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the molecular interactions and signaling pathways 
related to stem cell differentiation are discussed.
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Core tip: Signals in stem cell are regulated both gene­
tically and epigenetically by many molecules. The 
programming of stem cell signaling is an important 
aspect of understanding stem cell phenotype transitions 
and functions. The differentiation process as well 
as intra- and inter-cellular signaling of stem cells is 
described in this article. The epigenetic regulation of 
these cells is also discussed. 
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INTRODUCTION
Stem cells are the source of all other cells, and they 
have the potential to differentiate into many types 
of cells that contribute to the various organs, such 
as the heart, lungs, liver, and blood. There are many 
kinds of stem cells: totipotent embryonic stem cells 
(ESCs) found in the embryo; mesenchymal stem cells 
(MSCs) that give rise primarily to bone marrow stroma, 
adipocytes, and cord blood; epithelial stem cells that 
reside in the intestine; induced pluripotent stem cells  
that are artificially reprogrammed from differentiated 
cells; and cancer stem cells (CSCs). In this article, 
signaling in stem cells and the role of signaling mole­
cules in the differentiation and reprogramming of stem 
cells are discussed.
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Abstract
Stem cell differentiation is regulated by multiple 
signaling events. Recent technical advances have reve­
aled that differentiated cells can be reprogrammed 
into stem cells. The signals involved in stem cell pro­
gramming are of major interest in stem cell research. 
The signaling mechanisms involved in regulating stem 
cell reprogramming and differentiation are the subject of 
intense study in the field of life sciences. In this review, 
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STEM CELL DIFFERENTIATION
Stem cell differentiation is tightly regulated. Among 
the various pathways related to cellular differentiation, 
epigenetic regulation is the key mechanism that con­
trols midbrain dopaminergic neuron differentiation[1]. 
Urocortin, which is expressed in the developing ventral 
midbrain, mediates dopaminergic neuron differentiation 
via the up-regulation of acetylated histone H3 and the 
dopaminergic regulators Nurr1, Foxa2 and Pitx3[1]. 
Dimethyl sulfoxide down-regulates the pluripotency 
genes OCT4 (also known as POU5F1) and NANOG in 
human embryonic stem (ES) cells during definitive 
endoderm differentiation and controls hepatic differen­
tiation[2].

A previous report indicated that N6-methyladenosine 
(m6A) transferase (Mettl3; methyl transferase-like 3) 
regulates murine naïve pluripotency[3]. mRNA methy­
lation is a key RNA modification and an essential factor 
in epigenomic regulation and cell fate determination[3]. 
Pluripotent cells are affected by environmental factors 
such as culture conditions, and such factors can 
affect the spatial regulations of transplanted stem 
cells[4]. Several signaling pathways are involved in 
the transformation of stem cells, such as fibroblast 
growth factor 2 (FGF2)/Activin-A signaling and histone 
3 lysine 4 trimethylation alterations[4]. Matrix-bound 
heparan sulfate (HS) proteoglycans are needed for the 
differentiation of stem cell-derived endodermal cells 
into airway epithelial cells[5]. The three-dimensional 
extracellular matrix scaffold is essential for effective 
functional expression of lung epithelial cells[5], and 
HS proteoglycans also appear to play an important 
role in this process. Human ES cells differentiate into 
osteogenic cells, which can be identified by RUNX2 
expression[6]. Monitoring the osteogenic differentiation 
of human ES cells is useful for the therapeutic strategies 
used in bone regeneration[6]. The three-dimensional 
poly(L-lactic acid) scaffold culture of human ES cells on 
a nano-fibrous matrix results in enhanced osteogenic 
differentiation[7]. RUNX2 expression in nano-fibrous 
matrix culture is significantly higher than in control 
cultures[7]. Additionally, an efficient method for the 
osteogenic differentiation of human ES cells using 
primary bone-derived cells has been reported[8]. Some 
cellular factors from bone-derived cells may be involved 
in human ES cell differentiation[8]. Cell surface proteins 
play roles in stem cell culture differentiation[9]. The use 
of functionalized hyaluronic acid surfaces with either 
fibronectin or collagen enhances the attachment of 
human ES cells[9]. During the osteogenic differentiation 
of human ES cells, hyaluronic acid surfaces with 
collagen I and collagen IV have inductive effects on 
differentiation compared to fibronectin alone[9]. Trans­
cription factors are regulated dynamically during human 
ES cell differentiation[10]. Transcription factor binding 
dynamics are classified into static, dynamic, enhanced, 
and suppressed states[10]. Transforming growth factor 
(TGF)-β and WNT signals are involved in human ES 

cell differentiation into mesendoderm and endoderm, 
whereas bone morphogenetic protein (BMP), vascular 
endothelial growth factor, and FGF2 are key regulators 
of the differentiation of ES cells into mesoderm. The 
inhibition of TGF-β, WNT or BMP signals result in ES 
cell differentiation into ectoderm[10]. RUNX2 is down-
regulated in late-stage cultures of MSCs[11,12]. The 
osteogenic differentiation capacity is decreased in 
late-stage cultures of MSCs compared to early-stage 
cultures; thus, gene expression levels can be used as an 
indicator of stem cell differentiation capacity[11]. Neural 
differentiation is regulated by epigenetic mechanisms[13]. 
Deep cortical layer neuronal markers such as BCL11B 
are expressed in differentiated neurons derived from 
neuroepithelial and early radial glia, and superficial 
layer neuronal markers such as POU3F2/POU3F3 and 
MEF2C are expressed in differentiated progeny derived 
from mid radial glia[13]. Transcription factor activity is 
modulated dynamically during each stage of the neural 
progenitor population[13]. In addition to intracellular 
molecular network signaling, intercellular communication 
is also an important factor in stem cell signaling. Human 
neural stem/progenitor cells (hNSCs) and peripheral 
blood mononuclear cells (PBMCs) interact with each 
other when co-cultured under allogenic conditions. 
hNSCs increase the production of regulatory T cells, 
while PBMCs promote the differentiation of hNSCs[14]. 
The effect of intercellular communication on stem cell 
differentiation is an interesting topic for investigation. 
Cartilaginous tissue can be generated from human 
induced pluripotent stem (iPS) cells[15]. In severe 
combined immunodeficiency (SCID) mice transplanted 
with human iPS cell-derived differentiated cartilaginous 
cells, cartilage formation without tumor formation is 
observed[15].

STEM CELL SIGNALING
Tools for bioinformatics
A wealth of “big data” in gene and genome information, 
which has been collected via integrative profiling and 
is publically available on the internet, combined with 
recent advances in bioinformatics, have enabled us 
to analyze gene and signaling information. These 
advances include a useful web-accessible tool called the 
Database for Annotation, Visualization and Integrated 
Discovery (DAVID) Bioinformatics Resource (http://
david.abcc.ncifcrf.gov/home.jsp) and the cBioPortal for 
Cancer Genomics (http://www.cbioportal.org/index.
do)[16,17]. The open-source tool Cytoscape is a molecular 
network analysis tool for integrating the networks 
with annotation and gene expression profiles (http://
cytoscape.org/what_is_cytoscape.html). 

Hedgehog pathway 
Hedgehog (Hh) signaling is an important player in 
epithelial and mesenchymal regulation during emb­
ryonic limb and bone development and cell fate 
determination[18-20]. Sonic Hh signaling is involved in 
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vascular differentiation and regulates human CD34-
positive cell function[20]. Hh signaling also has an 
important role in hematological CSCs[21]. Targets of 
the Hh signaling pathway include the Notch pathway, 
the epithelial-mesenchymal transition (EMT) pathway, 
the WNT signaling pathway, the TGF-β signaling 
pathway, and the regulation of cell cycle, adhesion, fate 
determination, and stem cell signaling[21].

Ephrin pathway
Ephrin signaling is involved in inflammatory bowel 
diseases[22]. Bone marrow stem cells and stem cell 
factors play important roles in mucosal regeneration. 
In the intestine of a rat model of inflammatory bowel 
disease, ephrin-B3 is up-regulated in bone marrow 
MSCs during mucosal regeneration[22]. Ephrin type-B 
receptor 3 (EPHB3), a tumor suppressor gene, is 
important in cancer cell metastasis, which is regulated 
by Notch signaling in colorectal cancers[23]. EPHB3 
down-regulation in tumorigenesis correlates with Wnt/
β-catenin, Notch and mitogen-activated protein kinase 
(MAPK) signaling[23]. EphrinA1 expression decreases as 
β-catenin expression is inhibited in liver tumor cells[24]. 
The treatment of hepatocellular cancer with cell-
permeable, gamma guanidine-based peptide nucleic 
acid antisense oligonucleotides resulted in the inhibition 
of β-catenin and Wnt target gene expression[23]. 
The EphrinA1 receptor has been reported to be an 
independent prognostic marker for different survival 
endpoints in clear cell renal cell carcinoma[25]. The use 
of Ephrin and ephrin receptor signaling as either a 
prognostic marker or for revealing cancer progression 
mechanisms is an interesting topic for future study.

WNT pathway
The WNT pathways regulate stem cell differentiation 
and proliferation. WNT3-WNT9B signaling is involved in 
the regulation of neural differentiation[26]. An increase 
in WNT9B is reported to control the switch between 
pluripotent and differentiated states via noncanonical 
Rho/JNK signaling, whereas canonical WNT3/β-catenin 
signaling promotes proliferation[26]. WNT5A is known to 
promote cancer cell invasion and proliferation[27]. WNT5A 
activation of the Wnt/β-catenin-independent pathway, 
including Src family kinases, induces the proliferation 
of certain cancer cell types, such as HeLa S3 cervical 
cancer cells and A549 lung cancer cells[27]. Interestingly, 
WNT5A is not involved in the proliferation of KKLS gastric 
cancer cells, although cancer invasion is dependent 
on the WNT5A pathway[27]. Wnt5A up-regulation is 
reported to induce EMT and metastasis by pancreatic 
cancer cells[28]. In this case, β-catenin-dependent 
canonical Wnt signaling is involved in promotion of 
EMT [28]. Graphene oxide is reported to target CSCs by 
inhibiting a number of signaling pathways including the 
WNT, Notch and STAT pathways[29]. Graphene oxide 
selectively inhibits CSC proliferation but does not affect 
normal fibroblast viability[29]. STAT3 signaling alters 
the tumor microenvironment and angiogenesis and 

promotes KRAS-induced lung tumorigenesis[30]. The Wnt 
signaling pathway is reported to be down-regulated in 
irradiated tumor cells[31]. Wnt signaling may be involved 
in tumor repopulation after radiotherapy[31]. Notch1 
and Delta-like 4 signals are important factors for cell 
fate decisions[32]. The Notch pathway is a therapeutic 
target in cancer treatment[32]. Interleukin-27 (IL-27) 
down-regulates EMT- and stemness-related genes 
such as SONIC HEDGEHOG in adenocarcinoma and 
OCT4A, SOX2, NOTCH1, KLF4, Nestin, SNAI1/SNAIL, 
SNAI2/SLUG and ZEB1 in squamous cell carcinoma[33]. 
SNAI2, an EMT-related gene, and stemness genes are 
known to be down-regulated by IL-27[33]. WNT signal­
ing modulation also mediates the long-term expan­
sion and chondrogenic differentiation of adult human 
MSCs[34]. WNT3A and FGF2 maintain the phenotype 
and multipotency of MSCs[34]. In ES cells, cyclin-de­
pendent kinase 1 (CDK1) inhibition is reported to 
prevent teratoma formation[35]. CDK1 signaling and its 
association with other cancer signaling pathways such 
as the WNT pathway would be interesting topics for 
future study of the mechanisms of tumor formation by 
stem cells.

MicroRNA signaling
MicroRNAs (miRNAs) are involved in cancer cell 
signaling[36]. The tumor microenvironment that main­
tains cancer cells is regulated by microRNA-mediated 
gene expression[36]. Anti-miRNAs, antisense oligomers 
that inhibit onco-miRNAs, can be used as anti-cancer 
drugs[36]. The conserved, well-established promoter 
of the terminal differentiation let-7a miRNA induces 
mitochondrial reactive oxygen species production and 
up-regulates oxidative stress-responsive genes[37]. The 
regulation of energy metabolism in cancer cells via let-
7a is a potential target of anti-cancer therapy because 
let-7a miRNA plays a tumor-suppressive role[37]. Human 
MSCs that support the tumor microenvironment deliver 
tumor regulatory miRNAs via extracellular vesicular 
trafficking[38]. The extracellular vesicles of hMSCs 
contain proteins and lipids on the vesicle membrane, 
and miRNAs and metabolites inside the vesicles[38]. The 
internalization of these vesicles by cancer cells may be 
one of the key mechanisms for cancer cell survival[38]. 
During the hypoxia-induced myogenic differentiation 
of ES cells, miRNA-26a is up-regulated and inhibits the 
mRNA expression of histone deacetylase 6 (HDAC6) and 
of stemness genes such as Oct4 (also known as Pou5f1) 
and Nanog[39]. miRNA-26a-mediated signaling may 
be important for stem cell differentiation[39]. Hypoxia 
contributes to the development and phenotype of CSCs 
via miRNA- and cytokine-mediated microenvironmental 
regulation[40]. The vascular CSC niche is regulated by 
miRNAs, which may induce CSC generation and EMT via 
the NFkB, PI3K/Akt/mTOR, NOTCH, Wnt/β-catenin and 
Hedgehog signaling pathways[40].

In the murine cortex and hippocampus, subclasses 
of neurons and glial cells have been characterized by 
the expression of regulatory genes using large-scale 
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be utilized in clinical settings[53]. The selective targeting 
of human iPS cells to avoid tumorigenesis has been 
described using a stem cell-specific lectin probe and 
Pseudomonas aeruginosa exotoxin A fusion proteins[54]. 
iPS cells are reprogrammed from cancer cells that are 
used as a carcinogenesis model[55]. The expression 
of pluripotency associated genes such as either Oct4 
(also known as Pou5f1) or Nanog is regulated by 
the bromodomain and extraterminal domain family 
member BRD4[56]. BRD4 regulates transcription by 
binding to acetylated histones[56]. The induced differen­
tiation of human iPS cells by interleukin-3/granulocyte 
colony-stimulating factor results in CD45+CD11b+CD
14+CD163+CD68+ monocyte/macrophage-type cell 
formation[57]. Mesenchymal-amoeboid transition is 
a suggested mechanism by which cancer cells mig­
ht adopt a migration mode[58]. The cell migration 
mode is characterized by three qualities: adhesion, 
confinement, and contractility[58]. The change in cell 
phenotype that occurs during reprogramming may be 
related to migration parameters. WNT5A is reported 
to be up-regulated in MSCs compared to diffuse-type 
gastric cancer cells[59]. Genes related to EMT such as 
WNT5A or NOTCH2 may have roles in maintaining 
mesenchymal features[59]. A genome-wide analysis 
of chromatin interactions in human ES cells, ES cell-
derived mesendoderm, MSCs, neural progenitor cells 
and trophoblast-like cells revealed that 36% of active 
and inactive chromosomal compartment alterations 
occur during differentiation[60]. An integrative analysis of 
111 reference human epigenomes has been performed 
by the NIH Roadmap Epigenomics Consortium; this 
analysis profiled histone modification patterns and 
gene regulation in several cell types and found that 
each identified mechanism of genetic regulation targets 
different tissues and cell types in human biology and 
disease[61].

The analysis of adipose-derived stem cell differen­
tiation has revealed that keratinocyte progenitor cells 
are present in adipose tissue[62]. The reprogramming of 
fibroblasts into iPS cells requires WNT signaling[63]. The 
efficiency of cell reprogramming is regulated by WNT 
signaling in fibroblasts[63]. Single-cell mass cytometry 
has revealed that iPS cell reprogramming is related to 
mesenchymal-epithelial transition (MET)[64]. A time-
resolved progression analysis of iPS cell reprogramming 
has revealed that the expression patterns are altered 
at each time point and that some similarities exist 
between Oct4-GFP, Nanog-Neo, and Nanog-GFP mouse 
embryonic fibroblast reprogramming systems[64]. 
NANOG, which regulates the pluripotency and repro­
gramming of iPS cells, binds to the OCT4 promoter, and 
its mutation enhances ES cell self-renewal[65].

In early-stage diabetic endothelial progenitor cells, 
the expression of anti-oxidative enzymes compen­
sates for oxidative stress levels[66]. The relationship 
between oxidative stress and progenitor cell function 
may be an interesting future topic for future study of 
the reprogramming process. The expansion of human 

single-cell RNA sequencing[41]. These cells exhibit 
differential gene expression and epigenetic regulation 
and miRNAs have recently become a focus of these 
processes as selective cell markers[42]. Glioma cells 
expressing miR-302 are enriched by serum deprivation, 
and miR-302 may be a marker of CSCs[42]. miRNA-
30c plays a role in sphere formation, self-renewal 
and neural differentiation in C6 glioma cells[43]. In 
these cells, the astrocyte marker glial fibrillary acidic 
protein (GFAP) is up-regulated during differentiation. 
However, GFAP expression decreases in miRNA-30c-
overexpressing cells[43]. The fate of neural stem cells 
is also regulated by miRNAs[44]. The differentiation of 
neural stem cells into neurons is promoted by kuwanon 
V, a phytochemical isolated from mulberry tree (Morus 
bombycis) roots that may up-regulate the expression 
of miR-9, miR-29a and miR-181a[44]. Cancer stem cell 
self-renewal, differentiation and tumorigenesis are 
regulated by the Notch pathway, in which miRNAs such 
as the miR-34 family, miR-200 family, and miR-199-5p, 
miR-146a, miR-1 and miR-143 play important roles[45]. 
Notch signaling cross-talk with miRNAs may be involved 
in cancer cell proliferation, which suggests possible 
therapeutic approaches via miRNA re-expression in 
cancer[45]. Moreover, genome-wide analysis has revealed 
that long noncoding RNAs (lncRNAs) are regulated by 
Notch signals in acute leukemia[46]. lncRNAs are defined 
as transcripts of greater than 200 nucleotides that 
function by means other than coding for proteins, and 
regulate active and silent chromatin states[47]. Pluripotent 
states are epigenetically regulated by lncRNAs[47]. 
Epigenetic modifications in pluripotency are conducted 
via several steps such as histone modifications, DNA 
methylation and chromatin remodeling[48]. miRNA expre­
ssion is also regulated in atherosclerosis[49]. Endothelial 
miRNA expression profiling in silico is one area for 
future study of miRNA signaling[49]. 

CELLULAR REPROGRAMMING
Stem cells can be reprogrammed from differentiated 
cells[50]. The abundant genes including CDH1, RGS1, 
and NOTCH1 are related to the cell characteristics such 
as MSCs and gastric cancer cells[51]. A recent study 
revealed that neural stem cells could be reprogrammed 
from adult fibroblasts, senescent somatic cells, and 
blood cells by HMGA2/let-7[52]. These induced neural 
stem cells could be successfully differentiated into 
neurons, astrocytes, and oligodendrocytes in vitro and 
in vivo[52]. The clinical application of reprogrammed iPS 
cells has also been attempted[53]. The transplantation 
of reprogrammed cells efficiently overcame spinal cord 
injury in mice; however, the possibility of tumorigenesis 
is a concern during long-term therapy[53]. One of the 
mechanisms of tumor development in transplanted 
iPS cells seems to be the acquisition of mesenchymal 
features such as either snail up-regulation or epithelial-
mesenchymal transition[53]. Careful investigation and 
gene expression analysis are needed before iPS cells can 
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ES cells can be successfully maintained using MSC 
feeder layers[67]. Considering that xenogeneic-free 
culture conditions are necessary for safe advances in 
regenerative medicine, the mechanisms that maintain 
pluripotent status and induce differentiation in the 
cellular microenvironment should be investigated.

CONCLUSION
In conclusion, stem cells have diverse internal sig­
naling and communicate with surrounding cells. This 
communication among cells, such as immune cells and 
cancer cells, through signaling proteins and molecules 
leads to dramatic alterations in cell responses and 
pathological physiology. The intra- and inter-cellular 
signaling pathways in the cellular microenvironment 
must be elucidated to safely manipulate stem cells and 
program signaling cascades for therapeutic applications. 
Abundant data about cellular gene expression, genomics 
and epigenomics, which are “big-data”, and database 
analyses are publically available via the internet and 
will contribute to our understanding of cell phenotype 
transition and the mechanisms that regulate various cell 
populations in the context of disease and therapy.
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apoptosis that can yield variable outcomes in stem cell 
survival and be reliant upon proliferative pathways that 
include Wnt signaling, Wnt1 inducible signaling pathway 
protein 1 (WISP1), silent mating type information 
regulation 2 homolog 1 (Saccharomyces cerevisiae ) 
(SIRT1), and trophic factors. mTOR also is a necessary 
component for the early development and establishment 
of stem cells as well as having a significant impact in the 
regulation of the maturation of specific cell phenotypes. 
Yet, as a proliferative agent, mTOR can not only foster 
cancer stem cell development and tumorigenesis, but also 
mediate cell senescence under certain conditions to limit 
invasive cancer growth. mTOR offers an exciting target for 
the oversight of stem cell therapies but requires careful 
consideration of the diverse clinical outcomes that can be 
fueled by mTOR signaling pathways.

Key words: Apoptosis; Autophagy; Cancer; Cardiovas­
cular; Erythropoietin; Mechanistic target of rapamycin; 
Neurodegeneration; Progenitor stem cells; Silent mating 
type information regulation 2 homolog; Wnt1 inducible 
signaling pathway; Wnt
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Core tip: Mechanistic target of rapamycin, the mecha­
nistic target of rapamycin, can directly impact stem cell 
maintenance, proliferation, and differentiation to offer 
new therapeutic strategies for multiple disease entities.
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Abstract
Stem cells offer great promise for the treatment of 
multiple disorders throughout the body. Critical to this 
premise is the ability to govern stem cell pluripotency, 
proliferation, and differentiation. The mechanistic target 
of rapamycin (mTOR), 289-kDa serine/threonine protein 
kinase, that is a vital component of mTOR Complex 1 
and mTOR Complex 2 represents a critical pathway for 
the oversight of stem cell maintenance. mTOR can control 
the programmed cell death pathways of autophagy and 
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289-kDa serine/threonine protein kinase that is encod
ed by a single gene FRAP1[1,2]. mTOR, also known as 
the mammalian target of rapamycin and the FK506-
binding protein 12-rapamycin complex-associated 
protein 1, oversees a complex array of cellular functions 
that involve gene transcription, cellular proliferation, 
senescence, metabolism, survival, and cellular death. 
The target of rapamycin (TOR) was initially identified 
in Saccharomyces cerevisiae with the genes TOR1 and 
TOR2 that encode two isoforms in yeast Tor1 and Tor2 
through the use of rapamycin-resistant TOR mutants[3]. 
Rapamycin is a macrolide antibiotic derived from 
Streptomyces hygroscopicus that that can inhibit TOR 
as well as mTOR activity.

mTOR is a vital component for the function of the 
protein complexes mTOR Complex 1 (mTORC1) and 
mTOR Complex 2 (mTORC2) (Figure 1)[4-7]. Rapamycin 
primarily inhibits mTORC1 by blocking mTOR phos
phorylation[8]. However, mTORC2 activity can be limited 
during chronic administration of rapamycin. mTORC1 is 
composed of Raptor (Regulatory-Associated Protein of 
mTOR), the proline rich Akt substrate 40 kDa (PRAS40), 
Deptor (DEP domain-containing mTOR interacting 
protein), and mLST8/GbL (mammalian lethal with 
Sec13 protein 8, termed mLST8). Phosphorylation of 
Raptor through the protein Ras homologue enriched in 
brain (Rheb) leads to mTORC1 activation. PRAS40 is 
inhibitory to mTOR activity and can prevent the binding 
of mTORC1 to Raptor[9]. Phosphorylation of PRAS40 by 
protein kinase B (Akt) frees PRAS40 from Raptor and 
allows PRAS40 to be sequestered by the cytoplasmic 
docking protein 14-3-3 to activate mTORC1[4-7]. Similar 
to PRAS40, Deptor inhibits mTORC1 activity through the 
binding of the FAT domain of mTOR (for FKBP associated 
protein, Ataxia-telangiectasia, and Transactivation/
transformation domain-associated protein). In contrast 
to PRAS40 and Deptor, mLST8 fosters mTOR kinase 
activity through p70 ribosomal S6 kinase (p70S6K) 
and the eukaryotic initiation factor 4E (eIF4E)-binding 
protein 1 (4EBP1) that bind to Raptor[10]. PRAS40 can 
block mTORC1 activity by preventing p70S6K and 
4EBP1 to associate with Raptor[9,11].

mTOR activity also is controlled by Akt and AMP 
activated protein kinase (AMPK) through the hamar
tin (tuberous sclerosis 1)/tuberin (tuberous sclerosis 
2) (TSC1/TSC2) complex (Figure 1)[12,13]. TSC2 is 
considered to be a principal site to govern the activity of 
the TSC1/TSC2 complex that is an inhibitor of mTORC1. 
As a GTPase-activating protein (GAP) that can convert 
Ras homologue enriched in brain (Rheb-GTP) to the 
inactive GDP-bound form (Rheb-GDP), TSC2 prevents 
the activity of Rheb-GTP and blocks mTORC1 activity 
by limiting binding of 4EBP1 to mTORC1. Akt can 
phosphorylate TSC2 to disrupt the TSC1/TSC2 complex, 
force TSC2 to be sequestered by the cytoplasmic protein 
14-3-3, and activate mTORC1[14]. It should be noted 
that under some cellular protection scenarios, a limited 
activity of TSC2 as well as AMPK appears necessary 
since complete knockdown of TSC2 can prevent cellular 

protection[15].
AMPK also provides a mechanism to control the 

activity of the TSC1/TSC2 complex, but in contrast to 
Akt serves to promote TSC2 activity and block mTORC1 
function. AMPK phosphorylates TSC2 to enhance GAP 
activity to process Rheb-GTP into Rheb-GDP that 
can then block mTORC1 activity. Interestingly, AMPK 
can influence sirtuin (silent mating type information 
regulation 2 homolog) 1 (S. cerevisiae) (SIRT1) acti
vity that can be critical for stem cell survival and 
proliferation[16]. AMPK increases the cellular NAD+/NADH 
ratio that results in the deacetylation of the SIRT1 
targets peroxisome proliferator-activated receptor-
gamma coactivator 1 (PGC-1α) and forkhead transcri
ption factors FoxO1[17] and FoxO3a[18]. AMPK also 
can increase nicotinamide phosphoribosyltransferase 
(NAMPT) activity that catalyzes the conversion of 
nicotinamide to nicotinamide mononucleotide[19], increa
ses nicotinamide adenine dinucleotide (NAD+) levels, 
decreases levels of the SIRT1 inhibitor nicotinamide, and 
promotes SIRT1 transcription[20-22]. SIRT1 up-regulation 
in combination with AMPK activation promotes the 
induction of autophagy that can protect endothelial cells 
exposed to oxidized low-density lipoproteins[23]. Similar 
to AMPK that is an inhibitor of mTOR, SIRT1 appears 
to exert its effects over cellular proliferation through 
blockade of mTOR[24]. SIRT1 inhibits mTOR activity to 
preserve the integrity of embryonic stem cells during 
oxidant stress[25]. SIRT1 also inhibits mTOR signaling to 
foster neuronal growth[26] and assist with mesangial cell 
proliferation during high glucose exposure[27]. 

In relation to mTORC2, this complex consists of Rictor 
(Rapamycin-Insensitive Companion of mTOR), mLST8, 
Deptor, the mammalian stress-activated protein kinase 
interacting protein (mSIN1), and the protein observed 
with Rictor-1 (Protor-1)[28-33]. Rictor and mSIN1 through 
mTORC2 can activate Akt to promote cell survival[11,29,34]. 
Protor-1 is a Rictor-binding subunit of mTORC2 and is 
believed to activate serum and glucocorticoid induced 
protein kinase 1 (SGK1), since loss of Protor-1 reduces 
the hydrophobic motif phosphorylation of SGK1 and the 
substrate N-Myc down-regulated gene 1 in the kidney 
(NRDG1)[35]. mTORC2 is a member of the protein kinase 
A/protein kinase G/protein kinase C (AGC) family of 
protein kinases and is activated by growth factors to 
control ion transport. mTORC2 also controls cytoskeleton 
remodeling through protein kinase C-α (PKCα) and over
sees cell migration through the Rac guanine nucleotide 
exchange factors P-Rex1 and P-Rex2 and through Rho 
signaling. In contrast to mTORC1, mTORC2 is activated by 
the TSC1/TSC2 complex through the N-terminal region of 
TSC2 and the C-terminal region of Rictor[36]. 

MECHANISTIC TARGET OF RAPAMYCIN 
AND STEM CELL PROGRAMMED CELL 
DEATH
mTOR is an important component in the control of 
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programmed cell death that involves autophagy and 
apoptosis for stem cell proliferation and survival (Figure 
2). The process of autophagy recycles cytoplasmic 
components to remove defective organelles that 
can no longer be used by the cell[37]. Autophagy has 
three categories of chaperone-mediated autophagy, 
microautophagy, and macroautophagy[38]. Chaperone-
mediated autophagy uses cytosolic chaperones that 
transport cytoplasmic components across lysosomal 
membranes[39]. Microautophagy sequesters components 
of the cytoplasm through invagination of the lysosomal 
membrane for digestion[40]. The most prevalent of 
the three categories is macroautophagy that seque
sters cytoplasmic proteins and organelles into autoph
agosomes. These autophagosomes then fuse with 
lysosomes for degradation and are recycled for future 
use[24,41].

In yeast and mammalians, TOR and mTOR are 
associated with genes that control autophagy[4,6,42]. 
At least 33 autophagic related genes (Atg) have been 
identified in yeast that can affect multiple disorders 
including cancer, diabetes, vascular disease, and 
neurodegenerative disorders[37,38,40,43-48]. In this group, 
Atg1 and Atg13 (also known as Apg13) are associated 
with phosphoinositide 3-kinase (PI 3-K), Akt, and 
the TOR pathways. When Atg13 is dephosphorylated 
such as during starvation, Atg1 is active to promote 
autophagy. Phosphorylation of Atg13 through a TOR 
dependent pathway releases it from Atg1 and lessens 
Atg1 activity. In mammals, the homologues of Atg1 are 
UNC-51 like kinase 1 (ULK1) and ULK2[4]. Mammalian 
Atg13 binds to ULK1, ULK2, and FIP200 (focal adhesion 
kinase family interacting protein of 200 kDa) to activate 

ULKs, promote phosphorylation of FIP200 by ULKs, 
and lead to the induction of autophagy[49]. Activation 
of mTOR prevents the induction of autophagy by 
phosphorylating Atg13 and ULKs to inhibit the ULK-
Atg13-FIP200 complex. 

Autophagy can become a vital determinant for 
stem cell survival and proliferation. In some stem 
cell populations, activation of autophagy can lead to 
stem cell demise. Breast cancer stem cells have been 
shown to succumb to apoptosis during the activation 
of autophagy and the inhibition of Wnt signaling[46]. 
Wnt proteins are cysteine-rich glycosylated proteins 
that oversee stem cell proliferation and tumor cell 
growth[50-56]. Reduction in autophagy also may prevent 
the development of cellular senescence[57]. Endothelial 
progenitor cells that lead to the regeneration of vascular 
endothelium become dysfunctional during exposure to 
elevated glucose as a result of autophagy activity[58]. 

However, under other conditions, autophagy appears 
critical for stem cell survival. In endothelial progenitor 
cells, SIRT1 activity prevents apoptotic cell death during 
oxidative stress through the induction of autophagy[59]. 
In human embryonic stem cells challenged with 
oxidative stress, autophagy was found to be protective 
and required SIRT1 activity with the down-regulation of 
mTOR[25]. Furthermore, activation of SIRT1 is necessary 
to promote autophagy to maintain proteostasis, produce 
energy during nutrient deprivation, and maintain muscle 
stem cell activation[60]. In such cases, SIRT1 may have 
an inverse relationship with mTOR to foster stem cell 
survival[16,20].

The programmed cell death pathway of apoptosis 
also has an important role with mTOR signaling and 
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Figure 1  The components of the mechanistic target of rapamycin regulatory pathways. The mechanistic target of rapamycin (mTOR) is an important component 
of mTOR Complex 1 (mTORC1) and mTOR Complex 2 (mTORC2). The function and activity of mTOR is controlled by multiple pathways that include protein kinase 
B (Akt), AMP activated protein kinase (AMPK), and the hamartin (tuberous sclerosis 1)/tuberin (tuberous sclerosis 2) (TSC1/TSC2) complex. mTORC1 is consists 
of Raptor (Regulatory-Associated Protein of mTOR), the proline rich Akt substrate 40 kDa (PRAS40), Deptor (DEP domain-containing mTOR interacting protein), 
and mLST8/GbL (mammalian lethal with Sec13 protein 8, termed mLST8). mTORC2 is composed of Rictor (Rapamycin-Insensitive Companion of mTOR), mLST8, 
Deptor, the mammalian stress-activated protein kinase interacting protein (mSIN1), and the protein observed with Rictor-1 (Protor-1).
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integrity (Figure 2). In murine experimental models, 
mTOR is used by the growth factors epidermal growth 
factor (EGF) and fibroblast growth factor (FGF) that are 
protective of stem cells and neurons[85-89] to maintain 
the proliferation of neural stem and progenitor cells[90]. 
EGF also uses the PI 3-K, Akt, and mTOR pathways to 
block cell injury such as during metabolic stress[91] and 
prevent memory impairment[92]. The growth factor brain 
derived neurotrophic factor (BDNF) relies upon mTOR 
activation for memory consolidation[93]. However, in 
some experimental models with growth factors, mTOR 
blockade with the induction of autophagy may take 
precedent over the inhibition of apoptosis to prevent 
cellular injury. During oxygen deprivation, cortical 
neurons are protected by BDNF through the induction 
of autophagy and the inhibition of mTOR[94].

MECHANISTIC TARGET OF 
RAPAMYCIN CONTROL OF STEM CELL 
PROLIFERATION AND MAINTENANCE
mTOR governs the proliferation and maintenance of 
stem cell in multiple systems of the body (Figure 2)[4]. 
The loss of the mTOR gene leads to limited trophoblast 
growth, faulty implantation, and inability to establish 
embryonic stem cells[95]. A decrease in proliferation of 
embryonic stem cells occurs during the deletion of the 
C-terminal six amino acids of mTOR that blocks the 
kinase activity of mTOR[96]. mTOR can maintain long-
term undifferentiated growth of human embryonic 

stem cell survival[61]. During the early stages of apop
totic cell injury, the loss of plasma membrane lipid 
phosphatidylserine (PS) asymmetry occurs[62-64]. If 
membrane PS externalization is not reversed and 
allowed to remain, inflammatory cells are activated 
that seek out membrane PS positive cells to engulf and 
remove these cells. Under such circumstances, these 
membrane PS positive cells may remain functional 
but their ultimate loss leads to tissue injury[65-71]. 
During the later phase of apoptotic cell injury, cellular 
DNA is destroyed which is usually not considered 
a reversible process[72-75]. During most conditions, 
activation of mTOR and its related pathways of PI 3-K 
and Akt can block apoptotic cell death in stem cells. 
Inhibition of mTOR, such as with rapamycin, leads to 
endothelial progenitor cell apoptotic death that may 
be related to inhibition of growth factor signaling[76]. 
Growth factors that include erythropoietin (EPO)[77,78] 
are cytoprotective against apoptosis through mTOR 
activity against sepsis-associated encephalopathy[79], 
oxidative stress[80], cerebral microglial injury[81], and 
beta-amyloid (Aβ) toxicity[82]. EPO has been shown 
to protect retinal progenitor cells from apoptotic cell 
death during oxidative stress through activation of 
the PI 3-K, Akt, and mTOR pathways (Figure 2)[83]. 
Interestingly, protection with EPO and mTOR may be 
lost with high exogenous EPO concentrations, since 
elevated concentrations of EPO result in decreased 
phosphorylation and activity of mTOR with subsequent 
increased apoptotic cell death[84]. Similar to EPO, other 
growth factors rely upon mTOR to maintain stem cell 
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Figure 2  Mechanistic target of rapamycin governs stem cell development, pluripotency, survival, and differentiation. The mechanistic target of rapamycin 
(mTOR), mTOR Complex 1 (mTORC1), mTOR Complex 2 (mTORC2), protein kinase B (Akt), AMP activated protein kinase (AMPK), and the hamartin (tuberous 
sclerosis 1)/tuberin (tuberous sclerosis 2) (TSC1/TSC2) complex each play a role in stem cell development and proliferation with downstream pathways. Stem cell 
maintenance and survival is reliant upon mTOR signaling pathways that work in concert with Wnt signaling, Wnt1 inducible signaling pathway protein 1 (WISP1), 
silent mating type information regulation 2 homolog) 1 (S. cerevisiae) (SIRT1), and trophic factors such as erythropoietin (EPO). Stem cell development is under 
the regulation of Wnt and WISP1. Regulation of mTOR can control stem cell differentiation and stem cell pluripotency. As a result, mTOR signaling pathways have 
oversight of stem cell development, pluripotency, survival, and differentiation.
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mTOR can prevent the conversion of astrocytoma cells 
to oligodendroglioma cells that can lead to glioblastoma 
multiforme[113]. Inhibition of mTOR signaling may reduce 
the population of cancer stem cells that can lead to 
disease recurrence and therapeutic resistance[114].

Under some conditions, mTOR may be protective 
against tumor cell growth by inhibiting proliferative 
pathways of Wnt. Wnt signaling can lead to rapid cell 
proliferation and cancerous growth, but in epithelial stem 
cells this process is blocked by mTOR that maintains 
cell senescence and prevents tumor growth[115]. Wnt 
may result in malignant melanoma[116], metastatic 
disease[117-120], and glioma proliferation[121,122]. It should 
be recognized that Wnt signaling also leads to beneficial 
and cytoprotective effects[52,54,123-125]. Loss of Wnt can 
result in human monocyte injury[126], impairment in bone 
repair[127], spinal cord injury[125], loss of neurogenesis[128], 
inhibition of wound healing[129], loss of stem cell 
differentiation[130], programmed cell death[38,66,131], and 
defects in placental development[132]. Wnt signaling 
activation can block inflammatory cell loss during 
neurodegenerative disorders[66,70,82,133], prevent cerebral 
ischemia[134,135], and protect cells during experimental 
diabetes[136-138]. Furthermore, trophic factors employ 
cytoprotective pathways of Wnt to prevent cerebral 
endothelial cell injury[137], preserve mesenchymal stem 
cells[139], block apoptosis during forkhead transcription 
factor activation[136,140], promote the maintenance of 
immune cells in the nervous system[81], and prevent 
Aβ toxicity in cerebral microglia[82]. However, prolonged 
exposure of growth factors such as EPO that rely upon 
Wnt signaling can have ill effects with the proliferation 
of cancer[141-143], inflammation, and blood-brain barrier 
injury[144].

In the Wnt signaling pathway, Wnt1 inducible 
signaling pathway protein 1 (WISP1), also known as 
CCN4, is a member of the six secreted extracellular 
matrix associated CCN family of proteins that are 
involved in cellular survival and stem cell proliferation[145]. 
WISP1 can activate the components of the mTOR 
pathway that determine stem cell survival (Figure 2)[21]. 
WISP1 increases mTOR activity by blocking the inhibitory 
actions of the mTOR component PRAS40[146]. WISP1 
controls the post-translational phosphorylation of AMP 
activated protein kinase (AMPK), a pathway involved 
in stem cell proliferation and cellular metabolism[12,147]. 
WISP1 differentially decreases phosphorylation of 
TSC2 at Ser1387, a target of AMPK, and increases 
phosphorylation of TSC2 at Thr1462, a target of Akt[15]. 

As a tightly linked pathway to mTOR, WISP1 can 
significantly influence stem cell survival and proliferation. 
During stem cell migration, WISP1 expression is 
increased[148]. WISP1 is differentially regulated during 
human embryonic stem cell and adipose-derived stem 
cell differentiation. WISP1 expression is increased 
during human adipocyte differentiation[149] and is re
pressed in adipose-derived stem cells during hepatic 
differentiation[51]. WISP1 can modulate induced pluri
potent stem cell reprogramming[150,151]. WISP1 is 

stem cells. Inhibition of mTOR promotes pluripotency, 
cell proliferation, and blocks mesoderm and endoderm 
activities in embryonic stem cells[97]. mTOR activity 
also leads to mesenchymal stem cell senescence[98]. 
Yet, under some conditions, activation of mTOR sig
naling components can lead to cell differentiation. In 
embryonic stem cells, mTOR signaling with p70S6K is 
limited, but once this signaling is increased, differen
tiation ensues[99]. 

In the nervous system, loss of mTORC1 activity in 
neural stem cells leads to reduced lineage expansion, 
prevention of differentiation, and blocked neuronal 
production[100]. Loss of mTOR activity during aging may 
influence decreased neurogenesis. In the aged brain, 
mTOR signaling is reduced which leads to a reduction 
in the proliferation of active neural stem cells[101]. mTOR 
activity appears important for the timing and control of 
neurogenesis. Inhibition of mTOR through the RTP801/
REDD1 pathway delays neuronal differentiation. 
However, in newborn and mature neurons, levels of 
RTP801/REDD1 are diminished with increased mTOR 
activity to allow for the maturation of neurons[102]. 
Expression of mTOR is necessary for the neuronal 
phenotype of post mortem neuronal precursors[103]. Yet, 
the degree of mTOR activity may independently affect 
different populations of stem cells since in this model 
inhibition of mTOR activity leads to cell differentiation 
into astrocytic cells[90]. Akt and mTORC1 inhibition also 
has been shown to result in reduced neuronal stem 
cell self-renewal and earlier neuronal and astroglial 
differentiation[104]. Neighboring cells also may influence 
the growth of neuronal stem cells. Endothelial cells can 
promote mTOR activity and lead to the expansion of 
long-term glioblastoma stem-like cells[105].

In the cardiovascular system, mTOR is one of 
several components necessary for the proliferation of 
human embryonic stem cell-derived cardiomyocytes[106]. 
The activity of mTOR also controls the proliferation 
of hematopoietic stem and progenitor cells[107]. Main
tenance of hematopoietic stem cells and inhibiting 
differentiation is tied to mTOR signaling and the 
reduction in phosphorylation of p70S6K[108]. Failure 
of endothelial progenitor cell development may be 
the result of decreased growth factor signaling and 
loss of mTOR activity[76]. Growth factors such as EPO 
have been shown to require mTOR activation to 
regulate bone homeostasis with osteoblastogenesis 
and osteoclastogenesis[109]. Differentiation of neural 
precursor cells that may be used for neurodegenerative 
disorders also is dependent upon EPO and mTOR[103]. 
mTOR may be necessary to increase angiogenesis 
from endothelial progenitor cells that may provide 
neuroprotection during cerebral ischemia[110]. The ability 
of human amniotic fluid stem cells to influence the 
differentiation of embryonic kidney cells is dependent 
upon mTOR activity[111].

During tumorigenesis, mTOR activation may affect 
neural precursor and oligodendroglial precursor cells to 
promote high-grade glioma proliferation[112]. Blockade of 
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reduction of the proliferation of active neural stem 
cells. Yet, mTOR signaling that can involve p70S6K also 
affects the modulation of stem cell genesis and cellular 
differentiation. The activation of mTOR rather that its 
inhibition can be necessary for stem cell differentiation 
as well as the ability to selectively promote the 
maturation of specific cell phenotypes. The control of 
stem cell development, migration, and proliferation by 
mTOR can be dependent upon both Wnt and WISP1 
signaling. 

Ultimately, consideration also must be given for the 
role mTOR plays to block tumorigenesis and the ability 
of mTOR signaling to at times accelerate tumor cell 
growth. Given its proliferative role, mTOR can foster 
cancer stem cell development and the conversion of 
differentiated cells into cells that have invasive growth. 
The degree of mTOR activity may be critical during 
tumorigenesis, since mTOR in some cell populations 
can either maintain cell senescence and prevent 
tumor growth or conversely promote cancer stem 
cell development that can lead to disease recurrence 
and therapeutic resistance. By clearly addressing 
the challenges that lie ahead, targeting mTOR and 
its signaling pathways offer an exciting approach to 
translate the development and utilization of stem cells 
into new therapeutic strategies for multiple disease 
entities.
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Abstract
Medical research in regenerative medicine and cell-
based therapy has brought encouraging perspectives 
for the use of stem cells in clinical trials. Multiple types 
of stem cells, from progenitors to pluripotent stem 
cells, have been investigated. Among these, dental pulp 
stem cells (DPSCs) are mesenchymal multipotent cells 
coming from the dental pulp, which is the soft tissue 
within teeth. They represent an interesting adult stem 
cell source because they are recovered in large amount 
in dental pulps with non-invasive techniques compared 
to other adult stem cell sources. DPSCs can be obtained 
from discarded teeth, especially wisdom teeth extracted 
for orthodontic reasons. To shift from promising pre
clinical results to therapeutic applications to human, 
DPSCs must be prepared in clinical grade lots and 
transformed into advanced therapy medicinal products 
(ATMP). As the production of patient-specific stem cells 
is costly and time-consuming, allogenic biobanking of 
clinical grade human leukocyte antigen (HLA)-typed 
DPSC lines provides efficient innovative therapeutic 
products. DPSC biobanks represent industrial and 
therapeutic innovations by using discarded biological 
tissues (dental pulps) as a source of mesenchymal 
stem cells to produce and store, in good manufacturing 
practice (GMP) conditions, DPSC therapeutic batches. In 
this review, we discuss about the challenges to transfer 
biological samples from a donor to HLA-typed DPSC 
therapeutic lots, following regulations, GMP guidelines 
and ethical principles. We also present some clinical 
applications, for which there is no efficient therapeutics 
so far, but that DPSCs-based ATMP could potentially 
treat.

Key words: Adult stem cells; Multipotent stem cells; 
Cell-based therapy; Cell tissue bank
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Core tip: To achieve clinical applications, stem cell-based 
therapy must shift from lab experimentation to clinical 
grade stem cells. We present here the development 
of advanced therapy medicinal products (ATMP) by 
the banking of dental pulp stem cells (DPSCs) for 
allogenic use. The dental pulp represents an efficient 
tool for industrial applications due to its accessibility 
after wisdom teeth extraction for orthodontic purpose. 
DPSC therapeutic batches can be produced in good 
manufacturing practice condition after human leukocyte 
antigen typing and stored in allogenic biobanks. We 
propose some clinical applications, for which there is no 
efficient therapeutics so far, but that DPSCs-based ATMP 
could potentially treat.

Collart-Dutilleul PY, Chaubron F, De Vos J, Cuisinier FJ. 
Allogenic banking of dental pulp stem cells for innovative 
therapeutics. World J Stem Cells 2015; 7(7): 1010-1021  Available 
from: URL: http://www.wjgnet.com/1948-0210/full/v7/i7/1010.
htm  DOI: http://dx.doi.org/10.4252/wjsc.v7.i7.1010

INTRODUCTION
Adult organisms contain postnatal somatic stem cells 
that are involved in symmetrical and asymmetrical cell 
divisions, allowing stem cell compartment maintenance 
and cell differentiation[1]. Thus, adult stem cells provide 
replacement and repair cells for normal turnover or 
injured tissues[2]. As these stem cells are able to renew 
particular tissues, they have motivated research on 
how to apply them in the clinic. Because of their self-
renewal and ability to regenerate tissue, stem cells 
could provide long-lasting clinical benefits to recipients. 
Among these potentially beneficial cells, mesenchymal 
stromal cells are spindle-shaped, plastic-adherent cells 
isolated from bone marrow, adipose tissue, dental pulp 
and many other tissue sources[3,4]. They are also called 
mesenchymal stem cells (MSCs) in reference to their 
significant self-renewing properties and ability to form 
skeletal and connective tissue, and are suggested to be 
responsible for the normal turnover and maintenance of 
adult mesenchymal tissues[2,5]. MSCs are now the focus 
of intensive efforts in order to elucidate their nature and 
properties, and to develop cell-based therapies with real 
clinical applications[6]. Moreover, MSCs provide promising 
therapeutic benefits as they primarily mediate positive 
effects through paracrine mechanisms independent of 
cell differentiation[7]. Many preclinical and clinical trials 
have been completed and the major hurdles are now 
cell engraftment and survival, stem cell fate control, and 
donor-patient compatibility for allogenic applications. 
Several current efforts are directed at promoting the 
registration and banking of stem cell lines and providing 
associated data[8,9]. Banking MSCs, with shared materi
als and data, is an important step for the efficient 
progress of stem cell research and clinical translation. 
Emphasis on clinical applications is increasing, with 

an aim of establishing clinical grade, human leukocyte 
antigen (HLA)-matched banks for clinical translation[10].

DENTAL PULP STEM CELLS 
Teeth are formed of two main parts, the crown and the 
root, that can be defined by anatomic criteria. They are 
linked by the periodontal ligament to the supporting 
alveolar bone, which is composed of both compact 
and trabecular bone. The dental crown consists of 
enamel, dentin, and dental pulp tissue. During tooth 
growth and development, ameloblasts form enamel 
and odontoblasts generate primary dentin. After tooth 
eruption, ameloblasts disappear from the surface of 
the enamel; consequently, enamel formation ceases to 
occur naturally in vivo. In contrast, odontoblasts, along 
the inner surface of the dentin inside the pulp chamber, 
continue to deposit dentin matrix to form secondary 
dentin throughout life. In addition to secondary dentin, 
odontoblasts can form tertiary (reparative) dentin 
in response to several stimuli, such as mechanical, 
chemical, and/or bacterial stimulation. Even when 
odontoblasts have been damaged, the reparative dentin 
can be formed in the dental pulp to protect against 
further disruption of the pulp tissue. This reparative 
dentinogenesis has been thought to be mediated by 
newly generated odontoblasts arising from dental 
pulp tissue. These findings led to the speculation that 
odontogenic progenitor cells or stem cells may exist in 
dental pulp tissue[11]. The first type of dental stem cell 
was subsequently isolated from the human pulp tissue 
and given the name dental pulp stem cells (DPSCs)[12]. 
Dental pulp is a soft connective tissue entrapped within 
the dental crown, and divided into four layers. The 
external layer is made up of odontoblasts producing 
dentin; the second layer is poor in cells and rich in 
collagen fibers; and the third layer contains progenitor 
cells and undifferentiated cells, some of which are 
considered stem cells. From this layer, undifferentiated 
cells migrate to various districts where they can 
differentiate under different stimuli and make new 
differentiated cells and tissues. The innermost layer is 
the core of the pulp and comprises the vascular area 
and nerves[13]. Dental pulp is an interesting source of 
adult stem cells because of the large amount of cells 
present and the non-invasiveness of the isolation 
methods compared to other adult tissue sources[13-15]. 
MSCs defined as dental stem cells can be obtained from 
human permanent and primary teeth, human wisdom 
teeth[12], human exfoliated deciduous teeth[16], apical 
papilla[17], the periodontal ligament[18,19] and the dental 
follicle[20,21].

Dental pulp tissue from human third molar, exfo
liated deciduous or supernumerary teeth represent an 
easily accessible source for harvesting MSCs as these 
teeth are often discarded.

Stem cells that reside in dental pulp (DPSCs) have 
been described as a population of MSCs, as they match 
the definition given by the Mesenchymal and Tissue 
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Stem Cell Committee of the International Society for 
Cellular Therapy[3]: DPSC are plastic-adherent when 
maintained in standard culture conditions; they express 
some specific surface molecules such as CD105, CD73, 
CD90 and lack expression of CD45, CD34, CD14, CD19 
and HLA-DR surface molecules; and they have the 
ability to differentiate into osteoblasts, adipocytes and 
chondroblasts in vitro[11,12,18,22-24]. Moreover, DPSCs can 
differentiate into a large array of cells and tissues[25-28] 
and a comparison of their multipotency with Bone 
Marrow Stem Cells has demonstrated that proliferation, 
availability, and cell number of DPSCs were greater than 
for bone marrow MSCs[24,29].

In addition, DPSCs were also found to undergo 
myogenic and neurogenic differentiation capacities 
in vitro, expressing respective gene markers and 
exhibiting neuron-like cell morphologies. The plasti
city and multipotential capability of DPSCs can be 
explained by the fact that dental pulp is made of 
both ectodermic and mesenchymal components, and 
contains neural crest-derived cells[13]. Concerning 
cell surface molecules, the persistence of negative 
results for CD45 demonstrates that these cells are not 
derived from a hematopoietic source, although they 
are of mesenchymal origin[25]. Like all MSCs, DPSCs 
are also heterogeneous and the various markers may 
be expressed differently by subpopulations of these 
stem cells[24]. A selected subpopulation of CD34+/CD45- 
DPSCs, which represented roughly 10% of dental pulp 
cells, has also been described. These cells displayed 
an increased capacity of self-expanding and differentia
ting in pre-osteoblasts, and were able to self-maintain 
and renew for long time[17]. Although MSCs were ori
ginally described as CD34 negative, it seems that this 
subpopulation of DPSCs expresses the CD34 cell surface 
antigen in the manner reserved for the most primitive 
stromal stem cells (other than hematopoietic) that 
was gradually lost after the differentiation of lineage 
committed progenitors[30].

DPSCS BIOBANKING
The term “biobank” describes various facilities that store 
biological samples, from small tissue collections to wide 
repositories featuring a variety of tissues and biological 
sample types[31,32].

Storage and collection of biological material might 
be accompanied by various medical and epidemiological 
data that are used for current research and for poten
tial future works[33]. Biobanking has been defined 
as a structured resource for genetic and medical re
search and their therapeutic applications. It includes 
human biological material and extensive associated 
information[34,35].

Several types of biobanks can be distinguished, 
according to the purpose and target: case control, 
clinical trial, tissue, biomolecular resource center, 
stem cells[36]. Stem cell biobanks have received much 
attention as a new biologic resource for both research 

and clinical applications, leading to the development 
of stem cell banks around the world[37]. Stem cells 
of dental origin represent a promising source of new 
stem cells as, in western countries, 80% of teenagers 
and/or young adults have their wisdom teeth extracted. 
Furthermore, dental pulp is naturally protected within 
the pulp chamber, the inner cavity of the tooth, in 
a sterile environment. Pulp from one wisdom tooth 
generally contains between 200000 and 300000 
DPSCs[38]. Studies have indicated that DPSC isolation 
was feasible for 5 d after tooth extraction[39]. Efficient 
results were obtained by cryopreserving second-
passage DPSC cultures, but could also be achieved by 
isolating and cryopreserving entire pulp tissues, with 
digestion and culture performed post-thaw[40]. Such 
minimal processing may be of interest for the banking 
of samples for which there are no immediate plans for 
expansion and use. Furthermore, cell recovery could 
be achieved by mechanical disruption with a single-use 
device, in accordance with the GMP (European Good 
Manufacturing Practices) standard. Dental pulp and 
DPSC recovery is represented in Figure 1.

Immunologic considerations: Allogenic use and 
immunomodulation
Immune mechanisms confer immediate protection 
against foreign organisms (innate immunity) and 
specific immune responses to neutralize pathogens 
(adaptive immunity). The immune system recognizes 
tissue compatibility and can raise an effective immune 
response against pathogens or incompatible allogenic 
tissues. Tissue compatibility or incompatibility is 
determined from allelic similarities or disparities at 
genetic loci that encode the major histocompatibility 
complex (MHC) antigens, also called the HLA system. 
The HLA system encodes two major classes of highly 
polymorphic cell surface glycoproteins: HLA class I 
molecules are expressed on all nucleated cells and HLA 
class II molecules are expressed on antigen-presenting 
cells, thymic epithelial cells, and B lymphocytes. These 
immunological principles, which apply to organ or tissue 
transplantation, can be extended to transplantation 
of DPSCs or DPSC-derived tissue, especially for HLA 
class I molecules (HLA-A, HLA-B and HLA-C)[41]. Thus, 
a major clinical challenge to DPSC banking will be 
to overcome the immunological barriers to the trans
plantation of DPSC-derived tissues in order to prevent 
rejection[42,43]. Ensuring HLA compatibility is certainly 
the most interesting method of minimizing the risk of 
rejection. Embryonic stem cells have been shown to 
express very low levels of HLA class I proteins, with a 
moderate increase during differentiation[44]. Regarding 
MSCs, HLA expression remains unclear, but they have 
been extensively studied for their immunomodulatory 
properties[45-49]. Indeed, MSCs exert a profound inhi
bitory effect on T cell proliferation in vitro and in vivo, 
with similar effects on B cells, dendritic cells and natural 
killer cells[50]. Moreover, T-cell inhibition is not restricted 
by HLA type, and immunosuppressive effects are 
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HLA matches for a wide percentage of populations. 
Estimates of the number of homozygous cell lines 
needed have mainly been established considering 
embryonic stem cells, for the main proteins HLA-A, 
HLA-B and HLA-DR. Data from cadaveric organ donors, 
cord blood bank or in vitro fertilization-derived embryos 
led to the estimate that approximately 150-190 human 
embryonic stem cell lines with various HLA genotypes, 
or a collection of 10-30 homozygous lines for the 
common HLA types, would be sufficient to provide 
HLA-matches for a wide part of the population in the 
United Kingdom[54], Japan[55,56], the United States[57] or 
China[58]. Because of the low incidence (1.5%) of HLA-
homozygous individuals in the normal population[54], a 
systematic collection of discarded wisdom teeth would 
be of prime interest. The determination of the HLA 
types of 100 DPSC lines from teeth collected in Japan 
revealed 2 homozygous lines for all the 3 considered 
HLA loci. These 2 homozygous lines therefore have the 
potential to cover approximately 20% of the Japanese 
population with a perfect match[59].

Methods and good manufacturing practices
The production and marketing of stem cell-based 
therapy faces imperative steps, including product chara
cterization, safety testing and clinical trials design. 
At both national and international levels, numerous 
standards and regulations must be followed in order 

mediated through soluble factors and the generation 
of regulatory cells[47,51]. These findings suggest that 
MSCs can induce peripheral tolerance, enhancing their 
potential for therapeutic applications[45,48]. A higher 
immunosuppression of T-cell alloreactivity has also 
been demonstrated in DPSCs in comparison with bone 
marrow stem cells[52]. These properties distinguish 
DPSCs as one of the most accessible cell sources for 
cell-based therapy in regenerative medicine and inflam
mation-related diseases[46]. 

To overcome rejection and use DPSCs in transplan
tation medicine, the formation of a histocompatibility 
bank is an attractive option, where DPSCs are stored 
after HLA isotyping. Ideally, considering the large 
numbers of wisdom teeth extracted from genetically 
diverse populations, adequate levels of isotype matching 
with patients may be achieved. The establishment of an 
HLA-organized DPSC allogenic bank could be sufficient 
to provide stem cells for a large number of patients. 
The concept of haplobanking with HLA homozygous cell 
lines would also limit the number of HLA mismatches[53]. 
Several studies have been conducted to determine 
the number of donors needed to cover the population 
of a country. These findings are dependent on ethnic 
disparities of the population and the type of stem cells 
considered. The creation of a bank containing highly 
selected homozygous lines is an attractive approach to 
HLA matching. Selected homozygous lines can provide 
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tices[63] from the donor (patient having his/her tooth 
extracted, in aseptic condition) to the storage tank. The 
critical step of enzymatic pulp tissue digestion can be 
replaced by mechanical disruption in single use devices, 
such as a tissue grinder/homogenizer. Fetal bovine 
serum usually required for in vitro expansion can be 
replaced by human serum supplements derived from 
peripheral blood serum, peripheral blood plasma, or 
platelet lysate[64]. Moreover, genetic stability has been 
demonstrated for DPSCs for up to 9 cell passages[65,66].

Legal and practical issues (consent, confidentiality, 
commercialization)
Translation of DPSC research into clinical applications 
relies on abundant in vitro and in vivo preclinical 
data. However, when it comes to potential therapeutic 
applications, some barriers can appear, due to res
trictions specified in the consent document used for 
the collection of biological materials, questions about 
ownership of the collected DPSCs, and the confidentiality 
of the information associated with the cell lines[10]. 
The constitution of an allogenic DPSC bank contains 

to translate DPSCs into clinical products. There are 
variations in these international and national guidelines, 
and in the regulations that are applied to the collection 
and storage of human tissue, personal data and medical 
records[32]. The Food and Drug Administration, in the 
United States, and the European Medicines Agency 
(EMA), in Europe, are responsible for creating and 
enforcing these regulations. In Europe, stem cells for 
clinical therapies are classified under advanced therapy 
medicinal products (ATMP) unless they are minimally 
manipulated and intended for homologous use[60]. A 
Committee for advanced therapies (CAT) has even 
been created to evaluate cell production marketing by 
assessing the quality, safety and efficacy of ATMPs, 
in accordance with the regulatory framework. EMA 
regulation defines the current Good Manufacturing 
Practices (cGMP) guidelines to manufacture ATMPs[61]. 
Even though clinical grade production of DPSCs needs 
to be implemented, DPSCs can be isolated, stored, 
and eventually expanded by applying rational modifi
cations to the commonly used methods[15,62], in order 
to continue complying with good manufacturing prac
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in the United States and 300000 persons in Europe. 
Numerous preclinical studies have been conducted to 
graft stem cells of various origins into injured spinal 
cords, such as neural stem cells[85], embryonic stem 
cells[86-88], with encouraging results[89]. DPSCs, due to 
their embryologic origin, express some markers of both 
mesenchymal and neuroectodermic origin[12,16]. Indeed, 
DPSCs originate from migrating cranial neural crest 
cells. During embryonic development, these neural 
crest cells differentiate into a wide variety of cell types, 
including neurons of the peripheral nervous system[27]. 
MSCs have been thought to be usable in the treatment 
of spinal cord injuries, and adult human DPSCs could 
provide an ideal source of stem cells for therapeutic 
applications in such neurological pathologies[90]. The 
efficiency of DPSCs in improving neural regeneration 
has been shown in vitro[72,73,91] and in vivo after spinal 
cord injury[92-94]. These preclinical data enhance the 
therapeutic potential of intrathecally administrated HLA-
typed DPSC lots in treatment of nerve tissue injuries.

Sjögren’s syndrome
Sjögren’s syndrome is an autoimmune pathology affe
cting 0.2% to 3% of the general population[95]. It is 
a chronic inflammation of the salivary and lacrimal 
glands, characterized by lymphocytic infiltration of the 
exocrine glands with a polyclonal B cell activation[96]. 
Although the pathogenesis of primary Sjögren’s synd
rome remains unclear, T cells and B cells have been 
shown to be involved. Pharmacological treatments have 
limited efficiency, with only the capacity to temporarily 
ameliorate symptoms, and with no modification of the 
overall course of the disease[97]. Given the lack of disease-
modifying drugs, treatment options are now focused on 
biotherapies[98]. As detailed above, immunomodulatory 
properties of MSCs have been demonstrated in vitro 
and in vivo, suggesting a therapeutic potential for 
autoimmune disease treatments[47], especially through 
anti-inflammatory cytokines production and T regulatory 
cells promotion[99]. These immunomodulatory properties 
have also been demonstrated for DPSCs, identifying 
them as a cell source for cell-based therapy of immune 
and inflammation-related diseases[47]. Intravenous 
injection and local injection of DPSC lots into salivary 
glands represents a potential novel immunotherapeutic 
tool for autoimmune Sjögren’s syndrome.

Irradiated salivary glands
Cancers that originate from the aerodigestive epithe
lium, including carcinomas of the head and neck, are 
the leading causes of cancer-related mortality world
wide, accounting for about 2 million deaths and 500000 
new cancers diagnosed annually[100,101]. Treatment 
involves chemotherapy, radiotherapy, and surgery. 
Radiation-induced salivary hypofunction is one of 
the major developments that affect survivors. Even 
though radiotherapy is focused on the cancerous area, 
radiations often affect salivary glands, causing severe 
hyposialia and oral dryness after orofacial cancer 

procedures to ensure anonymity, although authorized 
parties can access some clinically relevant information.

The rights of donors and the interests of researchers 
are protected by incorporating relevant government 
legislation (ethical committee review) and procedures 
(e.g., anonymity and consent). It is crucial to explain 
the use and transfer of cells and data at the time of 
informed consent, especially highlighting features that 
distinguish collection for research from collection for a 
biobank[67]. The whole process, from the patient coming 
for tooth extraction to storage of DPSC lots, is presented 
in Figure 2.

Allogenic DPSC biobanking brings together a mul
titude of data on individuals, including health and 
lifestyle. Thus, the way the informed consent is obtained 
should reflect the personal information used for medical 
research, taking into account that the patient was 
originally coming for a routine tooth extraction. As 
informed consent is derived from the standard that 
every donor has the right to self-determination, the 
patient must be informed about the nature of bioban
king, the procedures in which the tooth he has donated 
might be involved, and the expected outcome of the 
research[36,68]. The physical and intellectual property of 
biological samples collected must be clearly established 
and explained[69].

INNOVATIVE THERAPEUTICS
Upon discovery of stem cells in the dental pulp, DPSCs 
demonstrated their ability to regenerate a complex 
consisting of a mineralized matrix of odontoblasts and 
connective tissue containing blood vessels similar to 
that observed in normal human tooth[12]. Since then, 
the use range of potential medical applications based on 
DPSCs include the repair and regeneration of bone[13,70], 
the central nervous system[27,71,72], liver tissue[73], heart 
tissue[74], eyes[75], muscles[76,77], and salivary gland 
cells[78,79]. Overall, it holds great potential in the field 
of regenerative medicine and tissue engineering[13,23] 
alone or combined with various biomaterials[80-84]. Some 
have proposed that DPSCs may have greater potential 
than the current MSC gold standard, the bone marrow-
derived MSC[29]. 

Allogenic banking of DPSCs could boost industrial 
and therapeutic innovations by providing tools for 
unsolved medical problems, including the production 
of advanced therapy medicinal products (ATMP). We 
present here some clinical applications, for which there 
is no efficient therapeutics so far, but that DPSCs-based 
ATMP could potentially treat.

Spinal cord injuries
Chronic medullary lesion, a result of spinal cord trauma, 
is characterized by neurologic deficiency without evo
lution. Six months after trauma, these lesions are 
considered chronic, with no chance of improvement. 
According to the Christopher Reeves foundation, 
these spinal cord lesions affect 1.2 million persons 
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root dentine. It aims to prepare the canal space to 
facilitate disinfection by irrigants and medicaments. 
Prevention of reinfection is then achieved through the 
provision of a fluid-tight root canal filling and a coronal 
restoration[120]. The potential possibility of regeneration 
of pulp tissue by cell therapy is a promising approach 
for the future treatment of pulpitis or peri-apical disease 
assuring longevity of teeth and improved quality of life. 
It has been demonstrated that transplantation of DPSC 
was capable of inducing complete pulp regeneration 
in a root canal after pulpectomy[121]. Thus, the use of 
DPSC, combined with a supporting scaffold, could be 
used to treat and heal infected root canals, providing 
an interesting alternative to the actual inert fillings used 
in endodontics. Root canals anatomy limits the use of 
rigid scaffold systems in pulp regeneration: scaffolds 
for pulp regeneration should be injectable, with fibrous 
structures that ideally mimic the extracellular matrix of 
the pulp tissue and support stem cells growth.

Induced pluripotent stem generation from DPSC
Pluripotent stem cells can be induced from fibroblasts 
by retroviral introduction of Oct3/4, Sox2, c-Myc and 
Klf4[122]. These induced pluripotent stem (iPS) cells 
are similar to embryonic stem cells in morphology, 
proliferation and differentiation capacities[123]. They 
proliferate extensively and differentiate into virtually 
any desired cell type, providing an unlimited source of 
replacement cells for human therapy[124]. It has been 
shown that DPSCs could be also reprogrammed into 
iPS cells, with a higher efficiency rate than dermal 
fibroblasts. DPSCs-derived iPS cells were indistingui
shable from human embryonic stem cells, highlighting 
the potential of DPSCs as an alternative source for 
generating iPS cells[125,126]. Many reprogrammed cell lines 
could easily be established from DPSCs obtained from 
young patients with a low risk of bacterial contamination 
and genetic modification, as extracted wisdom teeth 
are generally aseptically obtained from the mandible 
and are protected from ultraviolet and other damage 
by surrounding hard tissues. It was shown that iPS cells 
could be efficiently generated from DPSCs using the 
conventional 4 reprogramming factors (Oct3/4, Sox2, 
c-Myc and Klf4)[59,125,126], as well as using only 3 factors 
(Oct3/4, Sox2 and Klf4)[59], or even using only 2 non-
oncogenic factors (Oct4 and Sox2)[30]. Interestingly, 
the efficiency rate of reprogramming was related to the 
donor’s age, with higher rate for younger patients with 
wisdom teeth still under maturation[59].

With respect to safety, it would be ideal not to 
use retrovirus vectors for transient expression of the 
reprogramming genes. DPSCs are assumed to offer 
high efficiency of iPS cell generation even with the 
use of non-integrating vectors such as Sendai viruses 
or modified mRNA. Clinical use of iPS in regenerative 
medicine is very promising. However, time-efficiency 
and financial considerations argue in favor of the use of 
allogenic rather than autologous iPS lines. Similarly to 
DPSCs, biobanking of iPS lines would be a reasonable 

treatment; hyposalivation underlying xerostomia after 
radiotherapy is still a major problem in the treatment of 
head and neck cancer. To date, the only treatment for 
this oral dryness is the use of artificial saliva to supply 
salivary glands, a treatment with limited efficiency. 
Salivary stem cell (salisphere) transplantation has been 
shown to functionally restore salivary gland efficiency 
after radiation-induced impairment of salivary gland 
function and consequential xerostomia[79]. Furthermore, 
it was demonstrated that DPSCs used as a cell source 
for the treatment of salivary gland hypofunction could 
partially revert this hypofunction[80]. Thus, stem cell-
based therapy has great potential in prevention or 
treatment of radiation-induced hyposalivation[102]. New 
therapeutic strategies are now being considered using 
stem cells injected intravenously or directly into salivary 
glands to allow salivary gland cell reactivation[103-106].

Acute periodontitis
Periodontal diseases are highly prevalent diseases 
that can affect up to 90% of the population worldwide. 
They have various forms, from gingivitis, the mildest 
form caused by dental plaque, to periodontitis, which 
induces the loss of connective tissue and bone support, 
and causes tooth loss in adults[107]. Acute periodontitis 
is an inflammatory disease of the periodontium trig
gered by the host’s immune response and resulting 
in the progressive loss of gingival tissue, periodontal 
ligament and supporting alveolar bone[108]. Actual 
therapeutics consist of the control of bacterial infection 
and the stabilization of tissue loss. Regenerative 
treatment using bone grafts, gingiva grafts, and 
growth factors offer interesting possibilities, but only 
in specific indications[109-111], and with unpredicta
ble results[112]. In this context, topical application of 
stem cells in periodontal lesions appeared to be a 
promising strategy to regenerate periodontium[113]. 
In vitro studies demonstrated the ability of DPSCs 
to differentiate into osteoblast and cementoblast 
lineage, and to participate in periodontal ligament and 
cementum regeneration[114,115]. In vivo experiments 
enhanced the therapeutic potential of dental stem 
cell grafting to regenerate periodontal tissues[116-118]. 
Allogenic transplantation could enhance periodontal 
tissue repair and limit local inflammation through MSC 
immunomodulation[108,119]. 

Endodontic regeneration
Dental pulp, the soft connective tissue described above, 
is the tissue entrapped within the teeth, in which 
are recovered DPSCs. In case of dental decay, this 
tissue can be infected and become necrotic, because 
it is encased in a thick dentin wall, and consists of a 
microcirculatory system originating from a very small 
opening at the apex of the root. This anatomical 
configuration limits the development vascular supply 
during pulp regeneration. Endodontic treatment, when 
needed, includes the removal of vital and necrotic 
tissues from the root canal system, along with infected 
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banking.
Although producing and storing patient-specific 

stem cells could resolve immunological problems, 
this procedure would be costly, laborious, and time-
consuming. Allogenic DPSC banking containing clinical 
grade stem cell lines offers an alternative and provides 
stem cell lines from which it will be possible to choose 
a HLA match for the patient to be treated. There are 
variations in national and international regulations for 
the collection and storage of human tissue, but ethical 
principles related to biobanks always include safety, 
informed consent and confidentiality. The recovery of 
DPSC doesn’t involve any invasive procedure as they 
come from already extracted teeth. Thus, the main 
concerns are: (1) for the donor, clear explanations about 
the banking project and confidentiality of all personal 
and medical data; and (2) for the patient, safety of 
DPSC lots produced in accordance to guidelines. To 
date, despite promising preclinical data, clinical trials 
using DPSCs have not been widely reported. Allogenic 
biobanks represent a new strategy that aims to develop 
the clinical applications of the DPSC potential, involving 
both researchers and clinicians.
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strategy. In this setting, DPSC banking could be of 
great help to establish iPS cell banks with a sufficient 
repertoire of HLA types, since the establishment of 
clinical-grade iPS cell lines from individual patients 
would require much time and incur a high cost[59].

From DPSC to successful therapy: Limitations and 
issues
The notion of stem cells as postnatal units of organ or 
tissue regeneration allows imagining therapies such as 
tissue engineering. A stem cell that could be expanded 
and modified ex vivo, and transplanted in vivo encour
ages attempts to treat severe or lethal diseases. How
ever, even when the use of stem cells could replace the 
lost cells, it does not guarantee that the regenerated 
cells could circumvent the cell death caused by the 
disease. And replacing lost cells, even with cells 
expressing several specific cell markers, is far from a 
successful therapy with fully functional cells. Indeed, 
clinically successful translation of stem cell science 
into medicine has been conducted following a simple 
framework in which organ-specific stem cells were used 
for organ-specific diseases[6]. The roles of DPSC, and 
MSCs in general, as niche cells, tissue organizers and 
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pose challenges. The molecular mechanisms by which 
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methods that go far beyond the empirical injection 
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methods may involve modeling of disease mechanisms, 
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CONCLUSION
DPSC-based therapy is now entering into a new stage 
of development, shifting from initial in vitro and in 
vivo studies to optimization of therapeutic products 
for clinical applications. As for other MSC, there are 
still many challenges concerning stem cell potency, 
age-related and disease-related tissue impairment, 
and production of clinical grade stem cells lots. The 
strategies presented in this review emphasize the 
potential of DPSC to be used for innovative clinical 
trials based on rational DPSC therapy, following GMP 
conditions.

Indeed, dental pulp is a remarkable site of stem 
cells, and the collection of stem cells from dental 
pulp is a non-invasive practice that can be performed 
after routine wisdom teeth extraction. DPSC can be 
recovered in GMP conditions and cryopreserved for long 
periods, after HLA typing. However, in the perspective 
of therapeutic use, optimization and better methods 
are still necessary for DPSC isolation, expansion and 
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the introduction of new reagents and new therapeutic 
approaches, no treatment strategies have been able to 
definitively eradicate LSCs. However, recent adoptive 
immunotherapy in cancer is expected to revolutionize 
our way to fight against this disease, by redirecting the 
immune system in order to eliminate relapse issues. 
Initially described at the onset of the 90’s, chimeric 
antigen receptors (CARs) are recombinant receptors 
transferred in various T cell subsets, providing specific 
antigens binding in a non-major histocompatibility 
complex restricted manner, and effective on a large 
variety of human leukocyte antigen-divers cell popu
lations. Once transferred, engineered T cells act like 
an expanding “living drug” specifically targeting the 
tumor-associated antigen, and ensure long-term anti-
tumor memory. Over the last decades, substantial 
improvements have been made in CARs design. CAR 
T cells have finally reached the clinical practice and 
first clinical trials have shown promising results. In 
acute lymphoblastic leukemia, high rate of complete 
and prolonged clinical responses have been observed 
after anti-CD19 CAR T cell therapy, with specific but 
manageable adverse events. In this review, our goal 
was to describe CAR structures and functions, and to 
summarize recent data regarding pre-clinical studies 
and clinical trials in acute leukemia.

Key words: Chimeric antigen receptors; Adoptive immu
notherapy; Acute leukemia; T cells; Immune surveil
lance
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Core tip: Leukemia cells ultimately escape to the immune 
system, due to various mechanisms such as limited 
availability of tumor specific T cells or down-regulation 
in major histocompatibility complex expression. Chimeric 
antigen receptor (CAR) T cell technology redirects 
immune reactivity towards a broad variety of chosen 
antigens in a human leukocyte antigen-independent 
manner. Recent introduction of co-stimulatory domains 
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Abstract
Relapses remain a major concern in acute leukemia. 
It is well known that leukemia stem cells (LSCs) 
hide in hematopoietic niches and escape to the 
immune system surveillance through the outgrowth 
of poorly immunogenic tumor-cell variants and the 
suppression of the active immune response. Despite 
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in the CAR construct enhances significantly in vitro  and 
in vivo  expansion and persistence of these genetically 
modified T cells. First clinical trials, especially with anti-
CD19 CAR T cells, report promising results in acute 
lymphoblastic leukemia.

Heiblig M, Elhamri M, Mauricette M, Thomas X. Adoptive 
immunotherapy for acute leukemia: New insights in chimeric 
antigen receptors. World J Stem Cells 2015; 7(7): 1022-1038  
Available from: URL: http://www.wjgnet.com/1948-0210/full/
v7/i7/1022.htm  DOI: http://dx.doi.org/10.4252/wjsc.v7.i7.1022

INTRODUCTION
Despite recent advances in therapeutics over the 
last decades, relapses remain a major concern in 
acute leukemia (AL). Despite complete remission 
(CR) achievement, leukemia stem cells (LSCs) resist 
to therapeutic strategies, hiding into bone marrow 
hematopoietic niches or other unknown sanctuaries[1]. 
More than evading apoptosis and self-sufficiency of 
growth signals, these leukemia cells are also charac
terized by their ability to evade the immune system. 
Malignant cells escape such immune surveillance 
through the outgrowth of poorly immunogenic tumor-
cell variants, known as immune selection, and/or 
through disruption of the immune system[2,3]. A ro
bust innate immune system is mandatory to avoid 
relapses by targeting chemoresistant malignant cells, 
underlining that bone marrow should be preserved 
as many as possible from aggressive chemotherapy 
agents. Allogeneic stem cell transplantation (ASCT) is a 
potential way to restore the tumor cell immunogenicity 
by transferring a brand new immune system. However, 
ASCT is largely unspecific and the benefit of graft versus 
leukemia is offset by the potential complications related 
to graft versus host disease (GVHD)[4].

In order to achieve long-term survival and good 
quality of life, other types of immunotherapy have 
been developed, such as treatments using tumor-
associated antigen (TAA)-monoclonal antibodies 
(mAbs) and more recently adoptive cellular therapies. 
Adoptive transferred tumor reactive T cells compared 
favorably with mAbs. They display direct tumor lysis, 
enhanced bio-distribution and synergism with the 
immune system through release of cytokines, and 
long-term memory properties. Cytokine induced killer 
(CIK) cells are in vitro manufactured T lymphocytes 
with natural killer (NK) cell properties. They can be 
extracted from human peripheral blood, bone marrow 
or cord blood mononuclear cells[5]. They showed a non-
major histocompatibility complex (MHC)-restricted lysis 
function on a broad spectrum of tumor targets in vitro, 
which was confirmed in vivo[6,7]. However, first clinical 
results were not convincing, probably due to a lack of 
specificity, with a limited basal anti-leukemia activity and 
a rapid exhaustion of these cells[8,9]. Adoptive transfer of 

autologous or allogeneic manipulated T cells has proven 
to be safe and extendable in clinical practice. In patients 
presenting prolonged lymphopenia, adoptive multi-
virus specific T cell transfers have showed promising 
data in reconstituting anti-viral immunity after SCT or in 
patients infected by human immudeficiency virus[10,11]. 
Another approach is to genetically engineer lymphocyte 
subsets to redirect their natural immune response, 
correct impaired immunity, and improve T cell anti-
tumor effector response.

First described in 1989, the concept of the genetic 
redirection of T cells is based on chimeric antigen 
receptors (CARs), which are recombinant receptor 
molecules genetically transferred, redirecting T cells 
against a specific TAA[12]. CARs are composed of 3 
distinct domains, each displaying their own functions. 
The extra-cellular domain is generally constituted by 
a single chain variable fragment (scFv). Its targeting 
moiety derived from the fused variable heavy and light 
chains of an antibody. The trans-membrane domain is 
connected to the scFv through a “spacer” to provide 
flexibility and stable expression of the extracellular 
moiety. The intra-cellular signaling domain, usually 
derived from the CD3ζ-chain of the T cell receptor 
(TCR)-CD3 complex, mediates activation of CAR T cells. 
CAR T cells overcome some primordial limitations of 
TCR by targeting antigens in a non-MHC manner, and 
can recognize tumor independently of human leukocyte 
antigen (HLA) molecules[13]. After years of investigations 
to implement gene transfer tools and codify good 
manufacturing practices, CARs have been considered 
for human application. The first clinical trials have 
shown promising results in hematological diseases[14-17].

In this review, we focused on the CAR backbone 
technology and its application in the setting of human 
AL therapy.

CHIMERIC ANTIGEN RECEPTOR T CELLS: 
STRUCTURE AND FUNCTIONS
CAR is an artificial T cell surface receptor that simulates 
the physiological response of a T cell receptor and 
targets native cell surface antigens. However, CARs 
have the ability to target molecules that can be recog
nized without requiring peptide processing or HLA 
presentation. Unlike regular T cells, CAR T cells can 
restore immunogenicity of tumor cells. They recognize 
antigens in any HLA background, independently of the 
patient haplotype, and without any cross-reactive action 
toward endogenous antigens[18,19]. With a capacity of 
binding to any cell surface antigens, including proteins, 
carbohydrates and glycolipids, CARs can respond to 
a broader range of targets than native TCR. However, 
antibody-mediated recognition by CARs is not restricted 
to peptide antigens and does not exclude targeting 
MHC presented peptides. Engineered NK cells harboring 
a scFv specific for HLA*A2 (MHC class I) carying a 
peptide derived from the Epstein-Barr virus latent 
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protein EBNA3C have been recently developed[20]. 
These CAR NK cells showed substantial cytolytic activity 
against peptide-pulsed HLA-A2+ antigen-presenting 
lymphoblastic B-cell line in a peptide-specific, HLA-
restricted manner without cross reactivity with native 
HLA*A2, paving the way toward highly sensitive and 
specific target cell killing[21].

CARs engage the target via their extra-cellular 
recognition subunits, usually a scFv, but other strategies 
are actually explored, such as antigen-binding domains 
derived from natural ligand receptors (i.e., NKG2D)[22,23]. 
These TAA extra-cellular moieties are either derived 
from murine or humanized Fab’s (variable fragment of 
an antibody) or synthesized via phage display libraries 
(Figure 1). Because of their accessibility, murine scFvs 
are the most frequently used, but they are considered 
more immunogenic than those derived from human 
libraries. The major risk is to induce humoral and/or cell 
mediated immune responses as previously reported[24]. 
There is currently broad evidence that distinct epitopes 
of a same antigen, as well as their distance to the cell 
membrane, have not the same potential upon T cell 
activation. Based on the kinetic segregation model (KSM) 
relating TCR activation and ligands size-sensitivity, 
several reports support that this also occurs in CAR 
T cells[25]. The KSM implied that TCR engagement 
through distal epitopes binding creates larger TCR-MHC-
peptide complexes and that close-contact zone displays 
the synapse to phosphatase action such as CD45 or 
CD148 repressing TCR signaling. Conversely, targeting 
more proximal epitopes favored more potent TCR-MHC 

interaction and more efficient downstream signaling[26]. 
In a study assessing the anti-leukemia effect of anti-
CD22 CAR T cells, it was showed that proximal targets 
have superior anti-leukemia effects[27]. This was con
firmed by further published data[28]. An increased affi
nity for the target was not necessarily associated with 
an increased cytotoxicity. CARs with high affinity for 
an antigen had a higher proliferation rate than CARs 
with lower affinity, although this increased affinity was 
not correlated with higher T cell effector functions[29,30]. 
Similarly, the effects of antigen density are not well 
understood but it seems that CARs exert various 
cytolytic activities according to antigen expression. In 
a CD123 CAR T cells model, it was demonstrated that 
engineered T cells eliminated CD123high cells, while 
CD123low targets survived in co-culture[31]. A high affi
nity and density regarding a specific antigen is not an 
absolute condition for an optimal anti-tumor activity, 
but this should be considered as an advantage in order 
to reduce the severity of the “on target/off tumor” 
effect. Despite technical considerations, identifying the 
perfect target remains a matter of debate, specifically 
in AL. The ideal antigen target should be homogenously 
expressed on malignant cells without ubiquitous 
expression on healthy tissues, and should be critical for 
tumor cell survival. CD19 is currently the best candidate 
in B cell precursor acute lymphoblastic leukemia 
(ALL). The situation is more complex in acute myeloid 
leukemia (AML), for which the best target still remains 
to be defined.

A short spacer region, which is the least aspect 
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Figure 1  Schema of the general structure of a chimeric 
antigen receptor. The antigen recognition moiety is composed 
of the variable domain of heavy (VH) and light (VL) chains of the 
antibody, specific for a native tumor-associated antigen expressed 
on the surface of malignant cells. This structure is connected 
to the cytoplasm by a spacer, generally derived from CD8 or 
CD28 subunits, and a transmembrane domain. First generation 
chimeric antigen receptor T cells were solely composed of a 
single intracellular domain generally derived from CD3ζ subunit 
and its immunoreceptor tyrosine-based activation motifs (ITAMs), 
essential for Lck recruitment and full downstream T cell receptor-
like signaling transduction. In order to improve engineered T cells 
proliferation and persistence, investigators introduced successively 
one (second generation) or ≥ 2 additional intracellular signaling 
domains (third generation). ICOS: Inducible costimulator.
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signal one.
It is well known that TCR engagement (signal 

one) without co-stimulatory signal (signal 2) lead to 
T cell anergy and rapid activated induced cell death 
(AICD). Signal 2 is provided by engagement of co-
stimulatory domains, mediated essentially by the 
CD28 superfamily, involving receptors for the agonistic 
CD80 (B7.1) and CD86 (B7.2) ligands. However, these 
ligands are generally missing in most cancer cells. This 
plays a major role in the immune surveillance escape. 
In this setting, second generation CAR T cells have 
been designed by adding an additional intra-cellular co-
stimulatory domain such as CD28 (forming at the end 
one polypeptide single chain) to the CAR backbone 
(Figure 1)[38,39]. CD28, a disulfide-linked homodimer 
of the immunoglobulin superfamily is activated by 
binding either B7.1 or B7.2, expressed on the surface 
of antigen presenting cells. This represents one of the 
most potent co-stimulatory pathways. It facilitates Lck 
recruitment to ITAMs and the formation of the linker 
activation (LAT) complex. This structure is necessary for 
signal transduction through phospholipase C gamma 
(PLCγ) leading to IL-2 promoter activation and full T 
cell activation. Other co-stimulatory domains have 
been tested, such as members of the tumor necrosis 
factor (TNF)-receptor family [4-1BB (CD137) or OX40 
(CD134)], ICOS or DAP10[28,40-42]. Second generation 
CAR T cells generally show sustained polyclonal proli
feration without B7-CD28 engagement, enhanced 
IL-2, interferon-gamma (IFNγ), TNF-alpha (α), and 
granulocyte-macrophage colony-stimulating factor (GM-
CSF) cytokine production and enabled resting primary 
T cells to survive[43]. In two recent clinical studies, it 
was reported that CAR (scFv-4-1BB-CD3ζ) T cells 
undergo 1000-fold amplifications in vivo compared 
to only 3.75-fold reported in first generation CAR 
clinical trials[44,45]. This may be related directly on the 
co-stimulatory signal that seems to counteract the 
inhibition effect of tumor growth factor β1 (TGF-β1) 
secreted by regulator T cells (Treg) on proliferating CAR 
T cells[46]. Generally, TGF-β1 represses IL-2-dependent 
T cell amplification, CD122 up-regulation (IL-2R-α), and 
IFNγ production. Dual signaling provided by second-
generation CAR T cells enhanced engineered T cell 
persistence comparatively to their first generation 
counterparts. This was demonstrated in patients treated 
with either CD3ζ or CD3ζ-CD28 CARs[47]. Besides 
overcoming PD1-mediated inhibition (an activation-
induced inhibitory receptor expressed on T cells), co-
stimulation through CD28 induces intrinsic survival 
signals independently of the exogenous survival signals 
mediated by IL-2. In vitro, CD28-B7 interaction leads 
to an up-regulation of BclXL, an anti-apoptotic protein of 
the Bcl2 family, and to resistance to apoptosis by Fas 
(CD95, APO-1) cross-linking[48]. This interaction enable 
protection from intrinsic and extrinsic cell death signals 
and promotes survival of the expanding lymphocyte 
population[49]. Surprisingly, it seems that the adjunction 

of CAR design under discuss, generally follows the 
scFv’s moieties. With the trans-membrane domain, 
these structures contribute to flexibility, accessibility 
and synapse formation of the extra-cellular complex. 
They also seem to influence CARs specificity[32,33]. The 
simplest form of spacer region is that derived from 
human immunoglobulin (Ig) Fc (constant fragment) 
(i.e., IgG4) potentially linked with CH2CH3 molecule(s). 
However, constant regions from human CD8α and CD28 
have been until now the most frequently used in pre-
clinical assays (Figure 1). Following scFv binding moiety 
interaction with its target, CAR T cells need an active 
signaling transfer through their intra-cellular domain 
for proliferation, cytokine production, and acquisition of 
effector functions. In order to enhance T cell persistence 
and anti-tumor functions in vivo, research in CAR T 
cells has been focused on co-stimulation over the last 
decade.

CO-STIMULATORY DOMAINS IN CAR T 
CELLS: FIRST TO THIRD GENERATION 
First generation CARs were composed only of one 
signaling domain such as the CD3ζ-chain of the TCR-
CD3 complex or the γ-chain of the high affinity IgE Fc 
receptor (FcεRI) initially associated with antigen-specific 
scFv derived from a murine antibody (Figure 1). They 
were associated with the activation of the phosphatidyl 
inositol and tyrosine kinase pathways. However, they 
failed to mediate persistent and robust anti-tumor 
activity[15,34,35]. Clinical trials with first generation CAR T 
cells have been conducted in different settings. Some 
of them are still ongoing, but first results were rather 
disappointing (Table 1). In a study exploring CD20 
CAR T cells in 7 patients with relapsed or refractory 
indolent lymphoma, only a clinical partial response 
was obtained in one patient. Moreover, after three 
infusions of autologous CD20 specific T cells, T cell 
persistence was less than 10 wk (15-65 d), even after 
interleukin (IL)-2 administrations[36]. In a cohort of 4 
patients with non-Hodgkin lymphoma (NHL) treated 
by CD19-CD20 CAR T cells, no objective response 
and a very limited persistence of T cells was observed. 
In other patients, cellular anti-transgene immune 
rejection responses (specific immune response against 
transfected T cells) have been observed, showing that 
the immunogenicity of the transgene used is of major 
importance[37]. In ALL, there is no clinical data available 
with first generation CAR T cells. However, two clinical 
trials based on CD19 scFv-CD3ζ (19z1) CARs with or 
without IL-2 supplementation are currently recruiting 
(Table 1). Nevertheless, CD3ζ alone is able to induce 
a TCR-like signal through immunoreceptor tyrosine-
kinase based activation motif (ITAM) phosphorylation 
and lymphocyte-specific protein tyrosine kinase (Lck) 
recruitment, which are indistinguishable from those 
generated by an intact TCR currently used to provide 
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cell activation[50]. It seems therefore that incorporation 
of at least one co-stimulatory domain in a CAR cons

of a co-stimulatory domain (i.e., CD28) do not modify 
the threshold of antigen-dependent MHC-independent T 
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  Clinical trial.gov 
  ID

Center Disease Antigen  
(scFv)

CAR signaling 
domain

Vector Transplantation 
history

Origin Lymphocyte 
depletion

Patients 
age

  Acute lymphoid malignancies
     NCT01044069 MSKCC B-ALL CD19 CD3ζ-CD28 γ-retrovirus Autologous Autologous Chemo ≥ 18 yr
     NCT01860937 MSKCC B-ALL CD19 CD3ζ-CD28 γ-retrovirus Autologous Autologous Cy up to 26 yr
     NCT01430390 MSKCC B-ALL CD19 VST 

(EBV)
CD3ζ Lentivirus Relapse post-

ASCT
Allogenic Chemo up to 19 yr

     NCT01626495 CHOP B-ALL CD19 CD3ζ-4-1BB vs 
CD3ζ

Lentivirus Relapse after 
ASCT

Autologous Chemo 1-24 yr

     NCT02030847 University of 
Pennsylvania

B-ALL CD19 CD3ζ-4-1BB Lentivirus Relapse ± after 
ASCT

Autologous NS ≥ 18 yr

     NCT00840853 BCM B-ALL/NHL/
CLL

CD19 VST 
(EBV)

CD3ζ γ-retrovirus Post-ASCT Allogenic No No limit

     NCT00586391 BCM B-ALL/NHL/
CLL

CD19 CD3ζ-CD28 γ-retrovirus No ASCT Autologous NS ≥ 18 yr

     NCT02132624     
     (not open)

Uppsala 
University

B-ALL/NHL CD19 CD3ζ-4-1BB-
CD28

γ-retrovirus Relapse ± after 
ASCT

Autologous NS ≥ 18 yr

     NCT01593696 NCI B-ALL/NHL/
CLL

CD19 CD3ζ γ-retrovirus Relapse ± after 
ASCT

Autologous Flu/Cy 1-30 yr

     NCT01087294 NCI B-ALL/NHL/
CLL

CD19 VST 
(EBV)

CD3ζ γ-retrovirus Relapse 
post-ASCT

Allogenic Cy 18-75 yr

     NCT01683279 Seattle 
Children 
Hospital

B-ALL CD19 EGFRt+ CD3ζ-CD28 Lentivirus No ASCT Autologous Cy 1-26 yr

     NCT02028455 Seattle 
Children 
Hospital

B-ALL CD19 EGFRt+ CD3ζ-4-1BB Lentivirus Relapse after 
ASCT vs no 

ASCT

Autologous Cy/Flu/TBI 1-26 yr

     NCT01865617 FHCRC B-ALL/NHL/
CLL

CD19 CD3ζ Lentivirus > 1st relapse Autologous NS ≥ 18 yr

     NCT01475058 FHCRC B-ALL/NHL/
CLL

CD19 VST 
(CMV, EBV)

CD3ζ Lentivirus Post-ASCT Allogenic No 18-75 yr

     NCT02051257 City of Hope 
Medical 
Center

B-ALL/NHL/
CLL

CD19 EGFRt+ CD3ζ-CD28 Lentivirus Post-ASCT Autologous Chemo ≥ 18 yr

     NCT02146924     
     (not open)

City of Hope 
Medical 
Center

B-ALL CD19 EGFRt+ CD3ζ-CD28 Lentivirus Relapse/
progression ± 

after ASCT

Autologous Cy ≥ 18 yr

     NCT01195480 London 
University 

College

B-ALL CD19 
(EBV-CTL)

CD3ζ γ-retrovirus Relapse after 
1st ASCT

Allogenic NS Up to 18 yr

     NCT01864889 Chinese 
PLA General 

Hospital

B-ALL/NHL/
CLL

CD19 CD3ζ-4-1BB vs 
CD3ζ

γ-retrovirus Relapse ± after 
ASCT

Autologous NS 5-90 yr

     NCT01735604 Chinese 
PLA General 

Hospital

B-ALL/NHL/
CLL

CD20 CD3ζ-4-1BB vs 
CD3ζ

γ-retrovirus Relapse ± after 
ASCT

Autologous NS 18-90 yr

     NCT01362452 MDACC B-ALL/NHL/
CLL

CD19 (cord 
blood 

derived)

CD3ζ Transposon Relapse post-
ASCT

Allogenic No 1-75 yr

     NCT01497184 MDACC B-ALL/NHL/
CLL

CD19 CD3ζ Transposon Post-ASCT Allogenic No 1-65 yr

  Acute myeloid malignancies
     NCT01864902 Chinese 

PLA General 
Hospital

AML CD33 CD3ζ-4-1BB vs 
CD3ζ

γ-retrovirus Relapse ± after 
ASCT

Autologous/ 
Allogenic

NS 5-90 yr

     NCT02159495 City of Hope 
Medical 
Center

AML CD123 
EGFRt+

CD3ζ-CD28 γ-retrovirus Relapse/
refractory AML

Autologous Cy ≥ 18 yr

Table 1  Ongoing clinical trials recruiting patients with acute leukemia

CAR: Chimeric antigen receptor; AML: Acute myeloid leukemia; ASCT: Allogeneic stem cell transplantation; B-ALL: B-lineage acute lymphoblastic 
leukemia; BCM: Baylor College of Medecine; CHOP: Children Hospital of Philadelphia; Chemo: Chemotherapy prior CAR T cells infusion; CLL: Chronic 
lymphoid leukemia; Cy: Cyclophosphamide; FHCRC: Fred Hutchinson Cancer Research Center; Flu: Fludarabine; MDACC: MD Anderson Cancer Center; 
MSKCC: Memorial Sloan-Kettering Clinical Center; NCI: National Center Institute; NS: Not specified; NHL: Non Hodgkin lymphoma; VST: Virus specific 
T lymphocytes; EBV: Epstein-barr virus; CTL: Cytotoxic T-cell lymphoma.  
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CARS MANUFACTURING: A 
PERSONALIZED ASSEMBLY-LINE WORK
Investigators developed distinct approaches to introduce 
efficiently CAR constructs into T cells. Actually, most 
of them utilized viral transduction systems (mostly 
γ-retroviral) leading to permanent sequence integration 
into T-cell DNA. However, this kind of vehicle presents 
disadvantages: (1) high costs related to the production 
process; (2) risks of CAR expression silencing due 
to terminal repeat alterations; (3) risks of insertional 
mutagenesis; and (4) production of replication com
petent virus. Alternatively, lentiviral vectors, which 
are theoretically less genotoxic, can permanently 
transduce T cells, but display inferior yields of transgene 
integration[59,60]. However, no genotoxic-related events 
related to viral vectors have been reported until now 
in human clinical trials using manipulated T cells[61]. 
Moreover, residual vector sequences present in the 
genome lead to immunogenic epitope expression and 
can increase anti-CAR mediated response. First clinical 
trials in B-cell lineage ALL using viral vectors reported 
very limited gene transfection efficiency (5%-15%), 
without impairing anti-leukemia effect[62,63].

Non-viral based DNA transfection represents an 
interesting alternative because of its low cost and its 
theoretically limited insertional mutagenesis [insertion 
at thymidine-adenosine (TA) dinucleotide base pairs 
and non-preference of integration into transcriptional 
units]. DNA plasmids were the first non-viral vehicles 
that have been tested. They seemed less immunogenic 
and independent of the sequence size comparatively 
to viral vectors. However, because of low chromosomal 
intake and sustained transgene expression, long-term 
cultures are required to obtain a sufficient number of 
CAR-modified T cells, despite a potential negative effect 
on T cell activity and in vivo expansion. One major issue 
with plasmid vectors is represented by the genomic 
integration of multiple copies and transfected DNA 
hypermethylation, leading to transgene silencing[64]. 
Originally described in 1996, “Sleeping Beauty (SB)”  
transposase/transposon, based on the concept of 
“jumping genes” discovered by McClintock, enabled to 
overcome these issues and to restart non-viral DNA 
vectors[65]. Generally, one plasmid is loaded with a 
transgene, named transposon, surrounded by inverted 
repeats that contain short direct repeats (Figure 2). 
These sequences are recognized by an enzyme (trans
posase) transported in a second plasmid, which cut 
the transposon out of the plasmid. The genetic cargo is 
then delivered into the targeted cell cytoplasm by any 
of the established non-viral delivery techniques, and 
inserted randomly into TA dinucleotide base pairs of the 
recipient (Figure 2). Costly but safer, the SB platform 
displays attractive features for human gene therapy, to 
such an extent that many protocols for manufacturing 
clinical grade T cells recently came to light[66]. At the 
last European Bone Marrow Transplantation (EBMT) 

truct is mandatory for complete T cell activation. 
However, a major remaining issue concerns the poten
tial superiority of one endodomain comparatively to 
another. Because of their heterogeneity, some CD28 
or 4-1BB-based second generation CARs have been 
compared, essentially in mice models, and showed 
contradictory results. Regarding cell proliferation 
and cytokine production, second generation CD28 
transfected CAR T cells were superior to CD19z1 (first 
generation CAR T cells), but also to constructs with 
4-1BB, OX40 or DAP10 endodomains[51]. Conversely, 
it was showed that CD28- and 4-1BB-based CAR T 
cells, directed against the same epitope (SS1 scFv-
based chimeric receptor), have the same anti-tumor 
activity[52]. Other pre-clinical studies, containing 4-1BB 
signal transduction endodomain, exhibited a greatest 
anti-leukemia activity and prolonged in vivo survival[53]. 
In AL, most of the current clinical trials use indistinctly 
CD28 or 4-1BB endodomains. Comparisons between 
intra-cellular signaling domains should take into account 
all representatives of distinct antigen epitopes, their 
location, their density, and their affinity for the target in 
order to clarify their exact contribution in the anti-tumor 
activity.

More recently, third generation CAR T cells have 
been developed, including more complex structures 
with three or more signaling domains, enabling wider 
T cell effector function in a specific fashion (Figure 1). 
In mice models, the inclusion of multiple endodomains 
showed enhanced functionality and greater potency 
of tumor targeted T cells in vivo and in vitro. However, 
this was not confirmed in other models[54-56]. In a study 
comparing the consequences of CD28, OX40 and 4-1BB 
co-stimulation, it was showed that third generation 
CD3ζ-CD28-OX40 CARs prevent AICD in memory T 
cells, and substantially improve effector functions in 
both naive and memory CD4 and CD8 T cells. They also 
increase cytokine production comparatively to second 
generation CAR T cells combination[57]. Considering 
these results and the substantial improvement in terms 
of efficacy, the addition of a third endomain should be 
associated with increased long-term persistence and 
should delay anergy. However, a pilot study, using 
CD28-4-1BB-based CARs in 4 NHL patients, reported 
one partial response, one disease progression, and 2 
cases free of disease at 12 and 24 mo, respectively. 
In this study, engineered T cells were detectable up 
to 12 mo after infusions by quantitative polymerase 
chain reaction (PCR) at low levels (< 1%)[58]. Because 
of discrepancies among pre-clinical and clinical results, 
further investigations are warranted to optimize our 
understanding regarding CAR T cell signaling. Because 
massive activation and uncontrolled proliferation of 
genetically modified T cells has been associated with 
serious adverse events, investigators should take 
into account these features and find the right balance 
between efficiency of these engineered T cells and an 
acceptable tolerance.
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pathway[72]. A modified FK506-binding protein (hu
manized FKBP12), belonging to a family of protein 
which display a propyl isomerase activity, has been 
combined with caspase 9. Infusion of a synthetic drug, 
AP1903, allows the dimerization of iCasp9 and activates 
the apoptosis cascade. Beside optimal bio-distribution 
of the dimerization inducer, iCasp9-based cell safety 
switch offers superior pharmacodynamical properties 
than the HSC-tk system, and leaves GCV available for 
antiviral therapy[73]. The major issue of this suicide gene 
strategy is that anti-tumor T cells could be definitely 
eliminated, impairing the efficacy of cellular therapy. 
However, to date, no suicide gene therapy has been 
already used in human clinical trials with engineered 
CAR T cells. Although not as effective as CAR using 
integrating vectors technology, transient CAR expression 
is an interesting alternative approach currently under 
investigation. According to a recent study published 
by the University of Pennsylvania, CAR mRNA can be 
efficiently transduced into T cells by in vitro repeated 
electroporation procedure and administrated repeatedly 
safely, avoiding the risk of CAR T cells accumulation. 
This approach precludes transgene persistence for one 
week or two, and a rapid decrease of toxicity in case 
of adverse events after T cell discontinuation[73]. The 
current stocks and production rates of adequate serum 
for good manufacturing procedure (GMP) are insufficient 
regarding the outgrowing demand, suggesting a further 
development of serum-free conditions for cell therapy 
cultures[74].

meeting, promising results were reported about the 
production of third generation CD19/CD123 CIK 
CAR cells. With about 50% CAR transfection yields, 
investigators are now able to greatly expand CAR T 
cells and produce clinical grade within 3 wk (vs 90 d 
with retroviral vectors). To our knowledge, two human 
clinical trials using the SB system are currently ongoing 
at the MD Anderson Cancer Center (Table 1)[67]. 

Clinical trials have reported serious adverse events 
during CAR T cells therapy in early clinical phase 
trials, which were related to uncontrolled T cells proli
feration, cytokine storm, or “off tumor” effect[68,69]. 
In this context, strategies to incorporate abortive 
mechanisms inside the genomic load have emerged. 
Based on ex vivo genetic modification of donor T 
lymphocytes, suicide gene therapy with the Herpes 
simplex thymidine kinase (Hsv-tk)/ganciclovir (GCV) 
suicide system in the context of ASCT has demon
strated its safety and efficacy[70]. In order to facilitate 
its clinical development, this technology has been 
applied to CAR T cell development. Despite successes 
in the treatment of severe GVHD, Hsv-tk/GCV system 
showed some limitations: (1) the HSV-TK protein can 
be immunogenic in an immunocompetent situation; 
(2) the system can lead to unexpected elimination of 
modified T-cells in case of treatment with GCV; and 
(3) the system can show efficacy only on dividing 
cells[71]. Other non-immunogenic suicide systems 
have been developed, especially through a modified 
caspase 9 (iCasp9) member of the intrinsic apoptosis 
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Plasmid 1

CD19 scFV CD3ζ CD28

CD19 scFV CD3ζ CD28

CD19 scFV CD3ζ CD28

Cut and paste Cut and pasteElectroporation

CAR T cell

Plasmid 2
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Transposase

Receiving T cell DNA
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Figure 2  Schema of the transposon/transposase “sleeping beauty” system. A: The genetic cargo of a first plasmid (plasmid 1) is the chimeric antigen receptor 
(CAR) (anti-CD19 CD3ζ-CD28) flanked by inverted/short direct repeats (IR/DR). The whole set composed the transposon. The enzyme transposase is loaded in a 
second plasmid, which is specific of the IR/DR sequence; B: Materials of the two plasmids are fused together by electroporation, an electric current opening pores 
or channels at the cell surface. Transposase binds to the IR/DR sequences; C: The enzyme cut out of the plasmid the flanked sequences (CAR transgene with its 
promotor) and transfect the genetic cargo into a random DNA sequence of the recipient (T cell).
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at a near-constant level. These mechanisms mimic 
chronic T cell activation, depend upon TCR/MHC self-
peptide interaction, and involve cytokines, such as 
IL-7 and IL-15. During the first clinical trials in chronic 
lymphoid leukemia (CLL) patients, anti-CD19 CAR T cell 
infusions without conditioning chemotherapy showed 
limited T cells persistence and disappointing results[45]. 
Conversely, in a cohort of 5 relapsed ALL patients 
treated with 19-28z CAR T cells after lymphocyte 
depletion by cyclophosphamide, it was reported long-
term CAR modified T cells persistence for 3 to 8 
wk. Four of the five patients underwent ASCT and 
remained in minimal residual disease (MRD)-negative 
status. This study was the first to suggest an inverse 
relationship between CAR T cells clinical efficiency 
and initial tumor burden at the time of infusion. It 
was also shown that lymphocyte depletion prior CAR 
T cells infusion enhanced CAR T cells persistence[62]. 
Lymphocyte depletion following chemotherapy (cyclo
phosphamide/fludarabine) or total body irradiation 
(TBI) suppresses repressive cell populations, such 
as Treg, and cells competing for stimulatory cytokines 
(IL-2, IL-7, IL-15, IL-21), preventing rapid anergy of 
adoptively transferred T cells and transient “cytokine 
sink”. “Cytokine sink” corresponds to the competition 
between transferred and host T cell subsets regarding 
homeostatic cytokines, and can decrease in vivo T 
cell expansion[81]. IL-2, which has been widely used 
for adoptive T cell expansion in vivo, is essential for 
the maintenance of peripheral self-tolerance and is 
able to promote T cell effector functions. However, the 
administration of exogenous cytokines remains highly 
controversial. It has been shown that homeostasis and 
efficient suppressor functions of Treg were essentially 
mediated by IL-2 receptor signaling. The infusion of 
anti-IL-2 plus IL-15 in tumor bearing mice increases 
effector functions of adoptively transferred T cells[82]. 
Although IL-2 represents a key factor in the induction 
of terminal differentiation of effector T cells, its use for 
in vivo expansion may impair anti-tumor immunity. 
More recently, cyclophosphamide lymphocyte depletion 
has been shown to significantly reduce FoxP3 Treg 

and to induce IL-12 and IFNγ secretion[83]. IL-12 is a 
heterodimeric cytokine secreted by APCs, known to 
enhance T cell clonal expansion and T cell effector 
function in concert with TCR complex signaling (signal 
1 and 2), serving as signal 3. This cytokine favors NK 
recruitment, but also avoid T cell anergy and Treg action 
on effector T cells. This was illustrated by CAR targeted 
T cells (first generation 19z1) modified to produce 
autocrine IL-12 and to manage B lymphocyte depletion 
associated with tumor eradication[84]. The exact schedule 
for infusing CAR T cells after lymphocyte depletion is 
still a matter of debate. Nevertheless, recent evidences 
support the superiority of a rapid transfer in term of T 
cell engraftment and immune reconstitution[85,86].

AL is defined by an erratic clonal proliferation 
of immature hematopoietic stem cells, essentially 
localized in the bone marrow. Despite 60%-80% of CR 

CAR’S CULTURE: EXPANSION, 
PERSISTENCE AND TRAFFICKING 
The technique and the duration of CAR T cell cultures 
prior CAR transfection and infusion of the product 
may be also critical in the setting of clinical activity. 
Autologous/allogeneic non modified-T cells are har
vested from peripheral blood by leukapheresis, with 
heterogeneous threshold according to the underlying 
pathology. Then, naive T cells are expanded ex vivo 
generally with an artificial-antigen presenting cell 
system or anti-CD3/CD28 coated beads in combination 
with various cytokines (IL-2, IL-15, IL-17, IFNγ). As 
T cells are grown under GMP, expansion protocols 
and manufacturing input may vary among centers, 
depending on transduction efficiency yields, CD4/
CD8 ratio, and final T cell phenotype. Most of culture 
protocols support the acquisition of a central memory 
phenotype (CD45RA+/CD122low/CD62Llow/CCR7+), 
which is associated with self-renewal, high proliferation 
potential, and increased longevity. However, it was 
highlighted that proliferation, cytolytic activity, and 
persistence are markedly hampered by long-term 
ex vivo cultures, likely due to T cell exhaustion and 
telomere length shortening[36,58]. In addition, the T cell 
subtype transduced with CARs seems to play a key role 
in the clinical efficacy of adoptive immunotherapy. Due 
to their well-known cytolytic activity through granzyme/
perforine and Fas/FasL complexes, αβ CD8+ CAR T cells 
have been considered as the effective component of 
CAR T cell-based therapy and have been the major T 
cell subset used in pre-clinical trials. However, recent 
data revealed that CD4+ T cell subset transfected with 
CARs showed cytolytic activity similar to that of CD8+ T 
cells toward their targeted antigen. They are also useful 
on CAR mediated activation[75,76]. All T cell subsets play a 
key role in the anti-tumor immune response. The most 
powerful subset depends likely on tumor phenotype, its 
accessibility, and the tumor-cytokine microenvironment. 
In this setting, γδ, Th17, central memory, stem cell like 
memory, virus specific T cells and hematopoietic stem 
cells are also a part of CAR-based therapy[77-80]. 

For a long-term disease control by adoptive immune 
surveillance, engineered T cell persistence is highly 
warranted. Preclinical studies indicate that tumor 
burden and the degree of lymphocyte depletion prior 
T cell infusion are likely to be critical requirements for 
proper T cell expansion and persistence. First clinical 
trials indicate that persistence and in vivo expansion of 
adoptively transferred T cells is strongly correlated with 
treatment outcome, as previously documented with 
tumor-infiltrating lymphocytes (TILs) [45,69]. Conditioning 
chemotherapy is a way to enhance persistence and 
expansion of transferred CAR T cells. However, the 
optimal regimen is still a matter of debate. Although 
underlying mechanisms are not fully understood, this 
model probably involves homeostatic proliferation. 
Actually, T cell populations are tightly regulated by 
homeostatic mechanisms that maintain the T cell pool 
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that CD19-positive cells are constantly produced in the 
bone marrow, thus providing an inexhaustible source 
of antigen stimulation. It was shown that CD19 was 
involved in Myc driven B cell oncogenesis in a BCR-
independent manner, through paired box protein 5[91]. 
Although they are sharing the same target, B cell 
lineage malignancies may respond differentially to 
adoptively transferred T cells. Based on promising pre-
clinical data with first and second-generation CARs, first 
trials with anti-CD19 CARs were designed in patients 
with recurrent indolent NHL or CLL. They showed 
promising results with prolonged CR[37,47,69]. However, 
the initial enthusiasm was hampered by further trials 
showing no CR achievement and very limited CAR T 
cells persistence[47,62]. Discrepancies among studies 
could be attributed to the suppressor role of the tumor 
microenvironment, differences in treatment history, 
pretreatment tumor burden, potential tumor resistance 
to the lymphocyte depleting agent, and/or impaired 
T cell immunological function in lymphomas[92,93]. CD
19-CAR T cells appeared as the best choice for the 
treatment of B-cell lineage-ALL with an overall CR rate 
of 80% (Table 2). The first case of treatment by CD19-
CAR T cells in B cell lineage-ALL has been published by 
the Memorial Sloan Kettering Cancer Center. The patient 
was in early relapse and has been treated with second 
generation 1928z CAR T cells (second generation CAR T 
cells anti-CD19 scFv CD28-CD3ζ). After CR achievement, 
the patient received cyclophosphamide (3.0 g/m2) 
followed after 2 d by a split dose of autologous 1928z T 
cells (1.8 × 108 cells/kg). He underwent ASCT 8 wk after 
T cell infusion. Prolonged B lymphocyte depletion was 
observed and related to 1928z CAR T cells persistence 
confirmed by immunohistochemistry on bone marrow 
aspirates through 6 to 8 wk post-infusion[62]. This trial 
has been recently updated reporting about 13 patients 
(including the first one) with relapsed/refractory B cell 
lineage-ALL (of whom 3 patients with Philadelphia-
positive B cell lineage-ALL). CR rate was 85% (10/13 
patients) with complete molecular responses obtained 7 
to 14 d after T cell infusion. Cytokine release syndrome 
(CRS) was observed in 6/13 patients and was controlled 
by corticosteroids or anti-IL-6R antibody therapy. Nine 
of the 13 patients underwent ASCT[94]. Another phase 
1 trial was reported in 5 adults with relapsed/refractory 
B cell lineage-ALL. They received one single dose of 
autologous 1928z-CAR T cells (1.5 to 3 × 106 cells/kg) 
after administration of high-dose cyclophosphamide. All 
patients became MRD-negative after CAR T cell infusion. 
Four of them underwent ASCT and were still MRD-
negative at the time of the last report. The last patient, 
ineligible for ASCT and further CAR T cell infusion, 
relapsed 13 wk after T cell administration. Relapse was 
due to abrogation of CAR T cells persistence[63]. Another 
phase 1 study, using virus-specific 1928z-CAR T cells 
(CD19 CAR-VSTs, cytotoxic T cells with a native receptor 
specificity directed to persistent human viruses) in 
patients relapsing after ASCT or with high-risk B cell 
malignancies, included 3 patients with B cell lineage-

achievement after a first induction course of chemo
therapy, most of AL patients will ultimately relapse, due 
to LSCs or persistence of resistant clones in unreachable 
reservoirs to standard chemotherapy. CAR T cells 
have to traffic in the entire body, after ex-vivo/in vivo 
activation, to clear central (bone marrow) and peripheral 
reservoirs. In solid tumors and lymphomas, preclinical 
studies and clinical trials have established that CAR T 
cells, specifically when using second generation CARs, 
can accumulate and persist over time at the site of 
disease[47,62]. In a recent phase I study using anti-LeY 
CAR T cell therapy in AML, it was demonstrated by dete
ction of a transgene derived PCR signal and by radio-
labeled cells that CAR T cells have a systemic distribution 
and migrate to the bone marrow[87]. Genetically 
engineered T cells seem to naturally traffic to the bone 
marrow, but also to the central nervous system (CNS), 
with however 5 to 10-folds less than what is observed in 
blood[17,44]. The reasons why CAR T cells naturally cross 
the meningeal barrier remain intriguing. However, this is 
a major concern regarding B cell lineage-ALL, for which 
CNS involvement could have dramatic repercussions 
on treatment outcome. Lymphocyte depletion by 
cyclophosphamide or TBI stimulate the production of 
chemo-attractants by the microenvironment, and thus 
favor CAR T cells migration and engraftment in the bone 
marrow[88]. Because chronic activation is associated 
with down-regulation of homing receptors such as 
CD62L, investigators are currently exploring genetic 
expression of chemokine/cytokine receptors (i.e., 
CXCR2) and ex vivo cell surface glycan engineering (i.e., 
modifications of fucosyltransferase, an enzyme involved 
in hematopoietic stem cell homing) in order to enhance 
bone marrow trafficking, which is critical for successful 
leukemia cell eradication[89,90].

CARS IN ACUTE LEUKEMIA: A MATTER 
OF TARGET
Acute lymphoblastic leukemia
Historically, the first hematological malignancies treated 
with CAR T cells were CLL and lymphomas from the B 
cell lineage. As mentioned above, several issues have 
to be considered to select a target for CAR-mediated 
tumor cell recognition and unfortunately most of the 
TAA are self-antigens expressed on healthy tissues. 
In this setting, CD19 arise as a perfect target antigen, 
since it is expressed in almost all B cell malignancies 
(except 5% of undifferentiated immature B cell lineage-
ALL) and long-term B cell depletion is generally well 
tolerated (i.e., chimeric monoclonal antibody rituximab). 
CD19 is expressed on normal B lineage cells from pro-
B-cells to mature B cells and plasma cells, but hema
topoietic stem cells and other tissues lack this antigen 
expression. CD19 is thought to play a role in the balance 
between self-tolerance and antigen activation of the B 
cell receptor (BCR) complex in a specific and sensitive 
manner. Another hypothetical advantage of CD19 is 
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bi-specific T-cell engager antibody designed to redirect 
CD3+ cytotoxic T cells to CD19+ malignant B cells), this 
relapse from CD19 negative leukemia cells illustrates 
the impact of such a targeted therapy on leukemia sub-
clones[96]. No such cases have been reported in CLL[93]. 
CRs were observed independently of the level of tumor 
burden before T cell infusion. Among the 16 patients 
treated after ASCT, T cells were efficiently collected 
from recipient. No GVHD recurrence was observed after 
CAR T cell infusions. CTL019 cells expanded to levels 
that were more than 1000 to 10000 times as high as 
the initial levels. CAR T cell persistence was observed 
until 6 to 18 mo. This was concomitant of B lymphocyte 
depletion in responding patients, as previously reported 
in CLL patients treated with CTL019. Long-term 
persistence (≥ 145 d) was significantly associated with 
CR achievement. All responding patients developed 
some degree of delayed CRS, which was concomitant 
to T cell expansion and increased levels of IL-6. This 
seemed in relationship with the tumor burden prior CAR 
T cell infusion (Table 2)[17,97,98]. Overall, these first results 
suggest that CD19 gene-modified T cell therapy is likely 
not enough efficient by itself, but it should be considered 
as a potentially life-saving bridge to ASCT. Recently, a 
multi-center clinical consortium was proposed in order 

ALL. No pre-conditioning regimen was administered. 
CD19 CAR-VSTs required several rounds of expansion 
(5-6 wk of cell culture) before infusion in order to reach 
clinical CAR T cell threshold. No GVHD was observed and 
all B ALL patients achieved CR, but relapsed between 
2 to 8 mo after T cell infusion (Table 2)[95]. The largest 
cohort was initially reported by the Children Hospital 
of Philadelphia in 2013 and updated at the 2014 EBMT 
meeting. The study included 30 patients (25 children 
and 5 adults) with chemo-refractory B cell lineage-
ALL or ALL relapsing after ASCT. Patients received 
CTL019 CARs (second generation anti-CD19-scFv CAR 
T cells) coupled with 4-1BB endodomain and lentivirus 
transfected. The median dose of CTL019 was 3.7 × 
106 cells/kg administrated in 3 doses with 5 × 109 total 
cells as a target dose. Lymphocyte depletion regimens 
varied among patients, but were mostly based on 
cyclophosphamide administered during the week prior 
T cell infusion. Patients were at least in second relapse 
or were refractory to several lines of treatment. Overall, 
90% of them achieved CR, and half of them underwent 
subsequently ASCT. With a median follow-up of 3.4 mo 
(range: 2-18 mo), only 6 patients relapsed. In one case, 
relapse occurred with emergence of CD19 negative 
blast cells. As previously reported with blinatumomab (a 
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  Indications CAR 
construct

Vector Cell dose Pre-
treatment

Patients Responses Relapses CAR 
persistence 

(days 
median)

Toxicities Ref.

  Acute lymphoid malignancies
     Relapsed   
     B-ALL ± 
     post-ASCT

Anti-CD19 
scFv 4-1BB-

CD3ζ

Lentiviral 106-107 
cells/kg

Cy 30 90% CR (27/30) 6 relapses 
(one 

CD19-)

145 CRS for all 
responding 

patients 
(fever, ARDS. 

MODS)

[17,97,98]

     Relapsed   
     B-ALL 
     post-ASCT 

Anti-CD19 
scFv CD28-

CD3ζ

γ-retroviral 106 cells/kg Cy + flu 2 100% CR (5/5) 1 transient 
CR

ND Mild CRS, no 
GVHD

[117]

     B-ALL 
     relapsed

Anti-CD19 
scFv CD28-

CD3ζ

γ-retroviral 3 × 106 
cells/kg

Chemo 13 (3 Ph+ 
B-ALL)

85% CR (10/13) 1 NR, 1 
relapse

ND 6/13 CRS [62,94]

     B-ALL 
     relapsed 
     without 
     prior ASCT

Anti-CD19 
scFv CD28-

CD3ζ

γ-retroviral 1.5-3 × 106 
cells/kg

Cy 5 100% CR (5/5) 1 relapse  
(no ASCT)

ND 3/5 mild CRS 
(MRD+ or 

bulk)

[63]

     Relapsed   
     B-ALL/
     CLL  
     post-ASCT 

Anti-CD19 
scFv CD28-
CD3ζ VST 

(CMV, EBV, 
ADV)

γ-retroviral 1.5 × 107-1.2 × 
108 cells/m2

No 4 (4/8) 75% CR (3/4), 25% 
PD (1/4)

1 relapse 
(no ASCT)

80 No CRS, No 
GVHD

[95]

  Acute myeloid malignancies
     Relapsed 
     AML

Anti-LeY scFv 
CD28-CD3ζ

γ-retroviral 1.3 × 109 cells Chemo 4 25% CR, 50% SD 4 relapses 14-120 Neutropenia, 
skin “flare” 

reaction, 
fever, rigors

[87]

Table 2  Completed chimeric antigen receptor T cells trials including acute leukemia patients

CAR: Chimeric antigen receptor; ADV: Adenovirus; AML: Acute myeloid leukemia; ARDS: Acute respiratory distress syndrom; ASCT: Allogeneic stem 
cell transplantation; B-ALL: B-lineage acute lymphoblastic leukemia; Chemo: Chemotherapy prior CAR T cells infusion; CLL: Chronic lymphoid leukemia; 
CMV: Cytomegalovirus; CR: Complete remission; CRS: Cytokine release syndrome; Cy: Cyclophosphamide; EBV: Epstein Barr virus; GVHD: Graft versus 
host disease; MODS: Multi-organ dysfunction syndrome; ND: Not determined; NR: No response; PD: Progressive disease; SD: Stable disease; VST: Virus 
specific T lymphocytes.
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to calicheamicin, was the first agent of its class and 
one of the first targeted therapies in AML. However, 
initial enthusiasm was tempered by inadequate efficacy, 
severe hepatotoxicity (i.e., veino-occlusive disease) 
related to accumulation of the drug acting like an 
intercalating agent, and prolonged neutropenia[105]. 
Moreover, drug resistance rapidly may occur by active 
efflux from leukemia cells through the P-glycoprotein 
pump. Because of the very strong non HLA-restricted 
NK-like cytotoxicity and the lack of allogeneic activity 
in the ASCT setting, CIK have been largely used in 
pre-clinical studies of CAR redirected T cells in AML. 
Anti-CD33 CAR-T cells might have several potential 
advantages over gemtuzumab ozogamicin. First pre-
clinical data using CIK and EBV-specific T cells endowed 
promising features[104,106]. Beside the anti-leukemia 
activity and its expected myelotoxicity, in vitro colony 
forming unit (CFU) assays showed remnant clonogenic 
activity of hematopoietic progenitors suggesting that 
toxicity is reversible. Furthermore, it was shown that 
anti-CD33 CAR T cells with CD28-OX40 endodomains 
exert cytolytic activity on KG-1 cell line, known to be 
resistant to gemtuzumab ozogamicin[106]. In order to 
avoid off-target toxic effect on hematopoietic stem cells 
(HSC), CD123, also known as IL-3 receptor α-subunit, 
appears as an attractive target. Its functional role in 
AML is still unknown. CD123 is widely over-expressed 
among AML blasts and LSCs, while its expression is 
lower on HSCs, monocytes, and endothelial cells. The 
expression of CD123 at the time of diagnosis has been 
associated with a poor prognosis and resistance to 
apoptosis. Preliminary in vivo data showed that one 
single administration of anti-CD123 CAR T cells led to 
an immunologic memory associated with a specific 
anti-tumor response, yielding to long-term survival in 
mice engrafted with AML cell lines or fresh AML cells[107]. 
Results of CFUs, regarding distinct anti-CD123 CAR 
constructs, were heterogeneous. However, one study 
revealed a limited activity against normal CD123low 
expression on endothelial cells and monocytes[31,103,104]. 
It is therefore hypothesized that suboptimal affinity of 
the scFv for CD123 allows recognition of targeted cells 
by CAR T cells, according to their antigen density and 
their expression of co-stimulatory molecules[108]. The 
hyaluronase receptor CD44, a ligand for E-selectin, is 
broadly expressed on malignant cells in hematological 
malignancies. It plays a crucial role in the bone marrow 
homing of initiating leukemia cells and in interactions 
with the microenvironment. It was recently showed that 
CD44 inhibition drives leukemia cells into differentiation 
and apoptosis by dislodging them from the osteogenic 
niche[109]. The isoform variant 6 (CD44v6) recently 
emerged as one of the most promising TAA for AML. 
It is absent on normal HSCs, but is over-expressed in 
80% of AML cells[110,111]. It has been demonstrated that 
anti-CD44v6 redirect T cells were able to efficiently kill 
leukemia cells, while sparing HSCs and keratinocytes 
that expressed low levels of CD44v6[72]. These findings 
suggest that “off tumor” target expression levels do 

to harmonize practices and further export this new 
technology to academic institutions. 

Alternative targets are likely to be developed. CD22, 
a type I trans-membrane sialo-glycoprotein expressed 
specifically on B lineage cells, is closely related to the 
BCR pathway. Moxetumomab pasudotox, an anti-
CD22 covalently fused to a pseudomonas exotoxin, has 
shown promising results[99], and could be considered as 
a suitable possible choice. On the other hand, in order 
to prevent antigen loss through selective clonal pressure 
and to improve tumor specificity, investigators are 
developing combinatorial antigen recognition strategy, 
and oncogene targeted CARs[100,101].

Acute myeloid leukemia
Treatment of AML remains a great challenge. Whereas 
combined efforts in the field of intensified chemo
therapy, SCT, and supportive care have yielded to 
improve survival, more than 50% of patients will 
relapse. Because 70% of AML patients are over 60 
years, many of them are not eligible for ASCT[102]. 
Recent preclinical reports demonstrated that CAR T cells 
have the potential to effectively and durably eradicate 
primitive myeloid blast cells[103,104]. Although two trials 
are currently recruiting in China and in Australia, only 
one phase 1 trial, targeting Lewis Y (LeY) antigen 
coupled with cytoplasmic CD28 and CD3ζ chain, has 
been reported so far in the literature regarding AML 
(Table 1). LeY antigen is a difucosylated carbohydrate 
antigen, part of the human blood system. It is widely 
expressed on AML cells, but has a limited expression 
in healthy tissues. However, its exact role and its 
functional significance for survival of the leukemia cells 
have to be elucidated. Four patients received 1.5 to 4.7 
× 106 cells/kg CAR T cells 6 wk after fludarabine-based 
chemotherapy regimen. A modest T cell expansion and 
persistence (1 to 10 mo) was observed and resulted 
in limited advantages. Only 2 out of four treated pati
ents showed a reduction of leukemia cells. Beside 
these disappointing results, this study conveys major 
endpoints. Infusions were well tolerated with no CRS 
even in cases presenting with a high tumor burden. 
Second, it was demonstrated by SPECT imagery that 
anti-LeY CAR T cells can target bone marrow leukemia 
cells, but also peripheral lesions (leukemia cutis). The 
absence of down-regulation of LeY antigen after CAR 
T cell infusions suggests that this target is suitable 
for long-term immune control of the disease[87]. How
ever, the weak anti-leukemia activity of this antigen-
based therapy should be balanced with combinatorial 
recognition strategy or loaded in more potent effectors 
such as CIK cells. Other antigens are also on the bench, 
such as CD33, CD123 or CD44v6, but only pre-clinical 
data are currently available, demonstrating a potential 
efficacy against AML blasts. CD33 is a member of 
the sialic acid-binding receptor family and is highly 
expressed on myeloid progenitor cells, and on the 
surface of 90% of AML blasts. Gemtuzumab ozogamicin 
(Mylotarg), an anti-CD33 humanized mAb conjugated 
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potentially fatal. Neurological symptoms include mainly 
headache, dysphasia, confusion, seizure. Magnetic 
resonance imaging has shown abnormalities consistent 
with a mild encephalopathy with reversible splenial 
lesion syndrome, as observed in severe viral infections. 
The exact pathophysiology of neurological features 
during CRS is not fully understood, but seems to be 
related to a direct neurotoxicity of IL-6[115]. IL-6 levels 
in cerebrospinal fluid have been monitored during CRS 
and have shown high levels. It can be hypothesized 
that systemic inflammatory response after CAR T cells 
infusion could lead to permeable blood-brain barrier, 
yielding trafficking of IL-6 and activated immune cells 
to CNS. At least for CTL019, CAR T cells revealed 
to cross the blood-brain barrier and to be evolve in 
the neurological symptoms, which can be overcome 
by tocilizumab therapy. However, the occurrence of 
neurological symptoms can be enhanced by the IL-
6R inhibitor. Tocilizumab may inhibit the IL-6 receptor 
mediated clearance and may allow transient increase 
of IL-6 levels. In patients with severe neurological 
symptoms, but without other life-threatening organ 
failure, it has been recommended to treat with corti
costeroids (especially dexamethasone)[116]. Acute 
respiratory distress syndrome, hepatic/renal failure, 
disseminated coagulopathy have also been reported. 

Direct toxicity: “On tumor/off target effect”
Prolonged B lymphocyte depletion illustrates perfectly 
the antigen driven direct toxicity, provided by anti-CD19 
CAR T cells and hence a theoretical immunodeficiency. 
Although B lymphocyte depletion has been profound 
in reported clinical studies, its durability appears as 
a sign of prolonged anti-tumor response. This condi
tion is very close to that of patients with X-linked 
agammaglobulinemia[97]. While B lymphocyte depletion 
increases the risk of opportunistic infections, this may 
be improved by intravenous immunoglobulin therapy. 
Although patient follow-up is relatively short, patients 
treated with anti-CD19 CAR T cells did not show until 
now any increase of bacterial infections. However, the 
development of this new technique will certainly be 
accompanied by the description of further new adverse 
events. 

CONCLUSION
Immunotherapy represents certainly a great step 
forward in the treatment of AL. Because of the com
plexity of T cell repertory and its interaction with the 
immune system, there is, however, a long way to 
go before achievement of a complete and optimal 
understanding of this technology, as illustrated by the “on 
tumor/off target” paradigm. Furthermore, production 
of CAR T cells is time consuming, and still requires 
tremendous financial resources. The next challenges will 
be to improve cell isolation and culture of CAR-modified 
T cell production, to reduce the cost of the technique, 

not accurately predict susceptibility to CAR T cells[72]. 
All together, these results suggest that anti-CD123 and 
anti-CD44v6 CARs are safer than anti-CD33, but in vitro 
data have to be confirmed in clinical practice (Table 1).

TOXICITY: NEW INSIGHTS IN CYTOKINE 
RELEASE SYNDROME MANAGEMENT
With the development of new therapeutic reagents, 
physicians have to face previously unknown toxicities. 
Immunotherapy adverse events are mainly related to 
autoimmune direct toxicity, known as “on tumor/off 
target effect”, and to an indirect cytokine-associated 
toxicity, called CRS.

Indirect toxicity: Cytokine release syndrome
CRS has been initially described following mAb infusions 
(i.e., anti-CD52 or anti-CD20) and more recently with 
bi-specific antibodies and CARs[112,113]. This syndrome 
is characterized by a massive non-antigen specific 
inflammatory response. CRS shares features with 
macrophage activation syndrome, such as cytopenia, 
fever, hyperferritinemia and hypofibrinogenemia. Re
gardless the TAA target, it seems that T cell expansion 
activates other hematological effectors (B cells, neutro
phils, macrophages), and favors release of inflam
matory cytokines, such as TNF-α, IL-2, IL-6, IL-13 and 
IFNγ[44,98]. Symptom onset has been reported with a 
widely variable timing among clinical trials, ranging 
from 1 d to 3 wk for anti-CD19 CARs. All CRS reported 
with anti-CD19 in ALL trials were related to the tumor 
burden prior the first infusion and corresponded 
with maximal in vivo T cell expansion. Symptoms of 
CRS were drastically mild or even absent with anti-
LeY in AML and with anti-CD19 CARs in CLL[45,87]. The 
magnitude of immune activation after engineered T cell 
infusion is therefore dependent upon the underlying 
condition, the remaining lymphocyte pool, and CAR T 
cell features. Symptoms are not specific and confusion 
can be made with those of infections. Fever appears as 
the hallmark of CRS, and arises generally concomitantly 
to rigors, myalgia, and gut disorders. However, other 
life threatening complications can occur. Recently, 
IL-6, a pleiotropic cytokine with ambivalent functions, 
emerged as the gatekeeper in the pathophysiology of 
CRS. In this setting, tocilizumab, an anti-IL-6R mAb 
initially developed for rheumatologic autoimmune 
diseases, has proven its efficacy in severe CRS. This 
agent showed a safe profile with few side effects at 
the recommended dose (one injection at 8 mg/kg 
for children and 4 mg/kg for adults). It did not seem 
to alter anti-leukemia functions of the transferred T 
cells. Alternative therapy in non-responders could 
involve anti-TNF-α mAb (infliximab), soluble TNF-α 
receptor (etanercept), or corticosteroids especially in 
patients presenting neurological symptoms[114]. Cardiac 
complications (similar to stress cardiomyopathies) are 
non frequent and generally reversible events, although 
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lymphomas and Hodgkin’s disease are thought to be che­
motherapy-responsive cancers, a considerable number 
of patients either relapse or never attain a remission. 
High-dose therapy (HDT) followed by autologous 
stem cell transplantation (ASCT) is often the only 
possibility of cure for most of these patients. However, 
many controversial issues still remain with respect to 
HDT/ASCT for lymphomas, including its role for, the 
optimal timing of transplantation, the best conditioning 
regimen and the potential use of localized radiotherapy 
or immunologic methods to decrease post-transplant 
recurrence. Recently, mainly due to the unavailability of 
carmustine, several novel conditioning protocols have 
been clinically developed, with the aim of improving the 
overall outcome by enhancing the anti-lymphoma effect 
and, at the same time, by reducing short and long-
term toxicity. Furthermore, the better safety profiles of 
novel approaches would definitively allow patients aged 
more than 65-70 years to benefit from this therapeutic 
option. In this review, we will briefly discuss the most 
relevant and recent data available regarding HDT/ASCT 
in lymphomas.

Key words: Hodgkin lymphoma; Non-Hodgkin lym­
phoma; High dose therapy; Autologous stem cell 
transplantation; New drugs
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Core tip: High-dose therapy (HDT) followed by 
autologous stem cell transplantation (ASCT) is consi­
dered the golden standard for the vast majority of 
patients with both Hodgkin and non-Hodgkin lym­
phoma, who either relapse or never attain a remis­
sion. However, several questions about HDT/ASCT still 
remain unanswered, also comprising, but not limited 
to, its role in newly diagnosed patients with advanced 
stage disease. The incorporation of novel drugs in 
both salvage and conditioning regimens has recently 
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revitalized the HDT/ASCT area, with several phase I-II 
trials performed during the last 5 years. This review will 
focus on the most recent data regarding HDT/ASCT in 
lymphomas.

Isidori A, Clissa C, Loscocco F, Guiducci B, Barulli S, Malerba 
L, Gabucci E, Visani G. Advancement in high dose therapy 
and autologous stem cell rescue in lymphoma. World J Stem 
Cells 2015; 7(7): 1039-1046  Available from: URL: http://www.
wjgnet.com/1948-0210/full/v7/i7/1039.htm  DOI: http://dx.doi.
org/10.4252/wjsc.v7.i7.1039

INTRODUCTION
High-dose therapy (HDT) followed by autologous 
stem cell transplant (ASCT) is the therapy of choice for 
patients with chemosensitive, aggressive, relapsed non-
Hodgkin lymphoma, basing on the results of the PARMA 
and CORAL study (NHL)[1,2]. Moreover, HDT/ASCT is 
considered the standard of care for hodgkin lymphoma 
(HL) patients in chemosensitive relapse[3]. Different 
HDT regimens followed by ASCT are able to produce 
rates of disease-free survival (DFS) and overall survival 
(OS) of approximately 30% to 70%. Despite HDT/ASCT 
prolonged DFS, few major drawbacks still limit the 
utility of this approach for a wide patient population. As 
an example, the introduction of Rituximab in every-day 
clinical practice has dramatically reduced the number 
of patients addressed to HDT/ASCT, specially in front-
line therapy. Up to now, no regimen was demonstrated 
to be superior to another in randomized trials[4]. There
fore, novel strategies are urgently required. As a 
consequence, and due to the sudden unavailability 
of carmustine, the International Investigators have 
developed novel HDT/ASCT protocol in resistant/
relapsed aggressive NHL or HD within the last 5 years, 
aiming to improve the outcome while reducing toxicity. 
In this paper, we will discuss the data emerging from 
few recent clinical trials testing HDT/ASCT in aggressive 
lymphomas.

CONDITIONING REGIMENS PRE-ASCT IN 
LYMPHOMAS
High dose chemotherapy and ASCT is the standard of 
care for patients with recurrent HL and NHL who fail 
immunochemotherapy upfront, improving long-term 
survival in 30% to 50%. Several factors impact on 
survival of lymphoma patients after HDT/ASCT. In this 
regard, the most important predictive factor is disease 
status at transplant (chemosensitive vs chemoresistant). 
Nevertheless, transplant related morbidity and mortality 
still remain relevant in influencing the outcome of the 
transplant procedure. Therefore, when planning an 
autologus transplant, the efficacy of HDT to eradicate 
residual disease after salvage therapy may be well 
balanced with toxicity to normal tissues, in order to 

maximize the probabilities of the procedure of being 
successful. Despite the efforts made to further increase 
the therapeutic window of new high-dose regimens, at 
present we do not have an evidence that clearly demon
strates the superiority of a specific HDT regimen to the 
others.

BEAM (carmustine, etoposide, cytarabine, melph
alan) regimen is considered the regimen of choice for 
patients with HL and NHL submitted to ASCT, due to 
its acceptable safety profile and a quite high antitumor 
efficacy. The transplant related mortality (TRM) of 
the BEAM regimen is quite low, depending mainly on 
disease status at transplant, infectious history and prior 
lines of therapy. Early, non-hematological toxicities 
of carmustine, such as nausea, vomiting, mucositis, 
hepatotoxicity, diarrhea and nephrotoxicity are well 
known, and worldwide Clinicians know how to manage 
them. However, late toxicities are still a matter of 
concern, in particular second tumor and interstitial 
non-infectious pneumonitis, which have been reported 
in 16%-64% of patients receiving carmustine-based 
conditioning regimens, being fatal in approximately 9% 
of the patients.

Accordingly, various scientists and cooperative 
groups still continue in this search for the holy Grail, 
focusing mainly on the incorporation of novel drugs, 
radioimmunoconjugates, monoclonal antibodies and/or 
other stimuli for the immunologic system during the 
early pre- and post- transplantation phases. 

Hodgkin lymphoma 
The results of the most important trials with HDT/ASCT 
in HD are listed in Table 1. 

Ramzi et al[5] reported the results of non-cryopre
served ASCT of 45 HL patients receiving an alternative 
CEAM regimen in which iv carmustine was substituted 
by oral lomustine (CCNU: 2 chloroethyl cyclohexyl 
nitrosourea). Forty-five relapsed/refractory HL patients 
underwent conditioning regimen with: lomustine 200 
mg/m2 on day-3, etoposide 1000 mg/m2 on day-3 and 
day-2, cytarabine 1000 mg/m2 on day-3 and day-2, 
melphalan 140 mg/m2 on day-1. All 45 patients showed 
engraftment of infused stem cell. Grade 2 and grade 3 
mucositis was seen in 64.5% of patients. TRM at 100 d 
was 2.2%. Median DFS was 20 mo (range: 4-60 mo). 
After a follow up of more than 2-year, the 2-year DFS in 
30 evaluable patients was 77% and the 2-year OS was 
84% (25/30 patients).

Czyz et al[6] have retrospectively evaluated the 
efficacy of a modified BEAM regimen followed by ASCT 
in 132 patients relapsed/refractory HL patients. The 
10-year OS and progression free survival (PFS) were 
76% and 66%, respectively. Age > 45 years, more than 
one salvage regimens and chemoresistant disease at 
transplant were all predictive for poor OS in multivariate 
analysis.

In 2011 Shafey et al[7] have retrospectively evaluated 
73 patients with refractory/relapsed HL treated in a 15 
year period with a double high-dose therapy consisting 
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of dose intensified cyclophosphamide, etoposide and 
cisplatin reinduction, followed by high-dose melphalan 
and ASCT. TRM was 1%. The 5-year PFS and OS rates 
were 61% and 80%, respectively. In multivariate 
analyses, response to reinduction therapy and DICEP 
and International Prognostic System score at relapse 
were the only factors independently predicting PFS and 
OS. 

As already stated, the standard of care for refractory 
or relapsed HL patients is a salvage therapy followed 
by HDT/ASCT. However, patients whit chemoresistant 
disease after salvage therapy have a small probabilities 
of achieving a long lasting response and a long overall 
survival. In 2006, the Emory Univesity group tested 
in a phase I study, the combination of cytarabine with 
fixed doses of vinorelbine, paclitaxel, etoposide and 
cisplatin (VTEPA) as second salvage therapy in patients 
with resistant/relapsed lymphoma , showing an overall 
response rate (ORR) of 33%[8]. In 2013 the same 
group further examined the effectiveness of VTEPA in 
30 patients with relapsed/refractory HL[9]. Among 27 
evaluable patients, ORR was 70% (7 CR, 12 PR). All but 
1 responding patients (66%) subsequently underwent 
ASCT. This therapeutic strategy (VTEPA + ASCT) 
produced a median PFS and OS of 28 and 38 mo from 
transplant, respectively.

In 2012 Di Ianni et al[10], reported their experience 
with a novel HDT regimen including thiotepa, etoposide 
and carboplatin (TECA) in HL patients. From March 
1999 to December 2005, 58 patients with primary 
refractory or relapsed were enrolled in a phase II study. 
The conditioning regimen consisted of etoposide (250 
mg/m2 days 1-4), thiotepa (166 mg/m2 days 2-4) 
and carboplatin (266 mg/m2 days 2-4). After salvage 
therapy, 46 patients had chemosensitive disease (30 
CR + 16 PR), whereas 12 were chemoresistant.  At 
transplantation, 30 patients were in CR, 16 in PR and 12 
showed a chemoresistance to salvage chemotherapy. 
TRM was 0%. The global ORR was 79.3% (37 CR, 7 
PR), but 12 patients still did not respond to therapy 
neither after HDT/ASCT. The 5-year DFS and OS 
were superior for relapsed patients with respect to 
primary refractory ones. After 5-year of follow-up, 
approximately 75% of patients were alive. Even if the 
idea of combining thiotepa with more conventional 
drugs was interesting, the results of this study are in 
line with other trials, given the high percentage (80%) 

of chemosensitive patients at transplant. Hard-to-
respond, chemoresistant patients (12/58, 20%) did not 
show any benefit from the thiotepa-containing regimen.

Non-Hodgkin lymphoma
The results of the most relevant studies with HDT/ASCT 
in NHL are listed in Table 2.

As for HL, the standard salvage therapy of relapsed/
refractory aggressive NHL mainly relies on HDT/ASCT, 
hopefully in patients with chemosensitive disease. 
Nevertheless, reaching of long lasting DFS remains not 
easy. 

Kim et al[11] reported the results of a novel NEAM 
regimen, administered prior to ASCT, to 69 patients 
with resistant/relapsed NHL. The NEAM regimen, 
another, novel variant of the standard BEAM, consisted 
of mitoxantrone (12 mg/m2 iv on day-6 to day-4), 
etoposide (100 mg/m2) and cytarabine (100 mg/m2 
iv every 12 h from day-6 to day-3), melphalan (single 
140 mg/m2 dose at day-2). TRM at day-100 was 2.9%. 
Median event free survival (EFS) was 17.9 mo, whereas 
estimated 2-year OS was 64.2%.

In 2012 Falzetti et al[12] reported the results of the 
TECA (thiotepa, etoposide and carboplatin) regimen 
administered to 45 patients with NHL at various disease 
stage. TRM was 4.4%. The ORR was 77.8% (30 CR, 
5 PR). Ten patients (22.2%) did not respond. The 
mean 5-year OS was 71.1%. Patients with low (1) 
International prognostic index (IPI) ad diagnosis had 
a better ORR and 5-year OS were than for those with 
intermediate IPI (2 and 3).

Another strategy to increase efficacy of the 
conventional BEAM regimen is to add novel drugs in 
a new reinforced BEAM combo. In this regard, the 
University of Nebraska Medical Center group designed 
a phase I/II trial testing the safety and the efficacy 
of the addition of a proteasome inhibitor to standard 
BEAM prior to ASCT in resistant/relapsed indolent 
or transformed NHL (including T cell lymphomas) or 
mantle-cell lymphoma (MCL, only in first CR)[13]. Patients 
received 4 doses of escalating bortezomib (0.8, 1, 1.3, 
1.5 mg/m2) on day-11, day-8, day-5 and day-2 prior 
to ASCT. After the maximum tolerated dose (MTD, 1 
mg/m2) was defined, other 20 patients entered the 
phase II to determine a preliminary ORR, PFS and OS 
with this regimen. As a whole, 42 (13 + 29) patients 
were enrolled. Non-hematologic side effects were 
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  Ref. Year Patients (n ) Status of HL Regimen TRM (%) PFS (%) OS (%) Follow-up (mo)

  Ramzi et al[5] 2012   45 R/R CEAM 2.2 77 84 24
  Czyz et al[6] 2013 132 R/R Modified BEAM - 66 76 68
  Shafey et al[7] 2012   73 R/R DICEP 1 61 80 56
  Sinha et al[9] 2013   30 R/R VTEPA 0 67 81 32
  Di Ianni et al[10] 2012   58 R/R TECA 0 72 82 60

Table 1  High dose therapy followed by autologous stem cell transplantation in Hodgkin lymphoma

HL: Hodgkin lymphoma; DICEP: Dose-intensive cyclophosphamide, etoposide, cisplatin; VTEPA: Vinorelbine, paclitaxel, etoposide and cisplatin; TECA: 
Thiotepa, etoposide and carboplatin; R/R: Relapsed/refractory; OS: Overall survival; PFS: Progression free survival.
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transplant (chemosensitive vs chemoresistant) was still 
a stron predictor of outcome. Conversely, disease type 
(HL vs NHL) was no longer affecting PFS nor OS[15].    

By riding the same wave, Isidori et al[16] recently 
reported the preliminary data of a phase II study to 
confirm the effectiveness of BeEAM as a preparative 
regimen for autologous stem cell transplantation in 
resistant/relapsed aggressive B-cell non-Hodgkin 
lymphoma patients. Thirty-seven patients (median 
age 56 years, range 19-69) with resistant/relapsed 
aggressive B-cell NHL were enrolled, up to now, in 
the study. Briefly, 27 patients had advanced stage 
disease (III-IV), 12 were primary refractory and 25 had 
relapsed. Thirty-three patients had good performance 
status (WHO 0-1), and 11 patients presented with 1 
or more relevant comorbidities (range: 1-5). Nineteen 
patients were in II or subsequent CR after salvage 
therapy, whereas 16 were in PR and 2 had progressive 
disease. All patients engrafted, with a median time to 
ANC > 0.5 x 109/L of 10 d. TRM at day-100 was 2.7%. 
Eight out of 37 patients presented a fever of unknown 
origin (21.6%), whereas 19 patients (51%) presented a 
clinically documented infection. One patient died due to 
an incomplete hematological recovery after transplant, 
producing an overall transplant related mortality of 
2.7%. Twenty-seven out of 37 patients are evaluable 
up to now for response: 22/27 (81.5%) obtained a CR, 
2/27 a PR, resultin in an ORR of approximately 90%. 
After a median follow-up of 9 mo from transplant (range 
2-24), 5/24 patients relapsed, whereas 19/24 (79.1%) 
are still alive, in continuous CR. The Authors concluded 
that the BeEAM regimen preliminary confirmed its 
safety and its promising efficacy in resistant-relapsed 
aggressive B-cell lymphomas. 

In 2010 Musso et al[17] substituted carmustine with 
the chloroethylnitrosurea fotemustine (150 mg/m2 on 
day-7 and day-6) in the standard BEAM (FEAM regimen). 
84 resistant/relapsed HL and NHL patients were enrolled 
in this study. Non-hematological side effects were 
superimposable to those of the BEAM regimen, with 
7 patients experiencing grade 4 mucositis, without 
any other relevant grade 4 toxicity. TRM at day-100 

comparable to those observed with other regimen, 
with the relevant exception of an increase in grade III 
peripheral neuropathy, related to the use of bortezomib, 
and in grade III gastrointestinal toxicity. TRM at day 
100 was 0%. At 1 year after ASCT, 38 patients were 
evaluable for response; 32 (84%) were in CR and 1 
(3%) was in PR, resulting in an impressive ORR of 
87%. these results were better among patients treated 
in the phase II, for whom ORR was 89% (84% CR, 5% 
PR). PFS was 83% at 1 year and 32% at 5 years. OS 
was 91% at 1 year and 67% at 5 years. The authors 
performed also an exploratory analysis to determine 
whether this regimen was more effective in a given 
histological pattern, finding no statistical difference. 
Conversely, by comparing the results of bortezomib-
BEAM with standard BEAM in an historic cohort of 
patients matched for histology at their Institution, the 
authors showed an advantage in both PFS and OS at 
5 years for MCL patients (57% and 72% vs 43% and 
50%, respectively), even if not statistically significant. 
Even if promising, in particular in MCL patients, the 
bortezomib-BEAM regimen discourages, due to the lack 
of an evident benefit and higher than expected toxicity, 
its further exploration in a randomized, phase III study.

In 2011 Visani et al[14] reported the efficacy of 
increasing doses of bendamustine (160 mg/m2, 180 
mg/m2 and 200 mg/m2 given on day-7 and day-6) 
in addition to fixed doses of etoposide, cytarabine 
and melphalan (BeEAM regimen) administered as 
preparative regimen to ASCT. Forty-three patients 
with resistant/relapsed HL (n = 15) and NHL (n = 28) 
were enrolled, 9 in the phase I and 34 in the phase II 
study. No patients experienced dose limiting toxicity. 
TRM at day 100 was 0%. The follow-up period at the 
time of publication was 18 mo, with 81% being alive 
and disease-free at that time. Disease type (HL vs 
NHL) and disease status at transplant (chemosensitive 
vs chemoresistant) significantly influenced DFS. 
Interestingly, the authors updated their experience in 
2014[15], reporting a 72% PFS at 3 years, that allowed 
them to met the primary end-point of the study. Median 
PFS and OS were still not reached. Disease status at 
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  Ref. Year Patients (n ) Disease Regimen TRM (%) ORR (%) OS (%) Follow-up (mo)

  Kim et al[11] 2012 44 Chemosensitive-NHL NEAM    2.9 79 64 24
  Falzetti et al[12] 2012 45 HR NHL TT-Vp-Car    4.4 77 71 60
  William et al[13] 2014 42 R/R NHL V-BEAM 0 87 91 12
  Visani et al[14] 2011 43 R/R HL and NHL BeEAM 0 82 81 18
  Visani et al[15] 2014 43 R/R HL and NHL BeEAM 0 72 88 41
  Isidori et al[16] 2014 37 R/R NHL BeEAM    2.7 88 94   9
  Musso et al[17] 2010 84 R/R HL and NHL FEAM    2.4 73 88 13
  Kruger et al[19] 2012 16 R/R NHL RIT + BEAM 6 94 75 44
  Winter et al[20] 2009 44 R/R NHL Z-BEAM    2.2 77 60 33
  Shimoni et al[21] 2012 43 R/R NHL Z-BEAM 0 97 91 24
  Briones et al[22] 2014 30 R/R NHL RIT + BEAM    3.5 70 63 31

Table 2  High dose therapy followed by autologous stem cell transplantation in non-Hodgkin lymphoma

HL: Hodgkin lymphoma; RIT: Radioimmunotherapy; BeEAM: Bendamustine, etoposide, ara-C, melphalan; FEAM: Fotemustine plus etoposide, cytarabine 
and melphalan; NEAM: Mitoxantrone, etoposide, cytarabine, and melphalan; NHL: Non-Hodgkin lymphoma; R/R: Relapsed/refractory; OS: Overall survival; 
TT-Vp-Car: Thiotepa, Vepeside, carmustine; V-BEAM: Velcade plus standard BEAM.
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Kruger et al[19] enrolled 16 patients with resistant/
relapsed NHL in a phase II study testing 131I-rituximab-
BEAM and ASCT. A single dose of 131I-rituximab was 
given on day-15, whereas standard BEAM started on 
day-6 prior to ASCT. Non hematological side effects 
were mild in grade, without any grade IV toxicity. All 
patients engrafted, with a 0% TRM at day-100. Results 
were encouraging, with 75% of patients being alive and 
disease free after a median follow-up of 44 mo from 
ASCT (range 4-108). Interestingly, each patient received 
only a limited whole body radiation of only 0.75 Gy.

Winter et al[20] conducted a phase I-II study in 
44 patients with resistant/relapsed NHL, by adding  
yttrium-90 (90Y) ibritumomab tiuxetan to standard 
BEAM and ASCT (Z-BEAM regimen). A significant 
proportion of patients (30%) entering the study had 
chemoresistant disease after salvage therapy. Non 
hematological toxicities were similar to those reported 
with standard BEAM. Two dose limiting toxicities 
occurred at 17 Gy dose level, which made 15 Gy the 
recommended dose for the phase II of the study. After 
a median observation time of 33 mo, the estimated 
3-year PFS and OS were 43% and 60%, respectively. 
When looking at these results, it has to keep in mind 
the significant proportion of chemoresistant patients, 
who perform extremely poor with conventional HDT 
regimen.

Shimoni et al[21] randomized 43 patients with CD20 
positive aggressive B-cell lymphoma to receive either 
Z-BEAM (n = 22) or standard BEAM (n = 21). Ibritu
momab tiuxetan was administered at 0.4 mCi/kg on 
day-14 prior to ASCT. Non hematological toxicities 
were mild and comparable within the 2 groups. TRM at 
day-10 was 0% in both groups. As a whole, Z-BEAM did 
not show a significant advantage in OS with respect to 
standard BEAM. However, there was a trend in 2-year 
PFS and OS in favor of Z-BEAM (59% and 91% vs 37% 
and 62%, respectively. The Authors speculated that 
Z-BEAM could be superior to standard BEAM for patients 
receiving frontline chemoimmuotherapy containing 
Rituximab. However, the sample size of the study was 
very small, and the statistical analysis did not allow 
to draw any conclusion regarding the superiority of a 
regimen to another.

Another study with yttrium-90 Ibritumomab tiuxe
tan was conducted and published by Spanish Group 
in 2013[22]. It was a prospective, multicenter, phase 
II clinical trial which enrolled 30 patients with indu
ction failure or refractory B-cell NHL. Patients received 
90Y-ibritumomab tiuxetan at a fixed dose of 0.4 
mCi/kg, 14 d prior to the BEAM chemotherapy. Non 
hematological toxicities were similar to those reported 
with standard BEAM, and TRM at day-100 was 0%. 
Intriguingly, the vast majority of patients (25/30) 
underwent to HDT/ASCT with chemoresistant disease. 
Therefore, this regimen produce an outstanding ORR of 
70%, with 60% of patients obtaining a CR; estimated 
3-year PFS and OS were 61% and 63%, respectively, 
and the median time of observation for surviving 

was 2.4%. Even if the FEAM HDT regimen showed a 
favorable safety profile, it is not possible to draw any 
conclusion regarding survival or long-term efficacy due 
to the short follow-up period of 17-mo sonly. 

Another question that still remains unanswered is 
related to the relative efficacy of HDT/ASCT in NHL 
patient population treated with chemoimmunotherapy 
comprising rituximab front-line. As a fact, this is really a 
burning question, as all patients with B cell malignancies 
are treated upfront, at present, with anti-CD20 mono
clonal antibody plus chemotherapy. Nevertheless, the 
utility of HDT/ASCT for NHL patients in first CR is still a 
matter of great debate.

Recently, the Southwest Oncology Group tried to 
answer, at least partly, this question by conducting a 
large, randomized trial testing HDT/ASCT as consoli
dation therapy, in comparison to standard chemoim
munotherapy[18]. 397 patients were enrolled, and 
370/397 received five cycles of CHOP with (47%) or 
without (53%) rituximab.  Responding patients (CR 
+ PR) were subsequently randomized to receive 3 
other  cycles CHOP ± Rituximab (control group) or one 
additional cycle of CHOP ± Rituximab followed by ASCT 
(transplantation group), conditioned with standard 
BEAM regimen or total body irradiation (12 Gy). The 
primary efficacy end points were 2-year PFS and OS. 
Of 370 induction-eligible patients, 253 were randomly 
assigned to the transplantation group (125) or the 
control group (128). Like many of the randomized 
trials and several meta-analysis, this study showed 
an improvement in PFS for the combined high-risk 
and high-intermediate risk who are chemosensitive to 
induction therapy. However, again and again, this study 
was not able to demonstrate, in randomized fashion, 
an advantage in OS for HDT/ASCT, neither for high 
risk patients[18]. On the other hand, we have to keep 
in mind that 29% of patients who had a relapse or 
progression after standard therapy, were rescued with 
HDT/ASCT, resulting in a relevant bias for the analysis 
of a statistical OS benefit for HDT/ASCT over the control 
group. Finally, the study was not designed and powered 
to address subgroup-related question, and therefore 
any point in favor of HDT/ASCT for high risk patients is 
merely speculative.

The incorporation of new drugs into HDT regimen 
prior to ASCT in B-cell lymphomas has recently been 
helped by the development of radioimmunotherapy 
(RIT). The potential advantage of using radioimmuno
conjugates, with or without chemotherapy, prior to 
ASCT, relies on the opportunity of delivering localized 
radiation therapy to the site of tumor. This allows to 
minimize the toxicity of total body irradiation, with the 
goal of decreasing relapse rate without adding toxicity 
to the conditioning regimen. At present, no study 
comparing RIT and standard radiation therapy has been 
done. However, few preliminary phase II studies with 
RIT as a part of a preparative regimen have produce 
encouraging results by showing a high safety profile, a 
low TRM and a preliminary efficacy. 
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patients treated with HDT/ASCT between 1985 and 
1998 who survived ≥ 2 years after ASCT, demonstrated 
a risk ratio of second malignancy equal to 6.5 (95%CI: 
3.6-10.7) when compared with the general population, 
but limited to 2.4 (95%CI: 1.4-4.05) when compared 
with patients with HL[28]. In other words, the risk 
of developing a second tumor after HDT/ASCT was 
elevated if compared with the cancer risk in the general 
population, but was less pronounced when compared 
with patients with HL in SEER registry[29]. 

Data on NHL are quite similar, demonstrating a 
higher risk of developing a second malignancy mostly 
for patients receiving TBI as a part of the preparative 
regimen to ASCT. However, to the best of our know
ledge, large studies have not been conducted in this 
patient population.

Our guess is that, in the era of the TBI-free condi
tioning regimens, what really counts for the develop
ment of a second malignancies or a late effect (e.g., 
cardiomyopathy) in lymphoma patients, is mainly the 
type and the dose of chemo- and radiation therapy 
performed before transplant, and only in a minimal 
extent HDT/ASCT.

CONCLUSION
High dose therapy followed by autologous stem cell 
transplantation has still a major role in the treatment 
of resistant/relapsed HL and NHL. The relevant 
advancements made with the incorporation of novel 
drugs and/or radioimmunoconjugates into preparative 
regimens translated in a higher PFS rate with respect 
to the historical standards. Furthermore, TRM and 
overall toxicities seem to be lower. However, data on the 
possible overall survival advantage given by the novel 
agents are still controversial, and probably only large, 
randomized phase III trials could pick a winner between 
the plethora of new drugs recently incorporated in novel 
conditioning regimens. Our personal experience with 
Bendamustine, used both in Phase II trials and everyday 
clinical practice, indicate the favorable safety profile of 
the BeEAM regimen, coupled with a relevant efficacy 
in a hard-to-treat population of resistant/relapsed lym
phoma patients.

A different scenario could be represented by mainte
nance therapy with new drugs, such as Brentuximab 
Vedotin in HL or Ibrutinib or Lenalidomide in aggressive 
NHL, in patients chemoresistant who obtain at least a 
PR after HDT/ASCT. In this setting of patients, the use 
of a drug with a different mechanism of action and a 
manageable safety profile could help the physician in 
the path to cure of a highly resistant subpopulation of 
lymphoma patients. 
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possibility using adult cells sourced from patients’ own 
bodies’ means that it can be expected that in the near 
future such treatments may become routine at dental 
practices. The hope is that it will become possible 
to regenerate bone and dental tissues including the 
periodontal ligament, dental pulp and enamel, and that 
the creation of new teeth may also become feasible. 
In view of this possibility of achieving restoration with 
regenerative medicine, it can be considered that a 
new era of dentistry is beginning. Thus the aim of this 
review is to give dental professionals a brief overview of 
different stem cells sources and the latest findings and 
their implications for improving oral health and treating 
certain conditions of the human mouth and face. 
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Core tip: Stem cells are considered to be among the 
principle scientific breakthroughs of the 20th century. 
Human dental tissue has limited potentials to rege­
nerate but the discovery of dental stem cells have 
developed new and surprising scenario in regenerative 
dentistry. The hope is that it will become possible 
to regenerate bone and dental tissues and that the 
creation of new teeth may become feasible. Thus our 
review gives dental professionals a brief overview of 
different stem cells sources and the latest findings and 
their implications for improving oral health and treating 
certain conditions of the human mouth and face.  
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Abstract
Stem cells are considered to be among the principle 
scientific breakthroughs of the twentieth century for the 
future of medicine, and considered to be an important 
weapon to fight against diseases, particularly those 
that have resisted the efforts of science for a long 
time. Human dental tissues have limited potentials to 
regenerate but the discovery of dental stem cells have 
developed new and surprising scenario in regenerative 
dentistry. Stem cell treatments are one example of the 
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INTRODUCTION
Stem cell therapies could lead to novel cures and 
palliative treatments. Stem cell research has clinical 
implications considering cell repair, replacement or 
regeneration to improve organ function. Thus future 
studies will require the collaboration of researchers from 
different specialties, including stem cell biology, material 
science, and of course, basic and clinical dentistry.

The loss of hard or soft dental tissue not only harms 
the patient psychologically, but also causes atrophy of 
the tooth supporting tissues. Regeneration may define 
as restoring a deficient part by complete regeneration of 
its architecture and function. Dramatic tooth extraction, 
sever periodontitis, implant dehiscence defects, tumor, 
or congenital anomalies may lead to alveolar bone 
deficiencies[1]. Alveolar bone defect regeneration 
techniques have many advances using minimally 
morbid techniques enhanced the success and patient 
acceptance[2,3]. Successful regeneration techniques of 
the craniofacial bone deficiencies, are used to optimize 
therapeutic approaches to bone regeneration[4]. 

 Autogenous bone graft remains the preferred 
reconstructive method but have some limitations such 
as increased operative time for bone graft harvesting, 
donor site morbidity, graft resorption, and limited 
availability. Various types of bone graft have become 
available to overcome these limitations[5,6]. There have 
been recent interest in the development of new grafting 
materials using allogeneic, xenogeneic and synthetic 
bioimplants for reconstructive bony procedures, and 
have been used as alternative for autogenous bone 
grafts[7-9]. A new combination of protein therapy, gene 
therapy and cell therapy and tissue engineering had 
been successfully developed and considered to be a 
more efficient and safer therapeutic system for bone 
and soft tissue regeneration[10].

Stem cells are nonspecific cells with powerful 
self-regeneration properties and they are capable of 
organizing other cell types in the body. They are also 
play an important role as those undifferentiated cells 
have precursor properties, capable of forming many 
different cell types and have the property of unlimited 
self-renewal. Within dentistry, the hope is to regenerate 
both bone and dental tissues, including the periodontal 
ligament, dental pulp and enamel, so that new teeth 
could even be created, even in the presence of caries, 
pulpitis and periapical diseases, which are the primary 
causes of tooth loss[11].

“Stem cells” are precursor cells that can give rise to 
multiple tissue types. Totipotent stem cells are cells that 
can give rise to a fully functional organism as well as to 
every cell type of the body. Pluripotent stem cells are 
capable of giving rise to virtually any tissue type, but 
not to a functioning organism. Multipotent stem cells 
are more differentiated cells that can give rise only to a 
limited number of tissues. For example, a specific type 
of multipotent stem cell called a mesenchymal stem cell 

has been shown to produce bone, muscle, cartilage, fat, 
and other connective tissues[12,13]. 

The effectiveness of stem cells can be attributed to 
many factors such as: Stem cells can be expanded ex 
vivo, thus a small number of them can be sufficient to 
heal large defects or to treat diseases. Stem cells in the 
presence of vasculature may elaborate and organize 
tissues in vivo. Also they may play an important role in 
regulating local and systemic immune reactions of the 
host favoring tissue regeneration. 

STEM CELL TYPES AND SOURCES
Stem cells have important criteria of self-renewable 
and the ability to differentiate into at least two different 
types of cell. Types of stem cells are determined based 
on their source and differ in regard to the types of cells 
into which they differentiate[14,15].

Embryonic stem cells, they are pluripotent cells that 
can differentiate into any other type of cell[14]. 

Adult stem cells, also called somatic stem cells, lack 
the potency of their embryonic counterparts, but have 
been used successfully to treat diseases. They can be 
harvested from an individual and, be used to regenerate 
tissue by autologous or allogeneic transplant[14].

Induced pluripotent stem cells - adult stem cells 
having the potential to serve as the source of a large 
number of autologous stem cells, but the main draw
backs are their capacity for proliferation and conco
mitant potential for carcinogenicity[16].

Bone marrow-derived mesenchymal stem cells 
can self-replicate and have been differentiated into 
osteoblasts, chondrocytes, myoblasts, adipocytes and 
other cell types. MSCs are often viewed as a yardstick 
of adult stem cells (Figure 1)[17]. 

Adipose-derived stem cells (AS) are typically isolated 
from lipectomy or liposuction aspirates. AS have been 
differentiated into adipocytes, chondrocytes, myocytes, 
neuronal and osteoblast lineages. They have many 
advantages over other adult stem cell populations, as 
adipose tissue is available in large number and become 
easily accessible[18]. 

Dental stem cells - recently these cells have been 
found in various dental tissues, such as Stem Cells from 
Human Exfoliated Deciduous teeth[19], dental Pulp Stem 
Cells[20], Periodontal Ligament Stem Cells (PDLSCs)[21,22], 
while in dental papilla of wisdom teeth Stem Cells from 
Apical Papilla is present[23] and researchers termed stem 
cell found in dental follicles of developing wisdom teeth 
as Dental Follicle Precursor Cells[24-26].

There are some advantages of dental stem cells: 
(1) they are readily accessible and provide an easy and 
least invasive way to obtain them; (2) stem cell banking 
is a reasonable and simple alternative to harvesting 
stem cells[27]; (3) they show good interaction with 
scaffolds[28]; and (4) hhey have a high proliferative and 
multidifferentiation potential[29-31].
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ROLE OF MESENCHYMAL STEM CELLS 
IN TISSUE REGENERATION
By chemotaxis Mesenchymal Stem Cells can migrate 
to tissues showing inflammation and injury in the 
organism[32]. They can differentiate into different cell 
types, able to secrete a variety of cytokines, showing 
anti-inflammatory activity and create an anabolic 
microenvironment. Moreover, they play a role in rege
neration of injured tissues by various means, as they 
directly differentiate into tissue-specific cells and thus 
substitute damaged or lost cells. On the other hand, 
they indirectly influence tissue regeneration by secretion 
of soluble factors. Thirdly, they are able to modulate 
the inflammatory response. So, they can effectively 
promote vascularization, cell proliferation, differentiation 
and modulate an inflammatory process[33,34].

CHALLENGES IN STEM CELL BIOLOGY
Notable increase in the applications of craniofacial 
tissue engineering, among them is: (1) isolation of 
stem cells from several craniofacial tissues and their 
clinical therapeutic applications in the craniofacial 
structures; (2) several prototypes of the human-shaped 
temporomandibular joint condyle have been engineered 
with integrated cartilage and bone layers from a single 

population of mesenchymal stem cells; (3) cell-based 
or non-cell-based tissue engineering of periodontium 
elements, including the periodontal ligament and cemen
tum; (4) the application of stem cells, growth factors, 
and/or biomaterials in craniofacial bone engineering; 
and (5) adipose stem cells, with its efficient applications 
in facial soft and hard tissue reconstructive surgeries[35].

Tissue engineering of the temporomandibular joint
Current approaches for replacing degenerated man
dibular condyles suffer from deficiencies such as donor 
site morbidity, immune-rejection, implant wear and 
tear, and pathogen transmission. So, advances in the 
management of temporomandibular joint degenerative 
diseases have been established: (1) to promote 
matrix synthesis and tissue maturation of stem cell- 
derived chondrogenic and osteogenic cells (Figure 
2)[36]; (2) to enhance the mechanical properties of a 
tissue engineered mandibular condyle for ultimate in 
situ implantation into the human temporomandibular 
joint (Figure 3)[37]; and (3) to facilitate the remodeling 
potential of a tissue-engineered mandibular condyle.

Periodontal tissue engineering[35]

The modulation of the exuberant host response to 
microbial contamination that plagues the periodontal 
wound is considered as the main challenge. It clarified 
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Figure 1  Mesenchymal stem cells are viewed as a yardstick of adult stem cells. A: Human mesenchymal stem cells (MSCs) isolated from anonymous adult 
human bone marrow donor after culture expansion (H and E staining); B: Chondrocytes derived from human mesenchymal stem cells showing positive staining 
to Alcian blue. Additional molecular and genetic markers can be used to further characterize MSC-derived chondrocytes; C: Osteoblasts derived from human 
mesenchymal stem cells showing positive von Kossa staining for calcium deposition (black) and active alkaline phosphatase enzyme (red). Additional molecular and 
genetic markers can be used to further characterize MSC-derived chondrocytes; D: Adipocytes derived from human mesenchymal stem cells showing positive Oil 
Red-O staining of intracellular lipids. Additional molecular and genetic markers can be used to further characterize MSC-derived chondrocytes[16].
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Sharpey’s fibers (Figure 4)[38,39]. Thus, the PDLSCs 
have the potential for forming periodontal structures, 
including the cementum and PDL.

Challenges in improving stem cell-based researches
Tissue engineered bone with customized shape and 
dimensions have the potential for the biological replace
ment of craniofacial bones, and segmental defects in 
the appendicular bones.

Stem cell therapy encompasses new technologies 
and therapies and posses many challenges in stem cell 

the interactions of multiple cell lineages including 
cementogenic cells, fibroblasts, and osteogenic cells. 
Regeneration of severe periodontal defects necessitates 
the attraction of endogenous periodontal tissue forming 
cells by growth factors.

As regard the periodontal ligament (PDL) function, 
a recent report identified stem cells in human PDL 
(PDLSCs) and found that PDLSCs implanted into nude 
mice generated cementum/PDL-like structures that 
resemble the native PDL as a thin layer of cementum 
that interfaced with dense collagen fibers, similar to 
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Figure 2  Engineered neogenesis of human-shaped mandibular condyle from mesenchymal stem cells. A: Harvested osteochondral construct retained the 
shape and dimension of the cadaver human mandibular condyle after in vivo implantation; B: Von Kossa-stained section showing the interface between stratified 
chondral and osseous layers. Multiple mineralization nodules are present in the osseous layer (lower half of the photomicrograph), but absent in the chondral layer; 
C: Positive safranin O staining of the chondrogenic layer indicates the synthesis of abundant glycosaminoglycans; D: H and E-stained section of the osteogenic 
layer showing a representative osseous island-like structure consisting of MSC-differentiated osteoblast-like cells on the surface and in the center. Reproduced with 
permission from Biomedical Engineering Society[36]. 
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Figure 3  Design and engineering of minipig mandibular condyle. A: Original computed tomography scan of minipig mandible; B: Image-based design of condyle 
scaffold; C: Ppolycaprolactone degradable polymer scaffold fabricated with selective laser sintering attached to the ramus; D: Regrowth of condyle following 3 months' 
implantation (new condyle shown in red circle); E: Comparison with normal condyle from contralateral side in Yucatan minipig[37].
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research, such as: (1) biological challenges: Despite 
biological evidence showing that regeneration can occur 
in humans, complete and predictable regeneration still 
remains an elusive clinical goal (especially in advanced 
periodontal defects); (2) technical challenges: The 
technical challenges in stem cell therapy are associated 
with cell manipulations, scaffold materials and delivery 
systems; and (3) clinical challenges: Clinical challenges 
in stem cell-based periodontal therapy relate to immune 
rejection after administration, oncogenic properties of 
stem cells and functional integration of transplanted 
tissues into the host.

Stem cells for tooth engineering
Building a tooth logically requires the association/
cooperation of odontogenic mesenchymal and epithelial 
cells. The recombination of dissociated dental epithelial 
and mesenchymal tissues leads to tooth formation both 
in vitro and in vivo (Figure 5). The bioengineered teeth 
have been produced in ectopic sites and with missing 
some essential elements such as the complete root and 
periodontal tissues that allow correct anchoring into 
the alveolar bone. Recently, a new approach has been 
proposed for growing teeth in the mouse mandible[40].

CONCLUSION
For dental applications, stem cell therapy and tissue 

1051 August 26, 2015|Volume 7|Issue 7|WJSC|www.wjgnet.com

A B C

D E F

Figure 4  Generation of cementum-like and PDL-like structures in vivo by PDLSCs. A: After 8 wk of transplantation, PDLSCs differentiated into cementoblast-like 
cells (arrows) that formed a cementum-like structure (C) on the surface of the hydroxyapatite tricalcium phosphate (HA) carrier; cementocyte-like cells (arrowhead) 
and PDL-like tissue (PDL) were also generated; B: BMSSC transplant was used as control to show the formation of a bone/marrow structure containing osteoblasts 
(arrows), osteocytes (arrowhead), and elements of bone (B) and haemopoietic marrow (HP); C:  DPSC transplant was also used as a control to show a dentin/pulp-
like structure containing odontoblasts (arrows) and dentin like (D) and pulp-like (Pulp) tissue; D: Immunohistochemical staining showed that PDLSCs generated 
cementum-like structure (C) and differentiated into cementoblast-like cells (arrows) and cementocyte-like cells (arrowhead) that stained positive for human-specific 
mitochondria antibody. Part of the PDL-like tissue (PDL) also stained positive for human specific mitochondria antibody (within dashed line); E: Of 13 selected 
strains of single-colony derived PDLSC, only eight (61%) generated cementum/PDL-like structures in vivo as shown at lower magnification (approximately 20). New 
cementum-like structure (C) formed adjacent to the surfaces of the carrier (HA) and associated with PDL-like tissue (PDL); F: The othser five strains did not generate 
mineralised or PDL-like tissues in vivo[38].

Figure 5  Use of stem cells for tooth formation in vitro and ex vivo. A 
tooth germ can be created in vitro after co-culture of isolated epithelial and 
mesenchymal stem cells. This germ could be implanted into the alveolar bone 
and finally develop into a fully functional tooth[40].
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engineering are gold solution for bone and soft tissue 
regeneration and provide hope of future application in 
humans within the next few years. Tissue engineering 
modalities will provide numerous clinical dental appli
cations, including improved treatments for intraosseous 
periodontal defects, enhanced maxillary and mandibular 
grafting procedures, perhaps more biological methods 
to repair teeth after carious damage and possibly even 
re-growing lost teeth. This review highlights the sources 
and the regenerative therapies in the clinical practice of 
dentistry in the future.
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inner cell mass of a blastocyst, and are used for the 
generation of gene-modified animals. In mice, the 
transplantation of gene-modified ES cells into recipient 
blastocysts leads to the creation of gene-targeted 
mice such as knock-in and knock-out mice; these 
gene-targeted mice contribute greatly to scientific 
development. Although the rat is considered a useful 
laboratory animal alongside the mouse, fewer gene-
modified rats have been produced due to the lack of 
robust establishment methods for rat ES cells. A new 
method for establishing rat ES cells using signaling 
inhibitors was reported in 2008. By considering the 
characteristics of rat ES cells, recent research has made 
progress in improving conditions for the stable culture 
of rat ES cells in order to generate gene-modified 
rats efficiently. In this review, we summarize several 
advanced methods to maintain rat ES cells and generate 
gene-targeted rats.
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Core tip: Rat embryonic stem (ES) cells are thought 
to be an essential tool for creating transgenic rats. 
Since the method for establishing rat ES cells using 
signaling inhibitors was reported, numerous approaches 
have been made to propagate rat ES cells efficiently. 
Additionally, recent investigations have demonstrated 
the usefulness of the signal inhibitors for microinjection. 
In this review, we summarize the several advanced 
methods to maintain rat ES cells and generate gene-
targeted rats.
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Abstract
Embryonic stem (ES) cells are isolated from the 
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INTRODUCTION
Rattus norvegicus, is widely used as a laboratory animal 
in many kinds of scientific field, such as biochemical, 
biomedical, and pharmacological studies. In 1828, 
albino mutants were brought into laboratories for 
physiological studies such as fasting studies. Since 
the nineteenth century, over 700 rat strains including 
inbred and outbred strains have been developed, and 
have been used for a multitude of studies[1,2]. Rats offer 
some advantages over mice in some transplantation, 
behavior, and pharmacokinetic studies, because the 
larger size and greater intelligence of rats compared 
to mice enables ease of surgical operation, a large-
volume of blood sampling, and assessment of high-level 
learning[3,4]. 

In addition, it has been suggested that rats are 
a useful model for physiological studies owing to the 
heart rate of rats being closer than that of mice to the 
human heart rate[2]. For these reasons, the publications 
involving rats outnumbered those involving mice for 
many years. However, far fewer scientific procedures 
have used transgenic rats than have used mice[5]. One 
of the reasons for this disparity has been a lack of 
reliable methods to establish rat embryonic stem (ES) 
cells. Genetically modified mice have been routinely 
created using mouse ES cells with gene-manipulation 
technologies. These genetically modified mice have 
contributed greatly to scientific development since 
the first establishment of mouse ES cell technology in 
1981[6]. Meanwhile in rats, advancement of one of the 
gene-targeting technology using zinc-finger nucleases 
(ZFNs) allowed to generate the first knock-out rats in 
2009[7,8]. Microinjection of ZFNs into the pronuclei of 
rat embryos leads to the creation of knock-out rats. 
ZFNs are engineered proteins with DNA-binding and 
nuclease activity, which facilitates the targeted editing of 
genomes by creating double-strand breaks in the DNA 
at specified locations and promoting non-homologous 
end-joining. Moreover, a robust method to establish rat 
ES cells was reported in 2008[9,10], and the generation 
of knock-out rats was achieved using rat ES cell-based 
technology in 2010[11]. 

ESTBLISHMENT, CHARACTERIZATION, 
AND MAINTENANCE OF RAT 
EMBRYONIC STEM CELLS
Attempts for establishment of rat embryonic stem cells
Rat ES cells are isolated from the inner cell mass 
(ICM) of a blastocyst. Figure 1 shows a procedure 
for the establishment of rat ES cells (our unpublished 
data). The defining properties of ES cells are following; 
they are derived from an ICM with pluripotency; they 
have a stable, normal karyotype in vitro; they can be 
propagated indefinitely in theory without differentiation; 
they can differentiate spontaneously into multiple cell 
types representative of all three embryonic germ layers, 

both in teratomas after grafting and in vitro under 
appropriate conditions; and they can give rise to any 
cell type in the body, including germ cells, when injected 
into host blastocysts[12]. Many researchers attempted 
to establish rat ES cells by using the same conditions 
as those of mouse ES cells, namely leukemia inhibitory 
factor (LIF) in combination with bone morphogenetic 
protein (BMP) or fetal bovine serum (FBS). The rat 
blastocyst-derived cells cultured under these conditions 
expressed various embryonic stem cell specific markers 
such as stage-specific embryonic antigen-Ⅰ (SSEA-1), 
Oct4, and alkaline phosphatase, whereas the chimeric 
rats or teratocarcinoma derived from the rat blastocyst-
derived cells were not confirmed[13-15]. 

Establishment of rat embryonic stem cells using small 
molecules
In 2008, a robust and efficient method to establish 
mouse ES cells was reported by Ying et al[16], which 
are also applicable to establish rat ES cells. To maintain 
the pluripotent state of mouse ES cells, LIF activates 
the Janus kinase/signal transducer and activator of 
transcription signaling pathway, while BMP and serum 
activate the Sma and Mad Related Family signaling 
pathway[17]. Differentiation of mouse ES cells is induced 
via activation of mitogen-activated protein kinase/
extracellular signal-related kinase (ERK) kinase (MEK) 
pathway by the autocrine stimulation of fibroblast 
growth factor-4 (FGF4)[18]. Ying et al[16] revealed that 
LIF, serum and BMP affect the downstream of ERK, and 
demonstrated that the inhibition of MEK and the FGF 
receptor (FGFR) maintains the pluripotency of mouse 
ES cells under serum-free conditions. Moreover, the 
self-renewal capacity of mouse ES cells was promoted 
by an additional inhibition of glycogen synthase kinase 
3 (GSK3), as the GSK3 pathway is involved in the 
maintenance of ES cells in the undifferentiated state via 
β-catenin/Wnt signaling[19-25]. These findings revealed 
that two types of culture conditions, a combination of 
the MEK inhibitor and GSK3 inhibitor (2i condition), 
and a combination of the MEK inhibitor, FGFR inhibitor, 
and GSK3 inhibitor (3i condition), enable not only the 
maintenance of mouse ES cells but also the “robust” and 
“effective” establishment of rat ES cells displaying all the 
defining properties of ES cells[9,10,26-31]. The morphology 
of rat ES cells is rounded and loosely attached on feeder 
cells, unlike mouse ES cells; however, the rat ES cells 
express the same undifferentiated markers as mouse 
ES cells: Oct4, Nanog, Sox2, Rex1, FGF4, and SSEA1. 
Kawamata et al[26] succeeded in the establishment of 
rat ES cells even in FBS-containing medium using Rho-
associated, coiled-coil containing protein kinase (ROCK) 
inhibitor and activin receptor-like kinase (ALK5) inhibitor 
in addition to the MEK inhibitor and GSK3 inhibitor, 
which cells showed the defining properties such as 
pluripotent markers, embryonic body formation, and 
normal karyotype (Figure 2; our unpublished data). 
Table 1 shows various attempts to establish rat ES cells, 
and the properties of the resultant cells.
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Improvement of rat embryonic stem cell culture 
efficiency
Numerous approaches have been made to efficiently 
propagate rat ES cells. Soon after the establishment of 
rat ES cells[9,10], rat induced pluripotent stem (iPS) cells 
were established using the 2i culture conditions[32,33]. 

The additional inhibition of ALK5 allowed to propagate 
rat iPS cells as a homogeneous population, with less 
spontaneously differentiated colonies as compared to 
the 2i condition without ALK5 inhibition[32]. Furthermore, 
the inhibition of ROCK prevents from apoptosis in 
human ES/iPS cells and enhances their attachment on 
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(1) Blastocysts (2) Outgrowth (3) ES cell colony

A B C

Pluripotent markers

Oct4                                                      DAPI                                                      Alkaline phosphatase

Sox2                                               DAPI

Embryonic bodies                                                                                                       karyotype

A
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Figure 2  Properties of the rat embryonic stem cells. The rat embryonic stem cells are established using the combination of four inhibitors and serum: mitogen-
associated protein kinase/extracellular signal-related kinase kinase (MEK) inhibitor, glycogen synthase kinase 3 inhibitor, activin receptor-like kinase (ALK5) inhibitor, 
Rho-associated, coiled-coil containing protein kinase inhibitor and FBS. A: Expression of the pluripotent markers Oct4 and Sox2, and alkaline phosphatase staining; B: 
Embryonic body formation; C: Karyotype analysis by G-band staining (our unpublished data). DAPI: 4',6 -diamidino-2-phenylindole; FBS: Fetal bovine serum.
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Figure 1  Establishment of rat embryonic stem cells. A: E4.5 Blastocysts are isolated from Sprague-Dawley rats, and the blastocysts dissolved zona pellucida are 
put on mouse embryonic fibroblasts (MEF) feeders; B: After 7-10 d, the outgrowth formed from the blastocysts are dispersed, and transferred on MEF feeders; C: 
Approximately 7 d after culture, rat embryonic stem (ES) cells are appeared (our unpublished data).
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twice more under the YPAC condition than under the 2i 
condition, while maintaining the undifferentiated state. A 
combination of the serum and the 2i condition was also 
attempted for the culture of rat ES cells, and as a result, 
the addition of the serum enhanced the attachment 
of rat ES cells to feeder cells[29]. However, the addition 
of serum triggers differentiation in the cultured ES 
cells, and may introduce unexpected side effects due 
to unknown factors within the serum[37]. Actually, the 
expression level of a trophectoderm marker Cdx2 was 
three times higher in the rat ES cells cultured in the 
serum with YPAC than in the cells cultured in the serum-
free 2i condition[38]. 

Regulation of Cdx2 expression in rat embryonic stem 
cells
Cdx2 is the marker of trophectoderm cells, which 
is not expressed in mouse ES cells; hence, some 
studies attempted to find culture condition to repress 
the expression of Cdx2[39,40]. It was reported that the 
expression of Cdx2 was related to the concentration of 
the GSK3 inhibitor. The low concentration of the GSK3 
inhibitor 1.5 μmol/L was found to maintain pluripotency 
and reduce Cdx2 expression; however, the higher 
concentration of the GSK3 inhibitor 3 μmol/L, which has 

feeder cells after enzymatic dissociation[34,35]. These 
studies suggested that the addition of the ALK5 inhibitor 
and ROCK inhibitor to either the 2i or 3i condition 
promotes the efficient culture of rat ES cells. Kawamata 
et al[26] confirmed the effect of the ROCK inhibitor on 
the self-renewal of rat ES cells by using Oct4-Venous-
transgenic rat ES cells, in which cells were derived 
from the transgenic rats expressing the fluorescent 
Venus protein under the Oct4 promoter/enhancer. In 
a condition containing all the four inhibitors (the ROCK 
inhibitor Y-27632, the MEK inhibitor PD0325901, 
the ALK5 inhibitor A-83-01, and the GSK3 inhibitor 
CHIR99021) referred to as YPAC, a great number 
of colonies expressing the pluripotent markers Oct4 
and alkaline phosphatase were appeared after single-
cell enzymatic dissociation. In contrast, the rat ES cell 
colonies maintained withdrawal of the ROCK inhibitor 
from the YPAC condition expressed the pluripotent 
markers, but the colonies were sparse under the three-
inhibitor condition compared to the YPAC condition[26]. 
Kawamata et al[26] concluded that the ROCK inhibitor 
promotes the attachment of rat ES cells on feeder cells, 
which leads to efficient culture expansion. Li et al[36] 
compared the 2i condition with the YPAC condition, and 
concluded that rat ES cells could expand approximately 
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  Ref. Additives Pluripotent markers Karyotype stability EB/teratocarcinoma Germline transmission

  Iannacconne et al[13] FBS AP Unconfirmed Failed Failed
LIF SSEA1

  Takahama et al[14] FBS AP Unconfirmed Unconfirmed Unconfirmed
LIF Oct3/4

SSEA1
  Vassilieva et al[15] FBS AP Unconfirmed Unconfirmed Unconfirmed

LIF Oct3/4
SSEA1

  Buehr et al[9] (A) N2B27 Confirmed Confirmed Confirmed
FGFRi AP
MEKi Oct3/4
GSK3i SSEA1

(B) Sox2
N2B27
MEKi Nanog
GSK3i Fgf4

LIF Rex1
  Li et al[10] (A) N2B27 Confirmed Confirmed Confirmed

MEKi AP
GSK3i Oct3/4

(B) SSEA1
N2B27
MEKi Sox2
GSK3i Nanog

LIF
  Kawamata et al[26] FBS AP Confirmed Confirmed Confirmed

MEKi Oct3/4
GSK3i Sox2
ALK5i Nanog
ROCKi Rex1

Table 1  Summary of components for the establishment of rat embryonic stem cells and the properties of 
the resultant cells

EB: Embryo culture media; FBS: Fetal bovine serum; LIF: Leukemia inhibitory factor; MEK: Mitogen-activated protein kinase/ERK kinase; GSK3: Glycogen 
synthase kinase 3; FGFR: Fibroblast growth factor-receptor; ALK5: Activin receptor-like kinase; ROCK: Rho-associated, coiled-coil containing protein 
kinase; AP: Alkaline phosphatase.

Kawaharada K et al . Rat ESCs for creating transgenic rats 



are necessary to induce rat ES cells into functional 
cells efficiently. These media may facilitate not only 
in vitro studies but also in vivo studies such as the 
transplantation of rat ES cell-derived differentiated cells 
or grafts to animal models, which in vivo studies were 
not reported even though rats are more relevant to 
humans than mice.

GENERATION OF KNOCK-IN AND 
KNOCK-OUT RATS USING RAT 
EMBRYONIC STEM CELLS
Gene-targeting to rat embryonic stem cells
Gene targeting to rat ES cells has been explored in 
some previous studies. Tong et al[11] and Yamamoto 
et al[48] reported that the efficiency of homologous 
recombination was 1.12%-3.70% and 0.9%, respec
tively, while Meek et al[28] reported that the efficiency 
was similar to that of mouse and human ES cells. 
Moreover, the gene-targeted rat ES cells express the 
pluripotent markers to the same extent as the parent ES 
cells, and retain the ability to differentiate into all three 
germ layers[28]. It was noted that serum was effective 
at minimizing the damage caused when electroporation 
was performed[49]. In fact, Yamamoto et al[48] used 1% 
serum during their electroporation procedure. Such 
efforts are not necessary for the rat ES cells maintained 
in the condition developed by Kawamata et al[26], 
because the culture condition already contains 20% 
FBS.

Embryonic stem cell maintenance for creating 
knock-out rats
Soon after the generation of transgenic rats using rat 
ES cells[26,50], the first study of targeted gene disruption 
in rats via homologous recombination in rat ES cells 
were reported by Tong et al[11]. Figure 3 shows a 
process of generating genetically-modified rats. Tong 
et al[11] succeeded in generating germline chimeric rats 
by selecting the colonies that formed a small, round, 
compact shape, and loose attachment on feeder cells, 
not the large or strongly adherent colonies. This finding 
provides a guideline to choose rat ES cell colonies for 
microinjection. Tong et al[11] found that over 65% of the 
large and strongly adherent colonies were polyploid, 
and concluded that such chromosomal abnormalities 
caused the failure of germline transmission, as the same 
as the case in mouse ES cells. Hence, the likelihood of 
successful germline transmission could be increased 
by the selection of small, loosely adherent rat ES cell 
colonies for the purpose of microinjection.

An unstable state of rat ES cells in recipient blas
tocysts after microinjection was also considered as a 
possible cause for failure to produce germline-competent 
chimeric rats. In order to study the fate of rat ES cells 
in recipient blastocysts, Kawamata et al[26] delivered 
CAG-AmCyan1-transgenic rat ES cells into recipient 

generally been used to establish and maintain rat ES 
cells, promotes the expression of Cdx2[41]. In addition, 
a decrease in Cdx2 expression was reported by main
taining rat ES cells on Matrigel® or in suspension[29].

Maintenance of chromosomal states in rat embryonic 
stem cells
One of the defining properties of ES cells is the retention 
of a normal karyotype after prolonged culture. However, 
the rat ES cells cultured under the 2i condition retained 
normal karyotypes fewer than 40%, which were lower 
than that found in mouse ES cells[42]. It is known that 
the low germline-competence of mouse ES cells results 
from abnormal karyotypes[43], and hence, the instability 
of karyotypes in rat ES cells would make germline 
transmission difficult. It is reported that the combination 
of the serum and YPAC improves the karyotype stability, 
which retains normal karyotypes with over 70%[26]. 
The effect of YPAC on karyotype stability was clarified 
by Li et al[36] by the successful generation of germline-
competent chimeric rats by using the highly passaged 
rat ES cells maintained under the serum-free YPAC 
condition, while the rat ES cells maintained under the 
2i condition failed to contribute germline. These results 
suggest that the inhibition of ROCK and/or ALK5 in 
addition to the 2i condition can stabilize the karyotypes 
of rat ES cells.

DIFFERENTIATION OF RAT EMBRYONIC 
STEM CELLS INTO FUNCTIONAL CELLS
Only a few studies have reported a stable induction 
method to differentiate rat ES cells into functional cells 
in vitro. Cao et al[44] supplied a protocol to differentiate 
rat ES cells into cardiomyocytes, and showed that 
the functional properties of the differentiated cells 
were similar to those of rat fetal cardiomyocytes and 
mouse ES cell-derived cardiomyocytes. However, the 
efficiency of the cardiac differentiation of rat ES cells 
was approximately 40%; this was lower than that 
of mouse ES cells, which were differentiated with 
over 80% efficiency[45]. Normally, the first step for in 
vitro differentiation of mouse ES cells is to induce cell 
aggregation into embryonic bodies (EBs), which can 
be accomplished in a relatively simple procedure using 
a differentiation medium containing serum. However, 
apoptosis was observed in rat ES cells during the 
formation of EBs in the differentiation medium[26,44]. 
On the other hand, Peng et al[46] succeeded in efficient 
differentiation of neural precursors from rat ES cells. 
They demonstrated that the ROCK inhibitor facilitates 
the neural differentiation and the GSK3 inhibitor 
maintains the survivability of the differentiated cells, 
and high-efficiency neural precursor differentiation 
(90%) was achieved using the two inhibitors. For the 
survival of neural precursors differentiated from mouse 
ES cells, it is sufficient only in the ROCK inhibitor[47]. 
Thus, optimized differentiation media for rat ES cells 
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knock-out mice is lymphoma[53]; and developmental 
abnormalities associated with neural tube defects 
occurred more frequently in the female p53-knock-out 
rats than in those female mice[54]. Such sexual distortion 
associated with the neural tube defects also cause in 
human[55,56]. 

A phenotype of Par-2-knock-out rats were reported 
by Yamamoto et al[48]. The Par-2-knock-out rats showed 
a lack of responsiveness to PAR-2 receptor activating 
peptides, which clearly indicated the deficiency of Par-2 
protein.

Rat models in studying human diseases
The transgenic rat model of Huntington’s disease reflects 
more typical adult patient pathologies in comparison 
to the transgenic mice[57]. The transgenic rat model 
of Alzheimer’s disease, harboring mutant human 
transgenes for amyloid precursor protein and presenilin 1, 
manifests a complete repertoire of Alzheimer’s disease 
pathological features and demonstrates a markedly 
greater abundance of soluble oligomeric amyloid-β 
peptides than mice harboring the same human trans
genes[58]. Moreover, the usefulness of transgenic rat 
models was shown in autism and fragile X syndrome 
researches. Transgenic rat models lacking disease-
associated genes such as fragile X mental retardation 
1 gene and neuroligin-3, and these mutations display 
traits that may be analogous to the characteristics of in 
their respective human diseases[59]. 

Although gene knock-out strategies are a promising 

blastocysts by microinjection. In the absence of YPAC, 
few cyan-positive cells were present in the blastocysts 
after 30 h incubation, whereas cyan-positive rat ES cells 
remained on the surface of the ICM when YPAC was 
used in both the injection and incubation media. It is 
reasonable that the addition of the ROCK inhibitor not 
only suppresses apoptosis, but also promotes adherence 
to the ICM. Some embryo culture media such as M2, 
M16, and KSOM have been generally used for the 
microinjection of mouse ES cells. Similarly, the use of the 
embryo culture media is also proposed for microinjection 
of rat ES cells[51]. Specifically, embryos are washed in 
M2 medium after collection from pregnant rats, and the 
chimeric embryos are incubated in M16 medium after 
microinjection to allow recovery. However, the use of 
the YPAC medium might offer a superior microinjection 
method to the conventional methods. 

Embryonic stem cell-based knock-out rats and their 
phenotypes
Two kinds of gene-targeted rats - p53-knock-out rats 
and protease-activated receptor-2 (Par-2) knock-out 
rats - have been developed using rat ES cell technology, 
by three groups[11,48,52]. The p53-knock-out rats and 
p53-knock-out mice revealed differing phenotypes: only 
4% of female rats homozygous for the p53 knock-out 
could survive, whereas the female mice homozygous 
for the p53 knock-out were normally present at 
weaning[52]; the major tumor type of the p53-knock-
out rats is hemangiosarcoma, while that of the p53-
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Gene modification of rat ES cells

Rat ES cells

Blastocyst injection of the rat ES cells

Incubate the chimeric embryos in embryo culture medium

Transfer the chimeric embryos to recipients

Gene-modified rats 

Transfection Passage

Gene-modified cells

Incubate

M16 or
YPAC medium

Chimeric embryo

Gene of interest

Figure 3  Generation of embryonic stem cell-derived gene-modified rats. First, a gene of interest is introduced into rat embryonic stem (ES) cells. Next, the gene-
targeted rat ES cells are injected into blastocysts and are incubated in embryo culture medium or YPAC medium. Then, the chimeric rat embryos are transferred into 
recipient rats. After that, gene-modified rats will be generated following breeding of the chimeric rats obtained from chimeric embryos.
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continuously supplied. 
The generation of transgenic rats have been 

supported by not only rat ES cell-based gene-modifi
cation technology but also other new tools for gene 
modification such as ZFNs, transcription activator-like 
effector nuclease and clustered regularly interspaced 
short palindromic repeat[66-68]. Table 2 shows the knock-
out rats generated by using of rat ES cells and new 
gene-modification technologies. However, the new 
technologies carry a risk of off-target effects by site-
specific nuclease activity, and require screening to 
detect targeted events. In contrast, using ES cell-based 
technologies allows researchers to easily approach 
the generation of genetically modified rats with the 
knowledge obtained from experience in generating 
genetically modified mice. Therefore, rat ES cell-
based gene targeting is still an essential tool for gene 
modifications.

CONCLUSION
Exploring small molecules for the optimum culture 
conditions for rat ES cells opened up avenues for the 
generation of genetically modified rats. Although ES 
cell-based knock-out/knock-in rats have not been widely 
generated due to the karyotype instability of rat ES 
cells, further exploration of new combinations of small 
molecules and growth factors will facilitate germline 
transmission of genetically modified rat ES cell clones. 
Additionally, human ES cells with a naïve state could be 
created by above effort[75]. As the phenotypes of gene-
knock-out animals can be different among species, rats 
represent a valuable tool in which phenotypes can be 
generated and compared to those of mice with relative 
ease. Studies using a combination of both mouse and 
rat disease models will provide beneficial information 
to clarify the mechanisms of human disease, leading 
to the development of new drugs. We hope that many 
researchers again choose to utilize rat models for 
research, and establish a new platform for basic and 
clinical applications using gene modification technology.
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Abstract
AIM: To devise a simplified and efficient method for 
long-term culture and maintenance of embryonic stem 
cells requiring less frequent passaging. 

METHODS: Mouse embryonic stem cells (ESCs) labeled 
with enhanced yellow fluorescent protein were cultured 
in three-dimensional (3-D) self-assembling scaffolds 
and compared with traditional two-dimentional (2-D) 
culture techniques requiring mouse embryonic fibroblast 
feeder layers or leukemia inhibitory factor. 3-D scaffolds 
encapsulating ESCs were prepared by mixing ESCs with 
polyethylene glycol tetra-acrylate (PEG-4-Acr) and thiol-
functionalized dextran (Dex-SH). Distribution of ESCs 
in 3-D was monitored by confocal microscopy. Viability 
and proliferation of encapsulated cells during long-term 
culture were determined by propidium iodide as well as 
direct cell counts and PrestoBlue (PB) assays. Genetic 
expression of pluripotency markers (Oct4, Nanog, Klf4, 
and Sox2) in ESCs grown under 2-D and 3-D culture 
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conditions was examined by quantitative real-time poly
merase chain reaction. Protein expression of selected 
stemness markers was determined by two different 
methods, immunofluorescence staining (Oct4 and Nanog) 
and western blot analysis (Oct4, Nanog, and Klf4). 
Pluripotency of 3-D scaffold grown ESCs was analyzed 
by in vivo teratoma assay and in vitro differentiation via 
embryoid bodies into cells of all three germ layers.  

RESULTS: Self-assembling scaffolds encapsulating ESCs 
for 3-D culture without the loss of cell viability were 
prepared by mixing PEG-4-Acr and Dex-SH (1:1 v/v) 
to a final concentration of 5% (w/v). Scaffold integrity 
was dependent on the degree of thiol substitution of 
Dex-SH and cell concentration. Scaffolds prepared 
using Dex-SH with 7.5% and 33% thiol substitution and 
incubated in culture medium maintained their integrity 
for 11 and 13 d without cells and 22 ± 5 d and 37 ± 5 d 
with cells, respectively. ESCs formed compact colonies, 
which progressively increased in size over time due to 
cell proliferation as determined by confocal microscopy 
and PB staining. 3-D scaffold cultured ESCs expressed 
significantly higher levels (P  < 0.01) of Oct4, Nanog, 
and Kl4, showing a 2.8, 3.0 and 1.8 fold increase, 
respectively, in comparison to 2-D grown cells. A similar 
increase in the protein expression levels of Oct4, 
Nanog, and Klf4 was observed in 3-D grown ESCs. 
However, when 3-D cultured ESCs were subsequently 
passaged in 2-D culture conditions, the level of these 
pluripotent markers was reduced to normal levels. 3-D 
grown ESCs produced teratomas and yielded cells of all 
three germ layers, expressing brachyury (mesoderm), 
NCAM (ectoderm), and GATA4 (endoderm) markers. 
Furthermore, these cells differentiated into osteogenic, 
chondrogenic, myogenic, and neural lineages expressing 
Col1, Col2, Myog, and Nestin, respectively. 

CONCLUSION: This novel 3-D culture system demon
strated long-term maintenance of mouse ESCs without 
the routine passaging and manipulation necessary for 
traditional 2-D cell propagation.

Key words: Three-dimensional culture; Pluripotency; 
Embryonic stem cells; Self-assembling scaffold; Hydro
gel

© The Author(s) 2015. Published by Baishideng Publishing 
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Core tip: The pluripotent nature of embryonic stem 
cells (ESCs) makes them an ideal source for cell-based 
therapeutics and regenerative medicine. Efficient and 
reproducible expansion of ESCs ex vivo  is critical for 
high quality cells for translational applications. However, 
propagation of ESCs is technically challenging, and often 
leads to differentiation due to inefficient two-dimensional 
culture techniques in vitro . To mimic the three-dimen
sional microenvironment in vivo , self-assembling 
scaffolds made from thiol-functionalized dextran and 
polyethylene glycol tetra-acrylate were designed to 
encapsulate and propagate mouse ESCs. This culture 

system is simple, robust, efficient and reproducible, 
permitting long-term maintenance of ESCs without 
routine passaging and manipulation.

McKee C, Perez-Cruet M, Chavez F, Chaudhry GR. Simplified 
three-dimensional culture system for long-term expansion of 
embryonic stem cells. World J Stem Cells 2015; 7(7): 1064-1077  
Available from: URL: http://www.wjgnet.com/1948-0210/full/
v7/i7/1064.htm  DOI: http://dx.doi.org/10.4252/wjsc.v7.i7.1064

INTRODUCTION
The pluripotent state of embryonic stem cells (ESCs) 
allows their use in a wide array of translational and 
clinical applications[1]. Mouse ESCs have been used to 
investigate developmental and diseases processes, 
toxicology, cell-based therapeutics and regenerative 
medicine[2,3]. Research performed using animal 
models[4,5] and more recently human clinical trials[6,7] 
have shown promising potential for ESCs in cell thera
pies, repair of damaged tissues and organs, and in 
vitro disease modeling. However, these applications 
require routine and efficient expansion of pluripotent 
ESCs and controlled differentiation to obtain a homo
genous population of cells. The pluripotency of ESCs 
is controlled by an intrinsic regulatory network[8] and 
extrinsic factors including the microenvironment, 
organization and composition of the extracellular 
matrix (ECM), cell-cell signaling, and the temporal and 
spatial gradient of soluble factors[9-12]. The complex 
relationship between stem cell fate and their native 
microenvironment results in a large discrepancy bet
ween in vivo and in vitro culture conditions effecting the 
quality of cultured cells[13].

Conventionally, ESCs are grown in two-dimensional 
(2-D) plastic culture plates on mouse embryonic 
fibroblast (MEF) feeder layers or ECM components 
(such as gelatin and Matrigel)[14]. Mouse ESCs can be 
maintained in their pluripotent state by the addition 
of soluble cytokines, such as leukemia inhibitory 
factor (LIF), to the culture media[11,15]. However, reli
ance on MEF feeder layer, cytokines, and/or growth 
factors complicates maintenance of ESCs due to the 
potential transmission of xenogeneic pathogens and 
the fluctuation of lot-to-lot quality[9]. Furthermore, the 
distribution of soluble factors in 2-D culture lacks the 
spatial gradient observed in three-dimensional (3-D) 
microenvironments, which can alter cell growth and 
fate determination[16]. Studies have shown that the 
ECM composition and organization send mechanical 
signals for cell differentiation and the culture of ESCs 
in 2-D culture can signal differentiation into specific cell 
lineages[17]. For these reasons, the maintenance of the 
self-renewing state of pluripotent ESCs and induced-
pluripotent stem cells remains a challenge[18]. In 
addition to strict culture media and growth conditions, 
ESCs require regular passaging (every 2 to 3 d). 
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Consequently, culturing of ESCs is laborious, expensive 
and requires a high level of expertise[19].

In order to overcome the problems associated with 
2-D culture, we hypothesized that 3-D culture may better 
mimic the in vivo environment supporting the growth 
and maintenance of ESC pluripotency. 3-D growth of 
ESCs can be facilitated by hydrogel scaffolds, composed 
of hydrophilic polymer networks, which emulate the fully 
hydrated native ECM and natural soft tissue[20]. Hydrogel 
constructs incorporating drugs, cytokines, and growth 
factors have been shown to promote proliferation, 
directed differentiation, and integration of cells to 
regenerate target tissue[21-24]. Recently, ESCs were 
cultured in 3-D hydrogel scaffolds but required routine 
passaging, much like 2-D cultures[19,25]. 

Studies have utilized dextran-based hydrogels to 
promote neovascularization and differentiation of ESCs 
into endothelial cells[24,26]. Whereas, thiol-functionalized 
dextran (Dex-SH) was combined with PEG functionalized 
with tetra-acrylate (PEG-4-Acr) to form chemically 
cross-linked hydrogels by a Michael-type addition 
for differentiation of chondrogenic progenitors[27]. In 
this report, we developed a 3-D culture system for 
propagation and maintenance of mouse ESCs utili
zing Dex-SH and PEG-4-Acr. Cells grown in the 3-D 
scaffolds proliferated for extended periods of time, and 
exhibited ESC characteristics including self-renewal and 
pluripotency. Interestingly, ESCs grown in 3-D scaffolds 
had upregulated expression of pluripotency genes. 
This novel culture system is efficient, reproducible 
and less cumbersome for long-term maintenance of 
ESCs without the routine passaging and manipulations 
associated with 2-D culture. These studies should help 
facilitate development of methods for expansion of high 
quality and homogenous populations of human ESCs, 
which are critically important for regenerative medicine 
and therapeutic applications.

MATERIALS AND METHODS
Maintenance and growth of ESCs
The mouse ESC line 7AC5, labeled with enhanced 
yellow fluorescent protein (EYFP/GFP), (ATCC, Mana
ssas, VA) was cultured on irradiated MEF feeder layer with 
ESC medium containing high glucose Dulbecco’s modified 
Eagle’s medium (Invitrogen, Carlsbad, CA) supplemented 
with 10% fetal bovine serum (FBS, Aleken Biologicals, 
Nashville, TX), 0.1 mmol/L 2-mercaptoethanol (Sigma, 
St. Louis, MO), 0.1 mmol/L nonessential amino acids 
(Invitrogen), 1 mM sodium pyruvate (Sigma), and 
1000 U/mL of leukemia inhibitory factor (LIF; Chemicon 
International, Temecula, CA) as previously described[15].

Preparation of self-assembling scaffolds
Dextran (25 kDa, MW/MN = 1.30, Sigma) was fun
ctionalized with pendant SH groups at differing degrees 
of thiol substitution ranging from 4% to 34%, using 
a published method[27]. Dex-SH was characterized by 
1HNMR spectroscopy using a 400 MHz Bruker Avance II 

spectrometer (Bruker, Billerica, MA). 
Hydrogel scaffolds were formed by mixing Dex-

SH with PEG-4-Acr (20 kDa, Creative PEGWorks 
Winston Salem, NC) via a Michael addition reaction, as 
previously described[22]. For this study, scaffolds were 
prepared with final polymer concentrations of 5% w/v. 
The molar ratio of thiol to acrylate groups used was 1:1.

Encapsulation of ESCs in self-assembling scaffolds
To encapsulate cells, Dex-SH and PEG-4-Acr were 
dissolved separately in culture medium and mixed with 
various concentrations (1 × 104 to 4 × 106 cells/mL) 
of ESCs, which were harvested at 70% confluency. 
Unless otherwise stated, ESCs were encapsulated at a 
concentration of 2 × 106 cells/mL. The resulting mixture 
was transferred to either a well of a 96-well plate or 
1cc syringe for polymerization to produce fixed or 
floating scaffolds, respectively. Floating scaffolds were 
transferred from the syringes to 24-well plates. ESCs 
encapsulated in 3-D scaffolds were incubated the ESC 
medium and changed every 3 to 4 d or as needed. Cell 
growth was monitored by phase-contrast and confocal 
microscopy and analyzed by NIS Elements AR software 
(Nikon Instruments Inc., Melville, NY).

Swelling test
The degradation rate of floating scaffolds was deter
mined by swelling tests performed under physiological 
conditions (37 ℃). The initial dry weight (Wi) of the 
floating scaffolds was measured before incubation in 
ESC medium. At regular intervals, the scaffolds were 
removed from the medium to record the swollen weight 
(Ws) for analysis. The swelling ratio was defined as the 
difference between Ws and Wi divided by Wi

[28,29]. The 
degradation time was determined by the time required 
to completely dissolve the hydrogel scaffolds of each 
condition prepared in triplicate. 

Cell viability and proliferation assays
Cell viability was determined qualitatively by propidium 
iodide (PI, 1 mg/mL) (Fisher Scientific, Pittsburgh, PA) 
staining in triplicate experiments, and was visualized 
using fluorescent microscopy. 

The quantitative analysis of cell growth in the 
scaffolds was determined by direct microscopic count 
using hemocytometer and PrestoBlue (PB) assays 
(Invitrogen), following the manufacturer’s instructions. 
The scaffolds were incubated in PB solution for 4 h, 
before measuring the absorption of the solution at 
570 nm and normalized to the reference wavelength 
of 600 nm using the Epoch microplate reader (BioTek, 
Winooski, VT). PB, a resazurin-based solution, was 
reduced proportional to the number of metabolically 
active cells to fluorescent resorufin.

Teratoma formation assay 
For teratoma formation, ESCs were harvested following 
trypsin treatment, washed and re-suspended in PBS, 
and mixed with an equal volume of Matrigel (BD 
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kit (Qiagen). ESCs grown in 3-D scaffolds were flash 
frozen with liquid nitrogen, ground into a fine powder 
using a mortar and pestle, and homogenized using the 
QIAshredder column (Qiagen)[34]. RNA was purified by 
treating with RNase-free DNase (Promega, Madison, 
WI) and cDNA was synthesized with the iScript kit 
(BioRad, Hercules, CA). PCR reactions were performed 
in a 10 μL reaction volume using the BioRad CFX90 
Real-Time PCR system and SsoAdvanced SYBR Green 
Supermix. The specific PCR conditions used were as 
follows: polymerase activation 3 min at 95 ℃, 40 cycles 
of denaturation, 15 s at 95 ℃; annealing, 20 s at 60 ℃; 
and melt curve, 5 s/step at 60 ℃-95 ℃. The markers 
used in this study represent pluripotency, all three 
germ layers, as well as osteogenic, chondral, myogenic, 
and neural cell lineages. Primers (IDT Technologies, 
Coralville, IA) are listed in the supplemental material 
(Table 1). All reactions were prepared in triplicate and 
normalized to reference genes, Gapdh and β-Actin. 

Immunofluorescence staining  
Cells were fixed in 4% paraformaldehyde for 10 min, 
washed with PBS, permeabilized with 0.5% Triton 
X-100 (Sigma) for 10 min, and then blocked with 
2% BSA (Sigma) for 1 h at room temperature. Fixed 
cells were treated with primary antibodies (1:100 
diluted in blocking buffer), Oct4 (ab19857, Abcam 
Inc., Cambridge, MA), Nanog (sc-33760, Santa Cruz 
Biotechnology, Santa Cruz, CA), brachyury (sc-20109, 
Santa Cruz), NCAM (sc-10735, Santa Cruz), and 
GATA4 (sc-25310) overnight at 4 ℃. Primary antibody 
treated cells were washed, and then stained with 
1:200 diluted secondary antibodies, anti-rabbit Alexa 
Fluor 568 (A-11011, Molecular Probes, Eugene, 
OR) or Cy3-labeled anti-mouse IgG (072-01-18-06, 
KPL, Gaithersburg, MD, United States). Nuclei were 
counterstained with 1 mg/mL of 4′,6-diamidino-2-
phenylindole dihydrochloride (DAPI; Molecular Probes). 
Images were acquired using confocal microscopy.

Western blot assay
Cells were lysed in RIPA buffer with protease inhibitors 
(1 mmol/L PMSF) (Fisher Scientific), centrifuged at 

Biosciences, San Jose, CA)[30]. Cells (1 × 106) were 
subcutaneously injected (20 μL) using a Hamilton 
syringe into 4-wk-old male immune-compromised SCID 
(severe combined immunodeficient)-beige mice (Fox 
Chase SCID Beige, Charles River, Wilmington, MA). 
Animals were anesthetized by inhalation of isoflurane 
gas for the injection of cells, and monitored daily. 
All efforts were made to minimize discomfort. After 
teratoma formation (3 to 4 wk), the animals were 
humanely euthanized by CO2 overdose. Teratoma tissue 
was explanted, and flash frozen in liquid nitrogen for 
isolation of RNA using the RNeasy Midi kit (Qiagen, 
Germantown, MD)[31]. Teratoma assays were performed 
in triplicate. All procedures involving animals were 
reviewed and approved by the Institutional Animal 
Care and Use Committee of Oakland University (IACUC 
protocol number: 14033).

Differentiation of ESCs 
To differentiate ESCs, embryoid bodies (EBs) were 
prepared by the hanging drop method[32]. EBs were 
cultured in ESC growth medium for differentiation into a 
myogenic phenotype. EBs treated with 10-7 mol/L trans-
retinoic acid (RA) were cultured in β-glycerol phosphate 
(10 mmol/L; Sigma), and ascorbic acid (50 μg/mL; 
Sigma) for osteogenic differentiation[32]; TGF-β (10 ng/
mL; Sigma), insulin (10 μg/mL; Sigma) and ascorbic acid 
(50 μg/mL; Sigma) for chondrogenic differentiation[15]; 
and neurobasal medium (Invitrogen) supplemented with 
B-27 (10 μL/mL; Invitrogen), L-glutamine (0.5 mmol/
L; Sigma), penicillin/streptomycin (1 μL/mL; Sigma) 
and bFGF (5 ng/mL) for neural differentiation[33]. Cell 
morphology was monitored by light microscopy on a 
daily basis. Osteogenic cells were analyzed for calcium 
deposition by von Kossa staining[32]. Proteoglycans 
produced by chondrogenic derivatives were visualized 
by alcian blue staining[15]. Analysis of lineage specific 
markers was performed as described below.

Expression of genetic markers
Gene expression studies were performed using quan
titative real time polymerase chain reaction (qRT-PCR). 
RNA was isolated from cells using the RNeasy Mini 
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  Target-gene Forward (5’- 3’) Reverse (5’-3’) Product size (bp)

  Oct4 TCTGTTCCCGTCACTGCTCT TGTCTACCTCCCTTGCCTTG   96
  Nanog GCAAGCGGTGGCAGAAAAAC GCAATGGATGCTGGGATACTCA   92
  Klf4 AAGCCAAAGAGGGGAAGAAG CAGTGGTAAGGTTTCTCGCC 146
  Sox2 CGAACTGGAGAAGGGGAGAG AAGCGTTAATTTGGATGGGA 165
  Col1 GCAGGTTCACCTACTCTGTC CTTGCCCCATTCATTTGTCT   62
  Col2 ACCCCCAGGTGCTAATGG AACACCTTTGGGACCATCTTT   76
  Myog CCTAAAGTGGAGATCCTGCG GTGGGAGTTGCATTCACTGG 147
  Nestin AGACAGTGAGGCAGATGAG CTCTCAGCTGTGGTGGTGAA 224
  Brachyury (T) CACACCACTGACGCACAC GAGGCTATGAGGAGGCTTTG 132
  FGF5 GCTCAATGATCAGAAGGAGGA TCAGCTGGTCTTGAATGAGG 175
  GATA4 GATGGGACGGGACACTACCTG ACCTGCTGGCGTCTTAGATTT 309
  Gapdh GCACAGTCAAGGCCGAGAAT GCCTTCTCCATGGTGGTGAA 151
  β -Actin AGCCATGTACGTAGCCATCC CTCTCAGCTGTGGTGGTGAA 228

Table 1  Mouse primer sets used in quantitative real time polymerase chain reaction
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limited proteolytic activity. In our preliminary studies, 
the colony size of viable cells was restricted due to the 
limited swelling of fixed scaffolds (Figure 1A and B). 
We reasoned that if the scaffolds were allowed to swell 
freely, ESC growth and colony size would increase. 
Indeed, when ESCs were cultured in the floating 
scaffolds, cell growth and colony size increased in a 
time dependent manner (Figure 1C and D). Growth of 
encapsulated cells in floating scaffolds was confirmed 
by direct cell counts as shown in Figure 1E. After a 
lag period, ESCs grew at a generation rate of 36 h. A 
similar growth pattern was observed using PB staining. 
The results depicted in Figure 1F showed a continuous 
and significant increase in proliferation at 2, 3 and 4 
wk of culture following a period of acclimatization. The 
highest increase in cell growth was observed between 
week 3 and 4, following which, the scaffolds degraded 
rapidly. Evidently, cell growth and colony size increased 
concomitant with reduction in scaffold integrity. Con
ceivably, scaffolds that retain integrity beyond 4 wk 
would continue to support the undifferentiated growth 
of ESCs. 

Effect of composition and cell concentration on the rate 
of degradation of scaffolds
The polymer concentration and MW of Dex-SH and PEG-
4-Acr, as well as the degree of thiol substitution of Dex-
SH influenced the polymerization and degradation rate 
of scaffolds (Table 2), similar to previous reports[23,27]. 
After preliminary evaluation, we selected Dex-SH (MW 
= 25 kDa) with 7.5% and 33% thiol substitution and 
PEG-4-Acr (MW = 20 kDa) at 5% w/v for further studies 
for propagating cells for various culture periods; these 
preparations yielded scaffolds that degraded without 
cells in 11 and 13 d and degraded with cells in 22 ± 5 d 
and 37 ± 5 d, respectively.

Scaffolds prepared using 7.5% thiol substitution of 
Dex-SH and various cell concentrations, ranging from 1 
× 104 cells/mL to 10 × 106 cells/mL, exhibited different 
swelling profiles, although the initial swelling capacity of 
the scaffolds was similar. Scaffolds containing various cell 
concentrations (0, 2 × 106 cells/mL or 4 × 106 cells/mL) 
as shown in Figure 2A, exhibited comparable swelling 
ratios until day 9; after which, control scaffolds without 
cells degraded rapidly, followed by scaffolds prepared 
with 4 × 106 cells/mL and finally scaffolds with 2 × 106 
cells/mL. Scaffolds with the higher number of cells (4 

12000 rpm for 20 min at 4 ℃, and the supernatants 
were collected. Protein concentrations were determined 
by the Pierce 660 nm protein assay (Fisher Scientific,) 
using the NanoDrop 1000 spectrophotometer (Thermo 
Scientific, Wilmington, DE), with BSA as a standard. 
Equal amounts of protein (10 μg) of 2-D and 3-D 
scaffold grown cells were resolved on 12% SDS-
polyacrylamide gels and transferred to nitrocellulose 
membranes (BioRad). Membranes were incubated for 
30 min at room temperature in blocking buffer [5% 
non-fat dry milk in PBS containing 0.1% Tween-20 
(PBST)]. The blocked membranes were then probed 
with 1:200 diluted primary antibodies overnight at 
4 ℃ against Oct4 (Abcam), Nanog (Santa Cruz), Klf4 
(ab21949, Abcam) and β-Actin (sc-130656, Santa 
Cruz). After washing with PBST, membranes were 
incubated with 1:10000 diluted horseradish peroxidase-
conjugated secondary antibodies for 2 h at room 
temperature (Santa Cruz). Proteins on the membranes 
were detected by using an ECL chemiluminescence kit 
(BioRad) and by exposing the membranes to X-ray film. 
Finally, protein bands were analyzed using ImageJ (NIH, 
Bethesda, MA), normalized to β-Actin and expressed in 
arbitrary densitometric units.

Statistical analysis
All quantitative data were expressed as mean ± SE. 
One-way ANOVA analysis was performed on natural log 
transformed data, and analyzed for unequal variances. 
Post hoc tests used for multiple comparisons include 
Games-Howell analysis for PB analysis as well as Tukey 
and Dunnett’s test for relative gene expression in qRT-
PCR studies. Results with a P value less than 0.05 were 
considered to be significant (aP < 0.05 and bP < 0.01). 
All analyses were performed using SPSS version 11.5 
(SPSS Inc, United States). The statistical methods of 
this study were reviewed by Dr. Harvey Qu from the 
Department of Statistics at Oakland University.

RESULTS
Viability and growth of ESCs in the 3-D scaffolds
The viability of 3-D grown ESCs was not affected by 
encapsulation or the process of scaffold self-assembly. 
Cell growth increased over a period of 3 wk, as evident 
by the increase in the intensity as well as the number 
of EYFP/GFP expressing cells in fixed scaffolds (Figure 
1A-B). PI staining of the scaffolds 1 d after culturing 
showed that a majority of the cells were viable cells 
(green) and contained only a small fraction (< 5%) 
of dead cells (yellow). Presence of dead cells could 
be due to damage resulting from trypsinization of 
ESCs used for encapsulation. When trypsinized ESCs 
were tested by trypan blue staining, a similar fraction 
of dead cells (about 10%) was observed, indicating 
that encapsulation did not cause cell death. However, 
it is interesting to note that unlike in 2-D culture, 
encapsulated dead cells did not lyse during 3-D culture. 
We speculate that the scaffold microenvironment 
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  Degree of thiol substitution of Dex-SH Time in degradation (d)

  4% 10 ± 2
  6% 13 ± 4
  7.5% 22 ± 5
  12% 28 ± 6
  30% 35 ± 5
  33% 37 ± 5
  34% 37 ± 5

Table 2  Effects of thiol substitutions of Dex-SH on the rate 
of scaffold degradation
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is more advantageous in 3-D culture compared to 2-D 
culture (Table 3), since low seeding densities in 2-D 
culture results in poor growth, decreased viability and 
differentiation of ESCs. 

Expression of pluripotency markers in the 3-D scaffold 
cultured ESCs
To confirm whether 3-D grown ESCs maintained 
pluripotency, expression of selected ESC-specific mar
kers was analyzed using qRT-PCR. The results depicted 
in Figure 3 indicate that expression of Oct4 and 
Nanog increased 2.8 and 3.0 fold, respectively in 3-D 
scaffold (prepared using 33% Dex-SH) grown ESCs as 
compared to cells grown under 2-D culture conditions. 
The expression of these markers significantly and 
successively increased in 3-D grown ESCs during 1, 
2 and 3 wk. The expression of Klf4 also increased 
significantly (1.8 fold) above the level of 2-D grown 
ESCs but only during the second week of cell growth; 
whereas, the expression of Sox2 was not affected by 3-D 
culture. Concomitant with the start of degradation of the 
scaffolds at 6 wk of culture, expression of pluripotency 
markers gradually decreased to the levels of 2-D grown 
ESCs.

Immunofluorescence analysis of 3-D grown ESCs 

× 106 cells/mL) swelled to 2-fold of their initial weight 
and started to degrade on day 19 of culture. Whereas, 
scaffolds with a lower number of cells (2 × 106 cells/mL) 
swelled to nearly 3 times their initial weight and started 
to degrade on day 27 of culture. Furthermore, scaffolds 
prepared with the lower cell concentration (2 × 106 
cells/mL) resulted in rapid clonal growth (Figure 2B; B1, 
B2) as compared to the higher cell concentration (4 × 
106 cells/mL) (Figure 2B; B3, B4). Quantitative analysis 
of colony size showed a 2-fold increase in the mean 
diameter of colonies in scaffolds prepared with lower 
numbers of cells (Figure 2C). The scaffold supported 
the growth of encapsulated ESCs at concentrations as 
low as 1 × 104 cells/mL (or 103/cm2), suggesting that 
low concentration had no effect on the cell viability 
(Figure 2D). Maintenance of ESCs at low concentrations 
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  Culture conditions Cell concentration

(cells/mL) (cells/cm2)
  2-D Culture --- 3 × 104 to 5 × 104[33]

  3-D Culture 1 × 104 1 × 103

Table 3  Cell concentration for optimal growth of embryonic 
stem cells under 2-D and 3-D culture conditions
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Polyethylene glycol tetra-acrylate.
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intensity of cells stained with the respective antibodies 
(Figure 4A). Furthermore, expression of these proteins 

showed upregulation of protein levels of Oct4 and 
Nanog as evident by the increase in the fluorescent 
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self-renewal of ESCs. 

Differentiation of the 3-D scaffolds grown ESCs into 
various cell lineages
Differentiation potential of the 3-D grown ESCs was also 
studied via EB formation. The EBs from 3-D grown ESCs 
were allowed to spontaneously differentiate into all three 
germ layers, mesoderm, ectoderm, and endoderm and 
expressed specific protein markers such as Brachyury, 
NCAM, and GATA4 (Figure 7A). Furthermore, 3-D grown 
ESCs were induced to differentiate into various cell 
lineages, including osteogenic, chondrogenic, myogenic, 
and neural cell types. The results of differentiation 
depicted osteogenic derivatives that had the cobblestone 
appearance of osteoblast cells and were positive for 
calcium deposition as determined by von Kossa staining 
(Figure 7B, B1). Chondrogenic derivatives of 3-D grown 
ESCs were analyzed by alcian blue staining showing 
positive proteoglycan production (Figure 7B, B2). Light 
micrographs of myogenic derivatives of 3-D grown ESCs 
had spindle shaped morphology (Figure 7B, B3), while 
neural derivatives of ESCs displayed neurofilaments 
(Figure 7B, B4). Further analysis of the 3-D grown ESC 
derivatives revealed expression of cell-specific markers 
(Figure 7C) as determined by qRT-PCR; osteogenic, 
chondrogenic, myogenic, and neural derivatives expre
ssed Collagen type 1 (Col1), Collagen type 2 (Col2), 
Myogenin (Myog), and Nestin, respectively. The 
expression of these cell-specific markers signified that 
3-D grown ESCs maintained differentiation potential. 

was analyzed by western blot and results are shown in 
Figure 4B. Similarly, levels of Oct4, Nanog and Klf4 were 
visibly increased in the 3-D grown cells when compared 
with the control. Quantitative analysis of the western 
blot confirmed the increase in Oct4, Nanog and Klf4 (1.9, 
3.9 and 1.3 fold, respectively) compared to the control 
(Figure 4C); this was well correlated with the observed 
transcription levels of these genes.

Maintenance of pluripotency of 3-D grown ESCs was 
further investigated by subculturing under 2-D culture 
conditions (Figure 5A, A1-A3). They displayed typical 
compact colony morphology (even upon passaging five 
times) in 2-D culture and were indistinguishable from 
the initial ESCs seeded and grown in 3-D scaffolds. 
Expression of pluripotent genes in ESCs first grown in 
3-D scaffolds for 2 wk and then subcultured under 2-D 
conditions were analyzed. The results depicted in Figure 
5B showed that the expression of Oct4, Nanog, and 
Klf4 returned to levels comparable to traditionally 2-D 
propagated ESCs (Figure 5B). 

Pluripotency of 3-D scaffold grown ESCs was further 
validated by in vivo teratoma assays using immune-
compromised mice. The animals injected with 1 × 
106 cells formed teratomas within 4 wk (Figure 6A 
and B). Analysis of explanted teratoma tissue showed 
expression of Brachyury, FGF5, and GATA4, suggesting 
differentiation of injected ESCs into cell lineages of all 
three germ layers (Figure 6C). Conceivably, the 3-D 
scaffold provided a microenvironment for upregulation 
of pluripotent genes, maintenance of pluripotency and 
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Figure 3  Expression of pluripotent markers in three-dimensional grown embryonic stem cells. ESCs in scaffolds prepared with Dex-SH with 33% thiol 
substitution were cultured and analyzed for the expression of selected markers, Oct4, Nanog, Klf4, and Sox2 using qRT-PCR at week 0, 1, 2, 3, and 6. Results 
of experiments were expressed as the fold expression ± SE (n = 3) normalized to reference genes Gapdh and β-Actin, where a significant (aP < 0.05 and bP < 0.01) 
increase of pluripotent marker expression was compared to initial 2-D grown ESCs (day 0), using one-way ANOVA with the non-equal variance hypothesis and Dunnett’
s multiple comparisons test. Results depicted showed upregulation of Oct4, Nanog, and Klf4, but Sox2 was maintained at levels similar to the control. Expression of Oct4 
and Nanog was successively and significantly higher at week 1, 2 and 3 until the onset of degradation (week 6), at which point their expression was decreased to initial 
levels. ESCs: Embryonic stem cells; Dex-SH: Thiol funtionalized dextran; qRT-PCR: Quantitative real time polymerase chain reaction; 2-D: Two-dimensional.
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Michael addition reaction, facilitated the self-assembly 
of the 3-D scaffolds and encapsulation of ESCs. 
Polymerization was dependent upon several factors 
including concentration and ratio of polymers, degree 
of thiol substitution of Dex-SH, and cell concentration. 
Optimal conditions for scaffold polymerization, cell 
encapsulation, and cell viability were achieved by 
varying these parameters. The results showed that 
higher the degree of thiol substitution of Dex-SH, the 
faster the polymerization of hydrogel. Consistent with 
a previous report[27], the ratio and amount of Dex-SH 
and PEG-4-Acr also affected the formation and swelling 
properties of the hydrogel scaffolds. In one study, 10% 
w/v polymer concentrations were used to prepare Dex-

DISCUSSION
In this report, we described an alternative to traditional 
2-D culturing of ESCs without the need for a MEF 
feeder layer and routine passaging. This method was 
developed utilizing two components, Dex-SH and 
PEG-4-Acr, for self-assembling 3-D hydrogel scaffolds. 
Evidently, this hydrogel scaffold better emulated the 
fully hydrated native 3-D microenvironment and 
supported the pluripotent growth of ESCs. This method 
eliminates laborious and time-consuming manipulations, 
which often results in the loss of ESC lines due to 
contamination of cultures or differentiation of cells. 

The polymerization of Dex-SH and PEG-4-Acr, via a 
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centration significantly affected the rate of scaffold 
degradation. Consistent with previous studies[23], 
scaffolds without cells degraded earlier compared to 
seeded scaffolds (13 d vs 27 d, respectively) suggesting 
that the addition of cells improved the stability of the 
scaffolds. Moreover, scaffolds encapsulating a higher 
concentration of ESCs degraded faster and swelled 
less than scaffolds with lower concentration of ESCs. 
Consequently, ESC colony size was smaller in scaffolds 
with a higher concentration of cells as compared to 
scaffolds prepared with a lower cell concentration. 
In addition, encapsulated ESCs in floating scaffolds 
grew rapidly with larger colony sizes as compared to 
fixed scaffolds of similar composition. These results 
suggested that the swelling plasticity of the self-
assembling scaffolds favorably promoted the growth 
and maintenance of ESC colonies. Previous studies also 
indicated that cell encapsulation increased integrity of 
the scaffold as compared to scaffolds without cells[23]. 
However, in this report the effect of cell concentrations 
on scaffold integrity was not reported. Our observations 
indicated that higher cell concentrations inversely 
effected scaffold integrity suggesting that the cells may 
be producing factors that de-stabilize the scaffolds. The 
nature of these factors remains unknown.

ESCs grown in the 3-D scaffolds for 6 wk maintained 
their pluripotency and differentiation potential, as 
determined by their ability to spontaneously differentiate 
into cell types comprising all three germ layers.  The EBs 
differentiated into osteogenic, chondrogenic, myogenic, 
and neural cell types, expressing cell-specific markers. 
These results indicated that the self-assembling 
scaffolds support the self-renewal and pluripotency of 
ESCs, even after prolonged periods of culturing. The 
pluripotency of 3-D grown ESCs was further confirmed 
by teratoma formation in vivo. Teratomas explanted 
from immune-compromised mice following injection 
of 3-D grown ESCs showed specific gene expression 
representing all three germ layers. 

Interestingly, the expression of three pluripotency 
markers, Oct4, Nanog and Klf4, was higher in 3-D 
cultured ESCs as compared to 2-D grown ESCs both at 
a transcriptional and translational level. The expression 
of these genes remained at higher levels throughout 
the extended growth period (up to 6 wk) until the onset 
of scaffold degradation. In contrast, Sox2 expression 
levels in 3-D grown ESCs was found to be similar to the 
control (2-D grown ESCs). Although high expression 
of Nanog and Klf4 has been reported to enhance self-
renewal and pluripotency[38], overexpression of Oct4 has 
been implicated in spontaneous ESC differentiation[39]. 
Contrary to this, we did not observe differentiation 
of ESCs grown in 3-D scaffolds. When 3-D grown 
ESCs were subcultured under 2-D culture conditions, 
expression of pluripotent markers returned to levels 
similar to 2-D grown cells. Previous reports[40] also 
described differential regulation of stemness genes, with 
an upregulation of Oct4 but downregulation of Sox2 
in ESCs cultured in three different scaffolds prepared 

SH and PEG-4-Acr scaffolds to promote differentiation 
of ESCs[23]. However, we determined that 5% w/v 
polymer concentrations were ideal to provide a scaffold 
microenvironment with a greater degree of flexibility 
and suitability for ESC growth. Mixing of cells with PEG-
4-Acr prior to scaffold molding yielded homogeneous 
distribution of cells in both fixed and floating scaffolds. 
The 3-D scaffold grown ESCs displayed undifferentiated 
compact round colony morphology, even upon prolon
ged culturing. Previously, Gerecht et al[26] reported 
the potential of hyaluronic acid-based hydrogels in 
maintaining human ESCs with an undifferentiated 
morphology for 20 d. However, polymerization of 
hyaluronic acid-based hydrogels was achieved with 
ultraviolet light, a potent carcinogen. Whereas, self-
assembly of the Dex-SH and PEG-4-Acr scaffold does 
not require a mutagenic catalyst, and ESCs can be 
maintained for over 6 wk. They also reported that 
at least 5 × 106 cells/mL to 10 × 106 cells/mL were 
required for cell growth and colony formation in the 
hyaluronic acid-based scaffolds. In contrast, we found 
that use of Dex-SH and PEG-4-Acr scaffolds supported 
ESC growth at concentrations as low as 1 × 104 cells/
mL or 1 × 103/cm2 in 3-D scaffolds. At concentrations 
below 1 × 104 cells/mL successful encapsulation in the 
scaffold was difficult to assess due to low cell density. 
Furthermore, low concentration may also affect the 
viability of the cells. In traditional 2-D culture, optimal 
maintenance of ESCs requires a much higher cell 
density (3 × 104 to 5 × 104 cells/cm2)[33]. 

ESC self-renewal was not affected by the duration 
of growth in 3-D scaffolds as long as the integrity 
of the scaffold was maintained. Scaffold integrity 
also influenced the cell proliferation rate and colony 
size. ESCs grew at a slower rate with smaller colony 
size in fixed scaffolds. However, cell growth rate and 
colony size was less restricted in floating scaffolds.  
In agreement with previous reports[35,36], we found 
that mouse ESCs doubled nearly every 12 h in 2-D 
culture, whereas the generation time for ESCs in the 
3-D culture system was approximately 36 h.  It has 
been reported that the growth rate of stem cells in vivo 
vary from a few hours to months depending upon the 
niche[37]. In 2-D culture, ESCs reached near confluency 
in 3 d and started to differentiate, whereas the growth 
rate in 3-D was slower; the cells did not differentiate 
and continued to grow for up to 6 wk, limited only by 
scaffold degradation. Using the exponential cell growth 
formula N = N0 × 2g, where N is the final cell number, 
N0 is the initial cell number (2 × 106), and g is the 
number generations (25), the expected total number 
of cells after 6 wk of growth would be 134 × 1012 cells. 
The fact that ESCs grew for an extended period without 
the loss of cell viability and their self-renewal potential 
suggested that the 3-D culture system described here 
was superior to 2-D culture, which requires routine 
passaging. 

In addition to the concentration of the scaffold 
components and degree of thiol substitution, cell con
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for extended periods without passaging and extensive manipulation, which is 
required for 2-D culture of ESCs.  

Applications 
This new culture system should help develop methods of expansion for high 
quality and homogenous populations of ESCs, which are critically important for 
regenerative medicine and therapeutic applications.

Terminology
A scaffold is an engineered matrix formed from biomaterials mimicking the 
microenvironment and capable of supporting cell growth. In this study, self-
assembling scaffolds were formed upon combination of two polymers, 
polyethylene glycol tetra-acrylate and thiol-functionalized dextran. 

Peer-review
The authors designed a simplified and efficient system, which mimics the 
microenvironment in vivo for long-term proliferation and maintenance of ESCs. 
Furthermore, the culture system is efficient and reproducible and is expected to 
lead to further innovations.
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