) and Homeobox
protein Nanog[23,24]. These transcription factors are essential for maintaining stem cell
pluripotency and are also involved in adult somatic cell reprogramming[25,26].

Epigenetics refers to the range of heritable changes in the structure of chromatin
able  to  affect  gene  expression  and  represents  the  molecular  reaction  to  all  the
environmental  changes[27].  These  chromatin  modifications  are  orchestrated  by
different kind of enzymes, such as DNA methyltransferases (DNMTs), or enzymes
controlling post-translational histone modification, as Histone deacetylase (HDACs)
and  histone  acetyltransferases[28].  Epigenetic  mechanisms  are  involved  in  the
progression from the undifferentiated to differentiated state, through silencing of self-
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renewal genes and activation of differentiation markers. The onset of these specific
gene expression patterns is stimulated by developmental and environmental stimuli,
causing changes in the chromatin structure, thus allowing a specific transcriptional
program, with a mechanism not fully clarified yet[29-31]. Therefore, epigenetics has a
central role not only during embryogenesis but also in maintaining tissue homeostasis
and  controlling  the  regenerative  potential  through  adulthood[32].  Wang  et  al[33]

demonstrated that HDAC6 takes part in dental MSC differentiation and osteoblast
maturation by maintaining dental and periodontal tissue homeostasis. Interactions
between the HDAC Sirtuin 6 (Sirt6) and Ten-eleven translocation (Tet) enzyme are
directly involved in the regulation of Oct-4, Sox-2 and Nanog genes, finely tuning
pluripotency  and  differentiation  balance  in  ESCs[34].  Santaniello  et  al[35]  (2018)
demonstrated that a combination of melatonin and vitamin D activates HDAC1 and
the (NAD)-dependent deacetylases Sirtuins 1 and 2 in ASCs. The final effect was an
inhibition of adipogenic differentiation, even when cells were cultured in a medium
able to prime adipogenic differentiation[35].

Exposure  of  human  amniotic  fluid  stem  cells  to  DNMT  inhibitors  induces
cardiomyogenic differentiation via chromatin remodeling, upregulation of cardiac-
related genes and repression of HDAC1 expression[36]. In addition, a combination of
DNMT and HDAC inhibitors counteracts cancer stem cell growth, reducing the tumor
mass in mouse mammary tumor models, thus increasing mice survival, and unfolding
novel epigenetic-based therapies for drug-resistant breast cancer[37]. DNA methylation
plays a key role in maintaining the undifferentiated state in stem cells by silencing the
differentiation genes, and it is also implicated in somatic cell reprogramming[38,39]. All
of these classes of enzymes promote changes in chromatin structure, exerting a crucial
role in regulating the balance between pluripotency and differentiation[40].  On the
whole,  continuous  efforts  to  unravel  epigenetic  regulation  holds  promise  for
continuous innovation in strategies aimed at controlling stem cell pluripotency and
tissue  homeostasis.  MicroRNAs (miRNAs),  small  non-coding  RNAs,  have  been
discovered as regulators of different signaling pathways, stem cell pluripotency and
somatic cell reprogramming[41].  The modulation of cell differentiation by miRNAs
could be used to treat  various kind of  diseases,  including myocardial  infarction,
neurodegenerative and muscle diseases[42]. Moreover, epigenetic mechanisms could
unravel many deregulated cellular dynamics, as those involved in cancer, aging and
age-related diseases[43] (Figure 1).

IN VITRO MODULATION OF STEM CELL BEHAVIOR
In  the  last  years,  several  molecules  capable  of  orchestrating  the  multilineage
repertoire  of  stem cells  have  been largely  used to  generate  specific  conditioned
media[44,45].  Within this context,  some authors found that medium conditioned by
factors such as activin A, bone morphogenetic protein 4 (BMP4), vascular endothelial
growth  factor  (VEGF)  or  Dickkopf-related  protein  1,  can  optimize  cardiac
development in mouse and human stem cell lines[46,47]. BMP4 itself, in combination
with inhibitors of the Activin/Nodal signaling pathways, induces differentiation of
ESCs into trophoblastic cells, which show similar trophectoderm profile and are able
to secrete placental hormones[48]. Concerning the use of chemistry to push stem cells to
specific  phenotypes,  molecules  that  can  affect  the  epigenetic  code  to  activate  a
molecular differentiation program have largely been used. Ventura et al[49,50] described
for the first time how a hyaluronan mixed ester of butyric and retinoic acids (HBR)
increases  the  transcription  of  cardiogenic  genes,  acting  through  the  epigenetic
regulation of a cardiogenesis program in vitro. HBR was also able to promote cardiac
regeneration  in  infarcted  rat  hearts,  decreasing  the  number  of  apoptotic
cardiomyocytes without the need for stem cell transplantation[49-52]. More recently, a
mixture of HBR and melatonin was successfully employed to induce an osteogenic
phenotype in dental pulp stem cells, suggesting the use of this cocktail for future in
vivo orthopedic and dental applications[53].

MODULATION OF STEM CELL COMMITMENT BY
PHYSICAL STIMULI
Electromagnetic  fields  can  interact  with  cells,  tissues  and  biological  systems  in
general[54,55] and are able to influence phenotypic features, gene expression patterns
and differentiation in MSCs, acting in a dose and time-dependent manner[56,57]. It has
been shown that 7 d of MSC growth on an electroconductive polymeric substrate was
sufficient to promote Nestin and β-3 Tubulin upregulation and the appearance of
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Figure 1

Figure 1  Epigenetic regulation of stem cell fate. Chromatin remodeling affects cell behavior and regulates the balance between pluripotency and differentiation.
HDACs: Histone deacetylases; Oct-4: Octamer-binding transcription factor 4; Sox-2: Sex determining region Y-box 2; NANOG: Nanog homeobox.

neural-like morphological extensions[58]. MSCs can be employed to improve cartilage
regeneration[59].  Synthetic scaffolds and biopolymers are incorporated in stem cell
cultures to induce their growth, mimicking the stem cell niche[60]. Biomaterials provide
a physical environment that can control cell function. The interaction between stem
cells  and  these  surfaces  modulates  multiple  processes  such  as  cell  migration,
proliferation and differentiation, as well as extracellular matrix deposition, providing
dynamic  signaling  able  to  regulate  cell  behavior[61,62].  Non-invasive  electrical
stimulation therapy exerts an important role in controlling calcium channels, thus
regulating  the  intracellular  calcium  concentration  during  chondrogenic  and
osteogenic stem cell differentiation, and opening novel approaches to improve tissue
repair in vivo[63,64]. Extracorporeal shock wave therapy (ESWT) is largely used to treat
orthopedic diseases, including tendinopathies or bone disorders, as well as wound
healing stimulation in radiation-damaged skin[65,66]. ESWT stimulates angiogenesis,
neovascularization,  and  recruitment  of  MSCs,  inducing  their  proliferation  and
differentiation.  These  processes  have  been  shown  to  involve  ATP  release  and
increased extracellular signal–regulated kinases Erk1/2 and p38 MAPK activation,
which is responsible for the proliferative and reparative effects[67]. Human and rat
ASCs exposed to repetitive ESWT retained all cell  surface markers and exhibited
increased multipotency into osteogenic and adipogenic lineages[68].

Radio electric fields asymmetrically conveyed by a medical device,  referred to
radioelectric asymmetric conveyer (REAC), are able to induce the transcription of
GATA-4, Nkx-2.5, VEGF, hepatocyte growth factor (HGF), Von Willebrand factor
(vWF), neurogenin-1, and myoD, genes orchestrating different tissue lineages, both in
mouse  embryonic  and  human  adult  stem  cells[69,70].  Moreover,  REAC  exposure
counteracted MSC senescence by downregulating the expression of p16INK4, ARF,
p53, and p21, involved in cell cycle regulation, reducing the number of senescence
associated-beta-galactosidase positive cells, while also preserving TERT expression
and  telomere  length[71-74].  Radio  electric  conveyed  fields  allowed  for  the  direct
reprogramming of human skin fibroblasts toward cardiac and neurogenic lineages
and synergistically enhanced the cardiogenic commitment in induced pluripotent
stem cells (iPSCs) cultured in cardiogenic medium[47,75].  In addition, radio electric
conveyed fields were sufficient to induce the neurogenic phenotype in PC12 cells, a
model for dopaminergic neuron studies[76]. Finally, concerning cell reprogramming,
several authors have shown that mechanical stimuli such as equiaxial stretching have
an important role in reprogramming somatic cells into iPSCs, with the formation of a
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great  number  of  iPSC  colonies  without  using  common  viral  mediated  gene
transduction[77]. These findings showed the prominence of physical stimuli in opening
up new strategies for cell manipulation and regenerative medicine[78,79].

BIOACTIVE MOLECULES IN ORCHESTRATING CELL
DIFFERENTIATION
The  use  of  nutraceuticals  has  recently  been  largely  employed  in  regenerative
medicine.

A wide range of natural molecules and compounds has been described as capable
to orchestrate stem cell commitment. Known as nutraceuticals or functional foods,
these  molecules  are  largely  used  for  their  therapeutic  or  preventive  effects[80,81].
Melatonin, the hormone secreted by the pineal gland, regulates many physiological
functions such as circadian rhythm, hemostasis and the immune system. An alteration
in its  secretion is  related to the onset  of  pathological  manifestations[82,83].  In vitro
studies  with  MSCs  demonstrated  that  melatonin  exerts  anti-oxidant  and  anti-
apoptotic  effects,  regulating  the  expression  of  pro-  and anti-apoptotic  proteins,
ameliorating the outcome of stem cell  transplantation[84,85].  Mendivil-Perez et al[86]

demonstrated that melatonin in transplanted mice was able to induce proliferation
and differentiation of neural stem cells into oligodendrocytes and astrocytes, reducing
oxidative stress produced by mitochondrial activity. Oxidative stress has a crucial role
in osteogenesis inhibition and in aging-related osteoporosis[87].  MSCs exposed to
melatonin exhibit  increased calcium stores and osteogenic differentiation.  These
events  include the  recruitment  of  AMP-activated protein  kinase  (AMPK),  Runt-
related transcription factor 2 and Forkhead box O3, with the latter usually being
downregulated under stress conditions[88]. AMPK activation is also involved in the
regulation of adipogenesis. It regulates the expression of peroxisome proliferator-
activated receptor γ (PPARγ), the main adipogenic orchestrator gene and a molecular
target of natural compounds used in obesity management[89,90].In combination with
other molecules, including vitamin D, melatonin has a synergistic effect on inhibiting
adipogenesis[91].  The  active  form  of  Vitamin  D  is  calcitriol,  which  is  naturally
synthesized following sun exposure or taken as dietary supplements.  It  controls
calcium  metabolism,  apoptosis,  and  stimulates  macrophages  and  immune
responses[92,93]. When ASCs are cultured in the presence of melatonin and vitamin D in
adipogenic-conditioned  medium,  adipogenic  differentiation  is  blocked.  This
inhibitory  effect  is  through  the  downregulation  of  specific  genes  controlling
adipogenesis, protein contents, and fat depots[91]. Moreover, the synergistic effect of
these two molecules epigenetically modulates ASC commitment towards osteogenic
differentiation through the activation of HDAC1 and SIRT1, even in the presence of
adipogenic conditions[35].  Natural compounds can therefore be considered potent
differentiating agents able to drive cell  proliferation and apoptosis resistance by
epigenetic regulations and post-transcriptional modifications[94,95]. At the same time,
they  can  act  as  anti-proliferative  agents  against  many  tumor  cells,  including
hepatocarcinoma cells, without affecting the cell cycle or viability of non-cancer cells,
thus representing novel specific tools for cancer prevention[96,97] (Figure 2).

FROM BENCH TO BEDSIDE
MSCs have largely attracted the attention of clinicians in regenerative medicine for
their easy expansion and differentiation potential, avoiding the ethical issues related
to the use of ESCs[98,99]. Stem cells are currently applied in gene therapy and treatment
of serious pathologies, sometimes representing the only alternative to conventional
treatments, to slow down the progression of the disease and improve life qualities of
the patients[100,101].  Moreover, when transplanted in both autologous and allogenic
fashion,  MSCs can migrate into the damaged tissue to control  inflammation and
immune responses[102]. The use of stem cells represents the most frequently applied
cell  therapy in hematological diseases[103],  although with the risk of rejection and
potential failure[104]. Starting with allogenic bone marrow transplantation in 1957[105],
stem cell therapy nowadays represent the main actor in many different clinical trials
for several diseases, such as neurological diseases like amyotrophic lateral sclerosis
(commonly known as ALS)[106].

BONE MARROW HEMATOPOIETIC STEM CELLS IN
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Figure 2

Figure 2  Natural molecules and stem cell fate. Bioactive molecules induce cell proliferation and differentiation, reducing ROS production and apoptosis, through
chromatin remodeling and epigenetic modifications. ROS: Reactive oxygen species; HDACs: Histone deacetylases.

CLINICAL PRACTICE
MSCs are multipotent cells that are able to differentiate into different lineages, and
they can also be easily expanded for clinical practice[107]. Bone marrow is a mesen-
chymal specialized connective tissue composed of progenitor cells that can undergo
adipogenic, osteogenic, chondrogenic and myogenic differentiation[108]. Thus, bone
represents  a  microenvironment  in  which  hematopoietic  stem  cells  (HSCs)  can
maintain their undifferentiated state and participate in hematopoiesis when exposed
to different  stimuli[109].  Hematopoiesis  is  a  complex process,  during which HSCs
undergo asymmetric division to become progenitor blood and bone marrow cells, as
erythrocytes, lymphocytes and monocytes[110]. HSC self-renewal potential is regulated
by different  signaling pathways.  Among them,  physiological  Notch signaling is
required for  bone formation,  regulates  the  HSC microenvironment  and cell  fate
decisions,  and is  also associated with tumorigenic  potential  and leukemia when
dysregulated[111]. Moreover, the crosstalk between Notch and Wnt signaling is crucial
for tissue development and turnover[112]. Wnt/β-catenin signal is essential for HSC
growth and homeostasis in vitro  and in vivo,  and its inhibition causes cell growth
arrest with a related decline in self-renewal potential of stem cells. On the other hand,
activation  of  Wnt  patterning  increases  Notch  expression  and supports  the  self-
renewal  potential  of  progenitor  cells  from  different  tissues,  suppressing
differentiation[113,114]. Alterations in signaling pathways and normal microenvironment
play a crucial role in the development of hematopoietic diseases, such as chronic and
acute myeloid leukemia[115].  HSCs are employed as therapeutic  tools  in stem cell
transplantations[116] due to their immunomodulatory properties, secretion of growth
factors  and  regeneration  of  injured  tissues,  especially  in  patients  refractory  to
conventional chemotherapy[117]. Autologous transplantations are used in leukemia,
lymphomas, multiple myeloma and other hematological malignancies[118]. There are
several retrospective studies in which patients were monitored after 10-12 years from
the  transplant  to  evaluate  survival  and  transplant-related  mortality[119-121].  HSC
transplantation was shown to be effective in counteracting the progression of the
disease, notably at the early stages of disease[122].

MSC TRANSPLANTATION FOR AMYOTROPHIC LATERAL
SCLEROSIS
ALS is the most frequent neurodegenerative dysfunction of the midlife[123]. ALS is
characterized by progressive degeneration of spinal cord motor neurons,  muscle
paralysis and death in 3-5 years due to respiratory failure. Degeneration involves
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toxicity and inflammatory processes associated with proliferation of resident cellular
populations[124].  Genetic and epigenetic risk factors are certainly the main causes
related to progression of the disease. Superoxide dismutase 1 (SOD1), which encodes
Cu/Zn superoxide dismutase 1, was the first gene whose alteration was associated
with ALS. Its mutation is related to protein misfolding and loss-of-function, and it is
found  in  many  familiar  forms[125,126].  Misfolded  proteins  have  a  central  role  in
neurodegenerative  disease,  since  in  their  abnormally  aggregated forms,  cellular
proteins  are  prevented  from  exerting  their  essential  roles  in  RNA  binding/
metabolism and cellular homeostasis[127]. MicroRNAs (miRNAs) are able to regulate
gene  expression  and  promote  or  repress  mRNA  stabilization  through  post-
transcriptional modification and by binding specific targets[128]. MiRNAs are involved
in different physiological mechanisms, such as cell growth and apoptotic processes,
while orchestrating pluripotency and differentiation in stem cells[129]. Altered miRNA
expression in the skeletal muscle is related to neurological symptoms and disease
progression. Some in vivo and in vitro studies have described how MiR-206 is enrolled
upon muscle  denervation in  the attempt to  regenerate  neuromuscular  synapses,
highlighting the role of  this  miRNA in different stages of  ALS progression[130,131].
Actually, there are no curative therapies for ALS. While drugs that suppress oxidative
stress can be used to try to maintain motor neuron function[132] to slightly increase
patient  survival,  novel  compounds  are  now  being  tested[133].  An  alternative  to
conventional therapy may be autologous MSC transplantation. Stem cells, thanks to
their immunomodulatory properties, secrete neurotrophic factors and other anti-
inflammatory  cytokines,  thus  supporting  motor  neuron  survival  and
functionality[134,135]. Notwithstanding, bone marrow is the most common source for
MSCs, Wharton jelly, umbilical cord blood and in particular ASCs, represent a valid
alternative in ALS therapy[136], due to their efficient isolation and high toleration by the
patients.

In several clinical studies, patients received intravenous injection of MSCs while
being monitored at regular time intervals. In all trials, autologous cell therapy proved
to be a safe procedure. The recipient tissues did not exhibit any structural changes,
tumor formation or toxicity related to transplantation,  while it  was shown to be
effective in counteracting disease progression, improving the quality of patient’s
life[137-139].

CONCLUSION
Epigenetic regulators were identified as new promising therapeutic targets in patients
with hematological,  breast cancer and other malignancies, as well as in neurode-
generative diseases[140,141].  The rescuing potential  of stem cells is  under control of
different kinds of signals, including the environment, which epigenetically regulate
their differentiation processes[142]. Understanding the molecular pathways involved in
stem cell fate is critical to develop novel tools for both the prevention and treatment of
a variety of diseases, with great impact in regenerative medicine, bioengineering and
clinical transplantation.
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Abstract
Bone marrow microenvironment (BMM) is the main sanctuary of leukemic stem
cells (LSCs) and protects these cells against conventional therapies. However, it
may open up an opportunity to target LSCs by breaking the close connection
between LSCs and the BMM. The elimination of LSCs is of high importance, since
they follow cancer stem cell theory as a part of this population. Based on cancer
stem cell theory, a cell with stem cell-like features stands at the apex of the
hierarchy and produces a heterogeneous population and governs the disease.
Secretion of cytokines, chemokines, and extracellular vesicles, whether through
autocrine or paracrine mechanisms by activation of downstream signaling
pathways in LSCs, favors their persistence and makes the BMM less hospitable
for normal stem cells. While all details about the interactions of the BMM and
LSCs remain to be elucidated, some clinical trials have been designed to limit
these reciprocal interactions to cure leukemia more effectively. In this review, we
focus on chronic myeloid leukemia and acute myeloid leukemia LSCs and their
milieu in the bone marrow, how to segregate them from the normal
compartment, and finally the possible ways to eliminate these cells.
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Core tip: Chronic myeloid leukemia stem cells (LSCs) and acute myeloid LSCs are
resistant to common therapies due to the activation of downstream signaling pathways
that guarantee their survival. In addition, they are smart enough to escape immune
surveillance. Bone marrow microenvironment underlies these phenomena by providing
an environment that favors leukemia development. Recent studies confirm that targeting
LSCs and their crosstalk with the bone marrow microenvironment significantly reduced
residual disease burden and eventuated in LSCs removal.
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INTRODUCTION
Chronic myeloid leukemia (CML) is a clonal hematopoietic stem cell (HSC) disorder,
emanating from t(9;22)(q34;q11.2), a translocation that involves fusion of Abelson
murine leukemia viral oncogene homolog 1 (ABL1) on chromosome 9 and breakpoint
cluster region protein (BCR) on chromosome 22[1]. The encoded protein by constitutive
tyrosine  kinase  activity  stimulates  downstream signaling pathways  that  lead to
increased  expansion  of  leukemic  cells.  Although  the  chronic  phase  of  CML  is
concomitant with normal cell maturation, in the absence of appropriate treatment, a
second mutation transforms the chronic phase into acute phase that mimics the same
pattern as de novo acute leukemia[2,3].

Acute myeloid leukemia (AML) is the most common form of leukemia in adults
and  is  characterized  by  perturbed  proliferation,  block  of  differentiation,  and
infiltration of leukemic cells into the bone marrow and blood[4]. Current therapies
result in overall survival of about 40% in patients younger than 60 years of age, while
this rate declines in older patients to 5%-15% and is associated with higher morbidity
and mortality[5]. One major concern in the treatment of AML is drug resistance, and a
promising approach such as targeted therapy for relapsed or refractory AML is of the
essence.  While in CML the introduction of  tyrosine kinase inhibitors (TKIs)  as  a
milestone in  the  treatment  of  CML results  in  overall  survival  of  about  86% and
attaining treatment-free remission (TFR) seems achievable[6].

Common treatment of AML and CML is based on the elimination of bulk disease
population[7].  As  propagation  of  resistant  leukemic  cells  may continue  after  the
treatment discontinuation, the concept of cancer stem cell (CSC) came to light. Based
on this theory, a cell with the self-renewal capability and leukemic related genetic
alterations, which stands at the apex of the hierarchy, may be able to resist to therapy
and sustain the relapse of the disease later on[8] (Figure 1). The first approach that
proved the existence of CSC was in AML, where the transplantation of a small cell
population with stem cell-like properties into non-obese diabetic/severe combined
immunodeficiency mice culminated in leukemia[9]. The fact that every cell in different
stages of the maturation by gaining stem cell-like features has the potential to become
CSC is of paramount importance and depicts that it is not crucial for CSC to have
stem cell origin[10].

While both CML and AML leukemia stem cells (LSCs) have distinctive characte-
ristics in case of the biology and immunophenotype, they share common properties
such as drug resistance, quiescence, heterogeneity, and the microenvironment they
reside. The bone marrow microenvironment (BMM) underpins normal hematopoiesis
by  secreting  various  growth  factors  and  physical  interactions  with  HSCs  and
progenitor cells[11]. In AML and CML, the BMM boosts leukemogenesis through an
interaction  with  LSCs,  and  in  turn,  LSCs  change  the  BMM  based  on  their
requirements  and  make  it  less  hospitable  for  normal  stem/progenitor  cells[12].
Considering BMM as the main sanctuary for LSCs, targeting these interactions may
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Figure 1

Figure 1  Cancer stem cell theory.

provide an ample opportunity to treat  leukemia more effectively.  In this  review
paper, we focus on the protective role of the BMM in the survival of CML and AML
LSCs. We then move toward specific markers to identify these cells and put forward
possible ways to target them within the BMM.

CML LSCs AND BONE MARROW MICROENVIRONMENT
CML  LSCs,  due  to  their  resemblance  to  normal  stem  cells,  reside  in  the  same
microenvironment  in  which  a  reciprocal  relationship  between  these  cells  and
components of the BMM is linked with enhanced proliferation, quiescence, and drug
resistance. All of these mechanisms are conducted by sets of adhesion molecules or
secretion of cytokines, chemokines, and growth factors via  paracrine or autocrine
mechanisms.

C-X-C motif  chemokine ligand 12 (CXCL12),  a  known chemoattractant for the
homing process, is secreted by mesenchymal stromal cells and osteoblastic cells and
has a role in the localization of CML LSC and normal HSC in the BMM[13]. However,
perturbed expression of C-X-C chemokine receptor type 4 (CXCR4) by CML LSCs or
CXCL12 targeting by CML LSCs impacts  the homing process.  Kinase activity of
P210BCRABL1  and  activation  of  downstream  signaling  pathways,  such  as
phosphoinositide  3-kinases/protein  kinase  B  [PI3K/PKB(AKT)],  result  in
downregulation  of  CXCR4  by  CML  cells[14].  Moreover,  increased  secretion  of
granulocyte-colony stimulating factor (G-CSF) as an antagonist of CXCL12 by CML
LSCs[15] and aberrant expression of surface marker dipeptidyl peptidase 4 (CD26) on
CML LSCs with a chemokine cleavage activity favor mobilization of CML LSCs into
the  blood[16].  However,  TKIs,  by  inhibiting  P210BCRABL1,  contribute  to  the
upregulation of CXCR4 and migration of CML LSCs to the BMM[14].

The homing process for normal HSCs initiates with tethering and rolling of HSCs
on endothelial cells via interaction with P and E-selectin. Then, a strong attachment
through very late antigen-4 (VLA-4) and VLA-5 with vascular cell adhesion molecule
1 (VCAM-1) and fibronectin on endothelial cells and extracellular matrix supports the
trafficking toward the BMM[17,18]. While CML LSCs have normal expression patterns of
VLA-4 and VLA-5,  their  impaired function demonstrates that  these cells  are not
entirely contingent on β1-integrins for the homing[19].  Simultaneously, it has been
reported that E and L-selectin and related ligands such as CD44 seem to be closely
involved in the bone marrow lodgment of  CML LSCs and are considered as  the
compensatory mechanisms as opposed to normal stem cells[20]. Meanwhile, imatinib,
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which  is  in  first-line  therapy for  CML,  increases  another  adhesion  molecule  N-
cadherin  in  CML  LSCs.  Enhancement  of  N-cadherin  promotes  attachment  to
mesenchymal stromal cells and leads to N-cadherin-β catenin interaction[21].  Also,
secretion of exogenous WNT by mesenchymal stromal cells activates WNT-β catenin
pathway in CML LSCs[21].  WNT-β catenin is the leading signaling cascade in self-
renewal and maintenance of normal HSCs and also CML LSCs, and it is important in
leukemogenesis and drug resistance[22,23]. Although TKIs may attenuate the constative
activity  of  this  cascade  by  targeting  P210BCRABL1  and  destabilize  β  catenin[24],
activation via the BMM may negate this inhibitory effect.

Apart from direct contacts of CML LSCs with the BMM, secretion of some soluble
factors prepares a proper context for the growth of CML LSCs and confers a number
of disadvantages for the growth of the normal compartment. It has been reported that
enhanced  secretion  of  some  chemokines  and  cytokines,  such  as  macrophage
inflammatory protein 1 alpha (MIP-1α) , MIP-1β, interleukin- 1 alpha (IL-1α), IL-1β,
and tumor  necrosis  factor  alpha  (TNFα)  in  the  CML BMM,  selectively  impedes
growth of  normal  HSCs and supports  the growth of  CML LSCs[15].  Furthermore,
secretion of IL-10, transforming growth factor beta (TGF-β), and IL-4 by the BMM or
by  CML  LSCs  in  an  autocrine  manner  downregulates  expression  of  major
histocompatibility  complex-II  (MHC-II)  and helps  CML LSCs to  evade from the
immune system and subsequent eradication[25].

A  study  reported  that  the  higher  expression  of  bone  morphogenetic  protein
receptor type 1b in TKI resistant CML LSCs is  activated by bone morphogenetic
protein 4 via paracrine and autocrine loops and triggers upregulation of twist family
BHLH transcription factor 1, which promotes TKI resistance[26,27]. Moreover, paracrine
secretion of  fibroblast  growth factor 2 (FGF2) by mesenchymal stromal cells  can
provoke imatinib-resistance in CML patients[28].  Direct contact of CML cells with
mesenchymal stromal cells stimulates secretion of placental growth factor, which in
turn  increases  proliferation  and  metabolism  of  leukemic  cells  and  promotes
angiogenesis within the BMM[29].

Another secretory factor that reinforces quiescence and resistance of CML LSCs is
germane to miR-126. miR-126 is considered to be the regulator of dormancy of CML
LSCs  as  well  as  of  normal  HSCs [30].  P210BCRABL1  kinase  activity  induces
phosphorylation of Sprouty-related, EVH1 domain-containing protein 1, which causes
reduction of mature miR-126 in CML LSCs. This depletion should be compensated by
an external resource to keep up stemness features[30]. In the BMM, endosteal Sca-1+
endothelial cells are the credible alternative by providing a high amount of miR-126
possibly through extracellular vesicles[30]. Considering this, constraining the activity of
miR-126 sensitizes LSCs to TKI and may expedite their removal[30].

Another  experiment  highlighted  the  role  of  the  hypoxic  BMM  in  favor  of
p210BCRABL1 independent mechanisms in the survival of CML LSCs. In this milieu,
a specific selection of LSC population occurs following the suppression of mature cells
and stimulates  TKI resistance.  Sensitivity  of  leukemic  cells  to  TKI is  rescued by
enhanced protein levels of BCRABL1 when LSCs migrate to normoxic condition[31,32].
As HSCs reside in the hypoxic endosteal niche, enhancement of low oxygen area in
the bone marrow of leukemia patients coincides with resistance and presence of
minimal  residual  disease[33,34].  Furthermore,  it  was  demonstrated  that  hypoxia
stabilizes hypoxia-inducible factor1 (HIF1), a transcription factor with a vital role in
regulating proliferation, maintenance, and survival of CML LSCs[15]. Our knowledge
about the interactions of  CML LSC with the putative BMM is  limited and much
remains to be elucidated. Interaction of CML LSCs with their environment through
different molecules is described in Table 1 and Figure 2.

AML LSCs AND BONE MARROW MICROENVIRONMENT
Recent studies reported that AML LSCs are highly dependent to the leukemic BMM.
In  vivo  cell  tracking  has  specified  the  anatomical  adjacent  of  these  cells  to  the
trabecular osteoblasts via cell adhesion molecules[35]. Upregulation of VLA-4 in AML
LSCs and its interaction with fibronectin that is distributed abundantly in endosteum
facilitates AML LSCs homing to the niche. VLA-4 also has an integrity to VCAM-1
that is expressed by most of the niche cells, particularly endothelial cells[36]. These
interactions promote drug resistance in LSCs, so that the combination of cytarabine
with  the  antibody  against  VLA-4  in  non-obese  diabetic/severe  combined
immunodeficiency mice prevents AML LSC lodgment to the niche and makes them
an easy target[37]. Meanwhile, similar to CML LSCs, elevated expression of CD44 on
AML LSCs and high hyaluronic  acid as  its  ligand on endosteal  niche shift  LSCs
toward the BMM and chemoresistance state. Furthermore, this interaction promotes
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Table 1  Possible molecules and their role in chronic myeloid leukemia stem cells-bone marrow
microenvironment interaction

Target Source Role Ref.

G-CSF CML LSC Mobilization
[15]

CD26 CML LSC Mobilization
[16]

β1-integrins CML LSC Homing
[19]

Selectins CML LSC, endothelial cells Homing
[20]

CD44 CML LSC Homing
[20]

Chemokines (MIP-1α, MIP-1β, etc) BMM, CML LSC Growth of CML LSC
[15,25]

Cytokines (IL-1α, IL-1β, TNFα, etc) BMM, CML LSC Growth of CML LSC
[15,25]

BMP2/4 MSC, CML LSC Drug resistance
[26]

FGF2 MSC Drug resistance
[28]

PIGF MSC Proliferation, metabolism
[29]

miR-126 CML LSC, endothelial cells Dormancy
[30]

HIF-1 CML LSC Growth of CML LSC
[15]

Jagged-1 Osteoblast Dormancy
[94]

Parathyroid hormone BMM CML LSC removal
[95]

WNT BMM Growth of CML LSC
[21]

N-cadherin CML LSC Drug resistance
[21]

CML LSC: chronic myeloid leukemia stem cell; BMM: bone marrow microenvironment; MSC: mesenchymal
stromal cell; G-CSF: granulocyte-colony stimulating factor; MIP-1α: macrophage inflammatory protein 1
alpha; MIP-1β: macrophage inflammatory protein 1 beta; IL-1α: Interleukin-1 alpha; IL-1β: Interleukin-1 beta;
TNFα: tumor necrosis factor alpha; BMP2/4: bone morphogenetic protein 2/4; FGF2: fibroblast growth factor
2; PIGF: placental growth factor; HIF-1: hypoxia-inducible factor1.

activation of tyrosine kinases and proto-oncogenic signals in leukemic cells including
human epidermal growth factor receptor 2, non-receptor kinase Src, Rho-associated
protein kinase, and Rac family small GTPase 1[38]. While several adhesion molecules
and stromal factors are involved in leukemic cell protection in the BMM, the principal
mediator is related to the CXCL12-CXCR4 axis[39]. Elevated CXCR4 level in AML cells
is concomitant with a poor prognosis and causes strong adhesion of AML LSCs to the
BMM[40,41]. These cells play a bidirectional role by remarked Jagged1 expression that
commences Notch1 pathway in neighbor leukemic cells  and promotes autocrine
signals in Jagged1 expressed stromal cells within the niche. Activation of Notch1
pathway accelerates self-renewal capacity of LSCs[42,43].

When AML LSCs reside in this supportive milieu, secretion of some growth factors,
cytokines, and chemokines is considerably important to keep leukemogenesis up in
the BMM. Secretion of IL-8 in an autocrine mechanism and its receptor CXCR2 by
AML  LSCs  supports  IL8-CXCR2  interaction  and  triggers  activation  of  multiple
pathways,  including  PI3K/AKT,  phospholipase  C/protein  kinase  C,  mitogen-
activated protein kinase,  β catenin,  HIF-1,  and nuclear  factor  kappa-light-chain-
enhancer  of  activated  B  cells  (NF-kB)  in  AML  LSCs  that  brings  about  tumor
progression and survival[44]. Moreover, CXCR2 inhibition reverses the growth of AML
LSCs and enhances their removal[44].

Another  study  reported  that  elevated  parathyroid  hormone  signaling  in
osteoblastic cells controls HSC pool. While parathyroid administration increases the
number of AML LSCs, it decreases the number of CML LSCs and reflects the distinct
role of the BMM components in different hematologic malignancies[45]. Activation of
angiopoietin-Tie2  signaling  in  the  osteoblastic  niche  preserves  AML  LSCs  in
dormancy and stimulates drug resistance[46]. Meanwhile, release of pro-angiogenesis
factors, such as vascular endothelial growth factor, hepatocyte growth factor, basic
fibroblast growth factor, TNFα, and vascular endothelial growth factor receptor by
LSCs increases neoangiogenesis. On the other hand, secretion of inflammatory and
proliferative  cytokines  like  TNFα,  IL-6,  IL-1β,  and G-CSF by leukemic  cells  and
granulocyte-monocyte CSF by endothelial cells shares in niche neo vasculature that is
considered as the major foundation of leukemia progression by providing metabolites
and  oxygen  for  AML  LSC[47-51].  In  some  conditions,  human  AML  LSCs  increase
vascular permeability to reduce nitric oxide levels produced during the anaerobic
glycolytic  pathway[52].  In  a  close  relationship,  endothelial  cells  also  mediate
proliferation and survival of LSCs by elevating the expression of CXCR4[53].

AML LSCs are capable of maintaining long term reconstitution in the hypoxia
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Figure 2

Figure 2  CML LSCs and their interaction with the bone marrow microenvironment. Expression of CXCR4 is downregulated by kinase activity of P210BCRABL1,
and secretion of G-CSF and expression of CD26 by CML LSCs altogether lead to mobilization of CML LSCs into the blood. At the same time, secretion of some
proteins such as bone morphogenetic protein 4, miR-126, and other chemokines and cytokines through autocrine or paracrine mechanisms may support dormancy,
growth, and drug resistance of CML LSCs. CML LSC: Chronic myeloid leukemia stem cell; HSC: Hematopoietic stem cell; CAR cell: CXCL12-abundant reticular cell;
G-CSF: Granulocyte-colony stimulating factor; CXCL12: C-X-C motif chemokine ligand 12; CXCR4: C-X-C chemokine receptor type 4; BMP4: Bone morphogenetic
protein 4.

environment and modulate the differentiation process[54]. This finding is in agreement
with low metabolism and energy status of AML LSCs in the BMM. However, during
stresses  and  apoptosis,  high  expression  of  CD36,  a  fatty  acid  transporter,  and
enhanced lipolysis by leukemic stem cells provide a compensatory source of energy
that underlies their persistence[55,56]. More investigations in LSCs and BMM crosstalk
are needed to provide new insights to leukemogenesis biology and effective strategies
for leukemia treatment. Interaction of AML LSCs with their environment through
different molecules is summarized in Table 2 and Figure 3.

SPECIFIC MARKERS OF CML AND AML STEM CELLS
As CML LSCs reside in the CD34+/CD38- cell fraction, finding specific markers is one
step ahead for recognizing and selectively targeting these cells and to discriminate
from normal HSCs. A useful CD marker should first distinguish between normal and
leukemic stem cells, and, second, show lack or limited expression on the more mature
population.

Many  markers,  such  as  CD44  and  CD117[57,58],  have  been  recommended  for
detection of CML LSC, but shared expression with normal HSC has limited their
application. On the other hand, surface markers such as CD25, IL-1 receptor accessory
protein (IL-1RAP),  and CD26 may offer  a  viable  alternative in segregating CML
LSCs[16,59,60]. CD25 (IL2Rα), which is expressed by CML LSCs, is regulated by signal
transducer and activator of transcription 5 activity and serves as the suppressor of cell
growth in CML LSCs. However, expression on the surface of progenitor cells might
also  be  detectable[59].  IL-1RAP  as  a  co-receptor  of  IL-1  receptor  participates  in
activation of NF-kB and AKT signaling pathways that promote the growth of CML
LSCs. As IL-1RAP expression increases with the disease progression, it seems that it
may be a diagnostic marker for the advanced phase of the CML[60].  CD26, with a
chemokine cleavage activity, has a role in the mobilization of the CML LSCs into the
blood by cleaving CXCL12[16,61]. Expression of this marker in CML is just limited to
CML LSCs in the chronic phase and is not expressed by normal HSCs, more mature
population, and acute phase of the disease. So, CD26 may be regarded as a target
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Table 2  Possible molecules and their role in acute myeloid leukemia stem cells-bone marrow microenvironment interaction

Target Source Role Ref.

VLA-4 AML LSCs Homing
[37]

CD44 AML LSCs Homing
[38,96]

CXCR4 AML LSCs Adhesion
[40]

Jagged-1 Osteoblast Proliferation
[42]

CXCR2 AML LSCs Proliferation, survival
[44]

Parathyroid hormone BMM OB proliferation, LSCs growth
[97]

Proangiogenesis factors (VEGF, HGF, BFGF, VEGFR) AML LSCs, BMM Endothelial and LSC proliferation
[47,48]

Cytokines (IL-6, IL1β, TNFα, G-CSF, GM-CSF) AML LSCs, BMM Angiogenesis, LSC proliferation
[51]

Tie-2 Osteoblast LSCs quiescent
[46]

CD36 AML LSCs Energy source provider
[56]

AML LSC: Acute myeloid leukemia stem cell; BMM: Bone marrow microenvironment; VLA-4: Very late antigen-4; CXCR4: C-X-C chemokine receptor type
4; CXCR2: C-X-C chemokine receptor type 2; VEGF: Vascular endothelial growth factor; HGF: Hepatocyte growth factor; BFGF: Basic fibroblast growth
factor; VEGFR: Vascular endothelial growth factor receptor; IL-6: Interleukin-6; IL-1β: Interleukin-1 beta, TNFα: Tumor necrosis factor alpha; G-CSF:
Granulocyte-colony stimulating factor; GM-CSF: Granulocyte-monocyte colony stimulating factor.

marker  for  detection  of  CML LSCs  in  newly  diagnosed  patients[16].  While  acute
lymphoblastic leukemia LSCs with P210BCRABL1 also express CD26[62], whether its
expression  in  acute  lymphoblastic  leukemia  and  CML  LSC  is  P210BCRABL1
dependent or independent remains to be discovered.

In contrast to the chronic phase of CML in which CML LSCs are defined in the
CD34+/CD38- fraction, AML LSCs are composed of heterogenous populations and
except the CD34+/CD38- fraction,  they also reside in CD34+/CD38+ and CD34-
fractions[63,64].  While  the  preleukemic  state  in  AML  initiates  in  HSC,  they  are
considered non-leukemic, and progenitors are responsible for leukemia development.
It  has  been  reported  that  lymphoid  primed  multipotent  progenitor  cells  in
CD34+/CD38- fraction and granulocyte-macrophage progenitors in CD34+/CD38+
fraction are major AML LSC populations and that lymphoid primed multipotent
progenitor cell like cells give rise to granulocyte-macrophage progenitor like cells (not
vice versa)  and show a higher self-renewal capability[63].  However,  based on the
engraftment potential and transcriptomic analysis, CD34 is not a determinant marker
of AML LSCs,  and other markers are needed for the identification of  these cells.
Meanwhile, CML acute phase mimics the same pattern as acute leukemia, and LSC
populations in acute phase of CML are extended to different types of progenitor cells
that reflect LSCs heterogeneity[65]. So, considering these, finding a proper marker to
differentiate  normal  and leukemic  stem cells  in  AML seems rather  difficult  and
applying different markers is indispensable. For instance, some markers, such as
CD96[66],  C-type  lectin-like  molecule-1[67],  CD123[68],  CD25[69],  CD47[70],  T-cell
immunoglobulin and mucin domain-3[71], etc, have been proposed for AML LSCs and
are variably expressed by AML patients. In this case, a panel of markers might be
helpful in dealing with AML LSCs. Apart from diagnosis, targeting of CML and AML
LSCs based on these markers  is  already well  underway,  which may open up an
opportunity to eliminate selectively LSCs and spare normal stem/progenitor cells.
Different markers proposed for CML and AML LSCs are summarized in Table 3 and
Figure 4.

TARGETING LEUKEMIC STEM CELLS AND THEIR
ENVIRONMENT
Clinical trials have been reported that about 40%-60% of CML patients are eligible for
treatment discontinuation[72,73]. While losing MR3 in CML patients is considered the
sign of TFR failure, almost all of them achieve major molecular response and deeper
molecular responses after resuming the treatment[74,75]. Identification of the minimal
residual disease is dependent on the application of quantitative real-time polymerase
chain reaction, and subsequently it has been confirmed that CML LSCs are present
from diagnosis, during the treatment and also in patients who are in TFR. These cells
may  be  considered  BCRABL1  negative  due  to  undetectable  transcript  level  of
BCRABL1 in CML LSCs[76]. Furthermore, an inverse correlation between the number
of  residual  CD26+ CML LSCs and the probability of  remaining in TFR has been
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Figure 3

Figure 3  AML LSCs and their interaction with the bone marrow microenvironment in contrast to chronic myeloid leukemia stem cells, AML LSCs have high
expression of CXCR4 that help them to reside in the bone marrow microenvironment. Meanwhile, autocrine secretion of IL-8 by AML LSCs increases their
survival. Enhanced secretion of pro-angiogenesis factors via autocrine and paracrine mechanism extends angiogenesis, which by providing metabolites and oxygen
for AML LSCs leads to leukemia progression. AML LSCs: Acute myeloid leukemia stem cell; HSC: Hematopoietic stem cell; CAR cell: CXCL12-abundant reticular cell;
CXCL12: C-X-C motif chemokine ligand 12; CXCR4: C-X-C chemokine receptor type 4; CXCR2: C-X-C chemokine receptor type 2; IL-8: Interleukin-8.

reported[76]. Whereas CML LSCs are insensitive to common TKI therapy, targeting the
BMM and breaking the close intimacy between CML LSCs and the BMM may help
more patients achieve TFR and sustain it for a longer period.

A promising option in targeting CML LSCs is to disrupt the connection between
these cells and the BMM, making them more sensitized to conventional therapy. Since
the presence of CXCR4-CXCL12 axis enhances proliferation and survival of CML cells
by  upregulation  of  different  signaling  pathways,  such  as  extracellular  signal-
regulated protein kinases 1 and 2, AKT, and Janus kinase (JAK)/STAT, interrupting
this axis may dwindle the protective role of the BMM[77,78]. It has been reported that
plerixafor  (AMD31000),  a  CXCR4  antagonist,  in  combination  with  different
generations of TKIs failed to reduce residual disease burden[79]. However, another
experiment  proved the  potent  role  of  BKT140,  another  antagonist  of  CXCR4,  in
declining the growth of leukemic cells both in vitro and in vivo[77].

IL-1RAP is a good marker for targeting CML LSCs in a selective manner due to its
specific expression on CML LSCs. It was reported using an antibody against IL-1RAP
that  IL-1RAP  potentially  targets  CML  LSCs  while  normal  stem  cells  remain
untouched [ 8 0 ].  This  killing  effect  was  increased  when  TKIs  were  used  in
combination[80].  However,  the  limitation  of  therapeutic  antibodies  led  to  the
introduction of IL1RAP CAR T cell, which is a prominent approach in dealing with
resistant CML LSCs[81].

As  mentioned  above,  secretion  of  some  cytokines  via  autocrine  or  paracrine
mechanisms helps CML LSC to escape from the immune system. These cytokines
proceed  through  activation  of  JAK,  which  may  activate  in  a  P210BCRABL1
independent fashion. So, applying ruxolitinib, a JAK inhibitor, might help upregulate
MHC-II expression in CML LSCs and increase their immunogenicity for the detection
and targeting by the immune system[25,82].

While targeting AML LSCs as leukemia-initiating cells may guarantee duration of
the remission, eradication of these cells seems difficult because of their heterogeneity.
In targeting AML LSCs, we have a vast variety of options considering cell  cycle,
surface markers that are useful for the segregation from normal HSCs, oncoproteins,
and  epigenetic  participants[83].  However,  the  supportive  role  of  the  BMM  is  an
undeniable  fact  and  affects  all  pathways  related  to  cell  protection.  Therefore,
combination therapy with specific targets in the BMM is a promising approach to
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Table 3  Chronic myeloid leukemia and acute myeloid leukemia stem cell markers for detection
and selective targeting

Target CD CML LSC AML LSC Normal HSC Normal progenitor Ref.

IL-2Rα CD25 + + - +/-
[59,69]

DPP4 CD26 + - - -
[16]

Siglec-3 CD33 + + + +
[98]

SCARB3 CD36 + + +/- +
[99]

Pgp-1 CD44 + + + +
[38]

IAP CD47 + + + +
[70]

Campath-1 CD52 + + + +
[100]

C1qR1 CD93 + + +/- +/-
[101]

Tactile CD96 - + - -
[66]

MIC2 CD99 - + + +
[102]

SCFR CD117 + + +/- +/-
[64]

IL-3Rα CD123 + + +/- +/-
[68]

CLL-1 - +/- + +/- +
[67]

TIM-3 - - + +/- +/-
[71]

IL-1RAP - + + - +
[60,103]

CML LSC:  Chronic  myeloid  leukemia  stem cells;  AML LSC:  Acute  myeloid  leukemia  stem cell;  HSC:
Hematopoietic stem cell; IL-2Rα: Interleukin-2 receptor alpha; DPP4: Dipeptidyl peptidase 4; Siglec-3: Sialic
acid-binding  immunoglobulin-type  lectin-3;  SCARB3:  Mast/stem cell  growth factor  receptor;  IL-3Rα:
Interleukin receptor subunit α; CLL-1: C-type lectin-like molecule-1; TIM-3: T-cell immunoglobulin mucin-3;
IL-1RAP: Interleukin-1 receptor accessory protein.

overcome resistance and to eradicate LSCs more effectively[10,84].
It was reported that blocking CXCR4 by plerixafor suppresses CXCL12-CXCR4 axis

and  increases  the  release  of  AML  LSCs  from  the  bone  marrow  to  the  blood[85].
AMD3465, another CXCR4 antagonist, in combination with G-CSF and bortezomib, a
proteasome  inhibitor,  prevents  AML  LSC  migration  toward  the  BMM  and
consequently makes them more accessible to chemotherapy agents[86,87]. Meanwhile, in
the  leukemic  BMM,  HIF1-α  and  vascular  endothelial  growth  factor  modulate
expression of CXCR4 and CXCL12, and targeting of these two in combination with
CXCR4 antagonists  significantly  reduces  homing of  myeloid leukemia cells  and
reflects inducing mobilization of these cells to the blood might suppress leukemia
development[88].

On  the  other  hand,  upregulation  of  CD44,  VLA-4,  and  Tie2  on  AML LSCs  is
considered a putative target. Anti-CD44 therapy in AMLs prevents LSCs homing.
Also, neutralizing VLA-4 antibody together with cytarabine treatment hampers AML
development in a patient-derived xenograft mouse model[38,89]. Adhesion of LSCs to
mesenchymal stromal cells via VLA-4/VCAM-1 axis triggers NF-kB activation as an
anti-apoptotic factor in AML LSCs and stromal cells. AS101, a VLA-4 inhibitor that is
in  Phase  II  of  a  clinical  trial,  prevents  NF-kB  activation  and  renders  LSCs  to
chemotherapy[90]. Whilst interaction of Tie2 with Ang-1 concludes LSCs quiescent,
disruption of Ang-1/Tie2 interaction makes cells to cycle and recover LSCs sensitivity
to cell cycle targeting agents. Ang1/2 neutralizing peptibody Trebananib (AMG 386),
a combination of a peptide with an antibody, demonstrated promising results in a
monotherapy program in a clinical trial[91]. Another putative marker in AML LSCs is
CD47 (SIRPα ligand), which is highly expressed by these cells. Interaction of CD47
with its ligand blocks phagocytosis, while blockade of this molecule leads to tumor
cell phagocytosis and AML LSCs elimination in an efficient manner[70]. Direct contact
of AML LSCs with the BMM via Notch1-Jagged interaction initiates Notch signaling
by  intracellular  domain  cleavage  of  Notch1  following  -secretase  activation.
Application of  -secretase inhibitors  like dibenzazepine in order to inhibit  Notch
signaling culminates in the suppression of LSC cell growth[83]. However, in Kannan et
al[92], a pan-Notch inhibitor could not affect LSC proliferation, which confirms further
study is needed to consider Notch signaling for targeting AML LSCs.

Inducing apoptosis also is a common approach in AML targeted therapy. O’ Reilly
et al[93] reported that microenvironment mediated drug resistance in AML might occur
following overexpression of  myeloid cell  leukemia 1,  a  BCL-2 family protein,  in
mesenchymal stromal cells. They confirmed that inhibition of myeloid cell leukemia 1
reverts the BMM mediated resistance against cytarabine and daunorubicin, prevents
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Figure 4

Figure 4  Detection of AML and CML LSCs. While CML LSCs in chronic phase are in CD34+/CD38-, using CD26 helps to segregate them from normal
hematopoietic stem cells. In AML, CD34 is not a fixed marker for detection of AML LSCs, and due to the heterogeneity of AML LSC populations, other markers are
needed to identify these cells. CLL-1: C-type lectin-like molecule-1; TIM-3: T-cell immunoglobulin and mucin domain-3; AML LSCs: Acute myeloid leukemia stem cell;
HSC: Hematopoietic stem cell; CML LSCs: Chronic myeloid leukemia stem cells.

disease relapse, and ultimately improves patient survival. The proposed compounds
under clinical trials related to targeting CML and AML LSCs interaction with BMM
are  summarized  in  Table  4.  Other  studies  reported  another  possible  target  for
elimination of AML LSCs by inhibiting the IL8-CXCR2 axis. This approach selectively
eliminates AML LSCs while sparing normal HSCs[44].

CONCLUSION
The therapeutic approaches that we listed above are in most cases already the object
of investigational clinical trials. Many others will certainly follow, and, as far as our
knowledge about the biology,  the phenotypical  appearance and the biochemical
pathways typical of the leukemic stem cells will be better understood. It is unlikely
that a single agent will be able to eliminate the leukemic stem cells. Targeted therapy
will most likely be a combination of new drugs and more conventional therapeutic
agents, ranging from traditional chemotherapy to new molecularly targeted agents or
immune modulating agents. The final goal that we hope to achieve is to cure the vast
majority of our patients and to improve their quality of their life.

WJSC https://www.wjgnet.com August 26, 2019 Volume 11 Issue 8

Houshmand M et al. Leukemic bone marrow microenvironment

485



Table 4  A draft of compounds under clinical trial in leukemic stem cell bone marrow microenvironment target therapy

Disease Target Compound Clinical trial ID

CML CXCR4 BL-8040 NCT02115672

CML IL-1RAP CAR-LMC NCT02842320

CML JAK-inhibitor Ruxolitinib NCT01702064, NCT03654768, NCT01751425, NCT03610971

AML CXCR4 Plerixafor (AMD3100) NCT01455025

AML Hypoxia TH-302 NCT01149915

AML VEGF Aflibercept NCT00601991

AML VLA-4 AS101 NCT01010373

AML Ang-1/2 Trebananib (AMG 386) NCT01555268

AML CD47 SRF231, TTI-621, CC90002, Hu5F9-G4 NCT03512340, NCT02663518, NCT02367196, NCT02678338, NCT03248479

AML Notch LY3039478, MK0752 NCT01695005, NCT00100152

AML XIAP AEG35156 NCT00363974

AML BH3 ABT-199 NCT01994837

AML Pan FGFR LY274455 NCT01212107

CML: Chronic myeloid leukemia; AML: Acute myeloid leukemia; CXCR4: C-X-C chemokine receptor type 4; IL-1RAP: Interleukin-1 receptor accessory
protein; JAK: Janus kinase; VEGF: Vascular endothelial growth factor; VLA-4: Very late antigen-4; Ang-1/2: angiopoietin-1/2; XIAP: X-Linked inhibitor of
apoptosis; FGFR: Fibroblast growth factor receptor.
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Abstract
Up until the mid 2000s, the capacity to generate every cell of an organism was
exclusive to embryonic stem cells. In 2006, researchers Takahashi and Yamanaka
developed an alternative method of generating embryonic-like stem cells from
adult cells, which they coined induced pluripotent stem cells (iPSCs). Such iPSCs
possess most of the advantages of embryonic stem cells without the ethical
stigma associated with derivation of the latter. The possibility of generating
“custom-made” pluripotent cells, ideal for patient-specific disease models,
alongside their possible applications in regenerative medicine and reproduction,
has drawn a lot of attention to the field with numbers of iPSC studies published
growing exponentially. IPSCs have now been generated for a wide variety of
species, including but not limited to, mouse, human, primate, wild felines,
bovines, equines, birds and rodents, some of which still lack well-established
embryonic stem cell lines. The paucity of robust characterization of some of these
iPSC lines as well as the residual expression of transgenes involved in the
reprogramming process still hampers the use of such cells in species preservation
or medical research, underscoring the requirement for further investigations.
Here, we provide an extensive overview of iPSC generated from a broad range of
animal species including their potential applications and limitations.

Key words: Pluripotency; Embryonic; Stem cell; Reprogramming; Animal; Wild; Induced
pluripotency
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Core tip: Induced pluripotent stem cells (iPSC) have opened up the possibility of
converting literally any mature cell type into an embryonic like pluripotent state. This
procedure has had a large impact on biomedical sciences for patient specific disease
modeling, cell-type specific differentiation and regenerative medicine with or without
gene editing. These advances are clearly not restricted to human iPSCs, and indeed it
was mouse iPSCs that were derived first. In this review we will provide a comprehensive
overview of iPSC generated throughout the animal kingdom as well as an elaboration on
their possible applications and limitations.
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INTRODUCTION
The ability to differentiate into any given cell type within an organism was limited
solely  to  embryonic  stem  cells  (ESC)  until  2006.  ESCs  possess  the  capacity  to
proliferate indefinitely without differentiation, form chimeras and display germline
transmission. Currently, ESCs with these characteristics have only been confirmed in
mice and rats[1]. In regard to culturing ESC of other species, besides human, mice and
rats, undefined culture conditions already present the first hurdle.

In 2006, an alternative means was developed to generate embryonic-like stem cells
whereby differentiated adult cells are reprogrammed into induced pluripotent stem
cells  (iPSC)[2].  This  reprogramming  process  entails  the  delivery  of  so-called
pluripotency factors to mature cells to induce their conversion into ESC-like cells,
which  subsequently  triggers  the  transcriptional  and  translational  activation  of
endogenous pluripotency factors. These pluripotency factors are all regulators of ESC
proliferation, renewal and pluripotency.

The most  commonly used genes  for  achieving such conversion are:  Homeobox
protein (NANOG); octamer-binding transcription factor 4 (OCT4/POU5F1); SRY-Box 2
(SOX2); Kruppel Like Factor 4 (KLF4); proto-oncogene MYC (c-MYC) and Lin-28 Homolog
A (LIN28). NANOG is a key transcription factor inhibiting differentiation towards
extraembryonic  endoderm  and  trophectoderm  lineages.  Moreover,  by  directly
inhibiting SMAD Family Member 1, NANOG prevents bone morphogenetic protein-
induced mesoderm differentiation[3]. NANOG also plays an important role in binding
and activating the OCT4 promoter and is consequently a transcriptional activator of
OCT4[4]. OCT4 is required for naïve epiblast formation, and OCT4-null embryos lack
pluripotent characteristics within their inner cell mass[5]. Furthermore, abrogation of
OCT4 expression in ESCs results in trophoblast differentiation of the inner cell mass[6].
OCT4 therefore plays prominent roles in pluripotency maintenance in ESCs and
during the reprogramming of mature cells to iPSC. SOX2 forms a complex with OCT4
to bind DNA and govern the expression of several genes required for embryonic
development[7].

Consequently, it has been claimed that NANOG, OCT4 and SOX2 act as master
regulators of ESC pluripotency[8] at least for the generation of mouse, human and rat
iPSC. However,  less is  known about gene expression requirements for achieving
pluripotency in other species. Therefore, several additional genes have been tested for
their ability to generate iPSC. These include KLF4, which regulates the expression of
key transcription factors during embryonic development, including NANOG[9]. MYC
has been shown to play a role in maintaining the glycolytic energy metabolism in
stem cells[10]. Additionally, while not essential, MYC has been shown to promote the
generation of iPSC from human and mouse skin fibroblasts[11]. Finally, LIN28 is an
RNA-binding protein and regulates gene expression at a post-transcriptional level.
The products of genes regulated by LIN28 function in developmental timing and self-
renewal in ESCs[12].

Other less commonly used genes involved in achieving and/or maintaining the
undifferentiated state will be discussed directly in the following description of the
various  iPSCs  generated  from  various  species.  In  addition  to  the  plethora  of
pluripotency factors applied for reprogramming, several methods exist with which to
deliver them into adult  cells.  Both early protocols and reprogramming efforts in
notoriously  challenging  species  use  viral  approaches,  such  as  retrovirus  and
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lentivirus[13,14]. Whilst the human and mouse fields have progressed to employing non-
integrative methods such as Sendai-viral[15], episomal[16] and mRNA transfection[17],
very few attempts have been made to apply these to other species. In the following
sections we will  provide a  comprehensive overview of  the iPSCs available  from
various species, their method of generation, their pluripotent characteristics and their
applications in science.

DOMESTIC RUMINANTS
The establishment of  iPSC from domestic  ruminants  was reported for  human[13],
mouse[2], monkey[18], rat[19,20], pig[21-24], dog[25] and rabbit[26]. These species, from which
iPSCs have already been generated, unsurprisingly comprise commonly used animal
models in the field of regenerative medicine. However, ruminants, especially small
ruminants, are equally attractive for biomedical research. For example, sheep are
often employed as the preferred model for human pregnancy and perinatal-related
studies[27],  as  models  for  rare  or  degenerative  diseases[28,29],  for  several  chirurgic
procedures[30,31] and cancer[32]. This is predominantly based on the fact that ruminants
share more phylogenetic characteristics, similar size and longevity with humans than
do rodents[33].

Aside from being explored as biomedical  models,  small  ruminants,  cattle  and
buffalo present  significant  commercial  value and agricultural  importance,  being
raised for meat or milk production and for wool and other animal-derived products.
In this context, the generation of genetically modified animals for the production of
therapeutic proteins in milk (bioreactors), with increased resistance to diseases or
selection for other valuable traits is highly desirable. To date, robust pluripotent stem
cells derived from these species are still lacking[34-36] despite very recent encouraging
efforts[37]. The production of genetically modified livestock is usually accomplished
through somatic cell  nuclear transfer (SCNT) after genetic modification of donor
cells[38-40].

The generation of iPSCs from these species presents a major objective to facilitate
the application of advanced reproductive technologies[41] including allowing easier
genetic manipulation (knock-ins or knock-outs) in pluripotent cells used for chimera
generation,  improving  SCNT  efficiency  by  using  iPSCs  as  nuclei  donors[42,43]  or
producing functional gametes in vitro[44-46]. The first studies in cattle reported that the
four Yamanaka factors were insufficient for inducing pluripotency, and that NANOG
or NANOG plus LIN28 were additionally required[47,48]. In 2012, Cao et al[49] reported
bovine iPSCs derived from buffalo defined factors [OCT4, SOX2, KLF4, and MYC
(OSKM)] and fetal fibroblasts that could be differentiated into putative female germ
cells,  a  first  step  towards  future  use  in  reproductive  sciences.  Subsequently,
Kawaguchi  et  al [50 ]  contributed  to  chimera  production  (90  d  of  gestation)
(Supplemental material 1).

In cattle, different cell types such as adult or fetal fibroblasts, amniotic, mammary
and retina-derived cells have been used in conjunction with integrative vectors[47-54].
Testicular cells were induced into pluripotency after electroporation of OCT4 alone[55].
However, silencing of exogenous factors when integrated was not reported, and some
studies  were  unable  to  characterize  bovine  iPSCs  (biPSCs)  after  culture  due  to
characteristics related to quiescence in vitro[56,57]. It has been shown that buffalo fetal
fibroblasts can be retrovirally reprogrammed into iPSC by buffalo OSKM, and that the
generation efficiency of  biPSCs can be increased by inhibiting p53 expression[58]

(Supplemental material 1).
In  small  ruminants,  both  ovine  and  caprine  iPSCs  were  reported  only  from

fibroblasts, either embryonic, fetal or adult[59-69]. Although integrative methodologies
(retro- and lentiviral) are still most commonly used, silencing of exogenous factors has
already been reported[63,64] (Supplemental material 2). This is a significant achievement
considering  the  objective  of  producing  new  organisms  from  pluripotent  cells.
Recently,  induction  of  pluripotency  using  an  mRNA  approach  with  OSKM
transcription factors was achieved in goats[69]. Regarding generation of animals from
iPSCs,  ovine iPSCs were already reported contributing to  the inner  cell  mass  of
blastocysts[63] and live born chimeras[62]. BiPSCs were used as donor cells in SCNT, and
cloned  embryos  were  generated  in  cattle.  Despite  initial  beliefs  that  the  use  of
pluripotent cells might enhance cloning success, low rates of embryonic development
were  observed.  No  live-born  animals  have  yet  been  reported  probably  due  to
persistent expression of transgenes and increased numbers of aneuploidies in iPSC
donor cells[67,68].
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SWINE
The generation of  pluripotent  cell  lines  from swine has  very clear  and common
objectives even between different research groups, being either the use of these cells
for regenerative medicine or to preserve and/or augment agriculturally important
traits in this species. The pig is considered the most attractive non-primate animal
model for biomedical purposes due to its similarities to human immunology, genome
organization, aging and whole animal physiology[70-72]. The use of this large domestic
animal (or also its miniature version-the minipig) enables long-term studies on tissue
or organ transplantation or for modeling specific diseases[73-75]  in a more ethically
acceptable  environment  when  compared  to  the  use  of  non-human  primates  or
domestic  pet  animals  (dogs  and cats).  It  is  envisaged that  pluripotent  cells  will
facilitate  the  generation of  transgenic  animals  for  use  as  preclinical  models  and
production of animals with valuable traits through the use of chimeric or nuclear
transfer technologies.

The swine, however, is considered one of the “non-permissive” species meaning
that bona fide robust pluripotent stem cells derived from blastocysts-ESCs have not
yet been successfully generated[41,76,77]. The generation of iPSCs is of great importance.
The pig was the first domesticated species from which iPSCs were derived, which was
after ESCs had already been established for mouse, human, rat and monkey[78-82].

At least 25 studies have already described porcine iPSC (piPSC) production via
various  reprogramming  and  characterization  protocols  in  the  last  decade
(Supplemental material 3). The first three reports date from 2009 and describe human
ESC-like  cells  dependent  or  not  on  basic  fibroblast  growth  factor  (bFGF)
supplementation[21-23].  Most of the subsequent studies focused upon dissecting the
differences between naïve or primed cell generation, especially attempting to obtain
naïve  cells  in  order  to  produce  chimeric  offspring  through the  use  of  leukemia
inhibitory factor (LIF)  supplementation with or without other inhibitors such as
CHIR99021, PD0325901, 5-AZA and others[83-92].

Contribution to embryo development at short term (embryos and/or fetuses) was
reported by several groups, even though the status of exogenous gene silencing was
not described and/or teratoma formation was not robust in some lineages[24,85,87,90-93]. In
contrast, contribution to live chimeric offspring and germline contribution has been
proven by only one group thus far[24,94], with piPSCs resembling primed, human ES-
like cells. The study reports[24] contribution of piPSCs to both embryo and placenta
during gestation and 85.3% efficiency of chimerism in live-born piglets. As only naïve,
but not primed pluripotent cells are believed to support chimerism, this suggests that
the classical definitions differentiating between the two types of pluripotent cells may
be a lot more complex and still poorly-defined in other species compared to mouse
and human.

PiPSCs have also  been tested for  specific  in  vitro  differentiation potential;  for
example, they were able to differentiate into beating cardiomyocyte-like cells[95,96] and
neuronal lineage[97]. PiPSCs have also been used as donor cells for nuclear transfer
experiments.  Although  blastocysts  were  produced,  the  efficiency  rate  did  not
significantly increase when compared to blastocyst developmental  rate achieved
using embryonic fibroblasts as nuclei donors, and no born piglets were reported[85].

In summary, the production of piPSCs until now has predominantly relied upon
the use of integrative vectors, lenti- or retrovirus-carrying human or mouse OSKM,
including some variations such as NANOG, LIN-28 or the absence of OCT4 or SOX2
and KLF4. Few studies have described the use of porcine or monkey factors. Even
when episomal non-integrative approaches have been used, persistence or integration
of plasmids, and therefore silencing of the transgenes, was reported (please refer to
Supplemental material 3 for details). Failure to inactivate the exogenous factors is
considered a major flaw in the generation of bona fide iPSCs. Defining proper culture
conditions and reprogramming protocols is still the major objective of most of the
reported studies, even though differentiation is possible in this sub-optimal condition.
Ji et al[89] reported that two cell lines transduced with lentivirus containing monkey
OSKM and cultured with LIF, bFGF and inhibitors presented silencing of exogenous
factors. Using episomal vectors, Li et al[93] were the first to report the generation of cell
lines  able  to  maintain pluripotent  characteristics  for  20 passages and absence of
integration  at  this  time.  This  represents  a  great  advance  in  the  generation  of
pluripotent cells from pig, which arguably remains the most desirable model for both
human and veterinary medicine.

HORSES
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According to the latest report from The American Horse Council Foundation, the
United States horse industry has an economic impact of United States $122 billion
with 74% of horses participating in the sports sector (racing and competition). Sports
horses  are  constantly  exposed to  risks  of  career-ending or  even life-threatening
musculoskeletal  injuries[98].  Besides  the  magnitude  of  the  horse  industry,  the
possibility of using these animals as models for human musculoskeletal injuries or
diseases[99] has contributed to intensify the stem cell and regenerative research in the
last few years.

During the past decade, equine iPSCs (eiPSCs) have been produced using both
integrative and non-integrative systems carrying mouse or human reprogramming
factors in conjunction with multiple cell sources, including adult or fetal fibroblasts,
adipose tissue mesenchymal cells, keratinocytes, myogenic mangioblast, peripheral
mesenchymal stem cells and umbilical cord cells (Supplemental material 4)[100-108].
Although subsequent attempts were made using episomal vectors[107], only the initial
eiPSCs report  succeeded in producing equine pluripotent stem cells  with a non-
integrative PiggyBac transposon system, which is considered safer for clinical uses but
allegedly with lower reprogramming efficiency[100,109].  Of the eiPSCs generated via
integrative systems, only one group has reported transgene silencing[106] with others
reporting partial silencing[102,104] and others conversely showing transgenes to still be
activated[101,103,108]. Other studies do not mention the state of transgene expression[105,107].
Regarding further characterization procedures, eiPSCs generated in the above studies
show in vitro or in vivo potential to generate cells of all three germ layers as well as
expression of multiple pluripotency markers (Supplemental material 4).

The safety of clinical and reproductive applications of iPSCs remains a concern,
especially regarding tumorigenesis, epigenetic abnormalities and eventual immune
rejection[110-112]. Fittingly, some reports do address these issues. Aguiar et al[113] analyzed
the  immunogenicity  of  allogenic  eiPSCs  intradermally  transplanted  into
immunosuppressant-free horses and observed moderate cellular response but not
acute rejection. This suggests that allogenic eiPSC banking might serve as a future
possibility for cell therapy. In the reproductive field, eiPSCs have been used as donor
cells in an attempt to improve SCNT efficiency, but blastocysts were not successfully
produced[114].

The  possibilities  of  applying  eiPSCs  in  tissue  engineering  and  regenerative
medicine are also being actively explored. While some have reported failure of eiPSCs
to  generate  artificial  tendons  after  induced  differentiation [115],  others  have
demonstrated  eiPSCs  to  be  capable  of  inducing  muscle  regeneration  in
immunodeficient mice with dystrophin deficiency[105]. Furthermore, Aguiar et al[116]

showed that eiPSCs could be differentiated into keratinocytes focusing on skin trauma
and wound management.  Other research groups have studied eventual  uses for
mesenchymal-like progenitors capable of chondrogenesis and adipogenesis[117] or even
induction into functional osteoblasts[118] and transgenic induced myocytes[119], thus
providing extra cell sources for regenerative veterinary medicine. Although some
studies have already tested the potential and applicability of eiPSCs as seen above,
there is  still  a long road ahead until  eiPSCs and their derivatives are completely
understood and deemed safe to use in disease models and regenerative veterinary
medicine.

DOGS
Dogs play multiple roles in modern society, ranging from livestock management,
rescue and security services and emotional and disability assistance besides their
major role as companion and best friend[120]. Every year, the number of households
with pets increases, having reached 68% in the United States during 2017-2018 with
the  majority  of  people  owning  dogs  ,  and  secondly  cats.  This  represented  an
expenditure of around United States $70 billion during that period of which a little
over United States $17 billion was spent on veterinary services. If that alone was not
ample  reason  to  increase  dog-related  research  on  innovative  therapies  like
regenerative  medicine  and  stem cells,  dogs  are  also  considered  physiologically
relevant model of  human diseases.  In addition to hundreds of  canine hereditary
diseases having equivalent human disorders, humans also share a similar physiology
and environment with their canine companions[121].  The first  canine iPSC (ciPSC)
report was published in 2010[25], and since then around ten reports on new ciPSCs
lineages have been published. The main cell source used for reprogramming was
adult fibroblasts[122-126] followed by fetal or embryonic fibroblasts[25,127-129] and adipose
tissue mesenchymal cells[123,130].

As  seen in  Supplemental  material  5,  with the exception of  studies  using non-
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integrative Sendai viruses[126,129] the majority of the ciPSCs reported were generated
using retroviral or lentiviral systems. Although they are considered more efficient
than non-integrative systems, their use in research with clinical applications raises
concerns,  specifically  through potentially  dangerous viral  integration in the cell
genome, transgene reactivation and epigenetic changes[131]. Transgene expression on
these  ciPSC was  reported  in  variable  levels  from silenced[128,130]  to  low levels  of
expression[124,125] to expression in different states[122,127,128] and not reported[25]. These
ciPSCs  also  vary  widely  on  the  pluripotency  markers  used  for  characterization
purposes (Supplemental material 5).

Further  studies  on  ciPSC  applications  have  been  performed  by  few  research
groups.  Lee  et  al[123]  generated  endothelial  cells  from  ciPSCs  and  tested  their
therapeutic  potential  in  mouse  models  of  myocardial  infarction  and  hindlimb
ischemia,  besides transplanting labeled ciPSCs autologously into dogs’  hearts  to
monitor  cell  fate  in  large  animal  models  of  cardiac  delivery.  Others  derived
mesenchymal  stem cells  from ciPSCs that  exhibited high proliferative  potential,
capacity to differentiate into mesodermal-derived tissues and both mesenchymal and
pluripotent markers but did not form teratoma-like tissues, a desired characteristic for
stem cell therapy[132]. Chow et al[126] compared ciPSC-derived mesenchymal cells with
adipose tissue and bone marrow mesenchymal cells  with regard to their  surface
markers,  gene expression profiles  and immune modulation potency.  The results
showed ciPSCs-derived mesenchymal cells to present a slightly different surface
phenotype than regular mesenchymal cells but to be capable of inducing suppression
of in vitro immune function much like the other analyzed cells. Taken together, these
studies demonstrate the continued efforts of the veterinary and research fields, not
only in order to pursue longer and healthier lives for our pets, but also to develop
disease and therapeutic models for human disorders.

RABBITS
Rabbits  have long been used as animal models  in research.  They are considered
highly  physiologically  relevant  even  for  some  human  pathology  such  as  heart
diseases[133].  Their  larger  size  compared with  mice  and rats  enables  their  use  in
surgical procedures, they possess a longer life span and rabbits are phylogenetically
more similar to humans. When compared to other suitable larger animal models such
as pigs and dogs, rabbits are easier to handle and maintain, are more economical to
keep and have shorter reproductive cycles, which facilitates breeding and long-term
research analyses[26,134]. It has been reported that rabbit ESCs are very similar to human
ESCs  in  regard  to  their  morphology  as  well  as  biochemical  and  pluripotency
features[26].

Rabbit iPSCs (rbiPSCs) have been described in few reports. Honda et al[26] generated
rbiPSCs from adult liver and stomach cells using lentivirus and human OSKM. These
rbiPSCs were silenced after about 18 passages. Interestingly, the authors were not
successful in reprogramming fibroblasts using the same methodology. The rbiPSCs
produced in this  report  were LIF-  and bFGF-dependent and expressed the same
pluripotency markers as rabbit ESCs (Supplemental material 6). In a follow-up study,
the rbiPSCs generated were converted to a naïve-like state via forced expression of
human OCT3/4 increasing these cells’ potential for in vitro neural differentiation[135].

Using a retroviral system also containing human OSKM, Osteil et al[136] compared
adult  fibroblast-derived  rbiPSCs  with  ESCs.  Theses  rbiPSCs  showed  transgene
silencing at passage 25 and expressed the pluripotency markers OCT4 and NANOG.
Later, the same group showed that via expression of KLF2 and KLF4, rbiPSCs could
be converted into epiblast-like cells, capable of colonizing pre-implantation rabbit
embryos[137].

Finally,  the  most  recently  published study on rbiPSCs  also  employed human
OSKM in a retroviral system to reprogram embryonic fibroblasts. The cells generated
were  dependent  upon  LIF  and  bFGF,  expressed  key  pluripotency  markers  and
showed no transgene expression. Focusing on the use of rabbits as heart models, the
authors showed these cells to be capable of successful differentiation into cardiac cells,
underscoring a possible future application as a disease model[133].

AVIAN
According to the United States Department of Agricultureâs Production and Value
Summary, the combined value of avian products reached United States $42.7 billion in
2017, besides the over 20 million birds kept as pets currently in the United States
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(APPA,  2018),  denoting  the  significance  of  these  animals  to  modern  society.  In
research, avian models are considered extremely important because they permit easy
monitoring of embryonic development[138] and can also be used as disease models[139].

Avian iPSCs (aiPSCs) were the first non-mammalian iPSCs to be derived[140] and
were reported for quail,  chicken and zebra finch (Supplemental  material  7).  The
majority of the reports published used embryonic fibroblasts[140-145], but they were also
isolated from adult feather follicles[146].  Although non-viral approaches have been
applied[142,144],  retroviral and lentiviral methodologies have mostly been used and
transgene expression was either  detected[140,145,146]  or  not  discussed[142-144]  with the
exception of the chicken iPSCs reported by Rosselló et al[141] where transgenes were
silenced after five passages.

Further characterization of aiPSCs was performed by Dai et al[138], who were able to
produce  aiPSCs-derived  neurons.  So  far,  perhaps  the  most  exciting  potential
application of these cells is vaccine production and related research[147,148]. In those
reports, it is shown that aiPSCs grown in modified conditions possess great potential
as  candidates  for  Newcastle  disease  virus  production  serving  as  a  suitable
replacement for the embryonating eggs currently used for vaccine generation[147]. It
should be possible to generate aiPSCs more tolerant to the Newcastle disease virus,
which might eventually also be employed in disease-resistant poultry studies[148].
These newly developed methodologies represent a great potential  application of
aiPSCs to future livestock, health and food security.

EXOTIC ANIMALS
The  most  obvious  reason  for  generating  iPSC  from  exotic  animals  is  species
conservation. Genetic material can be stored and expanded on demand in the form of
viable and proliferating iPSCs. Ideally, protocols would be developed to differentiate
such iPSCs into primordial germ cells and subsequently generate egg and sperm cells
to facilitate in vitro fertilization. Such efforts form the basis for the generation of iPSC
from Madrillus leucophaeus (primate/drill) and Ceratotherium simum cottoni (northern
white rhinoceros). Both species teeter on the brink of extinction, and the generation of
iPSCs might be beneficial for species conservation. Drill iPSC lines were generated
using retroviral vectors containing the human sequences for OCT4, SOX2, KLF4 and c-
MYC. The fibroblast source originated from a 15-year-old drill. All factors integrated
successfully into the drill genome and the authors were able to show that exogenous
transcription factors ceased to be expressed whilst the endogenous drill transcription
factors became activated. Drill iPSC were karyotypically normal and exhibited the
potential to form teratomas containing all three lineages (ectoderm, endoderm and
mesoderm)[149].

The same report describes the generation of iPSC from northern white rhinoceros.
Here, the same human genes for OCT4, SOX2, KLF4 and c-MYC were delivered using
the retro VSV-G virus system. These also integrated successfully with the exception of
KLF4.  Similar  to  the  drill  iPSC,  exogenous  gene  expression  was  silenced  and
endogenous  gene  expression  initiated.  Northern  white  rhinoceros  iPSCs  were
karyotypically normal and gave rise to teratomas[149] (Supplemental material 8). These
are extremely promising results for species conservation, but it remains to be seen
whether these iPSCs can be used for SCNT or for the generation of in vitro germ cells.

Most efforts have centered upon the generation of iPSC from monkeys. Again,
species  conservation  forms  one  aspect  of  such  efforts,  but  another  facet  is  the
possibility  of  applying  these  monkeys  and  their  iPSCs  in  biomedical  research.
Monkeys share a high degree of genetic, anatomical, physiological and cardiological
similarities with humans[150-152].  Consequently, monkey iPSCs and monkey models
represent  powerful  models  for  drug  development.  To  date,  iPSCs  have  been
generated from rhesus monkeys[18,153,154]. Whilst the first two of these studies[18,154] used
retroviral approaches, the more recent report[153]  generated rhesus monkey iPSCs
using non-integrative episomal plasmids (Supplemental  material  8).  In a further
notable study[155], the retroviral method was employed to derive iPSCs from rhesus
monkeys with Huntington’s disease (Supplemental material 8). These monkeys and
their iPSCs were not only very valuable for testing potential drug candidates but
could also be used to investigate autologous and allogenic cell transplantations and
graft  incorporations  as  well  as  safety  assessment  of  CRISPR/Cas9  gene-edited
transplants.

Further iPSCs have been generated from cynomolgus monkeys[156,157]. Cynomolgus
monkeys are commonly used in biomedical research and the described iPSCs have
been derived using both retroviral approaches[156] and non-integrative Sendai virus[157]

approaches.  Whilst  in  the  retroviral  approach  pluripotency  was  confirmed  via
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teratoma  assays,  the  Sendai  virus  reprogrammed  cells  were  not  subjected  to
pluripotency assays and were directly differentiated into the cell  type of interest
(Supplemental material 8). Marmoset iPSCs have been generated from fetal liver cells
via retroviral-mediated transduction with the six human pluripotency factors OCT4,
SOX2, KLF4, c-MYC, NANOG and LIN28. These cells displayed a normal karyotype
and pluripotency capacity as  tested by embryonic body formation and teratoma
assays (Supplemental material 8).

Lastly, even iPSCs of great apes such as orangutans have been derived using the
retroviral approach with the classical four human pluripotency factors OCT4, SOX2,
KLF4  and  c-MYC  and  pluripotency  potential  confirmed  via  teratoma  assays[158].
Common amongst all of these studies is the lack of in vivo chimeric analyses using
monkey-derived iPSCs. Only upon demonstration of bona fide germline chimeras will
we be able to confirm the pluripotent status of monkey-derived iPSCs.

With the ultimate goal of species conservation, efforts have been made to generate
iPSCs from wild feline species such as snow leopards[159] and Bengal tigers, servals
and jaguars[160]. For all of these feline species, iPSC retroviral reprogramming was
applied using OCT4, KLF4, SOX2, c-MYC and NANOG (Supplemental material 8).
Similar to the iPSCs from monkeys, only teratoma assays were performed. Thus it
cannot be excluded that germline transmission for actual cloning of these animals
may prove challenging.

Likewise, it is hoped that iPSC generation will safeguard the future of Tasmanian
devils,  which are currently precariously close to extinction.  For their  generation,
OCT4,  KLF4,  SOX2,  c-MYC,  LIN28  and  NANOG  were  transduced  via  lentiviral
approaches into dermal skin fibroblasts[161].  It is to be hoped that these iPSCs will
provide excellent tools with which to develop strategies to treat Tasmanian devil
facial tumor disease, which is desperately needed to halt the extinction of devils.

Other exotic animals from which iPSCs have been generated include the prairie
vole using PiggyBac delivery of mouse Oct4, Klf4, Sox2, c-Myc, Lin28 and Nanog[162].
The authors proposed that studying oxytocin and vasopressin effects on neurons
derived from these iPSCs might be of benefit in dissecting the functional roles and
effects (including on gene expression) of these factors in social animals.  Another
intriguing application would be bat iPSCs. Bats are considered long-lived animals in
relation to their body size and thus might hold some interesting answers on how to
extend  lifespan  in  other  species  including  humans.  Moreover,  bats  possess  an
immune system, which allows them to carry viruses in high titers without deleterious
effects.  Studying  specific  immune  cells  in  vitro  might  prove  a  possibility  with
successfully derived iPSCs. Bat iPSCs have been generated using the PiggyBac system
delivering  human  OCT4,  SOX2,  KLF4,  c-MYC,  NANOG,  LIN28,  NR5A2  and  bat
MIR302/367[163].

Additional exotic animals for which iPSCs have been generated include platypus[164]

and mink[165]  (Supplemental  material  8).  In contrast,  it  has proven challenging to
generate  iPSCs  from  more  common  but  non-mammals  model  species  such  as
drosophila and zebrafish. These attempts used mouse Oct4,  Sox2,  Klf4  and c-Myc
lentiviral delivery and resulted in only partially reprogrammed iPSCs[141].

CONCLUSION AND FUTURE DIRECTIONS
Taken together, the data reviewed here highlights some interesting and conflicting
aspects of iPSC research throughout the animal kingdom. Although there exist a
reasonable number of well-established animal iPSCs, the lack of description for some
species,  for  example  the  domestic  cat,  draws  attention  to  the  fact  that  a  global
mechanism of cellular reprogramming has certainly not yet been unraveled. The non-
standardized reports in most species hamper the comparison of some features, such
as reprogramming efficiency. This information was estimated in some of the studies
as the ratio between emerging colonies and seeded cells, and in others as the ratio
between Alkaline Phosphatase (AP)-positive colonies and seeded cells. In some cases,
reprogramming  efficiency  was  not  reported  at  all  or  was  even  reported  as
transduction efficiency through evaluation of fluorochrome-labeled reprogramming
vectors. Another important matter is the lack of proper and robust characterization of
some of the generated cell lines. Regarding in vitro characterization, perhaps the lack
of criteria, based on the fact that no ES-derived cell lines exist, makes it difficult to
define whether a given cell line is truly pluripotent or not.

Furthermore, residual expression of transgenes, even in high passage cells, is still
observed in most of the cell lines derived, a flawed hallmark of true reprogramming.
Alongside this, many of the animal iPSC lines established were not tested or even
failed to produce viable chimeras, the golden standard validation in vivo of these cells’
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ability to give rise to cells from all three germ layers. This introduces a veil of doubt
regarding the actual reprogramming state of those cells.

Regardless, even if the generated cells lines are incompletely reprogrammed, there
is no doubt that the production of iPSCs is a major breakthrough, especially for those
“non-permissive” species. However, more comprehensive studies are still very much
required to elucidate pluripotency acquisition mechanisms for each of them, once it is
already known that they differ from human and mouse. Perhaps a deep dive into
genomics or proteomics can enlighten us regarding the roles of specific pathways
involved in  those  reprogramming processes  and bring us  closer  to  the  practical
application of iPSCs in such fields as stem cell research, regenerative medicine and
reproduction.
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Abstract
Located near the oropharynx, the tonsils are the primary mucosal immune organ.
Tonsil tissue is a promising alternative source for the high-yield isolation of adult
stem cells, and recent studies have reported the identification and isolation of
tonsil-derived stem cells (T-SCs) from waste surgical tissue following
tonsillectomies in relatively young donors (i.e., under 10 years old). As such, T-
SCs offer several advantages, including superior proliferation and a shorter
doubling time compared to bone marrow-derived mesenchymal stem cells
(MSCs). T-SCs also exhibit multi-lineage differentiation, including mesodermal,
endodermal (e.g., hepatocytes and parathyroid-like cells), and even ectodermal
cells (e.g., Schwann cells). To this end, numbers of researchers have evaluated the
practical use of T-SCs as an alternative source of autologous or allogenic MSCs. In
this review, we summarize the details of T-SC isolation and identification and
provide an overview of their application in cell therapy and regenerative
medicine.

Key words: Stem cell; Tonsil-derived stem cell; Differentiation; Endoderm; Mesoderm;
Ectoderm; Cell therapy
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Core tip: The use of adult stem cells is often limited by the lack of differentiation among
stem cells isolated from certain germ layers. However, tonsil-derived stem cells (T-SCs)
were able to differentiate into various tissue types from the three germ layers, which is
the most advantageous feature of this new stem cell source. T-SCs can also be used as
native cells in the treatment of various immune-related diseases. As a result, it can be
concluded that T-SCs have great potential for clinical applications in cell therapy and
regenerative medicine.
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INTRODUCTION
Recent achievements in the identification, isolation, in vitro culture, and differenti-
ation of various adult stem cells are indicative of the unprecedented potential of these
cells in treating various degenerative diseases[1]. Mesenchymal stem cells (MSCs) in
particular, have been used clinically for more than 10 years. From animal studies to
clinical trials, MSCs have demonstrated great promise in treating numerous diseases,
particularly tissue injury and immune disorders[2]. To obtain the large volumes of cells
required for testing and treatment, various tissue sources have been investigated for
the isolation of MSCs, including bone marrow, adipose tissue, umbilical cord blood,
amniotic fluid, the placenta, dental pulp, and urine[3]. However, the isolation yields of
MSCs from different tissue sources vary greatly, and the differentiation potential,
yield, and maximal lifespan of isolated MSCs decrease significantly with donor age.
Therefore, it is important to locate new adult stem cell sources to overcome these
limitations.

The  human  tonsils  are  located  near  the  oropharynx  (palatine  tonsils)  and
nasopharynx (adenoid), which are part of the respiratory and digestive system. Tonsil
tissue is one of the primary sensitization systems for the generation of B cells, and
tonsil tissue is easily obtained from tonsillectomies, a minimally invasive surgery
conducted most often on patients aged between 5 and 19. Tonsil-derived stem cells (T-
SCs) were first introduced by Janjanin et al[4]. Due to the younger donors, the isolation
yields of T-SCs are much higher than those from other tissue types. Therefore, T-SCs
have received much attention as alternative allogeneic or autologous cell sources for
clinical  use.  In  this  review,  we  highlight  recent  research  on  the  isolation  and
development  of  T-SCs,  which  provides  strong  evidence  of  their  superior
characteristics. In addition to their high proliferation and expansion capacity, T-SCs
can undergo differentiation  into  cells  from all  three  germ layers  (i.e.,  ectoderm,
mesoderm, and endoderm).  This  unique differentiation potential  is  described in
detail. Finally, we provide an in-depth discussion of the use of T-SCs in cell therapy
and regenerative medicine.

ISOLATING AND IDENTIFYING TONSIL-DERIVED MSCS
Isolating T-SCs consists of two major steps: Enzymatic disaggregation and density
gradient centrifugation[5]. Briefly, small pieces of tonsillar tissues were exposed to
enzymes, including collagenase type I and DNase for 30 min at 37 °C under stirring.
This solution was then filtered through a wire mesh and 70-µm cell strainer to collect
single-cell suspensions. The mononuclear cell (MNC) fraction was obtained using
Ficoll-Paque (GE Healthcare,  Little  Chalfont,  United Kingdom) density gradient
centrifugation. The MNCs were plated at the density of 108 cells in a T-150 culture
flask  with  Dulbecco’s  modified  Eagle’s  medium-high  glucose  (DMEM-HG;
Invitrogen)  supplemented with fetal  bovine serum and antibiotics.  The primary
culture (passage 0; P0) was cultivated until the adherent cells reached confluence and
were passaged by trypsinization (Trypsin, Life Technologies GmbH, Vienna, Austria).
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Immunophenotype  characterization,  which  is  based  on  the  expression  of  cell
surface markers, is the most common method for distinguishing different cell clusters.
To  date,  extensive  research  has  identified  various  cell  surface  markers  that
characterize the MSCs derived from different sources. In order to identify T-SCs as a
cellular source for new adult MSCs, T-SC surface makers were investigated[5,6]. As
with other MSCs, T-SCs expressed the standard positive markers for MSCs, CD73,
CD90,  CD105,  CD29,  CD44,  CD166,  CD58,  and  CD49e.  Most  of  these  markers
represent cellular adhesion molecules which possibly render MSCs to act on other cell
types  via  direct  interaction.  On  the  other  hand,  T-SCs  were  negative  for  the
hematopoietic markers CD14, CD34, CD45, and CD133, the endothelial marker CD31,
and co-stimulatory proteins such as the antigens CD40, CD80, and CD86. In addition,
class II MHC antigens are entirely absent on T-SCs[5,6]. Because tonsil tissue is part of
the mucosal immune system and contains large numbers of follicular dendritic cells
(FDCs), additional research has been carried out to verify the lack of FDC markers
CD11b, CD21, CD23, CD35, and CD54 in T-SCs[5,7] to confirm no-contamination with
FDC. FDCs are known to originate from tonsillar stromata and proliferate on and
adhere to plastic in vitro. Therefore, the lack of these markers is an important indicator
that can be used to distinguish T-SCs from FDCs.

MAJOR ADVANTAGES OF T-SCS OVER BONE MARROW-
DERIVED STEM CELLS
Although  MSCs  can  be  isolated  from  various  tissue  types,  they  were  initially
harvested from bone marrow (BM), which requires a highly invasive procedure[4].
Here, we highlight the significant benefits of using T-SCs in terms of isolation and
clinical use compared with BM-MSCs.

Isolating BM-MSCs has several limitations, including donor morbidity, and they
are  challenging  to  harvest,  thus  requiring  a  high  degree  of  skill.  Bone  marrow
extraction takes approximately two hours under general anesthesia and requires the
hospitalization and recovery of the donor. Therefore, it is always difficult to find a
sufficient number of donors. In contrast, T-SCs are easily obtained from discarded
tissue; more than 530000 tonsillectomies are performed annually in children younger
than 15 years in the United States[8], meaning that tonsils are one of the most abundant
tissue sources for stem cell isolation.

The age of the donor affects the isolation yield of MSCs, with the number of MSCs
harvested from bone marrow decreasing with donor age. For example, infants have
one colony forming units-fibroblast (CFU-f) per 10000 cells in bone marrow, but this
falls to 1 per 400000 in donors in their 50 s[9]. In contrast, approximately 8-10 × 108

MSCs are isolated from one-third of one tonsil (2 cm x 1.5 cm x 1.5 cm) from donors
under 10 years old[5].

When compared with BM-MSCs, T-SCs offer superior stem cell properties, such as
high self-renewal and proliferation. For example, T-SCs show a doubling time of 37.1
± 3.4 h for an initial  population,  compared to 58.2 ± 2.3 h for BM-MSCs[4].  Other
research has also confirmed the more rapid proliferation of T-SCs compared with
MSCs derived from adipose tissue[10].

The proliferation of BM-MSCs gradually decreases with passage number, whereas
T-SCs retain their physiological properties for much longer. In general, most cells
become more prominent, longer, less defined, and less proliferative during long-term
in  vitro  culture  as  they  experience  senescence.  T-SCs  also  exhibit  the  signs  of
senescence from passage 7, but the cells proliferate up to passage 15 with no change in
the MSC markers.  Tonsil  tissue contains  as  many B cells  and T cells  as  immune
organs, and these cells affect the immune modulation of stem cells. Pro-inflammatory
cytokines may also affect the positive differentiation and proliferation of T-SCs[4,11,12],
and this has been supported by research on tissue obtained from tonsillectomies in
response to chronic bacterial infections and chronic tonsillitis[13-15].

Bone marrow and adipose tissue originate from the mesoderm layer, whereas tonsil
tissue has two origins: The epithelial cells derive from the second pharyngeal pouch
in the endoderm layer, and lymphoid tissue comes from the mesoderm layer, which
invades during fetal development. Research has confirmed that T-SCs can be easily
differentiated into endodermal, ectodermal, and mesodermal cells (Figure 1).

THERAPEUTIC POTENTIAL OF T-SCS BASED ON THEIR
DIFFERENTIATION PROPERTIES
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Figure 1

Figure 1  Possible reason enables diversity in tonsil-derived stem cells differentiation; constitutive features
of tonsil. Zygote has most powerful differentiation potential (totipotent). It was able to differentiate to all human
anatomies and to become human body. Embryonic stem cells (ESCs) are derived from the inner cell mass of the
early embryo. ESCs also has great developmental potential and was able to differentiate to all cell lineages of an
organism except for extraembryonic tissues (pluripotent). It is well known that ectodermal or endodermal
differentiation is often difficult to achieve with mesenchymal stem cells isolated from bone marrow and adipose tissue
(multipotent). Tonsil tissues consist of two different origin tissues; epithelial cells from endoderm origin and lymphoid
tissues from mesoderm origin.

Cell  therapy and tissue engineering have been investigated to regenerate lost  or
malfunctioning organs. These approaches utilize biomaterial scaffolds and MSCs to
facilitate initial cell adhesion and retention while promoting cell growth for tissue
regeneration[16,17].  In particular, the differentiation properties of MSCs are of great
importance for tissue regeneration. It is generally known that isolated MSCs are often
limited to  germ-layer  specific  differentiation.  As  mentioned earlier,  T-SCs  offer
multipotent differentiation potential that can be applied in regenerating various tissue
types without concern for their germ layer origin.

ECTODERMAL DIFFERENTIATION OF T-SCS
Ectodermal differentiation is often difficult to achieve with MSCs isolated from bone
marrow and adipose  tissue.  However,  under  the  right  conditions,  T-SCs can be
differentiated into non-mesenchymal lineages, including ectodermal differentiation
into neurons, astrocytes, and Schwann-like cells to support nerve regeneration.

Neuronal differentiation of T-SCs
The neuronal differentiation of T-SCs was investigated in a three dimensional (3D)
hybrid scaffold system by Patel et al[18]. This scaffold was fabricated by increasing the
temperature of an aqueous solution of poly (ethylene glycol)-poly(L-alanine) to 37 °C,
thus instigating the heat-induced sol-to-gel transition, in which T-SCs and growth
factor-releasing microspheres were suspended. The gel exhibited a modulus of 800 Pa
at  37  °C,  similarly  to  that  of  brain  tissue,  and  was  robust  enough  to  hold  the
microspheres and cells within the 3D cell  culture.  Neuronal growth factors were
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Figure 2

Figure 2  Differentiation potential of tonsil-derived stem cells. The multi-potency of the tonsil-derived stem cells (T-SCs) is confirmed in many studies. Under the
proper conditions and signals (box), T-SCs can be differentiated into non-mesenchymal lineage, such as ectodermal differentiation (neurons, and Schwann-like cells)
and endodermal cells (parathyroid like cells, islet cells and hepatocytes). T-MSCs: Tonsil- mesenchymal stem cells.

released over 12–18 d, and the encapsulated T-SCs gradually exhibited morphological
changes from spherical  to multipolar elongation.  Significantly higher expression
levels  of  neuronal  biomarkers  such as  nuclear  receptor-related protein,  neuron-
specific  enolase,  microtubule-associated  protein-2,  neurofilament-M,  and  glial
fibrillary acidic protein were observed at both the mRNA and protein level in the
hybrid system. This study clearly demonstrates the advantages of 3D hybrid scaffolds
and highlights the importance of the sustained release of growth factors from hybrid
systems to support the neuronal differentiation of T-SCs.

Schwann cell differentiation of T-SCs
Schwann cells are the glial cells of peripheral nerves that wrap around the axons to
form  myelin  in  the  peripheral  nervous  system.  Schwann  cells  promote  nerve
regeneration by secreting trophic support molecules and establishing a supportive
growth matrix[19]. Jung et al[20] demonstrated that T-SCs could be differentiated into
Schwann-like  cells  over  several  steps.  Briefly,  T-SCs  were  induced  to  form
neurospheres under stimulation with EGF, bFGF, and B27 for 7 d. These neurospheres
were then triturated and re-plated onto laminin-coated dishes with Schwann cell
differentiation medium. After 10 d of culturing, the cells exhibited morphological
changes, including the formation of elongated bipolar and tripolar spindle shapes.
Schwann-like cells differentiated from T-SCs highly express the Schwann cell markers
GFAP, NGFR, S100B, KROX20, and KROX24. Notably, Schwann cells differentiated
from T-SCs were able to produce myelinate axons in vitro  when co-cultured with
mouse dorsal root ganglion neurons. In a mouse model with a sciatic nerve injury, a
marked improvement in gait and increased nerve regeneration were observed with
Schwann-cell treatment. Therefore, T-SCs can be a useful source for Schwann cell-
based cell therapy to treat neuropathic diseases.

MESODERMAL DIFFERENTIATION OF T-SCS
Mesodermal differentiation is mainly achieved with adult MSCs from the mesodermal
germ layer. Previously, a variety of cell sources from bone marrow and adipose tissue
was utilized for mesodermal differentiation to treat bone, cartilage, and fat disorders.
In this section, we highlight the potential use of T-SCs as an alternative cell source for
mesodermal differentiation (Figure 2),  and we provide a comparative study that
illustrates the advantages of T-SCs.
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Osteogenic differentiation of T-SCs
For osteogenic differentiation, Choi et al[21] cultured T-SCs in commercially available
osteogenic media (α MEM supplemented with 10% FBS, 0.1 mmol/L dexamethasone,
10 μmol/L β glycerophosphate, and 50 μg/mL ascorbic acid) for three weeks. Alizarin
Red S staining confirmed the successful deposition of extracellular calcium in culture.
During osteogenic differentiation, mRNA expression of osteocalcin decreased 0.28-
fold after cryopreservation,  whereas ALP expression showed no difference.  This
profile remained stable even after passage 15 (P15).  Interestingly,  the osteogenic
differentiation  of  T-SCs  increased  with  the  number  of  passages,  with  the  peak
osteogenic potential observed for passage 10 (P10), which exhibited a 1.4-fold increase
over P3[6]. The expression of CCN1, a gene that is closely related to the osteogenic
differentiation of MSCs, increased at P10. This finding is consistent with previous
studies that have reported that CCN1 expression modulates the osteogenic potential
of MSCs by regulating the Wnt3A pathway[6,22].

Various scaffolds have been employed to enhance skeletal regeneration to replace
damaged bone. Because bone tissue is highly vascularized, integration with the host
tissue followed by subsequent angiogenesis is critical for successful treatment. As an
example,  Park et  al[23]  encapsulated T-SCs within highly water-swollen hydrogel
through the sol-gel transition of the thermoresponsive polymer poly(ethylene glycol)-
poly(L-alanine-co-L-phenyl  alanine)  (PEG-PAF).  The  encapsulated  T-SCs  were
cultured in vitro in the presence of an osteogenic-induction medium. The osteogenic
differentiation of T-SCs was investigated by evaluating the expression of osteogenic
genes, including Runx 2, ALP, and OCN. With support from the hydrogel, osteogenic
gene  expression was  two times  higher  than that  of  conventional  tissue  cultures
without soluble factor supplements.

Incorporating specific functional groups into scaffold substrates is also known to
affect the osteogenic differentiation of MSCs[24,25]. T-SCs were encapsulated in poly
(ethylene glycol)-poly(L-alanine) diblock copolymer (PEG-L-PA) thermogel that was
modified  with  the  phosphate  functional  groups  of  polystyrene  microspheres  to
facilitate  the  osteogenic  differentiation  of  encapsulated  MSCs.  The  osteogenic
differentiation of tonsil-MSCs (T-MSCs) was analyzed, and all osteogenic biomarker
expressions were significantly higher for the modified thermogel than for the native
thermogel. Immunofluorescence staining also confirmed high OCN expression, and
Kye et al[24]  also found that,  compared with thermogel modified with carboxylate
group microspheres, the phosphate functional group (-PO43-) more readily induced
the osteogenic differentiation of T-SCs.

The osteogenic  differentiation of  T-SCs can be  further  improved by the  over-
expression  of  BMP-2  through genetic  material  transfer.  In  Jeong  et  al[26],  BMP-2
minicircle DNA vectors were employed to form nano-sized polyplexes with the CBA-
106 polymer. CBA-106 is a bioreducible cationic poly (amido amine) that facilitates the
intracellular delivery of genetic material. The osteogenic differentiation of T-SCs was
investigated  by  evaluating  the  gene  expression  of  osteogenic  markers  such  as
osteocalcin, Runx2, and Col 1. In vitro calcium deposition was also confirmed using
Alizarin Red S staining on day 7 and day 14 of the cell culture. In addition, in vivo
bone regeneration was attempted using T-SCs transfected with the BMP-2 gene. The
T-SCs  were  3D  cultured  using  PLLA/PLGA  scaffolds  for  one  week  and  then
transplanted  into  the  skulls  of  immunodeficient  mice.  It  was  shown  that  bone
regeneration increased 1.96-fold compared to the control  group five weeks after
treatment.

Chondrogenic differentiation of T-SCs
To mimic a cartilage-like microenvironment, T-SCs were encapsulated in thermogel
consisting of the PEG-PAF block copolymer by Park et al[23]. Under specific medium
conditions (25 μL chondrogenic supplement/2.5 mL basal medium), the much higher
expression of Col II and sulfated glycosaminoglycan in T-SCs was achieved using the
thermogel than using a monolayer culture. Moreover, unique branching was observed
among  the  encapsulated  cells  within  the  hydrogel.  These  changes  in  cellular
morphology may influence the chondrogenic differentiation of  T-SCs during 3D
culturing.  In  vivo  studies  also  confirmed  that  T-SCs  successfully  undergo
chondrogenic differentiation with high expression levels of biomarkers such as Col II,
AGG, and Col X.

Kye et al[24] also investigated the chondrogenic differentiation of T-SCs within PEG-
L-PA thermogel.  To  enhance  the  cellular  attachment  in  the  3D hydrogel  micro-
environment, various polystyrene microspheres with thiol (-SH), phosphate (-PO3¬),
carboxylate (-COO) and amino (-NH2) functional groups were incorporated into the
thermogel. Of the incorporated microparticles, the PS-S, PS-P, and PS-C microspheres
exhibited significantly higher COL II expression. COL II mRNA expression was much
higher in the PS-S thermogel than in the PS-N thermogel even though the PS-S and
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the PS-N microspheres had similar sizes, clearly indicating that surface functional
groups play an important role in stem cell differentiation.

Similarly,  graphene  oxide  (GO)  and  reduced  graphene  oxide  (rGO)  were
incorporated  into  PEG-L-PA  thermogel  by  Park  et  al [27]  to  enhance  surface
functionality and thus provide good cellular adhesion.  GO, or rGO (1 wt%) was
suspended in a PEG- L-PA solution. T-SCs in GO/PEG-L-PA or rGO/PEG-L-PA were
cultured in DMEM, and the spherical cellular morphology of the T-SCs was observed.
When chondrogenic  culture media enriched with TGF-β3 was utilized,  T-SCs in
hybrid systems aggregated extensively, and the expression levels of chondrogenic
biomarkers such as SOX 9, COL II A1, COL II, and COL X increased. In particularly,
COL II mRNA expression was 13 times higher in the GO/PEG-L-PA hybrid system
than in  the  PEG-L-PA 3D system.  Immunofluorescence  analysis  also  revealed a
significant increase in COL II expression and cell aggregation in the GO/PEG-L-PA
hybrid system. In particular, the GO/PEG-L-PA 2D/3D hybrid system demonstrated
the most significant increase in chondrogenic biomarker expression. These results
indicate that the cooperative interaction among TGF-β3, COL II,  and GO may be
closely related to signaling cascades for chondrogenic differentiation.

Adipogenic differentiation of T-SCs
Ryu et al[5] investigated T-SCs as a source for adipogenic differentiation due to their
multi-lineage differentiation potential and self-renewal capacity by culturing them
using commercially available adipogenic media (Gibco StemPro™ Adipogenesis
Differentiation Kit, Thermo Fisher Scientific, Waltham, MA, USA) for three weeks.
The  adipogenic  potential  of  the  T-SCs  was  evaluated  for  P3,  P7,  P10,  and  P15.
Interestingly, unlike other types of T-SC differentiation, the adipogenesis of T-SCs
decreased continuously with passage number, with P10 approximately two-thirds
that of P3.

Adipogenic differentiation of T-SCs in thermogel was also investigated using PEG-
L-PA  (molecular  weight  of  each  block:  1000−1080  Da)  by  Kye  et  al [24].  The
differentiation potential  of  T-SCs was investigated by incorporating polystyrene
microspheres with different functional groups into the hydrogel. mRNA expression
and immune histochemical assays indicated that T-SCs preferentially underwent
adipogenesis  in  ammonium (−NH3+)-  or  thiol  (−SH)-functionalized thermogels,
whereas  chondrogenesis  occurred  predominantly  in  phosphate  (PO32−)-  or
carboxylate (−COO−)-functionalized thermogels. This study thus suggests that the
surface functional groups of microspheres can control the preferential differentiation
of stem cells into specific cell types in 3D cultures.

In addition to functionalized hydrogels, Patel et al[28]  reported that a composite
system of GO and polypeptide thermogel (GO/P), prepared using the temperature-
sensitive sol-to-gel transition of GO-suspended poly(ethylene glycol)-poly(L-alanine)
(PEG-PA), significantly enhanced the expression of adipogenic biomarkers, including
PPAR-γ,  CEBP-α,  LPL,  AP2,  ELOVL3,  and  HSL  when  compared  with  a  native
hydrogel system. It appears that insulin, an adipogenic differentiation factor, can
preferentially adhere to the surface of the GO incorporated into thermogels; insulin is
then slowly released into the environment in a sustained manner during the cell
culturing period. In contrast, more hydrophobic graphene may interfere with insulin,
causing partial denaturation, reducing the adipogenic differentiation of T-SCs.

Myogenic differentiation of T-SCs
Various MSCs and progenitor cells have been evaluated their differentiation capacity
into the myogenic cells for skeletal muscle regeneration. MSCs derived from BM,
adipose,  and umbilical  cord tissue,  and their  use in cell  therapy to augment the
skeletal muscle injury response, have also been reported[29-31]. An alternative cellular
source for MSCs, T-SCs have been shown to differentiate into myogenic cells in vitro,
and transplanting the myoblasts and myocytes generated from T-SCs mediates the
recovery of muscle function following injury in vivo[32]. For myogenic differentiation,
T-SCs are treated in three sequential steps: Sphere formation on a petri dish in low-
glucose DMEM, rosette-like spread formation on a collagen-coated dish, and two
weeks of myogenic induction. In this final step, the cells express myogenic markers,
including  desmin,  dystrophin,  MHC,  skeletal  markers,  α-Actinin,  TNNI1,  and
myogenin. Furthermore, the intramuscular injection of T-MSC-derived myogenic cells
into myectomized C57BL/6 mice enhances muscle function as demonstrated by gait
assessment and the restoration of the skeletal muscle structure.

ENDODERMAL DIFFERENTIATION OF T-SCS
The endodermal differentiation of MSCs is important because many degenerative
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diseases are related to organs that originate from the endoderm, including the liver,
pancreas, and parathyroid. In this section, we highlight recent research that employs
T-SCs to produce functional hepatocytes, pancreatic beta cells, and parathyroid cells
(Figure 2).

Hepatocyte differentiation of T-SCs
Many clinical  studies have indicated that BM-MSCs are safe and effective in the
treatment of liver disease[33]. They can alleviate end-stage liver disease and improve
symptoms and liver function[34,35]. However, some studies have indicated that BM-
MSCs have the potential to aggravate fibrosis[36-38]. Thus, employing BM-MSCs as a
therapy for liver fibrosis remains controversial.

As a novel cell source for treating liver disease, Park et al[39] demonstrated that T-
SCs  differentiate  into  hepatocyte-like  cells  and  ameliorate  live  fibrosis  via  the
activation of autophagy and the downregulation of TGF-β. A three-week culture in a
differentiation medium containing IGF, HGF, dexamethasone, and oncostatin M led
to the development of hepatocyte-like cells from T-SCs, as revealed by the expression
of albumin and HNF-4α. In addition, transplanting T-SCs into a carbon tetrachloride
(CCl4)-induced liver injury mouse model confirmed that T-SCs have a regenerative
effect by migrating to the site of the liver injury and differentiating into hepatocyte-
like cells. These results prove that T-SCs was able to differentiate into hepatocyte-like
cells both in vitro and in vivo.

In addition to the direct differentiation of T-SCs into liver hepatocytes, T-SCs have
also  been  investigated  in  terms  of  hepatogenic  differentiation  using  PEG-L-PA
thermogel[40,41].  The thermogel exhibited a physical modulus of 1000 Pa, which is
similar to that of decellularized liver tissue. Three different 3D culture systems were
compared in relation to the use of soluble factors such as hepatogenic growth factors.
The spherical morphology and size of the encapsulated cells were maintained in the
native 3D culture system during a culture period of 28 d, whereas the cells changed
their morphology and aggregated significantly in 3D systems with growth factors.
Hepatocyte-specific biomarker expression and metabolic functions were negligible in
the native culture system. However, the expression levels of the hepatogenic genes of
albumin and cytokeratin 18 and hepatocyte nuclear factor 4α were high in the two
systems supplemented with growth factors. In addition, albumin and α-fetoprotein
production  were  also  significant [40].  PEG-L-PA  thermogel  thus  provides  a
biocompatible microenvironment for the hepatogenic differentiation of T-SCs. In
particular, the successful results of the growth factor encapsulated hydrogel system
suggest that PEG-L-PA thermogel is a promising injectable tissue engineering system
for liver tissue regeneration[41].

Pancreatic differentiation of T-SCs
Metabolic disturbances associated with diabetes lead to a number of complications
ranging from cardiovascular and cerebrovascular disease to neuropathy, retinopathy,
nephropathy, and the poor healing of wounds[42]. The only curative therapy available
is pancreatic islet cell  replacement, for which suitable donors are rare and which
requires immunosuppressant therapy to reduce rejection. Recently, stem cell therapy
has been proposed for the treatment of diabetes. Transplanting insulin-secreting cells
produced from various stem cells, including embryonic and induced pluripotent stem
cells  and MSCs has shown therapeutic  effects  in diabetic  animals[43].  In addition,
differentiating various MSCs, including BM-MSCs and adipose MSCs, into insulin-
producing cells  has  been suggested[44].  Kim et  al[10]  investigated the  efficiency of
differentiating  T-SCs  into  insulin-producing  cells  by  comparing  two  different
methods and found that T-SCs differentiated more efficiently with insulin-transferrin-
selenium (ITS) than with β-mercaptoethanol. The ITS method is composed of three
steps: Two days of culturing in high-glucose α-MEM with 1% fatty acid-free bovine
serum albumin (BSA) and 1 × ITS on a nonadherent dish; four days of culturing in
high glucose α-MEM with 1% fatty acid-free BSA, ITS, 3 mM taurine, and 10 mM
nicotinamide; and four days of culturing in high-glucose α-MEM with 1% fatty acid-
free BSA, ITS, 3 mmol/L taurine, 10 mmol/L nicotinamide, 100 nmol/L glucagon-like
peptide, and 10 Nm exendin-4. Notably, T-SCs exhibited a differentiation capability
that was superior to that of adipose cell-derived MSCs. Further, implanting T-MSC-
derived  insulin-producing  cells  significantly  alleviated  streptozotocin-induced
glucose intolerance in mice. These results suggest that T-SCs have the potential to be
reprogrammed into pancreatic β-cells and applied to the clinical treatment of diabetes
in the future.

Parathyroid differentiation of T-SCs
Hypoparathyroidism is a rare endocrine disorder, resulting in low serum calcium and
increased  serum  phosphorus [45].  Hypoparathyroidism  is  the  only  hormonal
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insufficiency state that does not have a hormone-replacement-therapy approved.
Current managements include supplementation with oral calcium and active vitamin
D, which cause various life-long adverse effects[45].

Stem cells have shown some promise in treating hypoparathyroidism in clinical
applications.  It  has been reported that human embryonic stem cells  (hESCs) and
differentiated  thymic  stromal  cells  can  be  used  in  the  in  vitro  regeneration  of
parathyroid-like cells[46-48]. However, the use of hESCs have critical ethical limitations,
and it takes over 10 weeks for thymic stromal cells to differentiate and secrete PTH.
Because of this,  T-SCs have been considered as an alternative cell  source for cell
therapy. Park et al[49] demonstrated that T-SCs differentiate into parathyroid-like cells
that release intact PTH using the modified Bingham protocol. Briefly, T-SCs at 90%
confluence  were  cultured in  a  differentiation  medium containing activin  A and
soluble sonic hedgehog for 7-21 d. Surprisingly, the T-SC-derived parathyroid-like
cells differentially secreted PTH in response to extracellular calcium levels. Further,
the therapeutic effects of T-SC-derived parathyroid-like cells embedded in Matrigel in
rats that have undergone a parathyroidectomy suggest that embedding differentiated
T-SCs in hydrogel scaffolds is a promising strategy for restoring parathyroid function.

ROLE OF T-SCS AS A NATIVE CELL THERAPY SOURCE
In addition to their multipotent differentiation potential, stem cells hold great promise
for the treatment of numbers of diseases, especially those related to tissue damage
involving immune reactions. The therapeutic effects of MSCs depend largely on their
capacity  to  regulate  inflammation  and  tissue  homeostasis  via  an  array  of
immunosuppressive factors, cytokines, growth factors, and differentiation factors[50].
Interestingly, depending on their type and intensity, inflammatory stimuli can lead
MSCs to suppress the immune response in some cases or to enhance it in others. This
plasticity  of  MSCs  in  immunomodulation  leads  them  to  act  as  suppressors  or
enhancers in response to the microenvironment[51]. In particular, the palatine tonsil is
secondary lymphoid tissue that continuously encounters antigens and subsequently
drives  efficient  immune response[52].  This  tissue  specificity  may account  for  the
intrinsic property of T-SCs in terms of immune regulatory plasticity.

IMMUNE MODULATION BY T-SCS
Previously, T-SCs have shown excellent immunomodulatory properties in targeting
muscular fibrosis[53], skin inflammation[54], B-cell-mediated immune response[55], and
autoimmune-mediated colitis[56]. In addition, T-SCs have been shown to improve the
immune system by facilitating myelopoiesis in an allogeneic BMT mouse model[57].
These  studies  report  that  non-differentiated,  non-stimulated  native  T-SCs
constitutively secrete anti-inflammatory cytokines such as IL-1Ra, PD-L1, and EBI3
protein. Conditioned media from T-SCs that contain high levels of IL-1Ra efficiently
regulate the mediation of the pro-fibrogenic process of myotubes by altering their IL-
1β activity. Similarly, PD-L1 is a well-known immune-suppressive protein that targets
numbers of immune and nonimmune cells. Notably, T-SCs express both soluble and
membrane-bound forms of PD-L1 at higher levels compared with BM-MSCs and AT-
MSCs. Indeed, T-MSC-derived PD-L1 has been demonstrated to attenuate Th17cell-
mediated skin inflammation in psoriatic skin dermatitis in mice.

Recent studies have reported that IL-35 is a regulatory protein that acts on B cells[58]

and that T-SCs constitutively produce EBI3, which is a critical component of IL-35[55].
Of note, T-SCs significantly ameliorate the estrogen-induced B-cell response both in
vitro and in vivo in an IL-35-dependent manner.

Allogeneic  hematopoietic  stem cell  transplantation  is  a  routine  treatment  for
intractable hematologic malignancies. The co-transplantation of BM-derived MSCs
and donor HSCs promotes hematopoietic cell engraftment and prevents graft-versus-
host disease with accelerated marrow stromal regeneration[59,60]. Research has also
found enhanced myelocytic or megakaryocytic engraftment in the co-transplantation
of  MSCs  and  HSCs.  Ryu  et  al[57]  reported  the  supporting  role  of  T-SCs  in  BM
reconstitution  and  in  supplementing  hematopoiesis  in  a  BMT  mouse  model.
Considering that hematopoietic cells give rise to all of the mature blood cell types,
including immune cells, normalizing hematopoiesis may eventually reverse immune
deficiency induced by Bu/Cy preconditioning. Park et al[39] reported another study
that demonstrated immune activation by T-SCs. In CCl4-induced liver fibrosis in
mice,  T-SCs  migrated  directly  to  injured  tissue  in  the  liver  and  promoted  the
restoration of liver function. Furthermore, T-SCs have been shown to promote the
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activation of autophagy, which ultimately resolved fibrotic processes[39]. These results
indicate that T-SCs can have a dual function on immunity by either activating or
inhibiting the immune system.

FUTURE PERSPECTIVES OF T-SCS IN REGENERATIVE
MEDICINE
The mass production of stem cells is vital for their widespread use, but, unfortunately,
this process is expensive and time-consuming. Therefore, the regular use of stem cells
as  therapeutic  agents  lies  in  the  distant  future.  However,  T-SCs  present  new
possibilities for the clinical application of stem cells. Obtaining T-SCs is more cost-
effective than obtaining other types of stem cell; for example, tonsil tissue is readily
obtained from tonsillectomies without the need for additional procedures. The yields
and doubling times of T-SCs are also better than those for other stem cell types, and T-
SCs from multiple donors can be used together[5]. The differential potential of T-SCs is
also very cost-effective for clinical applications. For example, it takes only 14 d for
tonsil tissue to differentiate and secrete PTH, whereas it takes over 10 weeks when
thymic cells are employed[32]. T-SCs can also differentiate into various tissue types
from all three germ layers. These features suggest that T-SCs can be a new cell source
for regenerative medicine.

SHORTCOMINGS TO OVERCOME FOR CLINICAL USE
T-SCs have yet to be fully characterized. Tonsils are composed of various tissue types
and cells (e.g., connective tissue, endothelium, epithelium, and lymphocytes), which
presents both advantages and disadvantages. As summarized above, T-SCs show
promise for differentiation, and this is thought to be due to the various components of
T-SCs and to the generally younger age of the donors.  However, the histological
diversity of T-SCs can be an obstacle to clinical applications because of the risk of
tumorigenesis.  Further,  it  possibly  made variations  of  the  T-SCs capacities,  e.g.,
differentiation  into  certain  cell  types.  Therefore,  the  thorough  characterization,
including molecular mechanisms that facilitating differentiation of T-SCs should
precede any clinical trials.

CONCLUSION
Tonsil tissue is a promising alternative source for the high-yield isolation of adult
stem cells. Although T-SCs exhibit a cellular morphology and surface markers that are
similar to those of bone marrow-derived MSCs, T-SCs possess superior stem cell
properties that are very useful for various applications in regenerative medicine.
Unlike other adult stem cell sources, T-SCs are typically isolated from young donors
under age of 10. This is particularly beneficial in that tonsillectomies provide not only
with a source of abundant tissue but also with good proliferation and differentiation
potential  of  isolated  T-SCs.  In  particular,  isolated  T-SCs  exhibit  multi-lineage
differentiation, which is not often observed in other sources. As a result, it is clearly
that T-SCs hold great promise for clinical applications in cell therapy and regenerative
medicine.
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Abstract
The discovery of cancer stem cells caused a paradigm shift in the concepts of
origin and development of colorectal cancer. Several unresolved questions
remain in this field though. Are colorectal cancer stem cells the cause or an effect
of the disease? How do cancer stem cells assist in colorectal tumor dissemination
to distant organs? What are the molecular or environmental factors affecting the
roles of these cells in colorectal cancer? Through this review, we investigate the
key findings until now and attempt to elucidate the origins, physical properties,
microenvironmental niches, as well as the molecular signaling network that
support the existence, self-renewal, plasticity, quiescence, and the overall
maintenance of cancer stem cells in colorectal cancer. Increasing data show that
the cancer stem cells play a crucial role not only in the establishment of the
primary colorectal tumor but also in the distant spread of the disease. Hence, we
will also look at the mechanisms adopted by cancer stem cells to influence the
development of metastasis and evade therapeutic targeting and its role in the
overall disease prognosis. Finally, we will illustrate the importance of
understanding the biology of these cells to develop improved clinical strategies to
tackle colorectal cancer.

Key words: Cancer stem cell; Colorectal cancer; Tumor microenvironment; Metastasis;
Extracellular matrix; Tumor heterogeneity; Resistance; Stemness; Quiescence;
Recurrence
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Core tip: With the advancement of technology, the importance of deciphering the roles of
stem cells in normal and malignant intestinal biology has grown tremendously. Aided by
several molecular and environmental factors, evidence suggests that colorectal cancer
stem cells exploit the intestinal cellular framework causing the development and spread
of the disease, simultaneously promoting a poor prognosis through drug resistance and
recurrence-based events. Only by a better understanding of the biology of these cells can
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there be an improvement in the strategies associated with clinical monitoring and
therapeutic targeting required for disease management.
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INTRODUCTION
Colorectal cancer (CRC) is a heterogeneous disease. Approximately three decades
ago, the genetic roadmap for the origin and development of CRC was identified[1].
Since then, massive technological progress has allowed the identification of numerous
genetic  and  epigenetic  components  of  the  disease,  further  improving  our
understanding of the heterogeneity associated with CRC. We now know that not only
does CRC exhibit a highly complex inter-tumor heterogeneity across multiple cases,
warranting the need for personalized medicine[2], but it also displays a component of
intra-tumor heterogeneity (morphological, genotypic, and phenotypic differences
within  the  same  tumor)[3].  The  overall  picture  was  further  complicated  by  the
discovery of cancer stem cells (CSCs) that led to an altered component of intra-tumor
heterogeneity (i.e. heterogeneity between clonal populations), owing to the highly
dynamic nature of CSCs. Major components affecting this behavior of CSCs include
tumor genetics, epigenetic signals, and most importantly, the surrounding tumor
microenvironment[4]. Notably, these factors have brought a landmark change in our
understanding of the landscape of CRC development and progression. Considering
these  developments,  here  we  review  the  current  understanding  as  well  as  the
evolving concepts of CSCs in the context of origin, development, and outcome of
CRC. At the outset, we wish to clarify that the understanding of several aspects of
CSCs, particularly within the field of CRC, is still at its infancy. Regardless, we aim to
provide critical shreds of evidence from clinically relevant discoveries that would
attempt to bridge, if not all, certain knowledge gaps existent within this field.

THE STEM CELL NICHE: PERSPECTIVES OF THE ADULT
INTESTINE
An insight  into  the  biology  of  intestinal  stem cells  (ISCs)  will  fuel  our  existing
knowledge of the regulatory mechanisms of development and function of colorectal
CSCs, owing to the similarities in several signaling pathways within normal and
cancerous stem cells[5,6]. Structurally, the intestinal epithelium is organized into several
finger-like villi protrusions extending into the gut lumen that is surrounded at the
base by multiple glandular invaginations, the crypts of Lieberkühn, that extend into
the  extracellular  matrix.  The  villus  architecture  comprises  of  non-dividing
differentiated  polyclonal  cells  with  divergent  functions  of  nutrient  absorption-
enterocytes, protective mucus barrier secretion - goblet cells, and gastrointestinal
hormone secretion-enteroendocrine cells;  all  of which, including the post-mitotic
Paneth  cells  that  reside  at  the  bottom  of  the  crypt,  are  generated  from  the
undifferentiated, rapidly proliferating multipotent stem cells residing as monoclonal
compartments within the crypts. Unequivocally, the exorbitant rate of proliferation
exhibited by the ISCs within the crypts is responsible for providing a high rate of self-
renewal to the intestinal epithelium; essential to protect it by the persistent fusillade
from physical, chemical, and/or biological insult[7].

Two functionally unique ISC populations are characterized within human and mice
small intestine, the quiescent DNA label-retaining ISC (LRCs) identified at the +4
crypt position (characterized by the high expression of the polycomb complex protein
Bmi1[8], homeodomain-containing protein Hopx[9], Tert[10], and Lrig1[11,12] markers), and
the leucine-rich repeat–containing G protein-coupled receptor 5 (Lgr5+) expressing
crypt base columnar cells (CBCs)[13]; both of which exhibit a self-renewal ability (self-
renewal) as well as the potency to differentiate into cells of the intestinal epithelium
(multi-potency), certifying them as true stem cells[7,14]. The identification of these ISC
markers has been hugely possible through lineage tracing studies employing mouse
models. Evidence from clonal analysis and knock-in experiments suggests that the
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Lgr5+  CBC cells  represent  the  actively  cycling  stem cell  niche  that  gives  rise  to
daughter  cells  that  are  transferred  into  a  transit  amplifying  (TA)  compartment;
subsequently dividing and moving towards the crypt-villus axis as differentiated
cells, promoting intestinal homeostasis[13]. Contrastingly, the Lgr5- ISCs located on the
+4 position of crypts are under 2% proliferative, and consequently serve as a reserve
ISC  pool  that  can  assist  the  LRCs,  directly  or  by  regenerating  the  Lgr5+  cell
population, in case of injury from chemotherapy or radiation to the functional stem
cell population[8,15].  Indeed, through carefully derived genetic models, it has been
shown that selective killing of Lgr5 cells can be restored by Lgr5–/Bmi1+ cells located
anywhere in the crypt[16].

Muñoz et  al[17]  identified,  however,  that the Lgr5+  cells  can also express the +4
markers; suggesting a high degree of plasticity between the two ISC populations.
Furthermore, secretory precursors [including the Paneth cells, enteroendocrine cells,
goblet  cells,  and  Tuft  cells  (IL-25  secreting  chemosensory  cells  that  increase  in
numbers as a type-2 immune response)]  derived from Lgr5+  cells  expressing the
Notch ligand DLL1, have also been shown to generate short-lived clones composed of
differentiated  secretory  cells  of  intestinal  epithelium,  upon  radiation-induced
damage[18]. Yet another regenerative mechanism was identified by Barriga et al[19], who
observed through single-cell  transcriptomics, the existence of a subpopulation of
Lgr5+  cells expressing an RNA-binding protein Mex3a that divides at a relatively
slower rate, making it more resistant to radiation or chemotherapy-induced damage,
and can help regenerate all intestinal lineages. To summarize, the small intestinal
crypt functions as a well-defined network of interdependent cellular niches that serve
as multiple layers of backups to ensure the smooth and continual functioning of the
stem cell machinery to maintain intestinal homeostasis.

Within the ISC research community, while the small intestine has received a major
focus, the colon stem cells lack significant characterization[5]. As compared to the small
intestine, the colon shows large differences with the overall anatomy of the intestinal
epithelium as well as the cellular architecture. The large intestine is devoid of any
finger-like villi protrusions, or crypt based Bmi1+ cells, and Paneth cells[5]. The colonic
stem cell niche has been characterized primarily with cells showing a high expression
of  Lgr5  as  well  as  ephrin  type-B  receptor  2,  olfactomedin-4,  and  achaete-scute
complex homolog-2 markers; which are capable of self-renewal and giving rise to the
cells of the intestinal lineage[13,20-22]. Studies also indicate, however, the presence of
slow-cycling colonic Lrig1+ cells that attempt to replenish the Lgr5 cell population
upon injury[11].  Reports also show the presence of doublecortin-like kinase 1 cells
within the colonic crypts that have been found to be actively proliferating in the
presence  of  growth  factors  and  give  rise  to  intestinal  lineage  cells,  forming
enteroids[23,24]. Furthermore, unlike small intestine where the Paneth cells serve as the
primary source of  wingless/integrated (Wnt) signaling molecules that guide the
renewal of the epithelium, recent work by Degirmenci et al[25] showed the existence of
a group of subepithelial mesenchymal cells expressing zinc finger protein Gli1 that act
as a critical source for Wnt secretion that directs colonic stem cell renewal. Moreover,
the crypt structural elements, specifically the colonocytes, have also been found to
yield a protective function to the proliferating cells within the crypt from potent
metabolites produced by the intestinal microbiota[26]. Notwithstanding these crucial
bits of research, a lot must be done to understand better the colonic crypt and the
associated stem cell niche.

ROLE OF INTESTINAL STEMNESS IN THE ORIGIN OF CRC
The original model for colorectal carcinogenesis and progression, the “Vogelgram”,
was laid down rather elaborately by Fearon and Vogelstein[1]. It provided a schematic
in which loss of the adenomatous polyposis coli (APC) tumor suppressor gene would
result in an adenoma and subsequently mutations in KRAS, TP53, phosphoinositide 3-
kinase (PI3K), and other genes would cause the development of a metastatic disease.
A principal feature of CRC identified through this model was the monoclonal origin
of the disease (i.e. CRC originates from the clonal expansion of one hyperproliferating
cell). Importantly, the involvement of the crypt and the corresponding ISCs residing
within  them as  CRC initiators  were  debated upon,  since  the  analysis  of  several
spontaneous adenomas found dysplastic cells with mutations in APC  only on the
luminal surface of the colon, while the underneath crypt and the ISCs were normal[27].
This finding caused the development of the ‘top-down’ model of tumor initiation that
begins at the top of the crypt, in the intra-cryptal zones between crypt orifices, and
then spreads laterally and downward, displacing the normal epithelium of crypts[27].
Though  this  was  true  for  patients  with  familial  adenomatous  polyposis  (FAP),
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immunohistochemical studies of early sporadic colorectal adenomas have shown
proliferative adenomatous epithelium with nuclear beta-catenin within the entire
crypt;  pointing at  the role  of  crypt  based stem cells  as  progenitors  of  CRC[28].  In
parallel, the Wright lab also examined the mucosa from FAP patients post-surgery
and found that both sporadic and FAP adenomas originate as a uni-cryptal adenoma,
with dysplastic  lesions  in  a  single  but  entire  crypt,  and grows ‘bottom-up’  by a
division of the crypt at the base, termed as crypt fission. Although the lateral and
downward spreading model was not completely excluded, several studies pointed
out that crypt fission is the primary mode of adenoma progression in FAP[29,30] as well
as sporadic adenomas[31]. Indeed, an alternative explanation for the top-down model
was suggested by Shih et al[27]  wherein the stem cells at the base of a single crypt
develop the neoplasm, which subsequently transforms and migrates up the crypt and
become a part of the superficial mucosae, which then spreads laterally and downward
into adjacent crypts.

It has been shown in the past that the severity of intestinal cancer depends largely
on the initiation than the progression, indicating the importance associated with the
early events of CRC development[32,33]. Importantly, the identification of ISC specific
expression  markers  has  allowed  for  functional  techniques  that  can  be  used  to
determine if they can function as progenitors of colorectal carcinogenesis. In 2007,
O’Brien et al[34] characterized the first tumor stem cell marker, CD133, and pointed
towards a CSC model of tumor initiation driven by CD133+ cells in CRC. A plethora of
studies has indicated that specific deletion of APC in ISCs expressing Lgr5, LRIG1, or
CD133 markers can induce rapid adenoma generation[11,35-37]. Moreover, activation of
the β-catenin pathway within these cells as well as BMI1+ cells resulted in a similar
outcome, indicating that ISCs are the primary cells of origin of CRC[8].  Mutations
within key signaling pathways, including Wnt, Notch, and Hedgehog pathways, can
dislodge the wild-type ISCs from the control of regulatory signals, allowing them to
develop  precursor  lesions[38,39].  Most  of  these  approaches,  however,  caused  the
generation of intestinal adenomas in mice that commonly occur in the small intestine
and  do  not  generally  progress  to  carcinoma[40,41].  In  contrast,  human  intestinal
malignancies mostly occur in the colon. Additionally, the development of human
CRC is  also strongly dependent  on environmental  factors  such as  inflammatory
conditions[42], which are lacking in genetic mouse models[5].

Owing to multiple differences between carcinogenesis in genetically modified mice
and human patients, several studies have looked at the dynamics of stem cells in
response to key genetic mutations and its influence on the development of CRC to
improve our grasp on the actual mechanisms of CRC origin. Mutations within the
intestine were assumed to arise due to several factors, including DNA replication
errors and environmental factors such as carcinogen exposure, inflammation, etc.
Since the TA cells represent the most actively proliferating population within the
crypt, they are more prone to mutations; although given the short life span of these
cells and the mild phenotype of the mutation, mutated TA cells offer a lower risk of
serving as tumor initiators[43]. Indeed, it was shown that the wild-type ISC division
follows the neutral drift principle to replace randomly any of the other crypt ISC
populations[44,45].  Although  oncogenic  mutations  aim  towards  preventing  this,
Vermeulen et al[46]  and Snippert et al[47]  suggest that the mutated cells can also be
stochastically replaced by wild-type ISCs. What this means is that the likelihood of an
inactivating mutation in a key tumor suppressor, like APC, to get fixed is less than
50%, making the mutated cell highly susceptible of getting lost in the continuous
process of  replacement[43].  Such a low probability makes CRC an extremely slow
disease, postulated to take over a decade for cellular mutations to accumulate that
could drive the initiation and progression of the malignancy[48].  Importantly,  the
presence of accompanying conditions such as intestinal inflammation tends to allow
the mutated cells to prevail, pointing at the importance of environmental factors in
conjunction with genetic factors in playing a critical role in CRC initiation[46].  Not
surprisingly, while a competition exists between the normal and the mutated ISCs
during the tumor initiation process, disease progression is associated with a rivalry
between  the  CSCs,  with  stronger  clones  characterized  by  a  larger  number  of
accumulated mutations and resistance to environmental factors such as therapy[5].

In addition to a stem cell-based CRC origin model, a few studies have indicated a
role of differentiated cells in serving as the cell of origin for the disease. Like the ISC
to  colorectal  CSC model,  most  of  these  studies  also  indicate  that  genetic  events
combined with environmental factors can favor the development of CRC. A loss of
APC in the tuft cells accompanied by microenvironmental disturbances was found to
induce  colonic  tumors[49].  Moreover,  transgenic  mice  models  have  shown  that
intestinal epithelial cells can also dedifferentiate into tumor-initiating stem cells under
the influence of enhanced Wnt and the inflammatory nuclear factor-kappa B (NFκB)
signaling pathway[50]. Alternatively, accumulation of mutations such as KRASG12D that
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activates inflammatory signaling, accompanied with a loss of APC that results in the
activation of Wnt pathway, yielded similar tumor initiation from the differentiated
cells[50].  Taken together,  the studies indicate that while CRC can have a stem cell
(primary) or  a  non-stem cell  (secondary)  origin,  the contributing factors include
accumulation of mutations as well as environmental factors to confer a functional
advantage for the development and progression of the tumor.

INFLUENTIAL PATHWAYS REGULATING THE COLORECTAL
CSCs
There exists a molecular network surrounding the complex development of CSCs
associated with CRC, and they are only recently emerging. Deciphering this network
will not only improve our understanding of the role of stem cells in the origin and
pathogenesis of CRC, rather will provide better therapeutic avenues to deal with the
malignancy. Although several signaling pathways have been implicated, notable ones
that have been found to play crucial roles in the growth and functional maintenance
of CSCs include the Wnt, Notch and Hedgehog, and the bone morphogenetic protein
(BMP) pathways.

The canonical Wnt signaling pathway has been identified as a hallmark in the
regulation  of  stem  cells–from  maintenance,  proliferation,  differentiation  to
apoptosis [ 5 1 ] .  Under  normal  signaling,  binding  of  the  Wnt  ligand  to  the
transmembrane receptors tends to stabilize and allows the nuclear translocation of β-
catenin causing transcriptional activation of important targets including c-Myc, Axin2,
Lgr5, and ASCL2 that govern stem cell fate, proliferation, as well as maintenance[52-56].
Specifically, within the intestine, active Wnt signaling is essential to maintain the stem
cell niche within the crypt and promote gut homeostasis[57]. Intuitively, abnormal Wnt
signaling has  been implicated in  several  cancers,  including CRC[58].  Inactivating
mutations  in  APC  and  consequently  a  hyperactive  Wnt  signaling  or  activating
mutations in  β-catenin have been found in most  of  the CRC cases  and has  been
identified as one of the initiating steps in tumor development[59]. In line with the ISC
as the CRC cell of origin theory, Vermeulen et al[60] reported that CD133+ CRC cells
growing  as  tumor  spheres  in  culture  contain  a  subpopulation  of  cells  with
constitutively high Wnt signaling. However, only a subset of these cells with the
highest Wnt signaling was observed to show nuclear localization of β-catenin and
behaved as  CSCs.  Denoted as  the  “β-catenin paradox”[61],  the  existence  of  intra-
tumoral heterogeneity of Wnt signaling indicated that the pathogenesis of CSCs in
CRC required contribution from other factors in addition to the loss of APC, such as
KRAS mutations[62], PI3K[63], Notch[64] and Hedgehog signaling[65]. Moreover, mutations
in essential Wnt pathway components, including the R-spondin/Lgr5/RNF43 module
have been identified in almost 1/5th of CRC cases, which commonly co-occur with
APC inactivation/deletion[66].

Importantly, Lgr5+ cells have been found to propagate CSCs within colon adenoma,
and subsequently, Lgr5 has been identified as an important CSC marker[67].  More
recently, studies have pointed out that while Lgr5- cells can revert into an Lgr5+ cell
phenotype, allowing the development, maintenance, and metastasis of the growing
tumor[68]; inhibition of Lgr5 strongly suppressed the growth of patient-derived tumor
organoids[69]. These findings suggest that Lgr5+ CSCs are detrimental for the growth
and propagation of CRC. Furthermore, Myant et al[70] show that following APC loss,
the small GTPase RAC1 helps in the propagation of Lgr5+ CSCs in colon cancer by
activating reactive oxygen species production, which activates NFκB signaling that
promotes Wnt signaling. Co-activation of NFκB signaling and Wnt signaling has also
been shown to promote colorectal  tumorigenesis  by causing dedifferentiation of
intestinal cells into stem cells[50].

Cross-talk has also been observed between the Wnt signaling pathway and critical
members of the Notch pathway. Like Wnt, Notch signaling is predominantly higher
within  the  stem  cell  populations  of  the  crypt  and  gradually  decreases  in  the
differentiated  compartment,  suggesting  that  Notch  also  contributes  to  ISC
maintenance.  An early  study by the  Clevers  group[71]  on  ApcMin  mice  carrying a
heterozygous mutation for APC that causes multiple intestinal neoplasia, identified a
collaboration between active Notch signaling and Wnt pathway that is indispensable
to maintain the proliferative adenoma cells. Moreover, suppression of Notch signals
by deletion or by inhibition with a γ-secretase inhibitor resulted in an increase in the
levels Math1, a basic helix-loop-helix transcriptional activator of cell differentiation in
the intestine[72], consequently causing the arrest of cell proliferation within the crypt
and the conversion of the crypt cells into differentiated secretory goblet cells[71]. It has
been indicated, however, that goblet cells are commonly absent in CRC and show
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downregulated expression of Hath1, the human orthologue of Math1, suggesting an
active Notch signaling in most CRC cases[73].

In contrast to the Wnt and the Notch pathways, the Hedgehog and BMP pathways
are primarily active within the differentiated cells of the crypt. Although Hedgehog
genes are commonly upregulated in CRC[74,75], numerous studies indicate that Gli-
dependent  canonical  Hedgehog pathway antagonizes  Wnt  signaling  promoting
tumor  cell  differentiation[65,76,77].  This  makes  it  difficult  to  treat  CRC with  drugs
targeting members of the Hedgehog signaling since this strategy seemed to promote
Wnt-based proliferation of CSCs[78,79]. However, recently, Regan et al[80] clarified that
while the Gli-dependent Hedgehog signaling downregulates Wnt signaling, the non-
canonical PTCH1-dependent Hedgehog signaling promotes Wnt signaling to allow
the maintenance of CSCs in CRC. This breakthrough lets physicians target the two
pathways (Hedgehog and Wnt) independently, allowing improved management of
the disease.

Like Hedgehog, the transforming growth factor (TGF)-β/BMP pathway has been
found to have diverse associations with the Wnt signaling network: From inhibition -
by promoting cell differentiation and apoptosis[81], and to collaboration - by causing
CRC tumorigenesis[82]. More recently, it was demonstrated that BMP signaling inhibits
Lgr5  stem  cell  signature  through  a  Wnt  signaling  independent  mechanism  by
SMAD1/SMAD4 recruitment of histone deacetylase that blocks transcription of key
factors essential to maintain the stemness of CSCs[83].  Indeed, germline mutations
within the BMP receptor type I or its downstream effector SMAD4 have been shown
to have a high risk of CRC[84,85]. Additionally, Whissell et al[86] reported a key role for
the zinc-finger transcription factor GATA6, which was found to help maintain the
Lgr5+ CSCs in adenoma, simultaneously suppressing BMP signaling by blocking the
binding of β-catenin/TCF4 transcriptional complex to a regulatory region of the
BMP4 locus within the differentiated tumor cells. In vivo knockdown of GATA6 was
found to upregulate BMP signaling, suppressing CRC development.

Put together, these pathways offer a telescopic view of the multiple mechanisms of
regulation of stem cells in the origin and development of CRC. Only by improving
our  understanding  of  these  mechanisms  of  CSC regulation  can  we advance  the
therapeutic strategies required to deal with the progress of the disease.

ROLE OF STEMNESS IN CRC METASTASIS
Since stem cells have been implicated as the primary cell of origin of CRC, it is safe to
assume that CSCs originating from ISCs would play a crucial role in the maintenance
as well as the spread of the disease to distant sites. In 2010, our laboratory published
the earliest account of a subpopulation of CD26+ CSCs from a primary CRC tumor
responsible for the development of distant metastasis[87]. An important observation
was the discovery of the ability of CD26+  CSCs isolated from the CRC tumor of a
patient  with  liver  metastasis  to  cause  the  formation  of  liver  metastasis  in  mice,
regardless of their CD133 or CD44 expression status. High expression of CD26 was
also found to be associated with advanced tumor staging and poor overall survival of
the  patients[88].  While  CSCs  were  considered  as  the  key  factors  responsible  for
branching and spreading of the primary tumor, it was interesting to note that only
small sub-populations of CSCs could initiate metastasis. Indeed, Brabletz et al[89] had
deduced the existence of two subgroups of colorectal CSCs: The stationary CSCs that
remain active within the primary tumor yet cannot disseminate to newer sites and,
The mobile CSCs that are derivatives of stationary CSCs, but can form metastatic
colonies. Importantly, for a CSC to be considered within the second group, the CSCs
must have undergone epithelial-mesenchymal transition (EMT) to disseminate and
form metastases while retaining its self-renewal capacity, heterogeneity acquired from
the asymmetric division, as well as plasticity to adapt to the newer environment[89,90].
Moreover, a higher number of mobile CSCs at the tumor-host interface associated
with the EMT phenotype has been found to correlate with an overall poor disease
prognosis[91,92].

While  distinct  populations  of  CSCs  initiated  tumor  progression,  it  was  also
essential  to  identify  whether  the  same group of  cells  colonized target  organs  at
random  or  through  a  tight-knit  molecular  pathway.  Since  the  colorectal  CSCs
commonly enter the mesenteric circulation, metastasis is more often observed in the
liver, followed by the lungs[93]. An elegant study by Gao and colleagues characterized
CRC-specific migrating CSCs responsible for organ-specific metastasis[94]. The authors
identified a specific group of CSCs expressing CD110, the thrombopoietin receptor
that  caused  liver  metastasis;  considering  that  liver  is  the  primary  site  for
thrombopoietin production and hence serves as a chemotactic signal for the CD110+
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CSCs. Furthermore, CSCs expressing CUB-domain-containing protein 1 could alone
colonize  the  lungs  by  homing  to  the  lung  endothelial  cells[94].  Thus,  metastatic
colonization not just depends on the existence of specific markers on the initiator cells
but requires a specific complement of the target biological organ with prometastatic
functions.

Although CSCs were hypothesized as the primary force for CRC progression and
metastasis, it was not clear how this trait was orchestrated. What are the genetic or
epigenetic or environmental mechanisms forcing the conversion of CSCs from tumor
instigators to propagators? A crucial step towards malignancy is the induction of the
EMT pathway–A fundamental process of embryonic development as well as cancer
metastasis,  characterized  by  the  loss  of  the  epithelial  morphology  and  the
accompanying markers simultaneously acquiring the mesenchymal phenotype. The
process is  primarily driven by the activation of  a  cohort  of  transcription factors,
including  snail,  zinc-finger  E-box  binding  factor,  twist,  and  several  others[95].
Accumulation of key genetic mutations and epigenetic changes in combination with
an invasive environmental signal triggers the formation of migratory CSCs that show
a high  expression  of  genes  critical  for  EMT as  well  as  for  maintaining  the  CSC
phenotype, such as Slug, β-catenin, N-cadherin, as well as Lgr5, CD133, and CD44[90].
Importantly, Brabletz et al[89] suggested that microenvironmental alterations have a
greater say over genetic factors in inducing EMT, since a reduction of these signals at
the target site reverses the EMT pathway, allowing organ colonization. Indeed, the
presence of pro-CSC microenvironmental cytokines, including, stromal cell-derived
factor 1, osteopontin, and hepatocyte growth factor, promote the activation of PI3K
and  nuclear  accumulation  of  β-catenin,  causing  a  concomitant  increase  in  the
migratory metastatic  CSC pool[96,97].  In  fact,  the pro-CSC cytokines are known to
induce CSC plasticity by causing the dedifferentiation of  tumor cells  into a CSC
phenotype that may subsequently adopt the metastatic CSC feature[60,97].

Another study identified the influence of tumor-associated macrophages secreted
milk-fat  globule-epidermal growth factor-VIII  in conferring the CSC with a self-
renewal and chemoresistance ability, by activating the Stat3 and Sonic Hedgehog
pathways in CSC populations[98].  Contrarily, increase in the levels of the BMPs, a
tumor suppressive cytokine, promotes CSC differentiation, inhibits the Wnt pathway
by upregulating the phosphatase and tensin homolog and suppressing PI3K[99], and
limits  the  expression  of  CD44v6;  a  diagnostic  marker  of  metastatic  CSCs[97].
Interestingly, the BMPs belong to the TGF-β superfamily and tend to inhibit tumor
progression, while Todaro et al[97] suggest that TGF-β may contribute to the metastatic
activity of CD44v6+ cells. Indeed, TGF-β serves as a key microenvironmental factor
that plays dual roles, serving as a tumor suppressor during the early transformation
phase and subsequently playing a pivotal role as an oncogene during the progression
phase; a switch catalyzed by the accumulation of key mutations, such as p53[100] and
SMAD4[101].

An  early  study  by  Calon  et  al[102]  showed  that  the  migratory  CSCs  ready  for
colonization can instruct the stroma of the host organ, by inducing an increase in the
levels  of  TGF-β  either  via  active  secretion  or,  indirectly  by  the  recruitment  of
macrophages,  cancer-associated  fibroblasts  or  platelets  that  produce  TGF-β.
Moreover,  by  activating  the  Smad  proteins,  specifically  Smad2,  Smad3,  and
Smad1/5/8, TGFβ1 has been shown to induce both EMT as well as stemness in CRC
cells, leading to liver metastasis[103]. Additionally, a functional loss of Smad 4, a critical
member of the TGF-β/Smad signaling, has been found to correlate with an increase in
EMT signaling characterized by the loss of E-cadherin, leading to distant metastasis
and  overall  poor  patient  prognosis[104-106].  Oncogenic  TGF-β  has  been  found  to
cooperate with a hyperactive Raf/mitogen-activated protein kinase pathway to cause
an EMT phenotype[107]. Moreover, a collaboration between the loss of the epithelial E-
cadherin protein and an increase in Wnt/β-catenin signaling, with an increased TGF-
β release, allows cells to maintain the mesenchymal phenotype in the EMT process[108].
Following dissemination of the CSCs to the target organs, the new microenvironment
is generally hostile towards the incoming tumor cells, which may affect the stemness
as well as the survival of the cancer cells. CSCs in CRC have been reported to suffer
apoptosis almost immediately after reaching the liver[102].  Survival environmental
signals in the form of cytokines and growth factors are hence generated by infiltrating
cells from the primary tumor, along with the activation of stemness promoting Wnt as
well as Notch pathways, to promote the creation of pre-metastatic niches within the
target  organs  and  improve  the  endurance  of  CRC based  CSCs  as  well  as  allow
colonization. A model of the role of stem cells in the normal colon, CRC development,
as well as metastasis is shown in Figure 1.
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Figure 1

Figure 1  Role of stem cells in normal colon and CRC. Within the normal colon, ISCs constantly divide to give rise to the differentiated cells within the epithelium
that have a multitude of functions. In colorectal cancer, the ISCs can develop into CSCs that lead to tumor formation. Moreover, the transient amplifying cells as well
as the differentiated intestinal cells can mutate into mature tumor cells that can subsequently dedifferentiate to form CSCs. Owing to genetic, epigenetic or
environmental signals, the stationary CSCs can transform into migratory CSCs that pass via circulation to target organs and colonize. Critical pathways and genetic
events have been shown for the entire process of CRC tumorigenesis and progression. Moreover, key biomarkers have been shown for the ISCs and the CRC based
CSCs, although there is some overlap in this panel. CRC: Colorectal cancer; CSC: Cancer stem cells; ISC: Intestinal stem cell; EMT: Epithelial mesenchymal
transition; Wnt: Wingless/integrated; APC: Adenomatous polyposis coli; KRAS: Kirsten rat sarcoma viral oncogene homolog; BMP: Bone morphogenetic protein; TGF-
β: Transforming growth factor-β; VEGF: Vascular endothelial growth factor; MMP: Matrix metalloproteinase.

THE RELEVANCE OF STEMNESS IN CRC PROGNOSIS AND
THERAPY
Several  factors  affect  the  outcome in  CRC—cancer  spread  (metastases),  chemo-
resistance, and recurrence; all of these being mutually exclusive events. Moreover,
numerous studies have pointed out a stronger involvement of CSCs, accompanied
with  our  current  inefficiency  in  understanding  the  biology  of  these  cells  in  the
malignancy, in allowing the factors to become dominant, leading to poor disease
prognosis.  Traditional  therapy  tends  to  debulk  the  tumor  off  the  mature,
differentiated cells, while the CSCs stay quiescent, and hence become resistant to drug
or radio-therapy, allowing for improved opportunities to promote recurrence. An
early report in this direction identified that the quiescence of CSCs can be attributed
to an increased expression of ATP-binding cassette drug transporters, active DNA-
repair machinery, as well as an innate resistance towards apoptotic cell death[109].
Furthermore, variants of key CSC associated markers including Lgr5, CD44, and
aldehyde dehydrogenase 1A1 have been found to be associated with a shorter time to
tumor  recurrence  in  high-risk  stage  II  and  stage  III  CRC  patients  treated  with
fluoropyrimidine-based therapy;  suggesting the association of  the variants  with
improved survival and chemoresistance abilities of the CSCs[110]. It is important to
realize that  while  traditional  adjuvant  fluoropyrimidine and/or platinum-based
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therapy has been found to be effective in CRC, exposure to these chemical agents may
enrich a pool of CSCs responsible for resistance and recurrence. As proof of principle,
the treatment of patients with unresectable CRC with mFOLFOX6 therapy was found
to increase the levels of several CSC markers in distant metastases[111]. A previous
study  in  this  direction  made  use  of  cyclophosphamide  or  Irinotecan-based
chemotherapy  to  treat  xenogeneic  CRC  tumors  and  subsequently  found  an  en-
richment of a group of drug-resistant CSC populations with elevated levels of ALDH1
that could regenerate tumors[112].

While more aggressive CSCs tend to emerge in tumor development, it is the feature
of plasticity that allows CSCs to pioneer resistance to therapy as well as recurrence. A
study by Kobayashi et al[113] identified the interconversion of CSCs from a proliferative
Lgr5+ state to a quiescent, drug-resistant Lgr5- state in the presence of an anticancer
drug. Following reseeding and drug removal, the Lgr5- cells transitioned back to the
Lgr5+ state, while maintaining the in vivo tumor-initiating properties all the time in
both states. It is hence essential to identify and target key molecular factors that are
common to multiple states of CSCs to achieve a better therapeutic cleanup in CRC.
Indeed, by gene profiling studies the authors demonstrate that an epidermal growth
factor receptor ligand, epiregulin, is expressed by both the Lgr5+ and Lgr5- states that
could be targeted using an anti-epiregulin antibody[113].  Several reports have also
indicated that the resistance and recurrence abilities of CSCs are strongly influenced
by the tumor microenvironment as well as key signaling pathways and epigenetic
modifications. Numerous cytokines and chemokines secreted by cancer-associated
fibroblasts,  particularly the MET receptor ligand hepatocyte growth factor,  were
found to promote CSC proliferation while making them resistant to apoptosis in
response to epidermal growth factor receptor therapy[114].  Overactivation of  Wnt
signaling, a critical signaling network in the growth and development of stem cells,
has been observed in 5-fluorouracil  resistant CRC, while downregulation of Wnt
transcription factor T cell factor 4 increases the sensitivity of the tumor to radiation
therapy[115].

Recently, the role of microRNAs has also been identified as potent modulators of
stem cell signaling within CRC. Notable ones include miR-15a and miR-16-1, which
are frequently deleted in CRC cell lines as well as clinical specimens, are found to be
associated with a greater number of B cells positive for immunoglobulin A (IgA+ B
cells) and shorter survival periods[116]. At the molecular level, deletion/inhibition of
miR-15a/miR-16-1 results in the upregulation of AP4, a c-Myc target[117], through a
double negative feedback loop, resulting in distant metastases and poor survival[118].
MiR-15a has also been found to impact several other key genes implicated in the
origin, maintenance, as well as chemoresistance of CSCs in CRC, including YAP1,
doublecortin-like kinase 1, BMI1, and BCL2[119]. Similarly, the expression of miR-16-1 is
negatively correlated with cyclooxygenase-2 level[120]  which is also a downstream
effector of the Wnt signaling pathway and thus has an active role in regulating the
stem cell  biology in CRC. Altogether, the miR-15a/miR-16-1 complex serves as a
valuable  therapeutic  target  to  specifically  tackle  pathways  associated with  CSC
maintenance in CRC.

Successful CRC targeting requires the inhibition of key pathways and environ-
mental signals that function to promote the self-renewal ability, apoptotic resistance,
stemness, as well as prolonged survival of the CSCs. Several potential CSC targeting
drugs have been identified in the past several years, a few of which are under trial as
well. Studies by Todaro et al[121,122] demonstrated a mechanism of apoptosis evasion by
CD133+ CSCs by expressing IL-4, which could be neutralized by the treatment of the
cells with an anti-IL4 antibody, IL-4DM. Moreover, silencing of the Aurora-A kinase,
a  critical  regulator  of  mitosis,  has  been  found  to  affect  the  colorectal  CSCs  by
inhibiting proliferation, promoting the apoptotic potential, and sensitizing the cells to
chemotherapy[123].  The  role  of  mitochondrial  targeting  molecules  as  potential
therapeutic agents has also been identified. A remarkable study by Colak et al[124]

identified a role of BCLXL in protecting colon CSCs from chemotherapy, determined
by decreased mitochondrial priming. By making use of BH3 mimetics, the authors
successfully inhibit the BCL2 family members, sensitizing the CSCs to chemotherapy.
Additionally, several molecules targeting critical members of Notch signaling[125,126] as
well as the Wnt pathway[127] have been identified.

Although there are many more therapeutic targets as well as potential drugs under
pre-clinical/clinical  trials,  understanding the clinical  phenotype of the patient is
critical to the usage of these drugs. Recent studies focusing on the development of
CSC-targeting  drugs  advise  upon  the  combined  use  of  these  drugs  with  the
conventional adjuvant therapy to maximize the potential (Figure 2). The efficiency of
CSC-targeting drugs is particularly higher on circulating CSCs due to the absence of a
safe  microenvironment  as  well  as  the  presence  of  a  toxic  adjuvant  therapy[5].  In
advanced CRC, debulking of the tumor would not directly correspond to a similar
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loss of volume of the associated CSCs. In addition, in aggressive tumors, combination
therapies increase the stress on tumor microenvironment, which has been known to
contribute to an increase in the CSC pool. The situation is made further complex by
the ability of CSCs and differentiated cells to interconvert. Strategies for monitoring
the efficacy of CSC-targeting are still at infancy. Though several CSC markers have
been identified in CRC, most of them are also expressed by ISCs. The success of CSC-
targeting drugs hence strongly depends on the improvement of CSC monitoring
techniques. Additionally, studying of patient-derived models of CRC is essential to
increase our knowledge of the roles of CSCs and help piece the missing gaps within
this field.

CONCLUSION
The landscape of CRC has progressed from a simple hierarchical model to a complex
setup  interspersed  with  multiple  roles  of  dynamic  CSCs  that  are  modulated
constantly  by  genetic,  epigenetic,  and  specifically,  microenvironmental  factors.
Although  the  discovery  of  CSCs  in  CRC  was  made  roughly  a  decade  ago,  our
understanding of the biology of these cells is still quite limited[34]. With the progress of
technology, our existing knowledge of the complex roles and the dynamic nature of
colonic stem cells, as well as CSCs, is undergoing constant evolution. However, better
techniques for detection and isolation as well as the usage of patient-derived CRC
models is essential to further our understanding of CSCs in CRC.
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Figure 2

Figure 2  Therapeutic strategies in colorectal cancer. Targeting the tumor bulk in colorectal cancer with adjuvant therapy leads to tumor regression, although CSCs
may escape cell death. Such a chemoresistance event leads to tumor recurrence and overall poor prognosis. In contrast, treatment with a combination of adjuvant
therapy and CSC-targeting therapy would also eradicate the CSC population, along with the tumor bulk. In the long term, reduction in CSC volume would kill the
tumor. CSC: Cancer stem cells; ISC: Intestinal stem cells.
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Abstract
Human hepatocyte-like cells (HLCs) derived from human pluripotent stem cells
(hPSCs) promise a valuable source of cells with human genetic background,
physiologically relevant liver functions, and unlimited supply. With over 10
years’ efforts in this field, great achievements have been made. HLCs have been
successfully derived and applied in disease modeling, toxicity testing and drug
discovery. Large cohorts of induced pluripotent stem cells-derived HLCs have
been recently applied in studying population genetics and functional outputs of
common genetic variants in vitro. This has offered a new paradigm for genome-
wide association studies and possibly in vitro pharmacogenomics in the nearly
future. However, HLCs have not yet been successfully applied in bioartificial
liver devices and have only displayed limited success in cell transplantation.
HLCs still have an immature hepatocyte phenotype and exist as a population
with great heterogeneity, and HLCs derived from different hPSC lines display
variable differentiation efficiency. Therefore, continuous improvement to the
quality of HLCs, deeper investigation of relevant biological processes, and proper
adaptation of recent advances in cell culture platforms, genome editing
technology, and bioengineering systems are required before HLCs can fulfill the
needs in basic and translational research. In this review, we summarize the
discoveries, achievements, and challenges in the derivation and applications of
HLCs.
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Core tip: Hepatocyte-like cells (HLCs) derived from human pluripotent stem cells
(hPSCs) have a great application prospect as an unlimited supply of human hepatocytes
in disease modeling, toxicity testing and drug discovery. In this review, we summarize
the derivation of HLCs from hPSCs, and the limitations and optimization of current
differentiation protocols. We also discuss progress in the application of HLCs, and
reveal the exciting future of HLCs for use in the study of rare diseases, population
genetics, and in vitro pharmacogenomics.
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INTRODUCTION
The liver represents one of the most pivotal organs of the human body in regulating
glucose homeostasis, lipid metabolism, detoxification and many other physiological
processes. As liver diseases, including fatty liver diseases, hepatic carcinoma, and
viral  hepatitis,  continue  to  increase  in  prevalence,  there  is  an  urgent  need  for
development  of  effective  treatments,  and  sufficiently  cell  or  tissue  sources  for
transplantation.  Primary  human  hepatocytes  and  liver  donors  offer  immediate
resources for studying liver diseases and transplantation. However, both primary
cells and available donor transplants are in persistent shortage. Although different
culture systems have been identified recently that  enable  long-term culture and
expansion  of  both  rodent  and  human  primary  hepatocytes[1-4],  the  capacity  of
expansion is  still  limited and has donor-dependent variability.  As stem cells  are
known to have potent self-renewal ability as well as the capacity to differentiate into
different somatic cell  types,  they have been proposed as an ideal alternative cell
source for large or even unlimited supplies of hepatocytes and even liver tissues.
Human hepatocytes  can  be  derived from embryonic  stem cells  (ESCs),  induced
pluripotent stem cells (iPSCs), mesenchymal stem cells and hepatic progenitor cells[5].
As the cells  derived from stem cells  often have incomplete  function and exhibit
characteristics of fetal liver cells, they are generally defined as hepatocyte-like cells
(HLCs).  The  discovery  made  by  Gurdon  and  Yamanaka  that  mature  cells  from
individual patients can be reprogrammed to iPSCs, opened up the possibility that
these  cells  can  be  applied  to  disease  modeling  and  organ  transplantation.
Furthermore, intense efforts have been made in recent years in generating better
HLCs and liver organoids from PSCs, and in applications of these cells in various
fields. Therefore, in this review, we focus on HLCs derived from human pluripotent
stem cells (hPSCs) and discuss recent progress in the derivation and applications of
HLCs in biomedical research.

DERIVATION OF HUMAN HLCs
hPSCs include human ESCs, mostly derived from the inner cell mass of the fertilized
eggs, and iPSCs reprogramed from terminally differentiated somatic cells. hPSCs
promise an unlimited supply of human somatic cells, due to their theoretical capacity
for self-renewal and differentiation into any kind of somatic cell types in human body.
To  date,  many  protocols  have  been  established  to  generate  human hepatocytes
derived from hPSCs. Most induction methods are based on the understanding of the
embryonic development processes of the liver, and aimed to imitate in Petri dishes the
endoderm development,  endoderm hepatic specification and hepatic maturation
stages. The directed differentiation protocols either rely on the use of embryoid body
(EB) formation[6,7] or start with monolayer culture, with the latter more frequently
adapted currently in laboratories. EB formation means to mimic the blastocyst and
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epiblast  architecture;  however,  it  can be  easily  disturbed by suboptimal  culture
conditions and sources of reagents, for example, different batches of fetal bovine
serum can affect  to  a  large  degree  the  quality  of  generated EBs.  Most  protocols
currently  in  use  apply  similar  strategies  with  contributions  from  individual
laboratories  by  improving  inducers  of  differentiation  and  optimizing  their
combinations (Table 1). These protocols can be largely specified to three consecutive
steps: endoderm differentiation, hepatic induction, and liver maturation.

Endoderm formation
Transforming growth factor (TGF) β family member Nodal  is  vital  in endoderm
formation, based on studies in developmental biology in models including frogs,
zebrafish, and mice[8-10]. Although Nodal is an attractive candidate for inducing hPSCs
to differentiate  into definitive  endoderm (DE),  it  is  difficult  to  get  highly active
protein. Activin is another TGFβ family member, which mimics Nodal activity in
triggering similar intracellular signaling events[11], thus is often used as a substitution
of  Nodal  in  vitro[12].  In  2005,  D’Amour  et  al[12]  demonstrated  efficient  endoderm
induction from monolayers of hPSCs by applying activin A, which was subsequently
reproduced by many other groups. The monolayer culture here seems important to
the endoderm differentiation in that cells can be exposed evenly to the endodermal
inducer, activin A, and can better synchronize development of the endodermal cell
fate[13]. Levels of Nodal signaling comprise key elements in cell fate determination,
with  high  level  promotes  endoderm differentiation,  whereas  low level  initiates
mesoderm specification[14-17].  Therefore,  high concentrations of activin A are now
widely utilized for endoderm induction in hPSC culture[18-22]. Besides, activation of
fibroblast growth factor (FGF), bone morphogenetic protein (BMP) and Wnt signaling
pathways also promote endoderm development[7,19,23]. Phosphatidylinositol 3-kinase
(PI3K) inhibitors, such as LY 294002 and AKT1-II, also promote activin-A-induced
endoderm development[17]. Several studies have shown that low doses of serum are
necessary for activin A to induce an efficient endoderm program[12,17,24].

Hepatic specification
In early embryo development, FGF signals and BMP signals initiate the liver gene
program and simultaneously block that for pancreas development[25]. Consistent with
the  in  vivo  discoveries,  the  signaling  molecules  FGF  and  BMP  have  also  been
demonstrated to be important in generating hepatic cells from DE cells in vitro. The
combination of FGFs and BMPs are thus widely used to induce hepatic endoderm
programs [18 ,21 ,23].  Dimethylsulfoxide  (DMSO)  can  assist  in  promoting  hPSC
differentiation and specific generation of hepatic progenitors, and is usually used in
hepatic differentiation[19,22,26,27].

Liver maturation
As for further liver maturation, hepatic progenitors are mostly treated by hepatocyte
growth factor (HGF), oncostatin M (OSM), and glucocorticoid dexamethasone (Dex).
HGF binds to its tyrosine kinase receptor c-Met, promoting hepatoblast proliferation,
increasing  cell  migration  and  improving  cell  survival[28,29].  OSM  produced  by
hematopoietic cells is an interleukin(IL)-6 family cytokine, which induces hepatic
maturation  by  the  phosphorylation  of  signal  transducer  and  activator  of
transcription[28,30]. The glucocorticoid dexamethasone has also been implicated in the
maturation of the hepatocytes[31,32]. After the maturation stage, obtained HLCs display
many hepatocyte features, such as albumin expression and secretion, urea secretion,
low-density lipoprotein (LDL) uptake, indocyanine green (ICG) uptake, and glycogen
storage  (Table  1).  However,  those  cells  express  fetal  liver  markers,  such  as  α-
fetoprotein (AFP), and have lower activities of CYP450 enzymes when compared to
primary liver tissue. With comparison of a set of human adult and fetal liver markers,
it is roughly estimated that the HLCs have the characteristics of fetal hepatocytes at <
20 wk gestation[33].

Protocol optimization
Different strategies have been adopted with the aim to promote maturation and to
reduce the large heterogeneity of HLCs. One strategy is to use 3D culture, mimicking
liver development in the body, thus promoting further maturation. Indeed, it has been
shown that cells demonstrate more matured phenotypes in 3D than other culture
systems. For example, it has been demonstrated that cAMP signaling within the 3D
hepatoblast  aggregates  can  promote  further  maturation  of  HLCs  that  display
comparable metabolic enzyme levels to those of primary human hepatocytes[34] . The
other  main  strategy  is  to  optimize  the  current  protocols  through  screening  for
molecules that can improve differentiation, and to understand better the molecular
mechanisms underlying liver development.  Towards this aim, by screening 4000
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Table 1  Summary of hepatocyte-like cells differentiation protocols

Ref. EB / monolayer
Protocol features

In vitro functional
assays In vivo assay

Endoderm induction Hepatic specification
and maturation

Cai et al[18], 2007 Monolayer Activin A, ITS FGF4, BMP2, HGF,
OSM, Dex

ALB, Glycogen, ICG,
LDL, CYP450

Yes

Hay et al[19], 2008 Monolayer Activin A, Wnt3a Serum, DMSO, Insulin,
HGF, OSM

Urea, Gluconeogenesis,
AFP

Yes

Agarwal et al[24], 2008 Monolayer Activin A, low serum FGF4, HGF, OSM, Dex ALB, Glycogen, ICG Yes

Basma et al[7], 2009 EB/monolayer Activin A, bFGF FGF, DMSO, Dex ALB, Urea, AAT,
CYP450

Yes

Song et al[20], 2009 Monolayer Activin A FGF4, BMP2, HGF,
KGF, OSM, Dex

ALB, Urea, Glycogen,
CYP450

No

Si-Tayeb et al[21], 2010 Monolayer Activin A BMP4 FGF2, HGF, OSM Glycogen, LDL, oil red
O storage, ICG, Urea

Yes

Sullivan et al[22], 2010 Monolayer Activin A, Wnt3a β-ME, DMSO, Insulin,
HGF, OSM

CYP450, Fibrinogen,
Fibronectin,
Transthyretin, AFP

No

Touboul et al[23], 2010 Monolayer Activin A, FGF2, BMP4,
LY294002

FGF10, RA, SB431542,
FGF4, HGF, EGF

Glycogen, CYP450, ICG,
LDL

Yes

Borowiak et al[35], 2009 Monolayer Activin A, Wnt3a, HGF OSM, Dex, ITS CYP450, Urea, LDL,
Glycogen

Yes

Ogawa et al[34], 2013 EB/monolayer BMP4, Activin A, Wnt3a FGF10, bFGF, BMP4,
HGF, OSM, Dex, cAMP

ICG, Glycogen, ALB,
CYP450

No

Siller et al[37], 2015 Monolayer CHIR99021 DMSO, dihexa, Dex ALB, Glycogen, ICG,
CYP450

No

EB: Embryoid bodies;  KGF: Keratinocyte growth factor;  β-ME: 2-mercaptoethanol;  RA: Retinoic acid;  EGF: Epidermal growth factor;  ITS:  Insulin,
transferrin, selenium; dihexa: Hepatocyte growth factor receptor agonist N-hexanoic-Tyr, Ile-(6) aminohexanoic amide; ALB: Albumin secretion; AFP:
Alpha-fetoprotein secretion; AAT: Alpha-1-antitrypsin secretion; LDL: Low-density lipoprotein uptake; glycogen: Glycogen storage; ICG: Indocyanine
green uptake; Urea: Urea secretion and production; CYP450: CYP450 activity.

compounds,  the  Melton  group  identified  IDE1  and  IDE2,  which  can  efficiently
promote differentiation of mouse and human ESCs into DE cells[35]. Other groups have
also identified other small molecules, and demonstrated their effects in improving
hPSC differentiation toward endoderm[36]. In 2015, the Siller et al[37] group developed a
new method for HLC differentiation with a combination of small molecules without
the inclusion of growth factors in a defined minimum medium. Shan et al[38] developed
a high-throughput chemical screening platform and identified two different classes of
small molecules, which are able to induce functional proliferation of human primary
hepatocytes in vitro and improve HLC maturation. By utilizing an established hepatic
lineage hPSC reporter line, our laboratory performed genetic and chemical screenings,
and identified several modulators involved in hepatic differentiation, and CI-994
compound (histone deacetylase 3 inhibitor) that can promote HLC differentiation at a
late stage[39].

APPLICATIONS OF HLCs

Disease models
Human PSCs offer a unique in vitro  cellular model system for disease modeling.
Induced PSCs derived from patients  or  hPSCs engineered with specific  disease-
causing mutations using genome editing technologies allow researchers to study the
consequences  of  genetic  mutations  with  a  human-  and  patient-specific  genetic
background; whereas the differentiation processes in vitro often recapitulate aspects of
normal  development,  thus  providing  the  opportunity  to  investigate  the
developmental and degenerative processes of certain human diseases. Furthermore,
as hPSCs possess great capacity in self-renewal, they can offer large-scale cellular
materials with identical genetic background for disease modeling and for possible
compound screenings to develop potential treatments.

Studying rare genetic variants
For modeling liver  diseases  with rare mutations in Mendelian diseases,  patient-
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specific iPSCs carrying certain genetic mutations are often derived and differentiated
to  HLCs.  Many disease  models  of  inborn liver  metabolic  disorders,  such as  α1-
antitrypsin deficiency, familial hypercholesterolemia, glycogen storage disease type
1a, and Wilson’s disease, have been generated[40-42].  Upon differentiation to HLCs,
these cells  with genetic  mutations displayed certain disease phenotypes that  are
reflected in  patients,  highlighting potential  utility  of  these  models  for  studying
diseases or screening for therapeutic interventions. In situations in which patients are
not available, disease mutations of interest can be engineered using genome editing
technologies into wild-type hPSCs to create mutant hPSCs for disease study[43,44]. Drug
screening with these  disease  models  can highlight  novel  discoveries  for  disease
treatment. In a study by the Duncan and Rader groups[45], HLCs derived from familial
hypercholesterolemia iPSCs were applied to drug screening to identify potential
LDL–cholesterol (LDL-C)-lowering drugs, which has successfully revealed cardiac
glycosides as a candidate treatment for hypercholesterolemia. Other than studying
diseases  harboring genetic  mutations,  hPSC-derived HLCs are  also  powerful  in
providing cellular models for studying the lifecycle of hepatitis viruses. hPSC-derived
HLCs have be used in hepatitis C virus (HCV) infection and screening for anti-HCV
drugs[46], as well as modeling hepatitis B virus infection[47].

Studying common genetic variants
As a remarkable improvement in the recent  iPSC disease modeling fields,  large,
diverse population cohorts of iPSCs have been generated and differentiated in parallel
to HLCs as well as other cell types, offering valuable tissue substitutes for studies to
reveal the relationship between genotype and phenotype; for example, expression
quantitative trait locus (eQTL) analysis[48,49]. Two independent cohorts of iPSCs have
been generated from healthy donors (68 iPSC lines from 34 donors in one study and
91 iPSC lines from 91 donors in the other study) and used for subsequent hepatic
differentiation and genetic analysis.  Studies either successfully confirmed eQTLs
previously characterized in vivo[49], or identified a number of loci controlling hepatic
gene expression with these in vitro HLCs[48]. In one study, the cohort of iPSC-derived
HLCs were also subjected to metabolite abundance quantitative trait locus (mQTL)
analysis,  leading  to  the  discovery  of  a  strong  association  between  a  lipid-
dysregulating phenotype and the minor allele at the 1p13 locus[49]. For the first time,
these two studies demonstrated the capacity for iPSCs-derived cells to reproduce in
vivo  phenotypes driven by common genetic variants, and uncovered a potentially
unlimited  supply  of  human  cells  that  allow  to  discover  cell-type-specific  QTL
phenotypes (eQTL, mQTL and potentially others) that would be inaccessible using in
vivo tissues. Together with several other studies that have performed genome-wide
QTL analyses and identified a number of loci that contribute to interline heterogeneity
using hundreds of undifferentiated iPSC lines[50-52], these studies have offered a new
paradigm for human research, with iPSC-driven disease modeling being applied to
study population genetics in vitro.

In vitro pharmacogenomics
Aside from drug discovery with iPSC-derived disease models with small cohorts,
large cohorts of iPSCs and iPSC-derived cells have been proposed to perform trials-in-
dish,  to  assist  in  translating the  discoveries  of  genome-wide association studies
(GWASs) into improved treatment regimens and drug discovery; that is, to apply
genotype analysis to patient stratification and design of individual treatment plans[53].
In possible scenarios, iPSC-derived cells may provide an important link between drug
development and Phase I trials, where iPSC-derived hepatocytes, cardiomyocytes or
neurons can be used for preliminary safety screens with candidate drugs that might
induce  hepatotoxicity,  cardiotoxicity,  neurotoxicity  or  other  off-target  effects.
Furthermore, between Phase I and Phase II trials, drug target cells derived from large
cohorts of iPSCs can serve as the surrogate human population and be used in testing
for drug efficacy; results from which can be applied to classify patients into responder
and non-responder groups, thus increasing the relevance and successfully rate of
further Phase 2 and 3 trials. Altogether, small or large cohorts of iPSCs and iPSC-
derived function cell types are revolutionizing the field of drug discovery.

Making liver organoids
The liver is a highly specialized organ consisting of mostly hepatocytes, but also
several other cell types, such as Kupffer cells, endothelia cells, bile duct cells, and
hepatic stellate cells. These cells all contribute to the highly organized architecture
and functions of liver tissue. Compared to HLCs in 2D culture, liver tissue organoids
constitute more than one cell type, can resemble part of the architecture of liver tissue,
and possess some functions that may not exist in HLCs. Liver organoids can either be
derived from adult stem cells[54,55] or hPSCs[56-59]. Other than HLCs, development of
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protocols to obtain other cell types derived from hPSCs that constitute the liver tissue
are  important.  To  date,  protocols  of  directed  differentiation  to  obtain
cholangiocytes[56,57],  endothelia  cells[60]  and  hepatic  stellate  cells[61]  have  been
established, which may further aid the generation of functional liver tissue organoids.
Other reviews discuss the generation and application of tissue organoids, which can
assist in better understanding the opportunities as well as challenges in this field[62,63].

Bioartificial livers
Artificial liver support systems have been developed to provide an alternative to
orthotopic liver transplantation (OLT). Artificial livers use nonbiological components
to perform hepatic detoxification, removing toxins and drugs that accumulate in the
blood during liver failure[64]. However, artificial livers do not have the capacity to
adequately replicate the physiological liver function. The incorporation of live cells
harboring liver functions into these artificial liver systems, which establishes the
bioartificial livers (BALs) systems, offers a solution to overcome these limitations[64].
BAL support systems are extracorporeal bioreactors in which whole livers or liver
cells are cultured in a 3D manner within a network of hollow fibers for blood plasma
perfusion.  BAL  systems  provide  both  biotransformation  and  hepatic  synthetic
functions[65]. To date, different sources of liver cells have been tested in BAL devices,
for example, human primary hepatocytes, immortalized human hepatoma cell lines,
porcine hepatocytes[66],  as well as induced human hepatocytes transdifferentiated
from human fibroblasts (hiHeps)[67]. While human hepatocytes are the preferred cells,
obtaining sufficient human hepatocytes faces the same difficulty of organ shortage.
Porcine  hepatocytes  are  close  to  human hepatocytes,  but  have  potential  risk  of
xenozoonosis  and  immunological  response.  Hepatoma  cells  can  provide  large
amounts  of  materials,  but  suffer  from  incompetent  metabolism  and  ammonia
clearance[68]. HiHeps representing a new invaluable cell source for BAL devices, and
have been successful in pigs[67] as well as in primary tests in patients. While we have
not seen reports of HLCs being applied in BAL devices, we envisage that HLCs will
be a potential cell source for the treatment of liver failure in BAL support systems in
the future. The advantages of HLCs are obvious: human or patient-specific genetic
background,  normal  karyotype,  potentially  unlimited  supply,  and  better  liver
functions.  However,  to  obtain  a  large  amount  of  functional  and  homogeneous
hepatocytes  from  hPSCs  still  depends  on  continuous  improvement  to  the
differentiation protocols and development of optimal large-scale culture systems.

In vivo transplantation
OLT remains the most effective treatment for end-stage liver diseases. However, liver
donor shortage and life-long need for immunosuppression are the main limitations to
liver transplantation. A potential alternative to liver transplantation is hepatocyte
transplantation[69-71]. However, cell transplantation is also limited by the availability of
effective cell sources, generation of alternative hepatocytes is thus an urgent problem.
The ideal cell source should at least meet the following requirements: (1) Available in
large quantity. Similar to hepatocytes needed in BAL devices, a large number of cells
(> 109) may be needed for transplantation to every adult patient; (2) High efficiency of
in  vivo  homing and repopulation.  Transplanted cells  can home and adapt  to  the
microenvironment  in  recipient  and  successfully  repopulate  the  liver;  (3)  Low
immunogenicity. Cells have no or low immunogenic responses, which can be su-
ppressed by low doses of immunosuppressant; (4) No tumorigenic risk. Transplanted
cells should have normal karyotype and be free of potential tumorigenic modulations,
such as modifications in oncogenic or tumor suppressor genes. To date, several mouse
models  have  been  adopted  in  testing  the  transplantation  efficiency  of  human
hepatocytes, which in general can be divided into two categories[72]. One is a mouse
model with a genetic disorder that causes depletion of the host hepatocytes, such as
mice expressing urinary plasminogen activator (uPA) driven by the albumin or Mup
promoter[73,74],  and  immunodeficient  FRG [Fah(-/-)  Rag2(-/-)  Il2rg  (-/-)]  mice[75];
another is a mouse model with drug- or surgery-induced liver damage, including
mice receiving treatment with retrorsine[7], CCl4

[24,76], diethylnitrosamine[77] or partial
hepatectomy[7,78]  (Table 2). Transplantation using primary human hepatocytes has
been successful in mouse models, for example, with the FRG mouse model, the ratio
of human hepatocytes in a mouse liver can be up to 90%[75]. However, there are no
definitive conclusions so far regarding whether the maturity of transplanted liver cells
affects the efficiency of transplantation when HLCs are used. Cells in endoderm,
hepatoblasts, and mature hepatocyte stages along the HLC differentiation process all
have  possibilities  as  donor  cells  in  cell  transplantation[7,24,73,76,77]  (Table  2).  The
microenvironment in recipient liver is thought to supply necessary signals to promote
further maturation of transplanted cells, although direct evidence and the underlying
mechanism are lacking. However, the overall HLC transplantation efficiency is lower
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compared  to  that  of  human  primary  hepatocytes [75]  (Table  2).  Furthermore,
transplantation  with  HLCs  may  suffer  tumorigenic  risks  due  to  remnant
undifferentiated hPSCs, and the immunogenicity has not been addressed so far, as
most studies were performed with immunocompromised animals.

To  improve  the  transplantation  efficiency,  several  ectopic  sites  have  been
investigated, including spleen, peritoneal cavity, kidney, lung, pancreas and fat pads.
Bioengineering  approaches  have  also  been  applied  in  cell  transplantation.  For
example, Song et al[20] transplanted hPSC-derived HLCs in immunocompetent mice
via  3D  cell  coaggregates  with  stromal  cells  and  encapsulation.  This  study
demonstrated an improved approach for the engraftment of hPSC-derived HLCs[79]. In
a different study, Nagamoto et  al[78].  used a cell  sheet engineering technology by
attaching HLC sheets onto the surface of mouse liver with acute liver failure, which
showed improved hepatocyte engraftment and animal survival in contrast, genetic
modification  to  HLCs  represents  another  approach  to  improve  transplantation
efficiency.  For  example,  Nagamoto  et  al[74]  demonstrated  higher  transplantation
efficiency using HLCs transduced with an adenovirus vector expressing FNK (Ad-
FNK), by inhibiting apoptosis in the process of integration into liver. However, there
is still a long way to go before HLCs can be used in clinical liver transplantation.
Strenuous  efforts  are  needed  to  understand  the  complex  processes  of  cell
transplantation, for example, the donor–host interactions, to improve the quality of
HLCs and optimize the transplantation strategy. Plus, the potential tumorigenic risk
of transplanted HLCs had to be carefully considered. Specifically, tumor cells can
arise from cells with residual expression of factors in iPSC reprogramming process
(e.g., the myc expression), undifferentiated iPSCs remaining in the culture, and cells
with mutations or karyotype abnormalities caught in the rather long in vitro culture
and differentiation  processes.  Several  approaches  can  be  adopted to  reduce  the
tumorigenic  risk:  (1)  Use  integrating-free  viruses  or  small  molecules  for  iPSC
reprogramming[80,81];  (2)  Improve the in  vitro  culture conditions and enhance the
differentiation efficiency of  hPSC-derived HLCs[82];  (3)  Remove undifferentiated
iPSCs, e.g. through treatments with small molecules or antibodies that can specifically
target  iPSCs[83,84];  or  enrich  HLCs  using  HLC  specific  surface  markers  before
transplantation[85]; (4) Monitor the genome integrity of cells at the iPSC stage and the
HLC stage, through karyotype analysis and whole-genome sequencing; (5) Engineer a
self-killing circuit in cells that would allow the trigger of cell death in vivo to remove
tumorigenic cells, if necessary, to further assure safety[86]. Nonetheless, hPSC-derived
HLCs provide a potential valuable cell source to OLT for liver diseases that is worth
pursuing.

CONCLUSION
The generation of iPSCs has revolutionized the whole field of cell biology. It is truly
inspiring to imagine that we can grow any person’s pluripotent cells indefinitely in a
dish and turn them into any cell type. With this capability of iPSCs, the approach to
the study of human biology has been profoundly changed. HLCs were among the first
batch of adult cell types that have been derived from iPSCs, and have been tested ever
since for disease modeling, toxicity screening, and drug discovery, and as donor cells
for transplantation (Figure 1). Complexities and difficulties in the derivation and
applications of these HLCs seem beyond our initial expectations. More than 10 years
have  passed,  but  HLCs  derived  from  hPSCs  remain  a  largely  heterogeneous
population with incompetent liver cell function and low transplantation efficiency.
Protocols  to  grow HLCs from hPSCs need to  be  substantially  and continuously
improved  and  standardized  on  the  basis  of  deeper  understanding  of  liver
development. Despite the gap between the reality and ideal conditions, efforts have
paid off well and the field has made tremendous achievements in recent years, such
as  generation of  functional  liver  organoids,  successful  modeling of  certain  liver
diseases, identification of candidate treatments, and application of large cohorts of
HLCs for human genetic studies, to name a few (Figure 1). With advances in cell
culture systems including 3D culture platforms[87], coculturing conditions[88], tissue-on-
a-chip approaches[89], and invention of new technologies including genome editing
tools and bioengineering systems, HLCs obtained from hPSCs will eventually be able
to fulfill the needs in biomedical research and clinical translation.

WJSC https://www.wjgnet.com August 26, 2019 Volume 11 Issue 8

Li S et al. Derivation and applications of hepatocyte-like cells

541



Table 2  Summary of transplantation studies using hepatocyte-like cells

Ref. Animal model Route Proliferative
stimulus

Type and
number of cells

Donor /
recipient (%
engrafted)

Donor /
recipient (%
repopulated)

Time post-
transplantation

Agarwal et al[24],
2008

NOD-SCID mice Portal vein CCl4-injured 106 hES-DEs < 1% NA 28 d

Basma et al[7],
2009

NOD-SCID mice Spleen Retrorsine and
partial
hepatectomy

1 × 106 hES-HLCs NA NA 21 d

Liu et al[77], 2011 NSG mice Tail vein dimethylnitrosam
ine -injured

0.1 - 2 × 106

hiPSC- multistage
hepatic cells

2%–17% 8%–15% 56 d

Asgari et al[76],
2013

Normal mouse Tail vein CCl4-injured 1 × 106 hiPSC-
HLCs

2 ± 0.7% NA 35 d

Carpentier et
al[73], 2014

MUP-uPA/
SCID/Bg mice

Spleen NA 4 × 106 hiPSC-
HLCs

1%-7% < 1 to up to 20% 100 d

Song et al[20],
2015

Immunocompete
nt mice

Intraperitoneal
cavity

NA 4.4×105 hiPSC-
HLCs in capsules

NA NA 24 d

Nagamoto et
al[74], 2015

uPA/SCID mice Spleen NA 1 × 106 Ad-FNK-
transduced
hiPSC-HLCs

NA NA 28 d

Nagamoto et
al[78], 2016

Mice hiPS-HLC sheet
transplantation

2/3 partial
hepatectomy and
CCl4-injured

8 × 105 hiPSC-
HLCs

NA NA 14 d

DE: Definitive endoderm; HLCs: Hepatocyte-like cells; hPSCs: Human pluripotent stem cells.
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Figure 1

Figure 1  Derivation and applications of human hepatocyte-like cells. A: Directed differentiation process of human pluripotent stem cells (hPSCs)-derived
hepatocyte-like cells (HLCs) in vitro includes endoderm development, endoderm hepatic specification, and hepatic maturation stages; B: Applications of human HLCs.
HPSC-derived HLCs can be used to generate disease models to study rare or common genetic variants. These cellular models can be applied in pathophysiological
research, drug screening, and toxicity testing. Cohorts of HLCs provide in vitro cell models for genome-wide association studies and potentially pharmacogenomics in
dishes. HLCs also offer a potential cell source for bioartificial livers or liver transplantation. HLCs: Hepatocyte-like cells; hPSCs: Human pluripotent stem cells.
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Abstract
Liver fibrosis is a wound-healing response to chronic injuries, characterized by
the excessive accumulation of extracellular matrix or scar tissue within the liver;
in addition, its formation is associated with multiple cytokines as well as several
cell types and a variety of signaling pathways. When liver fibrosis is not well
controlled, it can progress to liver cirrhosis, but it is reversible in principle. Thus
far, no efficient therapy is available for treatment of liver fibrosis. Although liver
transplantation is the preferred strategy, there are many challenges remaining in
this approach, such as shortage of donor organs, immunological rejection, and
surgical complications. Hence, there is a great need for an alternative therapeutic
strategy. Currently, mesenchymal stem cell (MSC) therapy is considered a
promising therapeutic strategy for the treatment of liver fibrosis; advantageously,
the characteristics of MSCs are continuous self-renewal, proliferation,
multipotent differentiation, and immunomodulatory activities. The human
umbilical cord-derived (hUC)-MSCs possess not only the common attributes of
MSCs but also more stable biological characteristics, relatively easy accessibility,
abundant source, and no ethical issues (e.g., bone marrow being the adult source),
making hUC-MSCs a good choice for treatment of liver fibrosis. In this review,
we summarize the biological characteristics of hUC-MSCs and their paracrine
effects, exerted by secretion of various cytokines, which ultimately promote liver
repair through several signaling pathways. Additionally, we discuss the capacity
of hUC-MSCs to differentiate into hepatocyte-like cells for compensating the
function of existing hepatocytes, which may aid in amelioration of liver fibrosis.
Finally, we discuss the current status of the research field and its future
prospects.

Key words: Human umbilical cord mesenchymal stem cells; Liver fibrosis; Hepatocyte-
like cells; Mechanism; Cell therapy; Paracrine effect; Exosome; Transdifferentiation
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Core tip: Liver fibrosis is a major global health problem, for which no efficient therapy is
available. Cell therapy, particularly involving human umbilical cord mesenchymal stem
cells (known as hUC-MSCs), represents a promising therapeutic strategy, based mainly
on the cells’ paracrine effects, transdifferentiation capacity and immunomodulatory
function. In this review, we discuss the characteristics of hUC-MSCs, focusing on the
possible mechanisms of these cells to ameliorate liver fibrosis, based upon evidence
from in vitro and in vivo studies as well as ongoing clinical trials. This review also
includes a discussion of the current status of the field and its future prospects.

Citation: Yin F, Wang WY, Jiang WH. Human umbilical cord mesenchymal stem cells
ameliorate liver fibrosis in vitro and in vivo: From biological characteristics to therapeutic
mechanisms. World J Stem Cells 2019; 11(8): 548-564
URL: https://www.wjgnet.com/1948-0210/full/v11/i8/548.htm
DOI: https://dx.doi.org/10.4252/wjsc.v11.i8.548

INTRODUCTION
Liver fibrosis is a common outcome of severe chronic liver injuries, characterized by
imbalance in the production and degradation of extracellular matrix (ECM). It can be
triggered by viruses, alcohol abuse, drug abuse, and autoimmunity[1]. In the early
stages  of  liver  fibrosis[1],  the  ECM deposition  can  be  hydrolyzed  by  proteolytic
enzymes, such as matrix metalloproteinases. However, continuous damage will lead
to the accumulation of matrix components, such as collagen I and collagen III, leading
to scar tissue deposition and the onset of an inflammatory process[2-6]. Notably, several
studies  have shown that  hepatic  stellate  cells  (HSCs)  play a  critical  role  in  liver
fibrosis (Figure 1).

When the liver is exposed to various injuries, quiescent HSCs change into activated
HSCs, which are the major source of collagen and ECM proteins. Under the action of
various cytokines, such as inflammatory mediators, released by activated Kupffer
cells,  the  activated  HSCs  then  differentiate  into  myofibroblasts[7].  Furthermore,
activated HSCs promote the activation of peripheral static HSCs and promote the
development of liver fibrosis through paracrine and autocrine modes. A variety of
cytokines[8-12] (i.e., transforming growth factor-beta (TGF-β), platelet-derived growth
factor, connective tissue growth factor, fibroblast growth factor (FGF), interferon-
gamma, and leptin) are involved in the activation of HSCs through multiple signaling
pathways[8] (e.g., TGF-β/Smad, Ras/ERK, Notch[13], and Wnt/β-catenin[14]). As such,
liver fibrosis is associated with multiple cytokines, several cell types, and a variety of
signaling pathways. Without efficient treatment, liver cirrhosis or liver failure can
occur, and the risk of hepatocellular carcinoma is increased[3].

Although numerous drugs have been shown to exhibit antifibrotic activity both in
vitro and in animal models, none have been effective for clinical use. Until now, liver
transplantation remains the only effective therapy for end-stage liver disease[15]. The
primary  limitation  of  this  treatment,  however,  is  a  shortage  of  donor  organs.
Moreover, adverse effects (e.g., rejection) as well as the high cost of the procedure and
inevitable  side  effects  associated  with  long-term  postoperative  use  of
immunosuppressants make liver transplantation unfavorable for many patients[16,17].
These ongoing challenges highlight the need for new therapeutic strategies to treat
liver fibrosis in effective, safe and convenient ways.

Currently, MSCs are a focus of research regarding treatment of liver diseases[18-21]

because they exhibit  the following characteristics:  multidifferentiation potential,
strong proliferative ability, immune regulation, and self-replication[15,22,23]. MSCs can
be  obtained  from  a  variety  of  tissues,  including  bone  marrow,  adipose  tissue,
umbilical cord tissue, placenta, umbilical cord blood, amniotic fluid, peripheral blood,
liver, lung, endodontic pulp, skeletal muscle[24], and hair follicles. Several researchers
have cited that human umbilical cord-derived (hUC)-MSCs are a superior choice over
the other types of MSCs, as they have no substantial ethical challenges, exhibit a low
risk of viral transmission[25] and low immunogenicity, are readily available, and are
more primitive[26].

In this review, the biological characteristics of hUC-MSCs are discussed, as are their
possible  underlying  therapeutic  mechanisms,  clinical  applications,  and  future
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Figure 1

Figure 1  Process of hepatic stellate cells’ activation. HSC: Hepatic stellate cell; MFBLC: Myo-fibroblast-like cell.

prospects for amelioration of liver fibrosis.

CHARACTERISTICS OF hUC-MSCs
During the 5th wk of gestation, the human umbilical cord begins to develop, and it can
grow up to 50 cm in length[27]. The hUC itself can be obtained after delivery, as it is
considered medical waste; this convenient acquirement dovetails with the recognition
of it as an ideal source of MSCs[28,29].

Sources of hUC-MSCs
Recently, researchers have isolated six types of MSCs from different portions of the
hUC (Figure 2)[30]; these include the amnion, subamnion, perivascular, Wharton’s jelly,
mixed cord,  and cord blood.  Notably,  Wharton’s  jelly[31-33]  has become the major
source of MSCs[34-38].

Isolation of hUC-MSCs
There  are  three  main  methods  for  isolation  of  hUC-MSCs,  these  being  explant,
enzymatic digestion, and a so-called “mixed” method[39].

The explant method is also known as “tissue block adherence”. Mennan et al[38]

reported that explants could be obtained from Wharton’s jelly that had been minced
into small pieces and then cultured in basal medium supplemented with 100 mL/L
fetal  calf  serum.  This  explant  method is  relatively  simple  and  inexpensive,  but
requires  extended  time  for  subculturing  (typically  20-30  d)  because  of  the  low
adhesion efficiency of tissue explants and the slow migration of cells out of tissue
explants  (approximately  5-10  d).  To  overcome  these  disadvantages,  explant
reculture[40] and multiple adherence methods[41] have been devised to obtain larger
numbers of primary culture cells. According to a report by Lu et al[40],  unattached
tissues could be recovered and subsequently recultured to generate more stable hUC-
MSCs, which were found to express similar biomarkers and differentiation capacity.
hUC-MSCs can also be obtained by an enzymatic digestion method[32]; For this, the
whole  cord  is  cut  into  small  pieces  and digested  with  collagenase,  followed by
centrifugation of the supernatant, resuspension of the resulting pellet in medium, and
seeding in a tissue culture flask. Other approaches to digest the tissues[42-44] include the
use  of  collagenase  with  or  without  trypsin,  or  a  combination  of  collagenase  or
hyaluronidase with or without trypsin. In 2007, Ding et al[32] reported a mixed method
to obtain hUC-MSCs. For this, the Wharton’s jelly is cut into small pieces, treated with
collagenase type I for 14–18 h, and then explant-cultured using the above-described
tissue block adherence method.

Overall, the explant method is conducive for maintenance of cell quality, avoids
contamination,  involves  a  simple  procedure,  and is  inexpensive.  Therefore,  this
method  has  been  widely  adopted,  although  it  requires  additional  time  for
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Figure 2

Figure 2  Cross-sectional diagram of human umbilical cord showing anatomical compartments, including
Wharton’s jelly, as a source of mesenchymal stem cells.

subculturing of the hUC-MSCs. The enzymatic digestion method can provide more
homogenous cell populations in a shorter time[45] but the cell quality and functions can
be degraded compared with the former method[46,47].  Additionally, this method is
difficult  to  control  the  digestion  time  and  it  is  expensive.  The  mixed  method
procedure is more complicated and can lead to cell contamination more easily. Thus,
hUC-MSCs’ isolation protocols need to be improved to obtain a greater number of
primary cells in a short time.

Cultivation and expansion of hUC-MSCs
Many factors influence the growth of hUC-MSCs, including basal medium, serum,
and substitutes of fetal bovine serum (FBS).

The various types of basal medium used to culture hUC-MSCs include DMEM-
LG[48-50], DMEM/F12[51-53], α-MEM[54-56], and MSC-qualified medium[57]. In our culture
strategy[58], we have used DMEM/F12 (1:1) as our basal medium, supplemented with
100 mL/L FBS,  to  culture and proliferate  hUC-MSCs.  The resulting cells  exhibit
typical  features  of  MSCs in  morphology,  proliferation capacity,  and the  surface
antigen profiles.

Though FBS is always used in cell culture of hUC-MSCs, some inherent factors can
elicit  negative  effects  in  clinical  treatment.  Fortunately,  blood  components  of
autologous or allogeneic donors (e.g., human serum, plasma, platelet lysate, and cord
blood  serum)  have  been  confirmed  by  Bieback  et  al [59]  as  alternative  media
supplements for clinical use. Wu et al[60] cultured and cryopreserved hUC-MSCs with
hUC blood plasma. The resulting phenotype and differentiation potential (osteogenic
and adipogenic) were almost indistinguishable from those of cells cultured with FBS;
moreover, cells cultured with cord blood plasma demonstrated significantly greater
proliferation rates than those cultured with FBS. In a separate study by Sun et al[61],
when hUC-MSCs were cultured in vitro using a human platelet lysate culture system,
the  stemness  was  maintained in  a  more  consistent  manner.  Additional  findings
regarding proteinaceous medium additives have been reported by Hatlapatka et al[62],
specifically being that human serum appears to support optimal growth conditions
and efficient cell expansion.

Furthermore, the addition of a subset of growth factors into the medium, such as
epithelial growth factor (EGF), FGF, platelet-derived growth factor, TGF-β and insulin
growth factor-1, is conducive to the maintenance of stemness among stem cells[63].

In brief, a serum-free culture system can maintain the growth and propagation of
hUC-MSCs  in  vitro  through  the  addition  of  nutrients  and  growth  factors.  This
approach avoids the negative effects of FBS, maintains hUC-MSCs stemness, and
improves  hUC-MSCs’  proliferation efficiency.  However,  in  a  serum-free  culture
system,  cells  tend  to  lose  their  stemness  characteristics  and  exhibit  reduced
proliferation efficiency as the number of passages increases[61].  Therefore, optimal
nutrients  and  growth  factors  must  be  selected  to  maintain  the  biological
characteristics of hUC-MSCs.

Biomarkers of hUC-MSCs
Thus far, no surface markers have been found that are characteristic of MSCs, likely
because cell phenotype is influenced by medium composition, cell seeding density,
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and oxygen partial pressure.
Although a variety of markers have been described, the International Society for

Cellular Therapy has proposed the following set of minimum criteria to define MSCs:
(1) Plastic adherence; (2) Presence of a specific set of cell  surface markers (CD73,
CD90, CD105) and concomitant absence of other markers (CD14, CD34, CD45, and
human  leukocyte  antigen-DR);  and  (3)  Ability  to  differentiate  into  adipocytes,
chondrocytes, and osteoblasts in vitro[64]. Importantly, hUC-MSCs, like other MSCs,
meet these criteria.

Gene expression analyses[65,66] have shown hUC-MSCs to be a primitive type of cell,
with  a  phenotype  between  that  of  adult  stem  cells  and  embryonic  stem  cells,
expressing unique molecular markers of various embryonic stem cells, such as OCT4,
SOX2, and NANOG.

Furthermore,  hUC-MSCs  express  many  biomarkers  that  are  beneficial  for
transplantation. Notably, hUC-MSCs do not express the major histocompatibility
complex-II or costimulatory molecules CD80 and CD86; this may facilitate allogeneic
and heterogeneic transplantation. Moreover, hUC-MSCs produce moderate amounts
of major histocompatibility complex-I[67] and constitutively express B7 homolog 1, a
negative regulator of T cell activation.

Overall, regardless of the method used for culture, some cell phenotypes remain
consistent among the hUC-MSCs. For example, surface markers of interstitial cells,
endothelial cells, and epidermal cells are expressed, whereas hematopoietic stem cell
markers are not. The hUC-MSCs are more primitive than other sources of MSCs and
beneficial for transplantation.

Bioactive molecules secreted by hUC-MSCs
The hUC-MSCs can secrete multiple bioactive molecules that exert specific physio-
logical functions in a variety of processes. Wang[68] reported the identification of 236
proteins within hUC-MSCs-conditioned medium, of which 114 were known; these
proteins  included  cytokines,  transporters,  receptors,  and  binding  proteins  that
participated in  15  biological  processes  and 14  molecular  functions  (e.g.,  growth,
proliferation,  differentiation,  inflammatory  responses,  immune  responses,
maintenance of homeostasis[69], angiogenesis, and apoptosis[70]). Notably, some of the
identified proteins are involved in amelioration of liver fibrosis.

Three-dimensional (3D) culture system
The conventional adherent monolayer culture system for growth of stem cells has
many limitations. For example, it provides insufficient yield to meet clinical demands,
requires frequent digestion and subculturing of  cells,  and carries  a  high risk for
contamination. More importantly, this method fails to recapitulate the in vivo native
3D cellular microenvironment, and may thus result in phenotypic changes as well as
impairment of homing and migration capacities[54]. Therefore, to ensure high-quality
and high-quantity preparation of hUC-MSCs, 3D culture systems have been explored
as an ideal preparatory and delivery method.

Li et al[48] established a 3D culture system for hUC-MSCs, in which primary hUC-
MSCs were isolated and grown in serum-free medium on a suspension rocker system
for 3 d. Compared with monolayer culture, the 3D culture system yielded more hUC-
MSCs within the same volume, in a spheroid morphology. The spheroids expressed
higher levels of stem cell markers and more robust multipotency. After transplan-
tation into carbon tetrachloride (CCl4)-injured mice, the 3D culture-grown hUC-MSCs
alleviated liver necrosis and promoted regeneration significantly, as compared with
monolayer-cultured hUC-MSCs. In a study by Zhou et al[54], hUC-MSCs were seeded
in a 3D culture system with porcine acellular dermal matrix, which led to increased
expression of Toll-like receptors, C-X-C chemokine receptor type 4, and CD34 and
CD271 surface markers and decreased expression of CD105. Moreover, the numbers
of migratory 3D-grown hUC-MSCs in the liver were significantly greater than the
numbers of monolayer-grown hUC-MSCs.

In general, the characteristics of hUC-MSCs in 3D culture resemble those of hUC-
MSCs more closely in their native environments, whereas characteristics of hUC-
MSCs in two-dimensional (2D) culture do not exhibit this similarity. Thus, 3D culture
enables reversal of changes in certain phenotypic markers and chemokine receptors as
well as restoration[71] of some functional loss (e.g., homing, migration, and immune
regulation)  which occur in the 2D system. Therefore,  this  approach represents  a
promising  strategy  for  hUC-MSCs  expansion  on  an  industrial  scale,  with  great
potential for cell therapy and biotechnology.

Potential for differentiation into hepatocyte-like cells in vitro
The hUC-MSCs have been demonstrated to be multipotent, and can differentiate into
endodermal  cell  types as  well  as  most  mesodermal  and ectodermal  cell  types[72].
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Several studies have shown that hUC-MSCs could differentiate into hepatocyte-like
cells  in  vitro.  Below,  we  summarize  some  of  the  protocols  reported  for  hepatic
differentiation of hUC-MSCs, such as the addition of cell growth factors or small
molecules,  induction  by  conditioned medium (except  liver  fibrosis-conditioned
medium), coculture with normal hepatocytes, as well as genetic manipulation.

Addition of cell growth factors and small molecules into the medium: Among the
existing  induction  methods,  the  cytokine  combination  method has  been  widely
studied, due to the need for exact components and doses, as well as its benefit of easy
repeatability. Campard et al[31]  differentiated hUC-MSCs into hepatocyte-like cells
using a three-stage protocol. First, hUC-MSCs were seeded in IMDM containing EGF
and basic (b)FGF, and cultured for 2 d.  Second, hepatocyte growth factor (HGF),
bFGF, nicotinamide, and insulin-transferrin-selenium premix was added and the
culture continued for 10 d. Third, oncostatin M (OSM), dexamethasone, and insulin-
transferrin-selenium premix was added and the culture continued for another 10 d.
The  resulting  hUC-MSCs  exhibited  hepatocyte-like  morphology,  having  up-
regulation of several hepatic markers, presence of stored glycogen, functional urea
production, and inducible CYP3A4 activity. However, the absence of some hepatic
markers [e.g., HepPar1 or hepatocyte nuclear factor 4 (HNF4)] in the differentiated
hUC-MSCs implied that differentiation did not reach the level of mature hepatocytes.
Similarly,  Zhao  et  al[73]  used  a  medium containing  HGF,  bFGF,  dexamethasone,
insulin, and sodium selenite to culture hUC-MSCs for 16 d, after which the cells were
transferred into OSM-containing medium. The resulting hUC-MSCs exhibited a high
hepatic differentiation ability and hepatocyte-specific functions.

To resolve the low differentiation efficiency, Su et al[57] investigated the effect of
valproic acid (VPA), a histone deacetylase inhibitor, on hepatic differentiation of hUC-
MSCs.  In  that  study,  hUC-MSCs were  treated with  VPA for  6  h  and then diffe-
rentiated for 15 d in insulin-transferrin-selenium medium containing 20 ng/mL HGF,
10  ng/mL  OSM,  and  10-6  mol/L  dexamethasone.  The  resulting  cells  showed
expression of endodermal genes and secretion of urea; in addition, the number of
albumin (ALB)-positive hUC-MSCs was profoundly increased in response to the VPA
pretreatment. Moreover, the expression levels of phospho-AKT1 and ERK1/2 proteins
were increased in these hUC-MSCs. Together, the results suggest that VPA promotes
hepatic differentiation of hUC-MSCs by up-regulating expression of endodermal
genes through AKT and ERK activation.

Overall,  many cytokines  can induce  hepatic  differentiation of  hUC-MSCs but
problems persist in the form of low induction efficiency as well as in the presence of
immature,  heterogeneous  hepatocyte-like  cells.  Therefore,  a  standard induction
protocol  should  be  established;  this  will,  however,  depend upon discoveries  of
specific key factors and a consistent mechanism for hepatic differentiation.

Conditioned  medium:  Previous  findings  have  suggested  that,  under  defined
conditions  (e.g.,  a  simulated  normal  liver  microenvironment),  hUC-MSCs  can
differentiate into functional hepatocytes. Yan et al[74] explored the use of fetal liver-
conditioned medium for hepatic differentiation of hUC-MSCs. The expression of
MSC-specific  markers  decreased,  while  hepatocyte-specific  gene expression was
increased. Urea production, ALB secretion, glycogen storage, and CYP3A4 activity
were  significantly  enhanced in  the  fetal  liver-conditioned medium-treated cells.
Furthermore, the protein expression levels of P-ERK, P-Raf, and P-MEK increased
significantly in fetal liver-conditioned medium-treated hUC-MSCs.

Similarly, Xue et al[75] simulated a liver microenvironment in vitro by using liver
homogenate  supernatant,  which  induced  differentiation  of  hUC-MSCs  into
hepatocyte-like  cells  expressing  the  hepatocyte  markers  α-fetoprotein  (AFP),
cytokeratin  (CK)18,  and tryptophan 2,3-dioxygenase  (TPH2).  Moreover,  CYP3A
enzyme activity, as well as ALB and urea secretion, indicative of hepatocyte function,
were also significantly increased by the liver homogenate supernatant induction.
Thus, the liver microenvironment is a key factor in the differentiation of hUC-MSCs
into hepatocytes.

Overall, hepatic differentiation of hUC-MSCs can be promoted through coculture
with  conditioned  medium.  Thus,  interactions  between  stem  cells  and  their
microenvironment are considered to be the primary mechanism regulating stem cell
self-renewal and differentiation. This is a feasible method to easily differentiate hUC-
MSCs into functional hepatocyte-like cells.

Coculture  with  normal  hepatocytes:  In  a  study  by  Li  et  al[76],  hUC-MSCs  were
cocultured with liver LO2 cells for 7, 14 and 21 d. In that study, AFP mRNA was
found on the 7th d after coculture, and the expression of ALB and CK19 mRNA, both
hepatocyte-specific markers, reached detectable levels at 7 d, remaining at d 14 and
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21, after the coculture. In particular, the mRNA expression levels of ALB and human
CK19 were increased at 14 d, and glycogen staining was positive after the coculture
for 21 d. However, at 21 d, AFP expression was no longer detectable in the cocultured
cells. These results indicated that hUC-MSCs can differentiate into hepatocyte-like
cells after coculture with normal hepatocytes; notably, increased induction time leads
to more mature differentiated cells.

Gene transfection in hUC-MSCs: The hepatic differentiation status of hepatocyte-like
cells derived from stem cells is inadequate for clinical use because of relatively low
expression  levels  of  functional  proteins  and  lack  of  full  induction  of  metabolic
activity[77]; therefore, genetic manipulation may be an ideal strategy to resolve this
problem.

There have been many reports  regarding overexpression of  HNF4α and some
micro (mi)RNAs in several types of MSCs to facilitate differentiation into hepatocyte-
like  cells[78-80].  HNF4α  is  a  dominant  transcriptional  regulator  of  hepatocyte
differentiation and hepatocellular carcinogenesis. Moreover, HNF4α-overexpressing
hUC-MSCs have been established[81], and hepatocyte-specific proteins and genes have
been significantly enhanced by the activation of several target genes, including liver-
enriched transcription factors[82].

However, transcription factors are not the only molecules that can promote cell
transdifferentiation; miRNAs can also be used for this purpose[83-85]. Transfection with
several miRNAs has been reported to induce the transdifferentiation of hUC-MSCs
into hepatocyte-like cells, or even mature hepatocytes.

Cui et al[86] transfected six miRNAs (miR-1246, miR-1290, miR-148a, miR-30a, miR-
424, miR-542-5p) and the liver-enriched miR-122 together, and observed stimulation
of  hMSCs’  conversion  into  functionally  mature  induced hepatocytes  (known as
iHeps). Additionally, after transplantation of the iHeps into mice with CCl4-induced
liver injury, the iHeps not only were able to improve liver function but also restored
injured liver tissue. The findings from that study indicate that miRNAs have the
capability to directly convert hMSCs to a hepatocyte phenotype in vitro. In order to
screen out the optimal miRNA candidates for hepatic differentiation of hUC-MSCs,
Zhou et al[87] sequentially removed individual miRNAs from the seven-member pool
of  miR-1246,  miR-1290,  miR-148a,  miR-30a,  miR-424,  miR-542-5p  and  miR-122,
performing transfection with the remainder. Examination of the relevant indices (e.g.,
hepatic  markers,  glycogen  storage,  low  density  lipoprotein  uptake,  and  urea
production) showed that five of the miRNAs (miR-122, miR-148a, miR-424, miR-542-
5p  and  miR-1246)  were  essential  for  this  process.  Similarly,  Khosravi  et  al[88]

transfected miR-106a, miR-574-3p, and miR-451 into hUC-MSCs to study hepatic
differentiation. The up-regulation of any of these three miRs alone did not induce
expression of all hepatocyte-specific genes, but led to Sox17 and FoxA2 expression,
both being factors involved in the initiation of hepatic differentiation. Furthermore,
through concurrent ectopic overexpression of the three miRs (miR-106a, miR-574-3p,
and miR-451), hUC-MSCs could be induced into functionally mature hepatocytes with
the mRNA expression of  the  hepatocyte-specific  genes  HNF4α,  ALB,  and CK18,
which began to increase significantly only in the terminal phases of differentiation.

Notably, gene transfection methods exhibit greater induction efficiency and shorter
intervals for target cell production, compared with previous methods, but their safety
and ethical issues must be considered carefully. Furthermore, the key molecules and
mechanism must be explored in detail.

Promotion of hepatic differentiation of hUC-MSCs by 3D culture system: Recent
studies have found that 3D scaffolds contain the main ECM components, such as
heparin,  which  may  provide  an  appropriate  microenvironment  for  hepatocyte
function. Aleahmad et al[89] revealed that 3D culture can prevent loss of hepatocyte
function and improve efficiency of hepatocyte differentiation. When hUC-MSCs were
cultured within 3D heparinized collagen scaffolds, the cells expressed early liver-
specific markers, at both the gene and protein levels, including HNF4α, ALB, CK18
and CK19, as well as late liver-specific markers, such as G6P and CYP2B. In addition,
the cells stored more glycogen than cells cultured in 2D collagen gels. Different from
the above-described results, Khodabandeh et al[90] studied hUC-MSCs cultured in 3D
collagen scaffolds for 21 d; they showed that the mRNA expression levels of ALB,
AFP, CK18, CK19, G6P, and CYP2B did not significantly differ between cells cultured
in  3D collagen  scaffolds,  2D collagen  films,  or  conventional  monolayer  culture.
However, claudin expression was significantly increased in the cells cultured in 3D
collagen scaffolds, compared with those cultured in 2D collagen films or conventional
monolayer  culture;  this  finding  indicated  that  3D  collagen  scaffolds  provided
adequate ECM for induction of cellular interconnection.

In general,  3D culture can better mimic the in vivo  microenvironment,  thereby
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improving stem cell  functions,  such as differentiation,  proliferation,  response to
stimulation, and gene expression. However, there remain many issues to be explored
to  facilitate  differentiation  of  hUC-MSCs  into  hepatocyte-like  cells  or  mature
hepatocytes;  for  example,  further  optimization  is  needed  for  exogenous  small
molecules  to  mimic the in  vivo  microenvironment,  and greater  understanding is
needed regarding the mechanism of action between components of the ECM/scaffold
materials and stem cells.

EFFECTS AND MECHANISMS OF hUC-MSCs FOR
AMELIORATION OF LIVER FIBROSIS
Recently, several studies have provided encouraging results regarding the use of
hUC-MSCs in the treatment of various hepatic injuries[31,91,92], such as liver fibrosis. The
known  mechanisms  of  hUC-MSCs’  ability  to  ameliorate  liver  fibrosis  include
paracrine  effects,  transdifferentiation  into  hepatocyte-like  cells,  and  immuno-
modulatory  functions[93].  This  section  of  the  review  focuses  on  the  first  two
mechanisms, as determined through in vitro and in vivo studies.

Paracrine effects of hUC-MSCs for amelioration of liver fibrosis
MSCs  from  sources  other  than  hUC  can  secrete  various  cytokines,  HGF,  and
interluekin-10[94], which can promote liver repair; other cytokines or growth factors
can inhibit the occurrence of liver cirrhosis[95]. Furthermore, researchers have reported
that hUC-MSCs exert antifibrosis functions in a paracrine manner through the TGF-
β1/Smad signaling pathway[22,96].

In  the  development  of  liver  fibrosis,  TGF-β1 (Figure 3)  plays  a  critical  role  in
hepatic fibrogenesis and the development of cirrhosis[97]. Several studies have shown
that the TGF-β/Smad pathway is  one of  the most important signaling pathways
related to liver fibrosis[49].  The Smad protein family participates in a downstream
signaling pathway of TGF-β.  The Smad proteins are classified according to their
receptor activation and inhibitory functions. The former group includes Smad3, which
can transfer signals from the cytoplasm to the nucleus, thereby promoting onset of
liver fibrosis. Inhibitory Smad proteins include Smad7, which can block the formation
of Smad complexes and the resulting signal transduction process, thereby inhibiting
the onset of fibrosis[98].

Bioactive factors and cytokines released from hUC-MSCs: In the past, most studies
have  focused  on  indirect  coculture  of  hUC-MSCs  and  HSCs  in  vitro,  and/or
transplantation of hUC-MSCs into fibrotic animal models in vivo.  The subsequent
assessment  of  changes  in  liver  fibrosis  indices  (with  the  exception  of  trans-
differentiation  into  ALB-expressing  or  AFP-expressing  hepatocytes)  served  to
illustrate the antifibrotic effect of hUC-MSCs.

Using an in vitro approach, Zhang et al[22] reported that indirect coculture of hUC-
MSCs  and  LX2  cells  could  determine  the  paracrine  effect  of  hUC-MSCs  on  the
proliferation of HSCs. In that study, the proliferation of LX2 cells was inhibited and
the  apoptosis  level  was  increased  in  the  coculture  condition.  Furthermore,  the
expression levels of TGF-β1 and Smad3 (both mRNA and protein) were reduced,
whereas  expression  of  Smad7  (both  mRNA  and  protein)  was  increased  in  the
coculture condition. These results indicated that the paracrine effect of hUC-MSCs
inhibited  proliferation  of  HSCs,  possibly  by  inhibition  of  TGF-β1  and  Smad3
expression and enhancement of Smad7 protein expression.

In vivo studies by Tsai et al[92] revealed that hUC-MSCs injected into CCl4-induced
rats did not differentiate into ALB-expressing or AFP-expressing hepatocytes. Thus,
the effect  of  hUC-MSCs on reducing fibrogenesis most likely relies on release of
bioactive factors or cytokines from grafted hUC-MSCs to trigger liver regeneration,
rather  than on differentiation of  these  cells  into  hepatocytes.  In  the same study,
human cytokine assay analysis revealed that the amounts of human cutaneous T cell-
attracting chemokine, leukemia inhibitory factor, and prolactin were substantially
increased in livers of CCl4-induced rats after transplantation of hUC-MSCs; prolactin
is widely considered to be a hepatotrophic hormone[99]. Additionally, Elmahdy et al[100]

studied the antifibrotic potential of hUC mononuclear cells in CCl4-induced liver
fibrosis  in  mice.  The levels  of  alanine aminotransferase,  aspartate  transaminase,
malondialdehyde, hydroxyproline, laminin, TGF-β1, and tumor necrosis factor-α
were reduced, whereas the level of glutathione was significantly increased, when the
rats were treated with the hUC mononuclear cells. These results indicated a potential
therapeutic effect of hUC mononuclear cells in ameliorating liver fibrosis through
reduction of oxidative stress and inflammatory mediators.
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Figure 3

Figure 3  TGF-β1 receptors and intracellular signal transmission. TβR type I, type II and type III have high affinity with TGF-β1. The TβR-III recruits TGF-β1 and
submits it to TβR-II, activating TβR-II phosphorylation kinase when it combines to type II receptors. Then, they are recognized and combined by TβR-I, forming a
tetramer ligand receptor complex and initiating downstream signaling pathways. TβR: TGF-β receptor; TGF: Transforming growth factor.

The milk fat globule-EGF factor 8 (MFGE8) was identified by Su et al[101] as a novel
key antifibrotic factor, based on its role in modulation of TGFβ signaling. In that
study, the secretome of hUC-MSCs (referred to here as the ‘hUC-MSC-scrtm’) showed
strong antifibrogenic activity. In an in vivo analysis of mice, the hUC-MSC-scrtm was
injected into mice with fibrosis; this led to a significant reduction in expression of α-
smooth muscle actin and fibrosis-related genes. Furthermore, in vitro  analyses of
human HSC lines (hTert-HSC and LX2) and human primary HSCs revealed that
TGFβ1-induced up-regulation of  α-smooth muscle  actin and phosphorylation of
Smad2 (which modulates expression of α-smooth muscle actin and procollagen I in
liver fibrosis) were significantly inhibited by treatment with the hUC-MSC-scrtm.
Regarding MFGE8 suppression of TGFβ-induced HSCs’ activation, MFGE8 has been
shown to be involved in diverse cellular events, via binding to the αvβ3 integrin on
cell  surfaces  through its  RGD domain[102].  Furthermore,  they also found that  the
injection of recombinant human MFGE8 also produced antifibrotic effects, such as
reduction of ECM deposition and HSC activation.

Although hUC-MSCs can secrete hundreds of cytokines or bioactive factors, few
have  been  identified  as  antifibrotic  factors.  Other  antifibrotic  cytokines  and
mechanisms involved in the antifibrotic effect must be clarified in the future.

Exosomes released from hUC-MSCs:  Exosomes comprise  a  primary subclass  of
extracellular vesicles[103], which are small biological membrane vesicles secreted by
various  cells.  Exosomes  contain  a  cargo  of  genetic  materials  (mRNA,  miRNA,
premiRNA, and other noncoding RNA) and proteins that  are transferred to and
released into target cells; notably, exosomes are critical for cell-to-cell communication.
MSC-secreted exosomes are increasingly regarded as a novel cell-free therapy, in that
they have  many advantages  over  the  use  of  corresponding MSCs.  In  particular,
exosomes are smaller and less complex than their parent cells, easier to produce and
store,  devoid  of  viable  cells,  exhibit  no  risk  of  tumor  formation,  and  are  less
immunogenic than their parent cells because of their lower membrane-bound protein
content[104].

Several  studies  have  focused  on  the  therapeutic  effects  of  hUC-MSC-derived
exosomes (hUC-MSC-Ex) in liver fibrosis. Li et al[49] found that 3 wk after injection of
250 µg hUC-MSC-Ex into the livers of CCl4-induced liver injury mice led to reduction
of fibrous surface capsules and softened textures; moreover, this procedure alleviated
hepatic inflammation and collagen deposition. It also significantly restored serum
aspartate transaminase activity and reduced the expression of TGF-β1 and collagen
types I and III as well as the phosphorylation of Smad2. Moreover, expression of the
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epithelial-mesenchymal transition-associated marker E-cadherin increased, whereas
the  expression  levels  of  N-cadherin  and vimentin  (also  epithelial-mesenchymal
transition-associated markers) decreased after hUC-MSC-Ex transplantation. In vitro
experiments showed that, in TGF-β1-induced HL7702 cells, 3 d of treatment with 100
μg/mL  hUC-MSC-Ex  led  to  increased  E-cadherin  mRNA  expression  as  well  as
decreased N-cadherin and Twist mRNA expression. Taken together, these results
suggest  that  hUC-MSC-Ex could ameliorate  CCl4-induced liver  fibrosis  through
inactivation of the TGF-β/Smad signaling pathway and protection of hepatocytes by
inhibiting the epithelial-mesenchymal transition.

Jiang et al[105] investigated the effects and underlying mechanism of hUC-MSC-Ex
treatment on liver fibrosis. Mice with CCl4-induced liver fibrosis were treated with 6.4
× 109 particles of hUC-MSC-Ex by tail vein injection. When the mice were sacrificed 1
mo later,  hematoxylin-eosin and Masson staining showed that  the hUC-MSC-Ex
treatment had inhibited infiltration of inflammatory cells, hepatocyte apoptosis, and
lobule destruction; moreover, the treatment had led to decreased collagen deposition.
After  the  hUC-MSC-Ex injection,  the  expression levels  of  collagen I  and III  had
decreased remarkably, as did the level of activated caspase 3 and production of 8-
hydroxy-2 deoxyguanosine in liver fibrosis. The levels of malondialdehyde and TGFβ
were also reduced. Thus, the hUC-MSC-Ex may facilitate oxidation resistance and
antiapoptotic functions in liver fibrosis. Overall, as carriers involved in intercellular
signal  transduction and substance  transfer,  the  hUC-MSC-Ex enable  substantial
amelioration of liver fibrosis.

Transdifferentiation into hepatocyte-like cells within liver fibrosis conditions
Differentiation of stem cells may be influenced by their microenvironment, as noted
earlier in this review. It is speculated that, upon differentiation into hepatocytes in the
microenvironment of liver fibers, hUC-MSCs can be used as an option to inhibit liver
fibrosis. Whether this differentiation can be performed, either in vitro or in vivo, is an
important current topic of research.

Lin and colleagues[91] explored the effect of thioacetamide (TAA)-injured mouse
liver  tissue  on  hepatic  differentiation  of  hUC-MSCs.  Reverse  transcription-PCR
analysis showed increases in expression of liver-specific genes, including CK18, ALB,
TPH2, AFP,  and CYP7A1.  Further,  the expression levels  of  stem cell  genes were
decreased, including those of NANOG, OCT4, and CKIT. These results suggest that
the hUC-MSCs had the potential  to  differentiate  into hepatocyte-like cells  when
exposed to TAA-injured mouse liver tissue. Furthermore, an in vitro study by Yan et
al[106] showed that, by mimicking the microenvironment of liver fibrosis using 50 g/L
rat fibrotic liver tissue extracts, hUC-MSCs could be stimulated to differentiate into
hepatocyte-like cells in a shorter period of time. The hepatocyte biomarkers AFP and
CK18 were found to be expressed at the protein level, as was the critical metabolic
protein CYP3A4; moreover, urea production, ALB secretion, and glycogen storage
were increased. However, urea production and ALB secretion were relatively lower
than in normal hepatocytes, suggesting that these cells could replace the function of
existing hepatocytes only partially.

In 2016, Yan et al[107] investigated the effect on and underlying mechanisms of the
blood  microenvironment  of  rats  with  TAA-induced  hepatic  fibrosis  for  the
differentiation  of  hUC-MSCs  into  hepatocytes.  The  expression  levels  of  human
hepatocyte biomarkers (AFP and CK18) and hepatocyte-specific proteins (ALB, TPH2,
and CYP3A4) were found to increase significantly, as did the blood urea nitrogen
concentration. Additionally, the levels of HGF and p-ERK significantly increased,
while those of EGF and OSM significantly decreased. Thus, it was concluded that the
hepatic fibrosis blood microenvironment induced hepatic differentiation of hUC-
MSCs through activation of the MAPK/ERK signaling pathway. In an in vivo study,
Lin et al[91] also transplanted 1 × 106 hUC-MSCs into rats with TAA-damaged livers (via
portal vein injection). The transplanted hUC-MSCs were found to be distributed in the
fibrotic area as well as around blood vessels; moreover, the effects of accelerated
hepatic recovery and significantly restored serum prothrombin time were observed.
In addition to human serum ALB, human ALB-positive hUC-MSCs were increased at
21 d posttransplantation. These findings indicate that hUC-MSCs can differentiate
into hepatocyte-like cells in vivo. Similarly, Ren et al[108] transplanted hUC-MSCs into
NOD/SCID mice with CCl4-induced liver fibrosis. They found that human-specific
AFP and ALB mRNA and protein were present in livers of CCl4-treated mice that had
received transplanted human hUC-MSCs.

In 2017, Zhang et al[53] reported that hUC-MSCs transplanted through the tail vein
into  rats  with  CCl4-induced  liver  fibrosis  could  differentiate  into  functional
hepatocytes.  The  hUC-MSCs treatment  led  to  improved liver  transaminase  and
synthetase functions, reduced liver histopathology, and reversed hepatic fibrosis.
Moreover, the expression of human hepatic markers ALB, CK18, AFP, and CK19
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gradually increased in the rat liver tissues, coincident with the additional time of
hUC-MSC transplantation. The differentiation of hUC-MSCs into hepatocyte-like cells
in vivo through the mesenchymal-to-epithelial transition process was confirmed by
the significantly decreased expression of the mesenchymal marker human vimentin
and the significantly increased expression levels of the epithelial markers human E-
cadherin and α-catenin, all of which occurred in a time-dependent manner.

The above findings indicate that hUC-MSCs can differentiate into hepatocyte-like
cells through exposure to the liver fibrosis microenvironment, both in vitro and in vivo.
However, the influence of liver fibrosis tissue volume, induction duration, and liver
fibrosis  animal  model  type  needs  further  exploration.  Collectively,  the  studies
described above have suggested that hUC-MSCs can migrate to the damaged liver
and that paracrine activities of various growth factors and cytokines can reverse liver
fibrosis  (e.g.,  inactivating HSCs,  and degrading excessive ECM) through several
signaling pathways; then, the cells can differentiate into hepatocyte-like cells for
promotion of the function of existing hepatocytes. However, the exact mechanisms by
which hUC-MSCs repair liver fibrosis and undergo hepatic differentiation remain to
be elucidated.

CLINICAL TRIALS
The  establishment  of  practical  applications  of  MSCs  involve  clinical  trials  to
investigate their therapeutic potential for treatment of decompensated liver cirrhosis
or end-stage liver disease. Indeed, there have been some measures of progress in
hUC-MSC therapy (Table 1), according to ClinicalTrials.gov[109]. All of the trials have
involved allogeneic transplantation, with no side effects reported.

To date, findings from the trials have indicated that transplantation of hUC-MSCs
could contribute to marked recovery in patients with liver injuries; both liver function
and  survival  rate  have  been  improved.  The  therapeutic  effect  of  liver  fibrosis
treatment is exciting, and has broad clinical application. However, the protocol for
hUC-MSC treatment needs further refinement,  and its efficacy should be further
assessed in randomized trials with large cohorts.

CONCLUSION AND FUTURE PROSPECTS
Transplantation  of  hUC-MSCs is  an  effective  and promising  treatment  for  liver
fibrosis. This method has the unique characteristics of presenting no major ethical
problems and having lower risk of viral transmission, low immunogenicity, abundant
availability, and more primitive cell type; thus, the hUC-MSCs are outstanding in
comparison to other sources of MSCs. Regarding the application of hUC-MSCs in
treatment of liver fibrosis, although the specific mechanism is not yet known, many
studies have begun to elucidate the probable mechanisms, including paracrine effects,
transdifferentiation into hepatocyte-like cells, and regulation of immunomodulatory
function. Yet, some important issues with these studies remain to be resolved.

First, the method of acquisition of sufficient hUC-MSCs in a short period of time is
not yet defined. Second, improvement of the efficiency of induction into hepatocyte-
like  cells  or  mature  hepatocytes  in  vitro  and in  vivo  still  requires  more  detailed
exploration of the hepatic transdifferentiation mechanism of hUC-MSCs. Third, more
effective  techniques  for  large-scale  exosome production are  needed.  Fourth,  the
paracrine mechanism of  hUC-MSCs to alleviate liver fibrosis  must  be discerned,
including  specific  cytokine  signaling  pathways  to  prevent  the  progress  of  liver
fibrosis. Fifth, further data are needed regarding the oncogenic potential and risks of
using hUC-MSCs. Although hUC-MSCs are not tumorigenic, these safety concerns
must be explored intensively, especially the long-term effects on the immune response
and tumorigenesis. Sixth, the frequency and stage of engraftment, the dose of hUC-
MSCs,  and  standardized  protocols  for  hUC-MSC  transplantation  are  not  yet
established. Ultimately, large-sample, randomized, placebo-controlled clinical trials
are needed to verify the therapeutic potential of hUC-MSCs in liver fibrosis.

Overall, although a large number of challenges remain in the application of hUC-
MSCs for ameliorating liver fibrosis, these issues will be resolved by assessment of the
mechanisms of liver fibrosis, liver genesis, and liver development, as well as further
research regarding stem cells and genetic tissue engineering.
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Table 1  Clinical trials in liver diseases using human umbilical cord mesenchymal stem cells

Ref. Administration
route

Number of cells
infused

Etiology or
disease

Study design, n
for total;
groups

Follow-up
period Trial number Results

[110]
Intravenous (4.0-4.5) × 108 Decompensated

liver cirrhosis
103; 50 hUC-
MSCs, 53 control

52 wk ChiCTR-ONC-
12002103

Decrease in AST,
increase in ALB,
TBIL, PT
Improvement in
MELD and Child-
Pugh scores

[56]
Intravenous 0.5 × 106/kg

Every 4 wk, 3
times

ACLF (HBV
cirrhosis)

43; 24 hUC-MSCs,
19 control

72 wk NCT01218464 Improvement in
MELD Increase in
ALB, PT

[111]
Intravenous 0.5 × 106/kg

Every 4 wk, 3
times

Cirrhosis (HBV) 45; 30 hUC-MSCs,
15 control

48 wk NCT01220492 Decrease in
ascites. Increase
in ALB, TBIL.
Improvement in
MELD.

[112]
Intravenous 0.5 × 106/kg

Every 4 wk, 3
times

UDCA-resistant
PBC

7 48 wk NCT01662973 Decrease in ALP,
γ-GT, fatigue,
pruritus
Improvement
quality of life

[113]
Intravenous 1 × 106/kg; wk 1,

2, 4, 8, 12 and 16
Ischemic-type
biliary lesions

82; 12 hUC-MSCs,
70 control

96 wk NCT02223897 Decrease in BIL,
ALP, γ-GT
Improvement in
graft survival

[114]
Intravenous 1 × 106/kg; Every

4 wk, 3 times
Liver transplant
patients with
acute graft
rejection

27; 14 hUC-MSCs,
13 control

12 wk NCT01690247 Decrease in ALT,
AST, TBIL, acute
rejection
Improvement in
liver allograft
histology

Peripheral vein 4.0 × 107/patient,
4 times

LC 320 144 wk NCT01573923 Unknown

Unknown Unknown LC 20 48 wk NCT01342250 Unknown

Peripheral vein 1.0 × 105/kg, 4
times

Liver failure
(HBV)

120 48 wk NCT01724398 Unknown

Portal vein or
hepatic artery

Unknown LC 200 48 wk NCT01233102 Unknown

Hepatic artery Unknown LC 50 4 wk NCT01224327 Unknown

Hepatic artery 1.0 × 106/kg LC (HBV) 240 48 wk NCT01728727 Unknown

Peripheral vein 210 72 wk NCT01844063 Unknown

Peripheral vein Unknown ACLF (HBV) 261 52 wk NCT02812121 Unknown

Portal vein or
hepatic artery

2.0 × 107/patient,
4 times

LC 20 48 wk NCT02652351 Unknown

Peripheral vein 1.0 × 106/kg, 3
times

Liver failure
(AIH)

100 96 wk NCT01661842 Unknown

Lobe 5.0 × 108/patient LC 40 96 wk NCT02786017 Unknown

ACLF: Acute-on-chronic liver failure; AIH: Autoimmune hepatitis; ALB: Albumin; ALP: Alkaline phosphatase; ALT: Alanine transaminase; AST: Aspartate
transaminase; BIL: Bilirubin; γ-GTP: Gamma-glutamyl transpeptidase; HBV: Hepatitis B virus; LC: Liver cirrhosis; MELD: Model for end-stage liver
disease; PBC: Primary biliary cholangitis; PT: Prothrombin time; TBIL: Total bilirubin; UCDA: Ursodeoxycholic acid.
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