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Progress and prospects in stem cell therapy

Xiu-ling XU1, #, *, Fei YI2, #, Hui-ze PAN1, Shun-lei DUAN1, Zhi-chao DING1, Guo-hong YUAN1, Jing QU1, Hai-chen ZHANG1, 
Guang-hui LIU1, *

1National Laboratory of Biomacromolecules, Institute of Biophysics, Chinese Academy of Sciences, Beijing 100101, China; 2Depart-
ment of Molecular and Cellular Physiology, Stanford University School of Medicine, 265 Campus Drive, Stanford, CA 94305, USA

In the past few years, progress being made in stem cell studies has incontestably led to the hope of developing cell replacement based 
therapy for diseases deficient in effective treatment by conventional ways.  The induced pluripotent stem cells (iPSCs) are of great inter-
est of cell therapy research because of their unrestricted self-renewal and differentiation potentials.  Proof of principle studies have 
successfully demonstrated that iPSCs technology would substantially benefit clinical studies in various areas, including neurological 
disorders, hematologic diseases, cardiac diseases, liver diseases and etc.  On top of this, latest advances of gene editing technologies 
have vigorously endorsed the possibility of obtaining disease-free autologous cells from patient specific iPSCs.  Here in this review, we 
summarize current progress of stem cell therapy research with special enthusiasm in iPSCs studies.  In addition, we compare current 
gene editing technologies and discuss their potential implications in clinic application in the future.
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Introduction
Stem cells are special cells which are able to differentiate into 
few (for multipotent adult stem cells) or any (for pluripo-
tent embryonic stem cells, PSCs) lineage-specific cell types 
while self-renewing extensively to generate more stem cells.  
Because of their potency of differentiation, stem cells are often 
foreseen as the hope of novel cell replacement based therapies 
to regenerate tissues/organs damaged by injury or disease.  
Transplantation of stem cells or their derivatives into respec-
tive tissues or organs is considered as one of the most promis-
ing remedies for many incurable diseases in traditional mean-
ings, of which bone marrow transplantation for treating leu-
kemia is the best-known example[1] .  Unfortunately, immune 
compatible cells are hardly obtainable for any given patient, 
because of the specificity and complexity of human immune 
system.  In this regard, human induced pluripotent stem cells 
(hiPSCs) and gene editing technologies are believed to offer an 
unprecedented solution for obtaining sufficient healthy autol-
ogous cells.  Here we review recent important advances of 

stem cell based research on neurodegenerative diseases, blood 
diseases, cardiac diseases, and liver related diseases, with spe-
cial emphasis on the human ESCs (hESCs) and hiPSCs based 
research with clinical intention.

Stem cell based therapies for neurological disorders 
Neurological disorders caused by dysfunctions of neurons 
or glial cells, such as Parkinson’s disease (PD), amyotrophic 
lateral sclerosis (ALS), Huntington’s disease (HD) and strokes, 
are often devastating and life-threatening[2, 3].  Though cur-
rently no cure is available for these diseases, hPSCs based 
therapies are proposed to provide a symptomatic relief, there-
fore representing a promising option for developing new 
treatment.

PD is caused by the selective death of dopaminergic (DA) 
neurons in the substantia nigra of midbrain.  Replacing 
impaired DA neurons with new cells is one of the straight-
forward strategies to treat this disease.  Trails using fetal 
ventral mesencephalic tissue which is enriched of neural stem 
cells (NSCs) for PD treatment began decades ago[4], and data  
showed that the transplanted NSCs could engraft and survive 
for years.  Encouragingly, unlike patient’s own neurons, the 
engrafted neurons did not contain α-synuclein aggregates, 
an important pathological hallmark of PD[5].  However, due 
to ethical conflicts and limitations of fetal NSCs, new sources 
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of NSCs for transplantation need to be explored.  Because 
of the unlimited self-renewal and differentiation capability, 
hESCs and PD patient hiPSCs are considered promising can-
didate resources for treating PD.  As a result, many groups 
have sought to establish protocols to efficiently differentiate 
hESCs/hiPSCs into DA neurons[6, 7].  It has been reported that 
transplantation of these hESCs/hiPSCs derived DA neurons 
into a rodent model of PD can substantially reverse animal 
behavioral dysfunction, suggesting a clinical potential of this 
treatment[8-11].  Moreover, Wernig and colleagues found that 
6-hydroxydopamine (6-OHDA) rodent model of PD showed 
behavioral improvement after the engraftment of hiPSCs 
derived DA neurons, which strongly advocates the concept of 
hiPSCs mediated autologous cell therapy.  On the other hand, 
the recent advances in gene correction technologies using 
zinc-finger nucleases (ZFN), transcription activator-like effec-
tor nucleases (TALEN), clustered regularly interspaced short 
palindromic repeats (CRISPR)/CRISPR-associated systems 
(Cas)[12, 13], or helper-dependent adenoviral vector (HDAdV) 
have further expanded the versatility of using patient 
hiPSCs to treat neurologic diseases for a less risk of immune 
rejection[14–18].  These studies suggested that genetic defects 
could be effectively corrected before applying stem cell based 
therapy for PD or other neurological diseases.

Stem cell based therapies for the hematologic diseases
Hematologic diseases include a wide range of the acute and 
chronic alternations in the hematological cell lineages.  Among 
them, leukemia, anemia, multiple myeloma, lymphomas, and 
melanoma are common examples, many of which are life-
threatening.  Since the first bone marrow transplantation per-
formed in 1950s, hematopoietic stem cells (HSCs) transplan-
tation has been proved as the most successful application of 
stem cell therapy in the clinic.  Compared to conventional che-
motherapy, stem cell based therapy presents a more effective 
and less toxic way of treating these diseases.  When succeeded, 
HSCs transplantation could be curative for all sorts of genetic 
blood disorders like thalassemia and immune deficiency, as 
well as malignancies like leukemia and lymphoma.  Till now, 
HSCs transplantation remains the only curative therapy for 
certain genetic diseases of the hematopoietic system.  Cord 
blood, bone marrow and peripheral blood (after immortaliza-
tion) are the main sources of obtaining HSCs.  No significant 
difference was observed in patients survived after transplan-
tation with HSCs from different origins.  Unfortunately, the 
application and efficacy of HSC transplantation are limited by 
the shortage of suitable donors and inefficient in vitro expan-
sion of HSCs.  Moreover, low efficiency of gene delivery/cor-
rection in HSCs and safety concerns due to random viral inte-
gration further restrict its application.  Recent advancement in 
hiPSCs may open a new era for curing such severe hematopoi-
etic diseases.  Owing to their remarkable capacity of differen-
tiation upon appropriate stimuli, hESCs and hiPSCs exhibit 
fantastic potential in cell replacement therapy for hematologic 
diseases.  Recently, direct differentiation protocols have been 
developed and improved for efficient generation of HSCs from 

hESCs and hiPSCs.  The derived HSCs are capable of further 
differentiation into specific mature blood components includ-
ing erythroid cells, platelets, dendrite cells, natural killer cells, 
and T cells etc[19].  

For treating the non-inherited blood disorders such as 
acquired aplastic anemia, hiPSCs derived HSCs are suitable 
for autologous transplantation without any genetic manipula-
tion since no pathological mutation is present.  For the inher-
ited blood diseases such as thalassemia and sickle cell anemia, 
gene correction is mandatory to repair pathological mutations 
in patient hiPSCs.  For instance, most of the gene correction 
works done so far were in hiPSCs from patients with hemo-
globinopathy.  The disease related mutations were corrected 
either by in situ gene repair through homologous recombina-
tion or by transgenic introduction of healthy gene at a safe 
harbor locus[18, 20–22].  In both manners, it has been shown that 
disease symptoms were rescued at cellular levels.  However, 
due to the difficulties of grafting of human HSCs into the host 
animals, more efforts should be put in continuous studies to 
further ensure if disease defects are functionally rescued in 
animal models.  

Stem cell based therapy in cardiac diseases
Heart failure is a common pathological condition which results 
from different reasons including myocardial infarction and 
chronic cardiac disorders.  Cardiomyocytes in adult mammals 
have very limited innate ability to regenerate, which makes it 
extremely difficult for the heart to recover after injury.  Limita-
tion of conventional treatments, such as interventions and car-
diac transplantation, has been demonstrated clearly.  On the 
other hand, the stem cell therapy of heart diseases has received 
enormous attention with the hope of rescuing patients with 
heart failure.  Standing out as a promising way for cardiac 
repair, regeneration of functional cardiomyocytes is highly 
demanded for treating heart failure.

In principle, cardiomyocytes can be generated by two differ-
ent ways, differentiation from hPSCs or trans-differentiation 
from other somatic lineages.  As a classic way, spontaneous 
cardiomyocytes differentiation from hPSCs through embryoid 
body (EB) formation in vitro is very inefficient (~1%–10% car-
diomyocytes produced).  It has been found that many factors 
would facilitate a more specific and efficient differentiation, 
which may lead to the establishment of a refined protocol 
applicable for the purpose of regenerative medicine.  Many 
cardiac lineage inducing cytokines and signaling modulating 
small compounds discovered from developmental studies 
have been widely tested in the in vitro culture system.  Among 
them, activin A and BMP4 have been shown to effectively 
drive the differentiation of hESCs towards cardiomyocytes 
with higher efficiency (up to 30%)[23].  The derived cardiomyo-
cytes were not only highly resembling their primary counter-
parts in terms of morphological features and gene expression 
patterns, but also capable of partially rescuing heart failure 
in infarcted rat hearts after transplantation.  Combined with 
activin A and BMP4, a new report has shown that bFGF 
could efficiently induce hESCs into primitive streak-like cells 
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and cardiac mesoderm[24].  This protocol subsequently used 
canonical Wnt inhibitor DKK1 and VEGF to promote cardio-
myocyte differentiation and further improved the efficiency 
of differentiation to around 50%.  In addition, small molecules 
have also been shown to play important roles in establishing 
a reliable and economical approach for cardiac regeneration.  
Recently, Lian et al reported that both hESCs and hiPSCs could 
be induced to more compatible cardiomyocytes through tem-
poral modulation of Wnt signaling using small compound[25].  
By administration of GSK3-specific inhibitor on the first day of 
differentiation and Wnt inhibitor IWP2 or IWP4 on the third 
day, the purity of differentiated cardiomyocytes was dramati-
cally increased (higher than 82%).  Meanwhile, some small 
molecules are suggested to have biphasic effects on cardio-
myocyte differentiation, like ITD-1 being recently reported by 
Willems et al[26].  Administration of this compound at the early 
stage of differentiation tended to induce mesoderm formation 
while its later effect specifically promoted cardiomyocyte dif-
ferentiation by inhibiting formation of other lineages.  Besides 
small molecules, it has been reported that extracellular matrix 
components, such as Matrigel, may also contribute to the 
differentiation of cardiomyocytes.  In addition to the conven-
tional inductive signals activin A, BMP4, and bFGF, Zhang 
et al found in a recent study that, by using Matrigel to make 
a matrix sandwich with monolayer of hPSCs in the middle, 
functional cardiomyocytes with an extreme high purity (up to 
98%) can be obtained[27].  Besides differentiation, 3D cell tech-
nology can also be used to facilitate transplantation.  Assisted 
by tissue engineering, Kawamura et al reported a 3D recon-
struction methodology dramatically improved the efficiency of 
engraftment after cardiomyocyte transplantation[28] (Table 1).

Compared to the improved differentiation methods, another 
exciting and inspiring breakthrough in the field is the success-
ful conversion of cardiomyocytes from other lineage commit-
ted cells, to bypass all safety risks associated with the pluripo-
tency.  For example, Qian et al demonstrated both functional 
evidence and decreased disease symptom on cardiomyocytes 
transdifferentiated from cardiac fibroblasts of infarcted mouse 
heart[29].  Similarly, Song et al reported a successful directed 
lineage reprogramming of functional cardiomyocytes from 
non-myocytes of injured mouse heart[30], suggesting a novel 
strategy for the cardiac repair in vivo.  In summary, though big 
progress has been made in the field, it is still a long way to go 
in order to achieve the goal of healing or curing heart diseases 
in the future.  

Hepatic differentiation for cell-based therapy
End-stage liver diseases (ESLD), such as hepatic cirrhosis, viral 
hepatitis and hepatocarcinoma may lead to severe hepatic 
failure which is irreversible.  Currently, orthotropic liver 
transplantation (OLT) is the only effective treatment for ESLD.  
However, the lack of donor liver and immune-compatibility 
problems are two major obstacles to the routine clinical prac-
tice of OLT.  Human PSCs, including hESCs and hiPSCs repre-
sent a promising alternative of cell therapy for liver diseases.  
Recently, a lot of studies have demonstrated that hESCs can 
be efficiently differentiated into functional hepatocytes both in 
vitro and in vivo[31–33].  Unfortunately, their clinical application 
is restricted by the immunological and ethical issues.  Now, 
those problems can be avoided by generating hiPSCs directly 
from patient.  hiPSCs have been successfully produced from 
somatic cells through cell reprogramming and differentiated 
into functional hepatocytes[34, 35].  Although the clinical poten-
tial of hiPSCs derived hepatocytes is enormous, the long-term 
functionality, effectiveness and safety issues after cell trans-
plantation will still need intensive investigation.

In short, the strategy of hPSC-based cell replacement ther-
apy is summarized as Figure 1.

Gene editing and stem cell therapy
Gene editing technology in hPSCs provides a powerful tool 
for treating many genetic diseases.  However, for quite a 
long time the extremely low efficiency of gene targeting in 
hPSCs through conventional homologous recombination-
based method hindered its application.  Several powerful gene 
targeting tools, including ZFN, TALEN, CRISPR/Cas, and 
HDAdV, have been successfully developed.  These new tech-
nologies have tremendously elevated the targeting efficiency 
and been widely used in the targeted correction of disease-spe-
cific mutations, as well as gene knock-in studies[14, 15, 18, 21, 36–39].  
By using these novel gene editing tools, several groups have 
made great progress in the correction of pathogenic mutations 
in patient-derived hiPSCs[14, 21, 39–47] , which implies an encour-
aging perspective of this technology in the future.  

In 2011, Jaenisch and colleagues successfully corrected 
an α-Synuclein mutation using ZFN in hiPSCs derived from 
patients with Parkinson’s disease[14].  In another study, 
researchers reported correction of mutated α1-ANTITRYPSIN 
gene without any “footprint” in the genome by ZFN as well as 
piggyBAC transposon[45].  Though ZFN-mediated gene edit-
ing has a relatively high efficiency, it faces a major concern of 

Table 1.  Summary of cardiomyocytes directed differentiation of hPSCs. 

                 Cell line                                   Terminal cells                   Additional factors                                   Efficiency             Author    
 
H7 human ESCs
Human ESCs (H1, HES2)
Human ESCs (H9, H13, H14); hiPSCs
Human ESCs (H9)
Human ESCs (H1, H9); hiPSCs 

Cardiomyocytes
Cardiomyocytes
Cardiomyocytes
Cardiomyocytes
Cardiomyocytes 

Activin A, BMP4 
BMP4, activin A, bFGF, VEGF, DKK1,
β-catenin shRNA, activin A, BMP4, CHIR99021, or IWP2
BMP4, activin A, bFGF, VEGF, DKK1, ITD-1
Activin A, BMP4, bFGF

>30%
~50%
>82%
~60%
~98%

Laflamme et al 2007[23]

Yang et al 2008[24]

Lian et al 2012[25]

Willems et al 2012[26]

Zhang et al 2012[27]
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potential off-target effects.  Furthermore, ZFN may also cause 
genetic toxicity[48, 49].  Recently, TALEN has been developed 
as a novel gene editing technique in hiPSCs[50].  Compared 
to ZFN, engineered TALEN possesses similar or higher gene 
targeting efficiency[50].  However, similarly to ZFN, TALEN 
also functions as a nuclease.  Therefore, its potential off-target 
effects will still need to be comprehensively examined before 
the translation into clinic[44].  

A novel HDAdV-mediated gene targeting method has 
recently been demonstrated as an efficient and safe strategy 
for correcting gene mutations[15, 17, 18, 51].  HDAdV possesses a 
relatviely high gene targeting efficiency, compared to other 
parallel methods.  More importantly, since the HDAdV over-
comes the potential toxicity commonly associated with viral 
vector, it has been proved to be a safe method for gene correc-
tion in patient hiPSCs.  Applying the HDAdV strategy, Liu et 
al reported successful correction of LMNA gene mutations in 
hiPSCs derived from patients of progeria[15, 52].

Recently, three laboratories independently reported the suc-
cess of correcting mutations on β-Globin (HBB) gene in sickle 
cell patient hiPSCs by different gene targeting strategies[18, 39, 47].  
In two studies, the authors employed ZFN as the gene editing 

tool and obtained targeted cell lines with precise correction 
of HBB[39, 47].  The off-target effects in whole genome are still 
required to be examined for safety concern.  Meanwhile, Li et 
al utilized a HDAdV-mediated gene targeting strategy to cor-
rect the HBB mutation.  In addition to the high efficiency of 
gene correction, a single HDAdV correction vector was com-
petent to correct all implicated mutations at the HBB locus, as 
the full HBB genomic sequence was included in the vector[18].  

In conclusion, targeted gene correction of pathological muta-
tions in patient hiPSCs provides a promise for regenerative 
medicine (Figure 2).  However, it is essential to ensure that 
the gene editing procedures do not introduce any unexpected 
mutation.  To this end, more efficient and safe gene correction 
strategies, as well as more robust whole genome sequenc-
ing tools, may be needed for the generation of mutation-free 
hiPSCs before the therapeutic application in the future.  

Cardiovascular diseases, neurodegenerative disorders 
and liver diseases are leading causes of death and paralyses 
worldwide.  Though still at an early stage, current progress 
of stem cell research in these therapeutic areas is driving stem 
cell based therapy towards practice.  As many ones believe in, 
stem cell based therapy is not an unrealistic goal in the near 

Figure 1.  Potential strategy of human PSC-based therapy for human diseases. 

Figure 2.  Mutant genes in patient-derived iPSCs are corrected by the use of gene editing tools (eg ZFN, TALEN, CRISPR/Cas, HDAdV). The differentiation 
derivatives from corrected patient iPSCs hold the potential to be employed in autologous  cell therapy. 
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future if some essential questions are resolved definitively.  
The safety and scaling issues are still hindering its applica-
tion into clinic.  Taken transplantation into consideration, 
there are more issues requiring special attention.  Targeted 
gene correction technologies should be optimized to remove 
all pathogenic mutations without affecting genomic integrity.  
The immune rejection related problems, although controver-
sial, represent another big obstacle.  The structural and func-
tional integration of transplanted cells into the host tissue is 
also important to minimize the damage of the procedure.  At 
the end, pathological improvement in long run must be care-
fully evaluated to ensure the efficacy of the treatment, which 
requires a prolonged survival of engrafted cells.  Once all tech-
nical and ethical barriers are being removed, we will be able 
to eventually benefit enormously from what we are devastat-
ingly learning and fighting for the success of stem cell based 
therapy in the future.
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