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Preface

In this next volume in the Cell Biology and Translational Medicine series, we
continue to explore the potential utility of stem cells in regenerative medicine.
In this volume, the authors have addressed such topics as the use of various
types or sources of stem cells for generation of tissue-specific differentiated
cells, the potential utility of specifically-designed biomaterials such as bilayer
scaffolds at tissue interfaces and nanoparticles for drug delivery, the use of
organoids in transplantation and, of course, stem cells as therapeutic options
in various disease states.

I remain very grateful to Gonzalo Cordova, the Associate Editor of the
series and wish to acknowledge his continued support.

I would also like to acknowledge and thank Mariska van der Stigchel,
Assistant Editor, for her outstanding efforts in helping to bring this volume to
the production stages.

A special thank you goes to Shanthi Ramamoorthy and Rathika Ramkumar
for their outstanding efforts in the production of this volume.

Finally, sincere thanks to the contributors not only for their support of the
series, but also for their willingness to share their insights and all their efforts
to capture both the advances and the remaining obstacles in their areas of
research. I trust readers will find their contributions as interesting and helpful
as I have.

Ottawa, ON, Canada Kursad Turksen



Contents

Recent Advances in the Generation of β-Cells from Induced
Pluripotent Stem Cells as a Potential Cure for Diabetes
Mellitus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Akriti Agrawal, Gloria Narayan, Ranadeep Gogoi,
and Rajkumar P. Thummer

Differentiated Cells Derived from Hematopoietic Stem
Cells and Their Applications in Translational Medicine . . . . . . . . 29
Sophia S. Fernandes, Lalita S. Limaye, and Vaijayanti P. Kale

Organoids in Tissue Transplantation . . . . . . . . . . . . . . . . . . . . . . . 45
Derya Sağraç, Hatice Burcu Şişli, Selinay Şenkal, Taha Bartu Hayal,
Fikrettin Şahin, and Ayşegül Doğan

Aldo Keto Reductases AKR1B1 and AKR1B10 in Cancer:
Molecular Mechanisms and Signaling Networks . . . . . . . . . . . . . . 65
Sreeparna Banerjee

Bilayer Scaffolds for Interface Tissue Engineering
and Regenerative Medicine: A Systematic Reviews . . . . . . . . . . . . 83
Sheida Hashemi, Leila Mohammadi Amirabad,
Fatemeh Dehghani Nazhvani, Payam Zarrintaj, Hamid Namazi,
Abdollah Saadatfar, and Ali Golchin

Pluripotent Stem Cell Derived Neurons as In Vitro Models
for Studying Autosomal Recessive Parkinson’s Disease
(ARPD): PLA2G6 and Other Gene Loci . . . . . . . . . . . . . . . . . . . . 115
Renjitha Gopurappilly

Stem Cell Applications in Lysosomal Storage Disorders:
Progress and Ongoing Challenges . . . . . . . . . . . . . . . . . . . . . . . . . 135
Sevil Köse, Fatima Aerts-Kaya, Duygu Uçkan Çetinkaya,
and Petek Korkusuz

Mechanisms of Drug Resistance and Use of Nanoparticle
Delivery to Overcome Resistance in Breast Cancers . . . . . . . . . . . 163
Huseyin Beyaz, Hasan Uludag, Doga Kavaz, and Nahit Rizaner

vii



Telomere Length and Oxidative Stress in Patients
with ST-Segment Elevation and Non-ST-Segment
Elevation Myocardial Infarction . . . . . . . . . . . . . . . . . . . . . . . . . . 183
Nihal Inandiklioğlu, Vahit Demir, and Müjgan Ercan

Eosinophils as Major Player in Type 2 Inflammation:
Autoimmunity and Beyond . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
Marco Folci, Giacomo Ramponi, Ivan Arcari, Aurora Zumbo,
and Enrico Brunetta

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221

viii Contents



Adv Exp Med Biol - Cell Biology and Translational Medicine (2021) 14: 1–27
https://doi.org/10.1007/5584_2021_653
# Springer Nature Switzerland AG 2021
Published online: 24 August 2021

Recent Advances in the Generation
of b-Cells from Induced Pluripotent
Stem Cells as a Potential Cure
for Diabetes Mellitus

Akriti Agrawal, Gloria Narayan, Ranadeep Gogoi,
and Rajkumar P. Thummer

Abstract

Diabetes mellitus (DM) is a group of metabolic
disorders characterized by high blood glucose
levels due to insufficient insulin secretion, insulin
action, or both. The present-day solution to dia-
betes mellitus includes regular administration of
insulin, which brings about many medical
complications in diabetic patients. Although
islet transplantation from cadaveric subjects was
proposed to be a permanent cure, the increased
risk of infections, the need for immunosuppres-
sive drugs, and their unavailability had restricted
its use. To overcome this, the generation of
renewable and transplantable β-cells derived
from autologous induced pluripotent stem cells
(iPSCs) has gained enormous interest as a

potential therapeutic strategy to treat diabetes
mellitus permanently. To date, extensive
research has been undertaken to derive
transplantable insulin-producing β-cells (iβ-cells)
from iPSCs in vitro by recapitulating the in vivo
developmental process of the pancreas. This
in vivo developmental process relies on tran-
scription factors, signaling molecules, growth
factors, and culture microenvironment. This
review highlights the various factors facilitating
the generation of mature β-cells from iPSCs.
Moreover, this review also describes the genera-
tion of pancreatic progenitors and β-cells from
diabetic patient–specific iPSCs, exploring the
potential of the diabetes disease model and drug
discovery. In addition, the applications of
genome editing strategies have also been
discussed to achieve patient-specific diabetes
cell therapy. Last, we have discussed the current
challenges and prospects of iPSC-derived β-cells
to improve the relative efficacy of the available
treatment of diabetes mellitus.
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Abbreviations

4PBA 4-phenyl butyric acid
ALK Activin receptor-like kinase
BMP Bone morphogenetic protein
CYC KAAD-cyclopamine
DM Diabetes mellitus
EGF Epidermal growth factor
ER Endoplasmic reticulum
FGF Fibroblast growth factor
GLP1 Glucagon-like peptide-1
GLUT2 Glucose transporter 2
GSIS Glucose-stimulated insulin

secretion
GSK3β Glycogen synthase kinase 3β
HDAC Histone deacetylase
HGF Hepatocyte growth factor
HIF Hypoxia-inducible factor
IBMX 3-isobutyl-1-methylxanthine
IGF-II Insulin-like growth factor II
ILV Indolactam V
iPSCs Induced pluripotent stem cells
iβ-cells Insulin-producing β-cells
KGF Keratinocyte growth factor
MAPK Mitogen-activated protein kinase
miR MicroRNA
MODY Maturity-onset diabetes of the

young
OSK Oct4, Sox2, and Klf4
OSKM Oct4, Sox2, Klf4, and c-Myc
PdBU Phorbol 12,13-dibutyrate
PI3K Phosphoinositide 3-kinase
PLLA/
PVA

Poly-L-lactic acid/polyvinyl
alcohol

RA Retinoic acid
ROCK Rho-associated protein kinase
SHH Sonic hedgehog
T1DM Type 1 Diabetes mellitus
T2DM Type 2 Diabetes mellitus
T3 Triiodothyronine
TGF-β Transforming growth factor-β
WFS Wolfram syndrome
WNT3a Wingless-related integration site-

3a

1 Introduction

The prevalence of diabetes mellitus (DM) is
increasing day by day, and diabetic patients suffer
from impaired blood glucose levels, carbohy-
drate, fat, and protein metabolism resulting in
multiple health complications like retinopathy,
neuropathy, and nephropathy (Fong et al. 2004;
Pop-Busui et al. 2017; Molitch et al. 2004). More-
over, diabetic patients are prone to atherosclerotic
cardiovascular and cerebrovascular diseases
(Tzoulaki et al. 2009; Quinn et al. 2011; Holman
et al. 2014; Leon and Maddox 2015). The present
number of affected lives accounts for more than
463 million (around 9.3%), and this number is
further expected to rise to 700 million by 2045
(Saeedi et al. 2019). Diabetes-associated cardio-
vascular complications are the principal causes of
most deaths occurring in DM, partly due to dam-
age to the renal microvasculature (Carmines
2010).

DM is broadly classified into two major
etiopathogenetic categories: First, type 1 DM
(T1DM), previously known as juvenile-onset dia-
betes, accounts for around 5–10% of the total
diabetic population. T1DM is signified by a vary-
ing rate of destruction of β-cells, from fast
destruction (mainly in infants) to slow destruction
(in the case of adults) and leads to no or reduced
insulin secretion affecting children aged below
14 years. Individuals at an increased risk of devel-
oping this type of DM can often be identified by
the occurrence of an autoimmune pathological
process in the islets and also by genetic markers
(Katsarou et al. 2017). Second, type 2 DM
(T2DM), previously referred to as non-insulin-
dependent diabetes, is the most common form
accounting for 90–95% of the cases
encompassing individuals with insulin resistance
or lower insulin secretion compared with normal
values (Lorenzo et al. 2017). In T2DM, insulin
resistance by peripheral tissues is the primary
abnormality. At this stage, the majority of the
patients exhibit normoinsulinemia. As the disease
advances, it is characterized by intact but progres-
sively dysfunctional β-cells (Kahn 2003; Elsayed
et al. 2021). The third category is gestational DM
and considered as one of the most ubiquitous
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conditions complicating pregnancy that has a
prevalence of 1–28% worldwide (Saeedi et al.
2021).

The present-day solutions to DM include
antidiabetic oral drugs, regular administration of
insulin shots, bariatric surgery (cases where the
overweight is the prime cause), islet, and com-
plete organ transplantation. Moreover, the
bioartificial pancreas can be a possible promising
solution in the near future. However, most of
these treatments are temporary or are still under
development facing different challenges or cause
various medical complications. Among these,
islet or complete organ transplantation emerged
as a promising alternative for replacing the lost
β-cells, but ethical issues, immune rejection,
transmission of the virus from porcine to human
(in case of porcine islet transplantation), and scar-
city of cadaveric donors make it less appealing
(Merani and Shapiro 2006; Pellegrini et al. 2016).
When immunosuppressive drugs were used to
suppress the immune rejection, serious opportu-
nistic infections became another barrier in this
path. Apart from insulin therapy, many drugs of
synthetic or semisynthetic origin are playing a
pivotal role in the management of diabetes. How-
ever, it is becoming more evident that the use of
these drugs is associated with an increased risk of
cardiovascular diseases. Likewise, insulin therapy
requires multiple injections of insulin (after every
carbohydrate diet) in a day. This makes insulin
therapy extremely cumbersome and painful. Fur-
thermore, weight gain during long-term insulin
treatment significantly increases cardiovascular
risks (Cichosz et al. 2017). The most feasible
approaches for the generation of β-cells and
thereby available treatment options for diabetes
are shown in Fig. 1.

The generation of induced pluripotent stem
cells (iPSCs) offers a great promise for the treat-
ment of degenerative metabolic diseases or
disorders such as DM. Any somatic cell type
can be reprogrammed to a pluripotent state by
ectopic expression of defined factors to generate
these cells. Eventually, these pluripotent stem
cells will give rise to any desired cell type.

Similarly, somatic cells from a diabetic patient
can be reprogrammed to iPSCs followed by dif-
ferentiation toward insulin-producing β-cells (i-
β-cells). These cells can then be transplanted
back to the same patient to replace the destroyed
(in case of T1DM) and dysfunctional (in case of
T2DM) pancreatic β-cells. Further, these
differentiated β-cells can be used for cell therapy,
biobanking, drug screening, disease modeling,
and tissue engineering (Fig. 2).

2 iPSCs

iPSCs are generated by reprogramming somatic
cells into an early embryonic-like state by
introducing a combination of transcription factors.
In 2006, a groundbreaking study reported iPSC
generation by reprogramming the mouse embry-
onic fibroblasts using a cocktail of stem cell–spe-
cific reprogramming factors (Oct4, Sox2, Klf4,
and c-Myc [OSKM]) (Takahashi and Yamanaka
2006). These iPSCs were found to be very similar
to embryonic stem cells with respect to genetic,
epigenetic, developmental, and functional features
(Takahashi et al. 2007; Yu et al. 2007). Moreover,
they surpass the ethical and immunological
concerns associated with embryonic stem cells
(Takahashi et al. 2007; Yu et al. 2007; Hossain
et al. 2016; Saha et al. 2018). The classical
reprogramming techniques utilized viral-based
integrative approaches such as γ-retro- and
lentiviral vectors to derive iPSCs from somatic
cells (Hu 2014). These approaches are highly effi-
cient and robust, but they carry a risk of insertional
mutagenesis and tumorigenesis, thereby restricting
their clinical applicability (Hu 2014; Borgohain
et al. 2019; Saha et al. 2018; Okita et al. 2007).
To overcome these concerns, safer nonintegrative
reprogramming approaches with minimal or no
transgene integrations are developed and
employed to derive iPSCs (Hu 2014; Dey et al.
2016; Saha et al. 2018; Haridhasapavalan et al.
2019; Borgohain et al. 2019). The nonintegrative
reprogramming approaches can be further
categorized into integration-free viral (including

Recent Advances in the Generation of b-Cells from Induced Pluripotent. . . 3



adenoviral and Sendai viral), nonviral,
deoxyribonucleic acid (DNA)-based (including
plasmid, minicircle, episomal, and transposon)
(Haridhasapavalan et al. 2019; Dey et al. 2021),
and DNA-free (including recombinant proteins,
micro-ribonucleic acids (RNAs) (miRs), small
molecules, and synthetic messenger RNA)
(Borgohain et al. 2019; Dey et al. 2016, 2021)
methods. These approaches allow no genomic
alterations; moreover, some small molecules also
promote and maintain pluripotency by enhancing
reprogramming and their subsequent differentia-
tion (Hossain et al. 2016; Borgohain et al. 2019).
However, collectively, these nonintegrative
approaches are reported to be less efficient with
slower kinetics (Borgohain et al. 2019; Dey et al.

2021), due to the presence of various
reprogramming barriers (Haridhasapavalan et al.
2020; Saha et al. 2018; Ebrahimi 2015).

In essence, iPSCs are noncontroversial cell
types, providing an unlimited source of pluripo-
tent stem cells allowing their wider applications
in personalized medicine (Ferreira and Mostajo-
Radji 2013). Research findings have suggested
the role of iPSCs in disease modeling (e.g., dia-
betes mellitus) (Millman et al. 2016), drug devel-
opment and screening (Young 2012), several cell-
based therapeutics (Singh et al. 2015), tissue
engineering (Loskill and Huebsch 2019), and so
forth. The clinical applications of iPSC-derived
differentiated cell type(s) are still under investiga-
tion and require further improvements concerning

Fig. 1 Various sources rich in β-cells have been
identified to replenish the lost or dysfunctional β-cells
for the treatment of DM. Different strategies have been
developed, which offer an unlimited source of β-cells for
the treatment of DM. β-cells can be isolated from sources
like cadaveric human pancreas or islets and porcine islets.
In addition, β-cells can be obtained via advanced

differentiation and transdifferentiation strategies from plu-
ripotent stem cells and adult somatic cells, respectively.
Moreover, the tissue-engineered bioartificial pancreas is
also considered a potentially promising source rich in
functional β-cells. These strategies can prove beneficial
for the treatment of DM

4 A. Agrawal et al.



several bottlenecks associated with genomic sta-
bility and safety.

3 Differentiation of iPSCs
to iβ-cells

Pancreas organogenesis in humans and mice
demonstrates a series of stages marked by the
endogenous expression of several transcription
factors, which varies from stage to stage (Fig. 3)
(Jennings et al. 2013; Pan and Wright 2011). To
date, numerous studies have reported the differ-
entiation of iPSCs into insulin-producing cells or

β-cells in a similar fashion that mimics the embry-
onic pancreas organogenesis stages (Tateishi
et al. 2008; Zhang et al. 2009; Zhu et al. 2011;
Jeon et al. 2012; Shahjalal et al. 2014; Pellegrini
et al. 2015; Millman et al. 2016; Enderami et al.
2018; Yabe et al. 2019). This differentiation pro-
cess generally includes the sequential treatment of
iPSCs with several small molecules and growth
factors at multiple differentiation stages (Table 1),
which successfully induces the expression of key
pancreatic-specific transcription factors (Tateishi
et al. 2008; Maehr et al. 2009; Zhang et al. 2009;
Kunisada et al. 2011; Pellegrini et al. 2015; Yabe
et al. 2019). Most iPSCs to β-cell differentiation

Fig. 2 iPSCs as a promising cell source giving rise to
insulin-producing β-cells to treat DM and its other
diverse applications. Autologous somatic cells from dia-
betic patient/healthy subjects can be reprogrammed to
iPSCs and subsequently differentiated to β-cells through

established multistage differentiation protocols. These
personalized β-cells can also be genome-edited, if
required, and used for various biomedical applications.
In addition, iPSCs and the β-cells generated from them
can be biobanked for future research and therapy

Recent Advances in the Generation of b-Cells from Induced Pluripotent. . . 5



protocols follow sequential pancreas develop-
mental stages (Fig. 3), which includes the forma-
tion of (1) definitive endoderm, (2) primitive gut
tube, (3) pancreatic endoderm, (4) pancreatic
progenitors/precursors, (5) pancreatic endocrine
cells, and (6) β-cells (Maehr et al. 2009; Thatava
et al. 2010; Zhu et al. 2011; Kaitsuka et al. 2014;
Hakim et al. 2014; Shahjalal et al. 2014;
Pellegrini et al. 2015; Millman et al. 2016;
Pellegrini et al. 2018; Wang et al. 2019; Haller
et al. 2019; Yabe et al. 2019).

During gastrulation, definitive endoderm is
formed, where it contributes to the development
of the digestive tract, including the stomach,
intestine, liver, and pancreas (Walczak et al.
2016). Moreover, definitive endoderm also
participates in the morphogenesis of lungs, thy-
mus, and thyroid (Walczak et al. 2016). The for-
mation of definitive endoderm is marked by the
expression of FOXA2, SOX17, and CXCR4
(Tateishi et al. 2008; Haller et al. 2019). A com-
monly used inducer of definitive endoderm is
activin A (a transforming growth factor-β
[TGF-β] family member, NODAL activator)
(Hossain et al. 2016) along with wingless-related
integration site-3a (WNT3a) (β-catenin activator)
or CHIR99021 (glycogen synthase kinase 3β
[GSK3β] inhibitor) (Kunisada et al. 2011). More-
over, the combination of activin A and

wortmannin (phosphoinositide 3-kinase [PI3K]
signaling inhibitor) (Zhang et al. 2009), as well
as activin A and sodium butyrate (histone
deacetylase [HDAC] inhibitor) (Tateishi et al.
2008), has also been reported to promote defini-
tive endoderm formation (Zhang et al. 2009;
Tateishi et al. 2008). Concurrently, efficient
definitive endoderm induction is also reported
by the combination of activin A with fibroblast
growth factor (FGF)-2, bone morphogenetic pro-
tein (BMP)-4 (BMP4, a transforming growth fac-
tor [TGF]-β family member), and CHIR99021
(Yabe et al. 2019). The definitive endoderm fur-
ther specializes and forms a primitive gut tube
from where the dorsal and ventral pancreatic
buds appear (Jennings et al. 2013). At this early
stage, the formation of pancreatic anlage depends
on the addition of FGFs, retinoid acid (RA), and
sonic hedgehog (SHH) signaling inhibitor (Haller
et al. 2019; Shahjalal et al. 2014). Treatment of
definitive endoderm with FGF family member at
lower concentrations, essentially FGF10 or
keratinocyte growth factor (KGF), and KAAD-
cyclopamine (CYC) (SHH inhibitors), prime
definitive endoderm toward primitive gut tube
development (Thatava et al. 2010; Shahjalal
et al. 2014; Haller et al. 2019; Gheibi et al.
2020b). The formation of the primitive gut tube
is marked by the expression of HNF4α, HNF1β,

Fig. 3 Differentiation of iPSCs to β-cells in a stage-
wise manner. Differentiation of iPSCs to β-cells
progresses through a sequence of stages, mimicking the

in vivo development (Stages 1–6). The corresponding
genetic markers are also mentioned below each develop-
ment stage that identifies each of these stages

6 A. Agrawal et al.
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and PDX1 (Maehr et al. 2009; Thatava et al.
2010; Pellegrini et al. 2018). At this stage, the
expression of PDX1 is observed (Jennings et al.
2013), which is induced by FGF family members
(Gheibi et al. 2020b). Moreover, the supplemen-
tation of primitive gut tube cells with RA, CYC,
and FGF members at higher concentrations
promotes pancreatic endoderm specification
(Pellegrini et al. 2018; Gheibi et al. 2020b). The
pancreatic endoderm specification is characterized
by the expression of transcription factors, namely
PDX1 and SOX9 (Haller et al. 2019). The next
phase of pancreatic development is the formation
of multipotent pancreatic progenitors/precursors
via further development of pancreatic endoderm.
These pancreatic precursor cells give rise to the
endocrine, exocrine, and ductal cells of the pan-
creas (Amour et al. 2006). The combination of
RA, CYC, FGF, epidermal growth factor (EGF),
and inhibitors of various signaling pathways such
as BMP, TGF-β type I receptor, and so forth
induce differentiation of pancreatic precursors
(Tateishi et al. 2008; Shahjalal et al. 2014;
Hosokawa et al. 2018). The pancreatic precursor
cells expresses PDX1, NKX6.1, PTF1, and HNF6
(Tateishi et al. 2008; Shahjalal et al. 2014). Fol-
lowing pancreatic precursors specification, the
cells were differentiated into pancreatic endocrine
cells (Zhu et al. 2011; Kunisada et al. 2011;
Shahjalal et al. 2014; Wang et al. 2019). This
was achieved by continual inhibition of signaling
pathways, namely SHH, TGF-β type I receptor,
activin receptor-like kinase (Alk)-5 inhibitor II,
BMP, and Notch (γ-secretase), which results in
the formation of pancreatic endocrine cells. In
addition, other small-molecule cocktails that com-
prise EGF, FGF, KGF, RA, indolactam V (ILV;
protein kinase C activator), and nicotinamide have
also resulted in the formation of pancreatic endo-
crine cells (Thatava et al. 2010; Zhu et al. 2011;
Kunisada et al. 2011; Pellegrini et al. 2015; Yabe
et al. 2019). These small molecules and growth
factors together induce the expression of pancre-
atic endocrine cell markers, namely PDX1,
HNF6, HLXB9, NGN3, PAX4, and NEUROD1

(Thatava et al. 2010; Zhu et al. 2011; Kunisada
et al. 2011; Shahjalal et al. 2014). In a different
study, the effect of O2 concentration in the differ-
entiation of iPSCs into pancreatic lineages is also
demonstrated (Hakim et al. 2014). Early-stage
treatment with high O2 concentration increased
NGN3 expression, eventually giving rise to
insulin-positive cells. This effect was mediated
by the repression of hypoxia-inducible factor-1α
(HIF-1α) and activation of Wnt signaling (Hakim
et al. 2014). Last, the iβ-cells were formed from
pancreatic endocrine cells. Examination of several
molecules suggested that mature β-cell markers
are promoted by the inhibition of signaling
pathways such as TGF-β and BMP and enzymes,
namely phosphodiesterase and γ-secretase (Maehr
et al. 2009; Zhang et al. 2009; Kunisada et al.
2011; Shahjalal et al. 2014; Pellegrini et al.
2018). Moreover, the activation of adenylate
cyclase (using forskolin) promotes cell matura-
tion, and when combined with small molecules,
it facilitates β-cell maturation (Kunisada et al.
2011; Shahjalal et al. 2014). Also, several other
compounds, namely Exendin 4 (glucagon-like
peptide-1 [GLP1] agonist), nicotinamide,
insulin-like growth factor II (IGF-II), glucagon-
like peptide-1 (GLP1), hepatocyte growth factor
(HGF), BMP4, and betacellulin, are used for
β-cell maturation (Tateishi et al. 2008; Maehr
et al. 2009; Zhang et al. 2009; Thatava et al.
2010; Kunisada et al. 2011; Shahjalal et al.
2014; Hakim et al. 2014; Pellegrini et al. 2018).
These matured iβ-cells are distinguished by the
expression of insulin, C-peptide, PDX1, NKX6.1,
ISL1, NEUROD1, PAX6, NKX2.2, MafA, glu-
cose transporter 2 (Glut2), Tcf1, glucokinase,
urocortin-3, islet amyloid polypeptide, and ZnT8
(SLC30A8) (Tateishi et al. 2008; Zhang et al.
2009; Kunisada et al. 2011; Shahjalal et al.
2014; Thatava et al. 2010; Zhu et al. 2011;
Pellegrini et al. 2018). The description of various
small molecules and growth factors involved at
different stages in the iPSC differentiation process
eventually giving rise to mature iβ-cells is listed in
Table 1.
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4 Promotion of Differentiation
of iPSCs into iβ-cells

Despite rigorous screening of chemical
compounds, growth factors, and media conditions
at different stages to efficiently give rise to a pure
population of iβ-cells, the aforementioned studies
were marred by low efficiency and heterogeneous
population of cells. To improvise, various studies
have not only utilized small molecules and optimal
media conditions but also induced expression of
key pancreatic transcription factors during the dif-
ferentiation process (Kim et al. 2020; Saxena et al.
2016; Walczak et al. 2016; Wang et al. 2014). An
interesting article demonstrated that the assembly
of synthetic lineage control networks with sequen-
tial ON and OFF of Ngn3, Pdx1, and MafA could
reprogram iPSCs to β-like cells efficiently (Saxena
et al. 2016). Another study induced overexpression
of PDX1 using an adenoviral vector for efficient
and functional iβ-cell generation within 2 weeks
(Kim et al. 2020). Likewise, the effect of combined
induction of PDX1, NEUROD1, andMAFA using
adenoviral vectors in iPSCs has also been reported
to promote the formation of iβ-cells (Wang et al.
2014). The results suggested that the induction of
these factors in generating iβ-cells was efficient but
did not recapitulate the complete in vivo pancreas
development process (Wang et al. 2014). The pan-
creas development process includes synergistic
functioning of several transcription factors and
small molecules. This study was limited to only
three transcription factors, which were insufficient
to recapitulate entire pancreatic development. Fur-
thermore, Walczak et al. reported that the expres-
sion of PDX1 and NKX6.1 using an integrative
approach enhanced the differentiation of iPSCs
into iβ-cells (Walczak et al. 2016). However, the
use of these viral-based approaches is limited
because of genetic integration and the introduction
of possible insertional mutagenesis (Dey et al.
2021).

Few studies also reported the use of protein
transduction and miR overexpression in iPSCs to

induce differentiation toward iβ-cells (Kaitsuka
et al. 2014; Lahmy et al. 2014). Kaitsuka et al.
developed an effective iPSCs to iβ-cell differenti-
ation process using protein transduction; the latter
poses no risk of genetic integration. They trans-
duced PDX1, NEUROD, and MAFA, the key
transcription factors involved in pancreatic
β-cell development, in mouse and human iPSCs
to induce differentiation. Further, they used lami-
nin-5- and fibronectin-rich extracellular matrix
media; these media components are known to
promote the efficiency of rat β-cell survival, pro-
liferation, and function. This approach facilitated
a significant increase in the expression of the key
endocrine progenitor marker, NGN3. However,
insulin gene expression was observed only in
mouse iPSC lines and not in human iPSC lines
(Kaitsuka et al. 2014), indicating that these three
factors are sufficient to induce an iβ-cell transcrip-
tional profile in mouse, but not in human. It also
highlights that the human system is more com-
plex than a mouse and requires additional factors
to induce an iβ-cell transcriptional profile. Like-
wise, the effect of miR-375 overexpression in
the differentiation of iPSCs to iβ-cells was also
investigated (Lahmy et al. 2014). Notably, this
study induced differentiation of iPSCs into
i-β-cells in the absence of any growth factors
(Lahmy et al. 2014); miR-375 is the most abun-
dant miR in islets, and its expression is crucial for
the regulation of β-cell function, including its
differentiation, insulin secretion, and so forth
(Eliasson 2017). The increase in miR-375 at the
early stages of the differentiation process
corresponds to an increase in insulin transcript at
the later stages of iβ-cell formation. This strategy
facilitated the generation of islet-like cells that
secreted insulin in a glucose-dependent manner
(Lahmy et al. 2014). The summary of several
protocols used for the generation of cells of the
pancreatic lineage from human, mouse, and
rhesus monkey iPSCs is given in Table 2 (for
human) and Table 3 (for mouse and rhesus
monkey).
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5 Influence of Microenvironment
on the Differentiation of iPSCs
to iβ-cells

The in vivo environment of islets presents a com-
plex and dynamic system consisting of a myriad
of biophysical, biochemical, and cellular factors
that directs the differentiation of β-cells (Galli
et al. 2020). In the islet niche, β-cells interact
with the extracellular matrix and various cells,
namely vascular endothelial cells, endocrine
cells, neuronal cells, and immune cells, via sig-
naling molecules and growth factors. These
interactions are essential in modulating β-cell pro-
liferation, differentiation, and maturation
(Aamodt and Powers 2017; Gheibi et al. 2020b).
Furthermore, β-cells also respond to the mechani-
cal cues, including stiffness, shear stress, topog-
raphy (e.g., roughness), and geometry of each
component of its niche (Galli et al. 2020). More-
over, intricate cell-to-cell communications among
β-cells and in their microenvironment are essen-
tial in facilitating insulin response and viability
(Nyitray et al. 2014). The classical
two-dimensional (2D) monolayer differentiation
cultures are inefficient in providing structural and
biophysical characteristics similar to those
observed in vivo (Galli et al. 2020). On the
other hand, three-dimensional (3D) cultures
closely mimic the in vivo microenvironment by
preserving and maintaining the physiological
structure, cell-to-cell interactions, and cell-to-
matrix interactions (Amer et al. 2014). Moreover,
3D culture induction enhances β-cell differentia-
tion, yield, and maturation, in such a way that it
can restore euglycemia (Galli et al. 2020;
Pagliuca et al. 2014; Wang et al. 2019). Few
studies also illustrated the use of 3D culturing
using the suspension, polymer scaffold, and
microencapsulation-based techniques for differ-
entiation of iPSCs into β-cells (Enderami et al.
2018; Haller et al. 2019; Pagliuca et al. 2014;
Wang et al. 2019). The various 3D induction
techniques with their benefits and their
applications are illustrated in Fig. 4. The
suspension-based 3D culture is developed to
induce aggregated spherical clusters of endocrine

cells, further promoting the formation of mature
glucose-responsive β-cells (Amer et al. 2014;
Haller et al. 2019; Pagliuca et al. 2014). Pagliuca
et al. demonstrated that β-cells generated in large-
scale 3D suspension culture systems showed
rapid and glucose-responsive insulin production
(Pagliuca et al. 2014). Besides, the insulin content
and Ca2+ fluxes of iPSC-derived β-cells are simi-
lar to bona fide adult human β-cells (Pagliuca
et al. 2014). Likewise, the effect of 3D culture
on the induction of pancreatic progenitor specifi-
cation and iβ-cell generation was also
investigated. The results signified that the expres-
sion levels of Pdx1 and other β-cell-specific genes
such as Nk6.1, Ngn3, MAFA, Kir6.2, Sur1, and
Glut2 and glucose-stimulated insulin secretion
(GSIS) were significantly higher in 3D culture
compared with 2D culture (Wang et al. 2019).
Similar results were obtained when poly-L-lactic
acid and polyvinyl alcohol (PLLA/PVA)
polymer-based scaffolds were used for
differentiating iPSCs to β-cells. These scaffolds
mimic the in vivo conditions, facilitating cell-to-
matrix and cell-to-cell interactions that promote
islet-like aggregation and functional β-cell forma-
tion (Enderami et al. 2018). Furthermore, Haller
et al. established differentiation of human iPSCs
to pancreatic progenitors followed by their micro-
encapsulation and implantation in mice (Haller
et al. 2019). These implanted cells were further
differentiated into islet-like cells that maintained
euglycemia and protected the mice from
streptozotocin-induced hyperglycemia (Haller
et al. 2019). All the above studies recapitulated
in vivo microenvironment via 3D culturing to
facilitate the induction of environmental cues for
enhanced β-cell development and maturation.

6 Disease Modeling and Drug
Discovery

The patient-specific iPSC generation and differ-
entiation into a particular cell type hold a great
promise in the recapitulation of disease-specific
phenotypes in vitro (Hosokawa et al. 2018;
Johannesson et al. 2015). The iPSCs generated
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from patient cells carry their own genetic archi-
tecture, facilitating autologous cell replacement
therapy for numerous diseases (Fujikura et al.
2012; Kondo et al. 2018; Millman et al. 2016).
Further, the absence of a good animal model that
accurately mimics the human conditions has com-
pelled scientists to look for better alternative
solutions such as iPSC-based human disease
models (Vethe et al. 2017). Substantial efforts
are undertaken to understand the disease patho-
physiology and development of drugs and cell
therapies using iPSC-based human disease
models (Kondo et al. 2018). Similarly, iPSCs
derived from diabetic patients to generate iβ-cells
have opened new avenues to study the pathophys-
iological conditions of diabetes (Fig. 5). Multiple
studies reported that human iPSCs can be derived

from patients with T1DM, T2DM, and maturity-
onset diabetes of the young (MODY) conditions
and be further differentiated to iβ-cells
(Hosokawa et al. 2018; Kim et al. 2020; Leite
et al. 2020; Maehr et al. 2009; Millman et al.
2016; Teo et al. 2016; Vethe et al. 2017). The
summary of various studies describing the gener-
ation of iβ-cells from diabetic patients to investi-
gate the pathophysiology of these diseases is
given in Table 4.

T1DM is an autoimmune disorder resulting
from the destruction of iβ-cells (Kakleas et al.
2015). Various studies demonstrated the deriva-
tion of T1DM-specific, insulin-producing,
glucose-responsive β-cells from human iPSCs
(Kim et al. 2020; Maehr et al. 2009; Manzar
et al. 2017; Millman et al. 2016; Thatava et al.

Fig. 4 Influence of culture conditions for iPSCs to
β-cell differentiation. The iPSCs to β-cell differentiation
protocols utilize both 2D and 3D culture conditions. The
2D culture conditions generate heterogeneous populations
of β-like cells (golden), α-cells (green), and δ-cells (pur-
ple), as shown in the figure. Moreover, β-like cells induced
from these culture conditions show limited insulin release
upon glucose stimulation. On the contrary, the 3D culture
conditions have proven to be highly efficient in generating
pure populations of mature iβ-cells with significantly
higher insulin release upon glucose stimulation. These

culture conditions mimic in vivo microenvironment by
facilitating improved cellular interactions. Various 3D cul-
ture induction conditions used for differentiation are men-
tioned in the figure. More specifically, macroencapsulation
and microencapsulation of β-like cells followed by trans-
plantation in mice promote the generation of mature i-
β-cells. This strategy allows easy in-and-out of essential
nutrients and insulin and protects these cells from an
immune response, making them suitable for autologous
cell transplantation
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2010). Most of these studies have shown that the
generated T1DM and nondiabetic β-cells are
functionally similar. However, it has also been
speculated that T1DM β-cells are different from
nondiabetic ones on account of aging and
immune system interaction, but these differences
are not discussed (Kim et al. 2020; Millman et al.
2016). For a comprehensive understanding of
T1DM immunopathogenesis, the reconstruction
of autologous immune cell response with
T1DM-specific β-cells is essential. This would
further benefit in the effective recapitulation of
the diseased condition of T1DM and its progres-
sion (Leite et al. 2020; Thatava et al. 2013). In
support of this, different studies have shown
immune cell response with T1DM-specific
β-cells via endoplasmic reticulum (ER) stress.
ER stress causes islet inflammation by promoting
T-cell interaction with β-cells, further triggering

its destruction (Leite et al. 2020). In a parallel
study, Hosokawa et al. differentiated β-like cells
from fulminant T1DM-patient-specific iPSCs
(Hosokawa et al. 2018). Further, they
demonstrated that these β-like cells were highly
susceptible to cytotoxic cytokines due to the
upregulation of apoptotic genes. Additionally,
the differential expression analysis of
immunoregulation-related genes signified abnor-
mal immune function as a potent cause of fulmi-
nant T1DM disease progression (Hosokawa et al.
2018).

The most prevalent form of diabetes is T2DM,
and this polygenic disease is mediated by insulin
resistance and β-cell dysfunction (Elsayed et al.
2021). Insulin resistance is a condition where
impaired insulin sensitivity in its target tissues,
namely skeletal muscles, adipose tissues, and
liver, is observed (Elsayed et al. 2021; Gheibi

Fig. 5 Disease modeling and genome editing of
patient-derived iPSCs. Patient-specific somatic cells can
be reprogrammed to iPSCs and can be used to understand
the disease pathophysiology or can be corrected via
genome editing technologies to obtain transplantable
healthy (corrected/edited) iβ-cells. In the case of diabetes,
the patient-specific iPSCs can be differentiated to iβ-cells
or insulin target cell types to recapitulate the diseased

conditions of T1DM and T2DM (insulin resistance),
respectively. Understanding the pathophysiology can
pave the way for drug screening, further allowing its
validation, which will benefit in the mitigation of these
diseased conditions. Moreover, genome-edited patient-
specific iPSCs can also be differentiated to iβ-cells or
any specialized cell type of choice for autologous cell
therapy post–successful in vivo functional analysis
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et al. 2020a, b). Over time, insulin resistance of
target cells reduces insulin secretion ability of
β-cells, leading to hyperglycemia and T2DM

development (Elsayed et al. 2021; Prentki et al.
2006). Various studies have derived iPSCs from
T2DM patients and T2DM-risk patients subjected

Table 4 Summary of patient-specific iPSC-derived pancreatic progenitors and insulin-producing cells for disease
modeling and other applications

S. No. Disease Mutation
Cell type
formed GSIS

In vivo
transplantation Major finding(s) References

1 T1DM N/A Insulin-
producing
cells

Yes No β-like cells were functional in
in vitro studies

Maehr
et al.
(2009)

2 T2DM N/A Insulin-
producing
cells

No No Senescent-related genes were
suppressed in keratinocytes
of elderly patients and these
cells were reprogrammed to
iPSCs, which were then
differentiated to β-like cells

Ohmine
et al.
(2012)

3 T1DM N/A Insulin-
producing
cells

Yes No iPSCs generated in vitro
functional β-like cells upon
their guided differentiation

Thatava
et al.
(2013)

4 Wolfram
syndrome

WFS1 Insulin-
producing
cells

Yes Yes Consequences of
endoplasmic reticulum stress
on β-cell function were
studied

Shang
et al.
(2014)

5 T1DM N/A Insulin-
producing
cells

Yes Yes β-cells were functionally
similar to healthy individuals
both in vitro an in vivo

Millman
et al.
(2016)

6 MODY5 HNF1B Pancreatic
progenitors

No No Effect of HNF1B mutation
on pancreatic hypoplasia was
investigated in the MODY5
patient-derived iPSCs

Teo et al.
(2016)

7 T1DM N/A Insulin-
producing
cells

Yes Yes β-cells derived via 3D
induction were functional
in vitro and in vivo, and
insulin granules in these
β-cells were identical to
cadaveric β-cells

Manzar
et al.
(2017)

8 MODY1 HNF4A Insulin-
producing
cells

Yes Yes Investigated the role of
HNF4A mutation in the
disease progression of
MODY1

Vethe et al.
(2017)

9 Fulminant
T1DM

N/A Insulin-
producing
cells

Yes No β-like cells formed from
iPSCs were used to elucidate
the disease mechanisms of
fulminant T1DM

Hosokawa
et al.
(2018)

10 T1DM and
T2DM

N/A Insulin-
producing
cells

Yes No β-cells generated from
T1DM and T2DM patients
were functionally similar to
β-cells of nondiabetic
individuals

Kim et al.
(2020)

11 T1DM N/A Insulin-
producing
cells

No No β-cells formed were used to
elucidate the disease
mechanisms of T1DM
demonstrating immune cells
response against β-cells

Leite et al.
(2020)

iPSCs induced pluripotent stem cells, T1DM type 1 diabetes mellitus, T2DM type 2 Diabetes mellitus, MODY maturity-
onset diabetes of the young, GSIS, glucose-stimulated insulin release
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to insulin resistance to understand the cardinal
molecular mechanisms involved (Burkart et al.
2016; Iovino et al. 2014, 2016; Kim et al. 2020;
Kudva et al. 2012; Ohmine et al. 2012). Further,
these patient-specific iPSCs were used to generate
iβ-cells and insulin target cells, including
adipocytes, hepatocytes, and skeletal myotubes
as well as mesenchymal progenitor cells (Ohmine
et al. 2012; Balhara et al. 2015; Iovino et al. 2016;
Kim et al. 2020; Noguchi et al. 2013; Carpentier
et al. 2016). These patient-derived autologous
cells facilitate cell-based therapies and also help
in understanding the genetic and cellular defects
involved in the disease progression (Iovino et al.
2016; Kim et al. 2020; Ohmine et al. 2012;
Gheibi et al. 2020b). For example, Kim et al.
generated functional iβ-cells from human iPSCs
in a 2-week protocol and demonstrated that these
insulin-producing cells produced similar levels of
the islet-specific marker, insulin mRNA level,
and C-peptide release. This group further
suggested that these iβ-cells can facilitate autolo-
gous transplantation-based cell therapy in T2DM
patients (Kim et al. 2020). Moreover, another
group created a novel patient-specific disease
model to recapitulate the effect of skeletal muscle
insulin resistance in glucose metabolism and
T2DM. These genetic insulin-resistant mutant
myotubes showed similar defects, namely
impaired insulin signaling, insulin-stimulated
glucose uptake, etc., as observed in in vivo
myotubes (Iovino et al. 2016). Thus, these studies
provide a treatment option for T2DM as well as
dissect the genetic and phenotypical features of
T2DM for a better understanding of the disease
(Fig. 5).

A monogenic form of the disease that develops
in young adults is termed as maturity-onset dia-
betes of the young (MODY). It results from an
autosomal dominant mutation in genes associated
with β-cells development or function
(Johannesson et al. 2015; Murphy et al. 2008).
Few studies have modeled the disease mechanism
of MODY by differentiating iPSCs of patients
carrying HNF1B and HNF4A mutations into pan-
creatic progenitor cells and β-cells (Teo et al.
2016; Vethe et al. 2017). In particular, Teo et al.
differentiated human iPSCs of MODY5 patients

carrying HNF1B mutation to demonstrate the
molecular mechanisms of pancreatic hypoplasia
(Teo et al. 2016). This study demonstrated that
the perturbations in the transcription factor net-
work, including upregulation of PDX1, PTF1A,
GATA4, and GATA6 and downregulation of
PAX6 gene expression (Teo et al. 2016), account-
ing for islet dysfunction and contributed to early-
onset diabetes. Similarly, another study explained
the molecular mechanisms of the MODY1 dis-
ease phenotype via human iPSCs to β-cell differ-
entiation model (Vethe et al. 2017). The results
demonstrated that the β-cells generated from
these human iPSCs showed similar physiological
levels of GSIS and expression of β-cell markers.
Thus, it was suggested that the MODY1 disease
phenotype is independent of β-cell differentiation
and resulted from mechanisms such as stress-
induced cell death, which occurred post-β-cell
formation (Vethe et al. 2017).

In addition, insulin-producing cells were also
differentiated from patients with Wolfram syn-
drome (WFS). Wolfram syndrome is caused by
a recessive mutation in the WFS1 gene and is
characterized by an abnormal increase in endo-
plasmic reticulum stress molecules and a decrease
in insulin secretion (Inoue et al. 1998; Shang et al.
2014). The human iPSCs generated from patients
suffering from this syndrome were differentiated
into iβ-cells (Shang et al. 2014). Interestingly,
these iβ-cells displayed a reduced insulin secre-
tion in the presence of abnormally high ER stress
molecule (Shang et al. 2014), indicating that these
iPSCs can be used as a clinical model to study the
disease pathophysiology and in the identification
of its therapeutic drug. In line with this, the
authors observed that high ER stress is related to
the amplification of unfolded protein responses
such as GRP78 and XBP-1 and reduction in
ubiquitination of ATF6α. The authors used this
iPSC disease model to identify 4-phenyl butyric
acid (4PBA), a chemical chaperone, that reduced
the activity of unfolded protein response pathway
and thus restored the insulin secretion levels
(Shang et al. 2014). To conclude, these patient-
specific iPSC-derived pancreatic progenitors and
iβ-cells offer an incredible platform for disease
modeling and drug discovery to treat DM.

20 A. Agrawal et al.



7 Applications of Genome
Editing in the Promotion
of iPSCs to iβ-cells

The use of iPSC-derived iβ-cells to tackle the
growing prevalence of DM is undoubtedly a
promising platform and will prove beneficial to
the whole diabetic community. However, the
underlying etiology of DM shows a mutation in
multiple genes and a complicated network of
signaling pathways that need to be corrected
before the transformed cells can be transplanted
back to the patient. The rapid advances in genome
editing techniques (e.g., CRISPR-Cas system)
have facilitated a whole new domain in research
where human genome sequence can be precisely
manipulated to achieve a therapeutic effect. This
includes correction of a specific gene that is
responsible for causing the disease and addition
or deletion of certain gene(s) to reverse the effect
of disease (Fig. 5).

Various mutations at the genetic level are held
responsible for impaired glucose secretion and/or
sensing. For instance, mutations in GCK are
associated with MODY (Velho et al. 1992,
1996). Similarly, mutations in the WFS1 gene
are known to cause Wolfram syndrome (Inoue
et al. 1998; Shang et al. 2014). In a recent study,
the CRISPR-Cas9 gene editing strategy was
employed to correct the defect in the WFS1 gene
in three individual patients’ iPSCs to derive
autologous β-cells (Maxwell et al. 2020). In this
study, iPSCs were generated from the skin
fibroblasts and differentiated to glucose-respon-
sive cells using growth factors and small
molecules (Maxwell et al. 2020). They compared
these unedited iPSC-derived cells to their gene-
edited counterparts and showed that the edited
ones had better glucose responsiveness and
higher insulin secretion (Maxwell et al. 2020).
Furthermore, the glucose-responsive test using
iPSC-derived unedited β-cells, their CRISPR-
Cas9-edited β-cells, and healthy islets from a
cadaveric donor in streptozotocin-treated mice
was performed. The corrected or edited β-cells
were at par with the healthy islets and reversed
normoglycemic condition within 2 weeks

(Maxwell et al. 2020). In another study, perma-
nent neonatal DM patients were observed to have
a mutation in the start codon of the INS gene,
which severely affected their insulin sensitivity
(Ma et al. 2018). This mutation was corrected
using the CRISPR-Cas9 gene editing tool in per-
manent neonatal DM patient–specific iPSCs, and
these corrected iPSCs were subsequently
differentiated into pancreatic endocrine cells.
These differentiated cells showed similar insulin
secretion levels compared with healthy islets
(Ma et al. 2018). Moreover, genome editing has
also been used to understand the underlying
mechanisms in pancreatic development and
DM. For instance, gene editing strategies
demonstrated that RFX6 gene mutation highly
affects pancreatic progenitor development and
its maturation to endocrinal cells in permanent
neonatal DM patients (Zhu et al. 2016). Thus,
these studies demonstrated the potential of
iPSCs in combination with genome editing
technologies (for the correction of gene defects)
in producing highly functional β-cells that will aid
in patient-specific diabetes cell therapy (Fig. 5).

8 Current Challenges and Future
Prospects

Although recent advances in the field of β-cell
restoration have opened up a state-of-the-art arena
in the field of DM, meticulous attention must be
paid to the quality of the generated cells before
they can be used for treatment purposes. The
shortcomings associated with respect to clinical
aspects are summarized below.

Generating safer iPSCs that are devoid of
integrated foreign transgenes is considered a
prime hurdle that needs to be addressed. In most
cases, iPSCs are generated using viral methods
such as γ-retro- and lentiviral vectors due to their
higher efficiency compared with nonviral
counterparts (Hu 2014; Dey et al. 2021). iPSCs
generated through viral-based approaches might
cause insertional mutagenesis resulting in
tumor formation. Integration-free reprogramming
approaches like episomal vectors, Sendai virus,
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miRs, synthetic messenger RNAs, small
molecules, and recombinant proteins can generate
iPSCs that are safe and have the potential of
clinical applicability (Borgohain et al. 2019;
Dey et al. 2021). However, lower efficiency,
slow kinetics, and cumbersome protocols often
mar its usage. Moreover, the source of starting
cell type and genetic makeup of the donor also
play a crucial role. In 2012, Kajiwara et al.
analyzed 28 iPSC colonies that originated from
different somatic cell sources. They showed that
iPSCs derived from peripheral blood cells had
better differentiation capability than adult
fibroblasts when derived from different donors.
However, when iPSCs generated from peripheral
blood cells and adult fibroblasts of the same
donor were compared, it showed no significant
difference (Kajiwara et al. 2012). Moreover, the
differentiation techniques taken to specify these
iPSCs to iβ-cells should be well-defined, simple,
reproducible, and effective and should not leave a
single cell in an undifferentiated state as this
might cause teratoma formation (Soejitno and
Prayudi 2011).

To date, different groups have tried to produce
glucose-responsive mature iβ-cells or pancreatic
progenitor cells by the differentiation of
reprogrammed iPSCs (Enderami et al. 2018;
Millman et al. 2016; Pellegrini et al. 2015;
Shahjalal et al. 2014; Yabe et al. 2019; Zhang
et al. 2009; Zhu et al. 2011; Tateishi et al. 2008).
However, often these generated iβ-cells are
immature in nature and have a limited glucose
response (Tateishi et al. 2008; Thatava et al.
2010; Wang et al. 2019). Moreover, it is neces-
sary that these cells express mature β-cell markers
in vivo like MafA, Nkx6.1, Isl1, and C-peptide
and should not coexpress α-, δ-, and PP-cell-spe-
cific markers, delineating their immature and het-
erogeneous characteristics (Soejitno and Prayudi
2011). Additionally, these differentiated cells are
heterologous in nature, containing a mixture of
bihormonal (insulin+/glucagon+) cells along with
progenitor cells (Vethe et al. 2017). It has also
been noted that the reprogrammed cells are
unable to secrete insulin upon varying the
concentrations of glucose (Tateishi et al. 2008).
For example, Yabe et al. observed that spheroidal

cells, when grown in culture dishes, successfully
secreted insulin at low glucose concentrations but
failed to secrete insulin at higher concentrations.
Furthermore, the glucose responsiveness of the
differentiated cells was inconsistent in vivo
(Yabe et al. 2019). The same group tried 3D
culturing of the cells and observed certain
C-peptide secretion at low glucose
concentrations, but these cells also failed at
higher concentrations (Yabe et al. 2019). Addi-
tionally, another group observed that the clonal
variation exists, and cells differentiated from dif-
ferent clones behaved differently in terms of glu-
cose response (Tateishi et al. 2008). Further, these
cells fail to mimic adult β-cells completely. More-
over, in the case of clinical applicability, a large
number of pure populations of functional iβ-cells
are required for transplantation, which can sur-
vive in in vivo conditions to reverse hyperglyce-
mia. Hence, further research must be performed
to understand molecular mechanisms involved
that can lead to effective differentiation protocols,
resulting in a higher number of a functional and
homogeneous population of iβ-cells that can be
used in cell therapy.

The immune reaction of transplanted β-cells is
another concern that limits the usage of iβ-cells
for therapeutic purposes. These cells often suc-
cumb to autoimmune destruction, and patients
rely on immunosuppressive drugs to suppress
immune rejection, which can be beneficial to
serious opportunistic infections (Aguayo-
Mazzucato and Bonner-Weir 2010). Encapsula-
tion of iβ-cells in semipermeable membrane
devices has been reported to facilitate maturation
and function in vivo, which in turn reduced the
use of immunosuppressive drugs (Wan et al.
2017). Addressing these key points will prove
iPSC-based iβ-cells derivation as a superior alter-
native strategy to treat DM.
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Abstract

Hematopoietic stem cells (HSCs) and their
development are one of the most widely stud-
ied model systems in mammals. In adults,
HSCs are predominantly found in the bone
marrow, from where they maintain homeosta-
sis. Besides bone marrow and mobilized
peripheral blood, cord blood is also being
used as an alternate allogenic source of
transplantable HSCs. HSCs from both autolo-
gous and allogenic sources are being applied
for the treatment of various conditions like
blood cancers, anemia, etc. HSCs can further
differentiate to mature blood cells. Differenti-
ation process of HSCs is being extensively
studied so as to obtain a large number of pure
populations of various differentiated cells
in vitro so that they can be taken up for clinical
trials. The ability to generate sufficient quan-
tity of clinical-grade specialized blood cells
in vitro would take the field of hematology a
step ahead in translational medicine.
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1 Introduction

The concept of “stem cells” was first introduced
by Till and McCulloch in 1961 while studying the
hematopoietic system in mice. They defined these
cells as multipotent cells, which can self-renew
(make copies of their own) as well as differentiate
into blood cells. The origin of hematopoietic line-
age and its homeostasis and differentiation have
been some of the most widely studied systems in
mammals. This has expedited the use of
hematopoietic cells in clinical translation as well
(Kumar and Verfaillie 2012). The present chapter
focuses on the differentiation of hematopoietic
stem cells (HSCs) into functional blood cells
such as dendritic cells (DCs), megakaryocytes
(MKs), platelets, red blood cells (RBCs), etc.
that could potentially be used in translational
medicine. This chapter also focuses on the
mechanisms involved in the differentiation of
HSCs into various functional blood cells.

2 Hematopoietic Stem Cells

2.1 Origin of HSCs and Their
Characterization

HSCs are responsible for maintaining homeosta-
sis and replenishment of the blood cells over the
individual’s life span. During embryogenesis,
hematopoietic progenitors first emerge in the
yolk sac. Gradually, the development site pro-
gressively shifts to the aorta-gonad-mesonephros
(AGM) region, the placenta, and the fetal liver,
where the fetal HSCs mature into adult ones. At
birth, the HSCs populate the bone marrow,
making it the primary site of adult hematopoiesis
(Mikkola and Orkin 2006; Mahony and Bertrand
2019). The bone marrow microenvironment
provides a suitable niche, where the HSCs can
either self-renew to generate more HSCs, or dif-
ferentiate and mature into various types of blood
cells depending on the physiological demand.
The niche comprises of different stromal cells
like mesenchymal stem cells (MSCs), osteoblasts,
endothelial cells, reticular cells, adipocytes, etc.

that play a very important role in providing the
developing HSCs with cues and stimuli to facili-
tate the production of desired types of functional
cells (Pinho and Frenette 2019). HSCs are
multipotent in nature and are capable of forming
the specialized blood lineage cells through asym-
metric cell divisions (Till and McCulloch 1961;
Fig. 1). HSCs from murine and human sources
show different phenotypic characters (Table 1).
Murine HSCs are defined as the cells having a
long-term reconstituting ability (LT-HSCs),
which can give rise to both myeloid and lymphoid
lineages and can be isolated using a flow
cytometer as the cells that are lineage negative
(Lin�), Sca-1 positive (Sca-1+), c-kit positive
(c-kit+), and CD34 low/negative (LSK CD34low/
neg)(Osawa et al. 1996). On the other hand, very
primitive human HSCs are found to be Lin�,
CD133+, GPI-80+, and CD34� by marker selec-
tion. Interestingly, human HSCs contained in the
cord blood source display CD34 positivity as a
distinct marker. The ability to home and engraft
into the bone marrow of the recipients when
injected via intravenous route is the most impor-
tant characteristic of HSCs and forms the very
basis of the experimental and clinical
transplantations (Sumide et al. 2018).

2.2 Different Sources of HSCs

In adult individuals, bone marrow (BM) contains
the major pool of HSCs. The frequency of CD34-
expressing cells in the adult BM typically ranges
between 0.5% and 5% (Hordyjewska et al. 2015).
There are two methods to harvest the HSCs from
this source – the first method consists of isolation
of HSCs from BM aspirates, and the second
method consists of mobilization of HSCs through
apheresis procedure into peripheral blood. BM
aspiration is a very invasive and painful proce-
dure for the donor (Chen et al. 2013). On the other
hand, apheresis is done by administration of
cytokines like G-CSF or pharmacological agents
like AMD3100 so that the HSCs mobilize into the
bloodstream along with the hematopoietic
progenitors, and then these can be separated out
based on their CD34 positivity (Domen et al.
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2006). Umbilical cord blood (UCB) is yet another
rich source of adult HSCs, which has been widely
studied and explored (Broxmeyer et al. 2020;
Mayani et al. 2020). UCB contains almost
0.02–1.43% of CD34+ cells. The peripheral
blood too contains CD34+ cells, but in a very
low abundance (<0.01%) (Hordyjewska et al.
2015).

Pluripotent stem cells (PSCs) that comprise of
embryonic stem cells (ESCs) and induced plurip-
otent stem cells (iPSCs) are also being explored
for their differentiation potential to hematopoietic
lineage due to their unique ability to differentiate
into cells of various lineages. One approach
consisting of overexpressing a set of seven tran-
scription factors – ERG, HOXA5, HOXA9,
HOXA10, LCOR, RUNX1, and SPI1 – via a
lentiviral delivery system into human PSCs

converts these cells to HSCs and hematopoietic
progenitor cells (HPCs). When these cells were
infused in mouse models, these PSC-derived
HSCs were found to give rise to both the myeloid
and the lymphoid cells and also survive through
primary and secondary transplants. However, the
molecular signature of these cells is still distinct
from UCB-HSCs, suggesting that this approach
needs further fine-tuning (Sugimura et al. 2017).
The beneficial role of Runx1a overexpression has
been identified in the differentiation of PSCs into
HPCs (Ran et al. 2013). Use of mouse stromal
cell line-OP9 has also been reported to enhance
HPC differentiation from PSCs, as this cell line
mimics the BM niche and secretes factors that
support the development into HPSCs (Demirci
et al. 2020). For better clinical utility, attempts
have also been initiated to formulate serum-free

Fig. 1 Hierarchy of maturation occurring in the blood lineage: the step-wise generation of specialized blood cells from
hematopoietic stem cells (HSCs) depicting its potency state at each level
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defined culture media for such differentiation
(Chicha et al. 2011, Niwa et al. 2011). However,
the HSC-like cells derived from iPSCs in vitro
lack important functions like homing and engraft-
ment, and these mostly remain adherent under
culture conditions. On further investigation it
was found that the overexpression of the
epithelial-to-mesenchymal transition inhibiting
miRNA in these differentiated progeny was the
causative factor of these defects (Risueño et al.
2012; Meader et al. 2018). If the reprogramming
genes fail to silence or inactivate after differentia-
tion is induced, they lead to inefficient generation
of the differentiated progeny (Ramos-Mejía et al.
2012). Although various groups show differenti-
ation of iPSCs to hematopoietic lineages, there
are still several aspects that need improvement
before the data can actually be extrapolated to
regenerative medicine and the generated cells
can be tested in clinical trials.

2.3 Phenotypic Analysis of Different
Stages of HSCs’ Differentiation
and Maturation

HSCs were identified by Harrison and group as
the pool of cells having an ability to repopulate
the lymphoid and the myeloid compartments fol-
lowing a transplant (Harrison and Zhong 1992).
In humans, HSCs are identified as cells having
Lin� CD34+ CD38� CD90+ CD45RA� pheno-
type. As these cells progress to a state where they
form multipotent progenitors, their phenotype
changes to Lin� CD34+ CD38� CD90�

CD45RA�. These can further form common lym-
phoid progenitors (CLPs) or common myeloid
progenitors (CMPs) depending on the physiolog-
ical demand for differentiated cells. The CLPs are
characterized as Lin� CD34+ CD38+ CD10+, and
these progenitors can further form T cells, B cells,
natural killer cells (NKs), or DCs based on the
cytokine stimulus they are exposed to during
maturation. The CMPs display a Lin� CD34+

CD38+ IL3Ralow CD45RA� phenotype. These
CMPs can then take up either the megakaryo-
cyte/erythrocyte progenitor (MEP), granulocyte/
macrophage progenitor (GMP), or pro-DC fate.

The MEPs are Lin� CD34+ CD38+ IL3Ra�

CD45RA� which can further specialize into
mature platelets or erythroid cells. The GMPs
are characterized as Lin� CD34+ CD38+ IL3Ra+

CD45RA�, which can differentiate into either
granulocytes or macrophages. Granulocytes com-
prise of the protein granule-containing cells, viz.,
the neutrophils, basophils, and eosinophils
(Table 1; Seita and Weissman 2010; Sumide
et al. 2018; Tajer et al. 2019). The hematopoietic
progenitor and HSC states are very tightly
regulated by an array of cytokines that help
these cells in performing their optimal functions
(Ikonomi et al. 2020). Even a small perturbation
in this development can cause serious disease
conditions like anemia, thrombocytopenia, neu-
tropenia, leukemia, etc. (Tunstall-Pedoe et al.
2008; Roy et al. 2012). The quiescence and the
activation of HSCs during homeostasis need to be
appropriately controlled; a non-responsive HSC
pool could lead to severe deficiencies of mature
blood cells, whereas a hyperactive HSC pool
could lead to a premature exhaustion of the HSC
population (Wilson et al. 2004). Apart from the
primary role of BM progenitors in regulating
hematopoietic homeostasis, very recently, they
have also been identified in the formation of
non-hematopoietic decidual cells, aiding in the
formation and functioning of decidual stroma
during pregnancy (Tal et al. 2019).

3 Challenges Faced While Using
In Vitro Generated
Differentiated Cells as an
Alternative to Those Directly
Obtained from UCB or
Peripheral Blood (PB):
Attempts Made to Improve
the Process

For the treatment of certain blood-related
disorders, apheresis procedures are conducted to
suffice the need for healthy blood cells (Adamski
et al. 2018). For such transplantation purposes,
cells need to be isolated from suitable donors.
This procedure is limited by several factors such
as unavailability of HLA-matched donors, risk of
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transmissible diseases, use of high doses of
cytokines, variable efficacy of the yield, etc.
(Mcmanus and Mitchell 2014). As an alternative
to this, in vitro differentiation of blood cells from
the HSCs was proposed to meet the increasing
demand for such cells (Devine et al. 2010; Kumar
and Geiger 2017). HSCs isolated from BM or
UCB can serve as a starting material for obtaining
these differentiated cells. However, to obtain
them in sufficient quantities required for trans-
plantation, there is a need to first expand the
HSCs. Several attempts have been made in this
direction. Use of cytokines and small molecules
such as insulin-like growth factor-binding protein
2 (IGFBP2), angiopoietin-like proteins,
stemregenin-1 (aryl hydrocarbon receptor inhibi-
tor), nicotinamide (SIRT1 inhibitor), UM171
(pyrimidoindole derivative), stem cell factor,
thrombopoietin, Fms-related tyrosine kinase
3 ligand, interleukin-6, interleukin-3, resveratrol,
etc. has been successful in the expansion of HSCs
in vitro (Zhang et al. 2008; Peled et al. 2012;
Flores-Guzmán et al. 2013; Fan et al. 2014;
Farahbakhshian et al. 2014; Fares et al. 2014;
Heinz et al. 2015; Huang et al. 2019). Use of
apoptosis pathway modulators like caspase and
calpain inhibitors during in vitro HSC expansion
has also shown promising results in engraftment
of UCB-HSCs when transplanted in mouse
models (Sangeetha et al. 2010; Sangeetha et al.
2012). Co-culture of HSCs with human mesen-
chymal stem/stromal cells (hMSCs) has been
shown to result in an efficient expansion of
HSCs (Kadekar et al. 2015; Perucca et al. 2017;
Papa et al. 2020). But the conditions provided to
the HSCs in vitro for proliferation and expansion
usually result in pushing the HSCs into a cycling
phase. However, for the HSCs to sustain their
multipotency during longer duration, mainte-
nance of a quiescent state is very important.
Hence, expansion of HSCs without compromis-
ing their “stemness” has still remained a huge
challenge in the field. In a recent study, HSCs
could be held in a steady state in vitro by
modulating the culture conditions to hypoxia,
low cytokines, and high fatty acid composition
in the culture media (Kobayashi et al. 2019).

Cells developed in vitro mostly rely upon 2D
culturing methods which acclimatize the cells to
specific substrates and culture conditions that
result in low transplant efficiencies with limited
functionality of the cells. To overcome this, 3D
culture methods have been proposed for
maintaining and differentiating cells from various
stem cells. In one approach, hMSCs entrapped in
hydrogels were used as a 3D substrate so as to
recapitulate the in vivo niche for the human
BM-derived HSCs. The resultant HSCs depicted
superior functionality and stem cell attributes, as
compared to those cultured under 2D conditions
(Sharma et al., 2012). Another study depicts the
beneficial effects of 3D fibrin scaffolds in combi-
nation with MSCs to expand UCB-HSCs
(Ferreira et al. 2012). In a recent report, use of
3D zwitterionic hydrogel cultures was found to be
beneficial for the expansion of both UCB- and
BM-HSCs (Bai et al. 2019). Although these
in vitro expanded cells are closer to the native
state in terms of growth conditions and function-
ality, it is difficult to reproducibly obtain them in
large numbers that would be sufficient for trans-
plant purposes (McKee and Chaudhry 2017).
When a comparison was performed between
HSCs and progenitor cells cultured in vitro from
UCB-HSCs and their freshly isolated
counterparts, it was observed that although the
in vitro cultured cells were immunopheno-
typically similar to those present in vivo, they
lacked the functionality and genetic signature of
their in vivo counterparts, i.e., freshly isolated
UCB-HSCs. The in vitro cultured cells displayed
a distinct myeloid bias, and additionally, the long-
term-culture-initiating cells (LTC-IC), which are
considered to be the most primitive HSCs during
transplantation setting, were also found to be in
lower numbers in the in vitro generated cells, as
opposed to those present in the fresh UCB. To
improve on this, a strategy of co-infusing in vitro
expanded HSCs with the native freshly isolated
HSCs was used; however, even in this situation,
the cells that survived longer during the transplant
in the host were the freshly isolated ones, thereby
indicating that the in vitro manipulated HSCs lack
the longevity and functionality as the fresh ones
(Dircio-Maldonado et al. 2018). Despite these
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challenges, efforts to efficiently expand the UCB
units are ongoing so that they can be utilized for
clinical applications (Kiernan et al. 2017; Mayani
2019). A few phase I/II clinical trials make use of
HSCs that have been expanded in vitro using
different compounds like UM171 (Cohen et al.
2020), nicotinamide (Horwitz et al. 2019),
StemRegenin-1 (Wagner Jr et al. 2016), and cop-
per chelator-tetraethylenepentamine (De Lima
et al. 2008). In these trials, the outcome has
been promising as the expanded HSCs did engraft
efficiently in the recipient after the transplant.

4 Cord Blood Is a Superior
Source of In Vitro Generated
HSCs and HPCs

During ex vivo expansion, UCB-HSCs exhibited
better expansion ability and yielded a much
higher number of progenitor colonies, as com-
pared to BM-HSCs under serum-free conditions
with cytokine stimulus (Kim et al. 2005). In a
study employing in vitro priming of HSCs on
OP9 stroma, the UCB-HSCs displayed better
reconstitution of the T-lymphoid fraction, as com-
pared to BM-HSCs, whereas the myeloid fraction
remained unchanged (De Smedt et al. 2011). To
address the issue of graft-vs-host disease
(GvHD), expansion of T regulatory (Tregs) cells
in vitro from either UCB or adult PB is an
approach before using them in cell therapy. In
such cases, Tregs having better immunomodula-
tory activity could be obtained in higher numbers
from UCB samples, as compared to PB sample
(Fan et al. 2012). UCB samples have certain
advantages like the naïve state of their HSCs,
tolerability in terms of HLA mismatches (a 4–6/
6 is accepted in the case of UCB donors), ready
availability in UCB banks due to easy collection
and harvesting procedures, etc. (Schönberger
et al. 2004; Beksac 2016). In a pediatric clinical
trial assessment, UCB stem cell transplants
yielded better engraftment in the recipients with
early and committed progenitors, as compared to
BM transplant (Frassoni et al. 2003). Recent
strategies employ depletion of TCRαβ+/CD19+

in donor cells, which helps reduce GvHD, thus

enhancing survivability on UCB transplant in a
HLA mismatch recipient (Elfeky et al. 2019).
Even in the aspect of obtaining differentiated
progeny, specifically the megakaryocyte lineage,
the UCB source proves to be superior, as com-
pared to BM (Tao et al. 1999) or even mobilized
PB (Bruyn et al. 2005). Domogala and colleagues
observed that NK cells differentiated from
UCB-CD34 cells in vitro could be obtained in
higher numbers and were comparable to those
isolated directly from UCB and PB samples for
functional and phenotypic characteristics to be
used in immunotherapy (Domogala et al. 2017).
Furthermore, both sources, PB-MNCs and
UCB-MNCs, displayed comparable phenotypic
and functional attributes when primed toward
the DC lineage (Kumar et al. 2015).

5 In Vitro Differentiated
Hematopoietic Cells for Clinical
Applications

The ultimate goal of in vitro differentiation stud-
ies of stem cells is to utilize the protocols for
applications in cell therapy. Here we describe
some such studies which have potential clinical
applications in the near future.

5.1 T Cells

An approach of modulation of the hematopoietic
niche to stimulate Notch signaling, which in turn
leads to an enhanced T cell progenitor generation,
can be extrapolated for clinical studies (Shukla
et al. 2017). Olbrich et al. formulated a retroviral
construct in PB- and CB-CD34+ cells that
overexpress chimeric antigen receptor (CAR)
targeted against the human cytomegalovirus
(HCMV) glycoprotein B that is known to be
dominant during viral reactivation. On
differentiating such transduced CD34+ to T
cells, the generated T cells exhibit remarkable
on-target specificity and cytotoxicity to HCMV
infections under in vitro conditions and in mouse
models, thus proving to be a good target for
further clinical studies (Olbrich et al. 2020). Use
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of StemRegenin-1 (SR-1), a purine derivative that
antagonizes aryl hydrocarbon receptor, in expan-
sion medium results in >250-fold expansion of
HPCs in vitro.Due to this property it is now being
tested in clinical trials. Expanded HPCs obtained
by this method have further been evaluated for
differentiation into pro-T cells in vitro which also
display effective T cell functions on being infused
in vivo (Singh et al. 2019).

5.2 Dendritic Cells

Since DCs are present in very low numbers in
peripheral blood, obtaining them in sufficient
numbers for immune therapies poses difficulty.
The SR-1 expanded HPCs were differentiated to
DCs that resulted in large-scale generation with
functional properties comparable to the
circulating DCs (Thordardottir et al. 2014).
Plantinga et al. proposed a method of generation
of conventional DCs from CB-CD34+ cells by
selection based on CD115 positivity. These cells
generated DCs with 75–95% purity and were
functional as a DC vaccine even on maturation
and stimulation (Plantinga et al. 2019). The
findings were taken a step ahead by generating
GMP-grade DCs from UCB-CD34 cells that spe-
cifically expressed Wilms’ tumor 1 protein as a
potent DC vaccine candidate for the use in pedi-
atric acute myeloid leukemia (AML) patients
(Plantinga et al. 2020). In the case of multiple
myeloma cancer patient samples, DCs derived
from HSCs were found to be a potent source for
generation of DC vaccine. The phenotypic
characters, antigen uptake, migration, and T cell
stimulation were comparable to those derived
from healthy donors. These DCs could also raise
a tumor-specific cytotoxic T lymphocyte (CTL)
reaction, but it was less robust when compared to
the healthy donor source due to T cell exhaustion
seen in multiple myeloma samples. Therefore, if
CTL-4 blocking was used in combination with
such DCs, it could serve as a promising candidate
for immunotherapy in multiple myeloma (Shinde
et al. 2019).

5.3 Megakaryocytes and Platelets

Large-scale platelets could be obtained in vitro
from UCB-HSCs using a three-step method, com-
prising of adherent and liquid cultures. These
platelets were similar to PB platelets and the
yield obtained was approximately 3.4 units of
platelets from 1 unit of CB used (Matsunaga
et al. 2006). With an aim to reduce incidences of
graft rejection, platelets that lacked β2-
microglobulin gene have been differentiated
from hiPSCs. The resultant platelets produced in
high numbers were also HLA-ABC negative, and
hence, such approaches could be explored from
the therapeutic aspect (Feng et al. 2014; Norbnop
et al. 2020). Improvements have also been tried
on the culture method aspects, wherein a
gas-permeable silicone membrane was used
instead of the regular in vitro 2D culture dishes.
The enhanced gas and media exchange resulted in
the generation of MKs and platelets from
mobilized PB-CD34 cells in higher numbers
with functional attributes that made the process
more clinically relevant (Martinez and Miller
2019). In another attempt to produce
GMP-grade MKs and platelets, a roller bottle
culture system was used that generated a large
number of MKs from UCB-CD34+ cells that
retained all standard characteristics coupled with
high purity. The expansion was in the order of
2.5 � 104 MKs from one CD34+ cell, and the
optimal temperature for short-term storage to be
applied in clinics was observed to be 22 �C when
stored in saline supplemented with 10% human
serum albumin (Guan et al. 2020).

5.4 Natural Killer Cells

Cryopreserved UCB units were used to purify
HSCs, which were then differentiated into NKs
in a closed bioreactor system that allowed a clini-
cally relevant scaling up for their use in adoptive
immunotherapy. This method yielded almost
2000-fold expansion of the cells with >90%
purity while retaining their functional attributes
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(Spanholtz et al. 2011). To eliminate the cytotox-
icity induced due to chemotherapy given for vari-
ous blood cancer treatment regimes, a strategy
was devised for acute lymphoblastic leukemia
(ALL) to increase the efficacy of cell-based
therapies. UCB-CD34+-derived CD16+ NK cells
when used in combination with anti-CD47 anti-
body were found to be potent in building up an
anti-tumor immune response and reducing the
load of ALL (Valipour et al. 2020). In another
phase-1 clinical trial, NK cells were differentiated
from PB mononuclear cells (MNCs) and suffi-
cient expansion was achieved ex vivo on stromal
cells expressing IL-21. These cells were then
infused to leukemic patients undergoing
haploidentical hematopoietic stem cell transplant
(HSCT) at different time points from the same
MNC donor. The leukemic patients that received
NK cell transplant in addition to HSCT showed
lower rate of relapse and mortality, lower viral
infections, and reduced GvHD (Ciurea et al.
2017).

5.5 Red Blood Cells

To eliminate the batch-to-batch variation in
experimental methods, RBCs were differentiated
from UCB-MNCs in a xeno-free controlled envi-
ronment, where not only the yield was high, but
the method could also be scaled up for clinical
applications (Rallapalli et al. 2019). On similar
lines, PB-MNCs (without the need for CD34 iso-
lation step) could be differentiated to erythroid
cultures under GMP conditions in vitro, which
also could be scaled up in bioreactors for a
large-scale RBC production for use in clinics.
More than 90% of them achieved enucleation
and the functional attributes like oxygen-binding
ability were comparable to their in vivo
counterparts (Heshusius et al. 2019). Production
of clinical-grade RBCs along with their expan-
sion was achieved from CB-CD34+ cells by
in vitro stimulus using cytokines followed by
expansion on CB-derived MSCs (Baek et al.
2008). The in vitro culture duration of obtaining
RBCs from HSCs was accelerated by 3 days on
supplementing TGF-β1 during the terminal

erythroid maturation step (Kuhikar et al. 2020).
Functional erythrocytes on a large scale were
obtained from CB-CD34+ cells ex vivo using a
bottle-turning device culture method. About
200 million erythrocytes with more than 90%
positivity for RBC marker CD235a could be
obtained from one CB-CD34+ cell. Safety and
efficacy studies were validated on murine and
non-human primate model, and therefore, this
approach can provide an alternative to the tradi-
tional transplants in clinics (Zhang et al. 2017).

6 Efficient Cryopreservation of In
Vitro Generated Differentiated
Blood Cells Is Crucial for Their
Therapeutic Use

There are some reports in the literature that
attempt to achieve optimal cryopreservation of
specialized blood cells from HSCs that can be
taken to clinical trials. Different freezing agents
and methods have been employed for the pur-
pose; however, DMSO still remains the most
widely used cryoprotectant (Li et al. 2019). A
DC-based cellular vaccine derived from
CB-CD34+ cells for use as immunotherapy for
esophageal cancer displayed effective cryopreser-
vation in 2.5% DMSO, 2.5% glucose, and 10%
FCS. The thawed cellular vaccine maintained
viability, immunophenotype, T cell activation,
and specific cytotoxic T lymphocyte activity
(Yu et al. 2016). Balan et al. demonstrated that
both fresh and frozen units of UCB could gener-
ate DCs with equivalent morphological and func-
tional characteristics (Balan et al. 2010). Similar
findings were reported in the context of freezing
NK cells derived from CB-CD34+ cells, where
the cells did not show diminished morphological
or functional attributes upon thawing (Domogala
et al. 2016). Surprisingly, Luevano et al. observed
that cryopreserved units of CB-CD34+ cells gave
rise to a higher number of NK cells without
compromising their functionality after differenti-
ation in vitro, when compared to their freshly
isolated counterparts from mobilized PB or CB
(Luevano et al. 2014). In another preclinical
study, a commercial solution, CryoStor,
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containing 10% DMSO was used to cryopreserve
CB-CD34+ cell-derived MKs. The results
indicated an efficient MK recovery and platelet
production post-thaw (Patel et al. 2019).

Mobilized peripheral blood HSCs
demonstrated comparable viability, i.e., > 95%,
and functionality when cryopreserved either for
5 weeks or for 10 years in 5% DMSO as the
freezing agent (Abbruzzese et al. 2013). For
autologous or allogenic transplants, units of BM
or PB are usually collected just before a planned
infusion; hence, they seldom undergo a long-term
storage before use. On the other hand, UCB units
need a long-term storage as their use depends on
the demand for an allogenic HLA-matched trans-
plant (Watt et al. 2007). Thus, its efficient cryo-
preservation is of prime importance if these cells
need to be explored for clinical applications. In a
fresh unit of UCB, cells are viable for a maximum
of few days when stored at 4 �C. Cryopreserva-
tion increases its availability by providing easy
transport and enhancing its shelf life. Dimethyl
sulfoxide (DMSO) has been the most commonly
used freezing agent for cryopreservation of HSCs
(Hornberger et al. 2019). DMSO in the range of
7.5–10% was found to be optimal for cryopreser-
vation of UCB cells when added not more than
1 h before freezing and washed out before 30 min
post-thaw (Fry et al. 2015). In addition, 5%
DMSO with 6% pentastarch and 25% human
albumin were found to cryopreserve
UCB-MNCs in a better way, as compared to
10% DMSO alone (Hayakawa et al. 2010). Inclu-
sion of trehalose – a membrane stabilizer and
catalase – an antioxidant to the 10% DMSO
freezing mixture significantly enhanced recovery
of UCB-HSCs post-thaw (Limaye and Kale 2001;
Sasnoor et al. 2005). Mitchell et al. monitored the
recovery of total nucleated cells post-thaw in
UCB units stored for a long time and did not
find a difference in cell recovery after a storage
period of 10 years (Mitchell et al. 2015). Hence,
UCB cells can be effectively stored in DMSO-
containing freezing media with a minimal loss of
viability for longer duration as well (Jaing et al.
2018). Ice recrystallization during freezing has

been one of the major causes of damage to the
recovery of UCB progenitors. Use of ice recrys-
tallization inhibitor (IRI)-N-(2-fluorophenyl)-D-
gluconamide during freezing improves the per-
centage of engraftable cells post-thaw (Jahan
et al. 2020). In an attempt to find alternatives to
DMSO, so as to avoid the toxicity associated with
it, compounds like pentaisomaltose – a
carbohydrate –were used and found to effectively
cryopreserve UCB stem cells, when compared to
DMSO (Svalgaard et al. 2016).

7 Future Prospects of Stem
Cell-Derived Differentiated
Cells in Therapeutics

Blood cells obtained by apheresis (enriched in
HSCs) are already applied therapeutically in
autologous and allogenic settings. However, use
of specialized cells generated in vitro from the
HSCs is still at an early stage of research and
preclinical studies. The field of regenerative med-
icine and transplantation is in dire need of alter-
native and novel sources and methods that can
yield a large number of functional blood cells
needed for therapeutic purposes. Recent attempts
aim at producing a large-scale generation of
differentiated cells from HSCs as well as PSCs
for their application in regenerative medicine, and
immunotherapies have shown promising results
and hence can soon lead to their clinical
applications (Xue and Milano 2020). However,
before these methodologies can be applied clini-
cally, strict ethical regulations and guidelines
need to be formulated so as to channelize their
use for transplant purposes (Kline and Bertolone
1998).
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Abstract

Improvements in stem cell-based research and
genetic modification tools enable stem cell-
based tissue regeneration applications in clini-
cal therapies. Although inadequate cell num-
bers in culture, invasive isolation procedures,
and poor survival rates after transplantation
remain asmajor challenges, cell-based therapies
are useful tools for tissue regeneration.

Organoids hold a great promise for tissue
regeneration, organ and disease modeling,
drug testing, development, and genetic
profiling studies. Establishment of 3D cell cul-
ture systems eliminates the disadvantages of
2D models in terms of cell adaptation and
tissue structure and function. Organoids pos-
sess the capacity to mimic the specific features
of tissue architecture, cell-type composition,
and the functionality of real organs while pre-
serving the advantages of simplified and easily
accessible cell culture models. Thus, organoid
technology might emerge as an alternative
to cell and tissue transplantation. Although
transplantation of various organoids in animal
models has been demonstrated, liöitations

related to vascularized structure formation,
cell viability and functionality remain as
obstacles in organoid-based transplantation
therapies. Clinical applications of organoid-
based transplantations might be possible in
the near future, when limitations related to
cell viability and tissue integration are solved.
In this review, the literature was analyzed and
discussed to explore the current status of
organoid-based transplantation studies.
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1 Introduction

The first use of the word “organoid” in the litera-
ture was in a case study about cystic teratoma
(Smith and Cochrane 1946) which defined the
histological properties such as glandular organi-
zation observed in tumors. After development of
the first intestinal organoids (Sato et al. 2009), the
term has become more specific to self-organizing
organ-like in vitro structures. Afterward, the defi-
nition of the term “organoid” has evolved into
structures which resemble an organ (Huch and
Koo 2015; Clevers 2016). Some criteria need to

be presented in these structures for the characteri-
zation of an organoid (Lancaster and Huch 2019).

These characteristics include:

(i) A three-dimensional (3D) structure, which
consists of cells to create or maintain the
identity of the modeled organ

(ii) Multiple functional cell types of the desired
organ

(iii) Self-organization inside the complex
structure

Because organoids represent organ features
in vitro, they are crucial tools to investigate
organogenesis, homeostasis, adult organ repair,
and disease mechanisms (Lancaster and Huch
2019) (Fig. 1). Organoids can be generated from
pluripotent stem cells (PSCs), embryonic stem
cells (ESCs), tissue-resident adult stem cells
(ASCs) (Huch and Koo 2015), and cancer cells
(Kim et al. 2019a). Human and mouse PSCs were
used to generate brain (Mansour et al. 2018),
retina (Volkner et al. 2016; Eiraku et al. 2011),
intestine (Spence et al. 2011), inner ear
(Longworth-Mills et al. 2016), stomach
(McCracken et al. 2014), thyroid (Kurmann
et al. 2015), liver (Takebe et al. 2013), lung
(Dye et al. 2015), and kidney (Song et al. 2013)
organoids. PSCs have been used for in vitro stud-
ies for a long period of time due to their limitless
proliferation and differentiation potential.
Although ASCs have limited proliferation and
differentiation potential, they became popular in
research and therapy thanks to easy isolation
procedures and less ethical concerns (Lo and
Parham 2009; Sridhar and Miller 2012). Utility
of leucine-rich repeat-containing G-protein-cou-
pled receptor expressing (Lgr5+) stem cells of
murine intestine is a leap in ASC-based organoid
generation (Sato et al. 2009; Barker et al. 2007),
and this achievement has led to development of
the technology and brought a requirement for
modified growth culture conditions. Continuous
organoid cultures of adult tissues displaying
structural and functional similarities to original
organ tissue have been developed by simulating
in vivo niche environment. Generation of intesti-
nal organoids from Lgr5+ intestinal stem cells
was performed in Matrigel dome surrounded by
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organoid media, supplemented with epidermal
growth factor (EGF), Wnt-3, R-spondin, and
Noggin (Barker et al. 2007). The achievement of
ASC-derived intestinal organoid development
paved the way for the generation of various
human and murine ASC-derived organoids such
as stomach (Barker et al. 2010), colon (Sato et al.
2011), liver (Huch et al. 2015; Huch et al. 2013a),
lung (Frank et al. 2016), prostate (Drost et al.
2016; Karthaus et al. 2014), pancreas (Huch
et al. 2013b), ovaries (Kessler et al. 2015), endo-
metrium (Boretto et al. 2017), mammary gland
(Sachs et al. 2018), taste buds (Ren et al. 2014),
and epithelium (Rock et al. 2009; Hisha et al.
2013) through the modifications of culture
conditions. These achievements enhanced the
potential of organoid-based transplantation ther-
apy in clinics to improve personalized medicine
and advance regenerative medicine applications
in the near future.

2 Requirement of Organoids

Human disease and developmental processes are
regulated by complex molecular and cellular

events that are difficult to understand and directly
implement (Jackson and Lu 2016). In vitro cellu-
lar systems that are capable of replacing model
organisms are of interest in recent years. Because
disease pathophysiology is controlled by several
components at the cellular, tissue, and systemic
level, more reliable research tools need to be
established to support the development of preven-
tive and therapeutic strategies (Mallo et al. 2010).

Development in stem cell culture technology
has enabled the establishment of organoid culture
systems as a multicellular and functional 3D
tissue-like structures (Eiraku et al. 2011). Latest
researches have shown that organoids are not
only used to model organ and disease develop-
ment but also allow a wide range of applications
in basic research (Sato et al. 2009), drug discov-
ery (Zhou et al. 2017), regenerative medicine
(Shirai et al. 2016), and gene therapy in
personalized medicine (Walsh et al. 2016)
(Fig. 1). Although animal models are employed
in research to mimic human physiology,
completely similar disease pathology between
animal and human is required for identification
of the true response to treatments and molecular
mechanism. In addition, access to high number of

Fig. 1 A scheme of organoid formation and application.
In vitro organoid generation is performed by using embry-
onic or patient-derived stem cells. Functional and mature

organoids can be utilized for drug screening and investi-
gation of novel mutations or infectious diseases
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animals and ethical problems are important
considerations for in vivo research. Therefore,
organoids as an emerging technology might be
preferred to replace animal models in practical
drug discovery process (Miranda et al. 2018). A
close resemblance of organoids to human tissues
and organs is the major advantage for cell-based
therapy and transplantation research. Successful
expansion of various organoids such as intestine
(Spence et al. 2011; Jung et al. 2011), prostate
(Gao et al. 2014), and liver (Takebe et al. 2013)
shows promise for the use of biologically similar
organoid groups in autologous and allogeneic cell
therapy approaches (Van De Wetering et al.
2015). Furthermore, combining organoid
research with new gene editing tools such as
clustered regularly interspaced short palindromic
repeats (CRISPR)/CRISPR associated protein
9 (Cas9) might facilitate the easy genetic manip-
ulation before autologous transplantation.
Although organoids hold great promise in cell
transplantation field, problems related to efficacy,
safety, and immunogenicity still exist (Daviaud

et al. 2018). Ex vivo expanded ASC-derived
organoids can differentiate into almost all cellular
lineages found in the relevant organ and maintain
their organ identity as well as the genome stabil-
ity. This feature might ease the generation of
protocols for allogeneic cell therapies as an
unlimited source for tissue replacement (Yang
et al. 2017).

While simple models like 2D-monolayer
cultures have advantages, lack of cell-cell and
cell-matrix interactions, which are necessary to
form tissue phenotypes, is a major restriction to
mimic the cellular functions and signal pathways
(Kim et al. 2019b) (Table 1). The most significant
disadvantage of existing model systems is the
large gap between cellular and tissue models
(Yin et al. 2016). Organoids, representing a
wide variety of 3D tissue models, have been
used in filling this gap between cell culture and
in vivo experiments over the last decade (Jee et al.
2019a). Certain features of 3D architecture such
as cell-type composition and function can be
applicable in organoid models (Hyun 2017) and,

Table 1 Comparison of 2D and 3D cell culture systems

2D cell culture 3D cell culture (model organism)

Advantages Disadvantages
The cell culture period takes a short time (Chen et al. 2012) The cell culture period takes a few days (Chen et al. 2012)
The cell culture protocols are easy to elucidate
experimentally (Hickman et al. 2014)

The cell culture protocols are difficult to elucidate
experimentally (Hickman et al. 2014)

Basic cell culture protocols are easy to establish (Hickman
et al. 2014)

The cell culture protocols and organoid formation steps
are difficult to establish (Hickman et al. 2014)

There is a high reproducibility in cell culture setup
(Hickman et al. 2014)

Reproducibility of culture setup is low (Hickman et al.
2014)

Cells have unlimited access to essential products such as
oxygen, nutrient, and signaling molecules (Frieboes et al.
2006).

Cells have variable access to essential products such as
oxygen, nutrient, and signaling molecules (Frieboes et al.
2006)

Cell culture materials are inexpensive (Krishnamurthy and
Nör 2013)

Cell culture materials are expensive (Krishnamurthy and
Nör 2013)

The culture process has commercially available tests for
validation (Krishnamurthy and Nör 2013; Weiswald and
Bellet 2015)

The culture process has fewer commercially available
tests for validation (Krishnamurthy and Nör 2013;
Weiswald and Bellet 2015)

Disadvantages Advantages
The cell culture does not simulate natural structure of
tissues (Bokhari et al. 2007)

The cell culture simulates the in vivo 3D form of tissues
and organs (Bokhari et al. 2007)

The protocols lack the cell-to-cell and cell-to-matrix
interactions (Gilbert et al. 2010)

The protocols have convenient interactions of the cell to
cell and cell to matrix (Gilbert et al. 2010)

Only in vitro utilization of molecular mechanism, such as
gene expression and mRNA splicing, is available (Li et al.
2006; Gómez-Lechón et al. 1998)

Utilization of in vivo gene expressions, splicing, and
biochemistry of cells is also possible (Li et al. 2006;
Gómez-Lechón et al. 1998)
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therefore, offer an opportunity for a variety of
biological and biomedical applications.

3 Organoid Models for Tissue
Transplantation
and Applications

3D cell culture systems have been popularized in
recent years due to the disparities of 2D models in
terms of tissue modeling and architecture
(Table 1). Organoids, which possess the structural
and functional properties of the original organs
in vitro, have shed light to principles of organ
biology and grant researchers an accessible sys-
tem to study on the processes of organogenesis
and morphogenesis. Organoid technology has
been evolved and put in use in transplantation
and regenerative medicine (Table 2). The first
organoid model generated by using ASCs was
intestinal organoids created by Sato et al. in
2009 with Lgr5+ mouse intestinal stem cells
(Sato et al. 2009). Numerous human and murine
organoid models were derived from ASCs, ESCs,
and induced pluripotent stem cells (iPSCs) so far
(Khalil et al. 2019) (Table 2). In this section,
organoid models for disease research and trans-
plantation studies were reviewed based on the
literature.

Organoid systems can reflect various
characteristics of tissues and organs both in vitro
(Huch and Koo 2015; Garcez et al. 2016; Sun
et al. 2019; Xie et al. 2018; Ren et al. 2020) and
in vivo (Mansour et al. 2018; Takebe et al. 2013;
Yui et al. 2012; Varzideh et al. 2019) as a model
system. Successful transplantation of such model
systems into living organisms might enhance
insights for disease pathology and organ regener-
ation and replacement. Animal model
experiments to assess the clinical utility and
potency of organoid transplantation demonstrated
that organoids are promising sources for cell ther-
apy and regenerative medicine applications.
Assawachananont et al. reported that when pro-
gressive retinal degradation mouse model,
lacking outer nuclear layer (ONL), was
transplanted with retinal sheet organoids, derived
from mouse ESCs and mouse iPSCs, ONL

structure with mature photoreceptors was formed
from the graft and integration of the
photoreceptors to host bipolar cells via
synaptogenesis was observed (Eiraku et al.
2011; Assawachananont et al. 2014). Further-
more, retinal organoids derived from human
ESCs were engrafted into retinal degradation
models of immunodeficient rats and monkeys
and resulted in the generation of various retinal
cell types and ONL with mature photoreceptors.
Contact between the graft photoreceptor with the
host bipolar cells, possibly with synaptic
connections, was also observed after
transplantations (Shirai et al. 2016). Moreover,
experiments for functional evaluation of mouse
iPSCs-derived retinal sheet transplantation in
advanced retinal degradation mouse model
indicated that dendrites of bipolar cells of the
host reached into the graft and these mice
responded to light (Mandai et al. 2017). Aside
from these studies, transplantation of several
other organoids, including intestine (Khalil et al.
2019), kidney (Nam et al. 2019), and liver (Huch
et al. 2013a), into the animal models was also
reported.

Animal models and transplantation area are
two important factors for efficient transplantation.
Different animal hosts have been used in
organoid transplantation studies. Non-obese dia-
betic/severe combined immune-deficient
(NOD/SCID) mice (Takebe et al. 2013; Sun
et al. 2019), NSG (NOD/SCID gamma) mice
(Tan et al. 2017), Sprague-Dawley rats (Song
et al. 2013), and C57Bl/6 mice (Boj et al. 2015;
O’Rourke et al. 2017) have been used as trans-
plantation host for organoid research. In addition,
specialized mouse models, including Rag2�/�

mice (Yui et al. 2012) to avoid immune rejection,
male athymic nude rats (Xinaris et al. 2012)
which have less T cells in the periphery, type
1 fulminant diabetic mouse model (Takebe et al.
2015), and Athymic Nude-Foxn1nu mice (Santos
et al. 2019) which do not have T cells and graft-
versus-host response, have been used for specific
organoid transplantations.

Transportation of nutrients and oxygen to the
tissue and removal of waste materials are required
for the proliferation of cells indide the tissue. The
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Table 2 Organoid transplantation models for different tissues

Tissue Source Models References

Brain Human ESCs
Human iPSCs
Patient skin fibroblasts

Cancer
Infectious disease
Autism
Microcephaly

Mansour et al. (2018), Daviaud et al. (2018), Ogawa
et al. (2018), Pollen et al. (2019), Mariani et al. (2012),
Mariani et al. (2015), Lancaster et al. (2013)

Lung Human ESCs
Human iPSCs
Mouse fetal pulmonary
cells
Mouse basal cells

Cancer
Infectious disease
Cystic fibrosis
Regeneration
Fibrotic pulmonary
disease

Clevers (2016), Kim et al. (2019a), Dye et al. (2015),
Rock et al. (2009), Tan et al. (2017), Sachs et al.
(2019), Takahashi et al. (2019), Chen et al. (2017)

Stomach Mouse/human
Adult tissue
Mouse/human ESCs
Human iPSCs

Cancer
Infectious disease

McCracken et al. (2014), Barker et al. (2010), Nanki
et al. (2018), Wroblewski et al. (2009), Yan et al.
(2018), Bartfeld et al. (2015)

Pancreas Mouse/human
Adult tissue

Cancer
Diabetes mellitus

Huch et al. (2013a), Boj et al. (2015), Huang et al.
(2015), Raimondi et al. (2020), Dorrell et al. (2014),
Loomans et al. (2018), Hindley et al. (2016)

Liver Human iPSCs
Mouse adult tissue
Human adult tissue

Cancer
Rare disease,
diagnosis
Hepatitis

Takebe et al. (2013), Huch et al. (2013a), Boj et al.
(2015), Broutier et al. (2016), Broutier et al. (2017),
Elbadawy et al. (2020)

Intestine Adult tissue
Mouse/human
ESCs
Human iPSCs

Cancer
Cystic fibrosis
Infectious disease
Regeneration
Alagille syndrome
Steatosis
Alcohol-related
liver disease

Sato et al. (2009), Spence et al. (2011), Barker et al.
(2007), Huch et al. (2015), Cortez et al. (2018),
Finkbeiner et al. (2015), Schwank et al. (2013),
Fatehullah et al. (2016), Hindley et al. (2016),
Finkbeiner et al. (2012), Cao et al. (2015), Dekkers
et al. (2013), McCracken et al. (2011), Mustata et al.
(2013), Wang et al. (2019)

Colon Adult tissue
Mouse/human
iPSCs

Cancer
Bowel disease
Regeneration

Clevers (2016), Barker et al. (2007), Sato et al. (2011),
Van De Wetering et al. (2015), Yui et al. (2012),
Matano et al. (2015), Michels et al. (2020)

Kidney Human iPSCs
Human adult tissue

Cystic fibrosis
Regeneration
Cancer
Renal disease
Congenital
nephrotic
syndrome (NPHS1)

Takasato et al. (2015), van den Berg et al. (2018),
Freedman et al. (2015), Jun et al. (2018), Schutgens
et al. (2019), Hale et al. (2018), Peters and Breuning
(2001)

Bladder Mouse/human adult
tissue

Cancer Santos et al. (2019), Mullenders et al. (2019), Vasyutin
et al. (2019), Lee et al. (2018)

Fallopian
tube

Human adult tissue Cancer
Infectious disease

Kessler et al. (2015), Kopper et al. (2019), Maenhoudt
et al. (2020)

Breast Human adult tissue Cancer Sachs et al. (2018), Rosenbluth et al. (2020)
Prostate Mouse and human

Adult tissue
Fetal pancreatic tissue

Cancer
Pancreatic ductal
adenocarcinoma
(PDAC)

Drost et al. (2016), Karthaus et al. (2014), Gao et al.
(2014), Chua et al. (2014), Balak et al. (2019)

Retinal Mouse ESCs
Mouse iPSCs

Retinal
development
Leber congenital
amaurosis (LCA)
X-linked juvenile
retinoschisis

Singh et al. (2015), Shimada et al. (2017), Gao et al.
(2020), Huang et al. (2019)

(continued)
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content of the culture medium, transport of this
content to the cells, and the amount of the oxygen
in the incubator environment are important
factors for 2D and 3D cell culture in vitro. From
this perspective, transplanted organoids must be
supported by the host and newly generated
vessels. The host system must provide signals
for survival, maturation, differentiation, function
(Watson et al. 2014), and/or cellular polarity
(Vargas-Valderrama et al. 2020) of organoids at
the transplantation site (Dye et al. 2016). There-
fore, being disconnected to the vascular circula-
tion has been one of the major limitations of
organoid transplantation (Shi et al. 2020). It has
been reported that transplantation of organoids
into vascularized areas, especially under the kid-
ney capsule (Nam et al. 2019; Xinaris et al. 2012)
or the frontoparietal cortex (Daviaud et al. 2018),
facilitates the spread of vascular structures to
newly engrafted organoids. Two different
organoid engraftment types have been used:
orthotopically, indicating the transplantation into
a similar field with the native environment (Song
et al. 2013; Boj et al. 2015), and ectopically,
indicating the transplantation into different fields
from the native environment (Tan et al. 2017;
Takebe et al. 2015). In both cases, viability after
transplantation is the serious issue for replacing
the tissue function by organoids. Insufficiency or
absence of vascularization causes impaired

transfer of nutrients and subsequent death of
organoids (Vargas-Valderrama et al. 2020; Shi
et al. 2020; Cakir et al. 2019). It was reported
that organoids are exposed to hypoxia due to the
lack of vascularization and results in necrosis
which prevents the development of cellular orga-
nization (Giandomenico and Lancaster 2017).
Although the host system provides the vasculari-
zation mainly after organoid transplantation, inte-
gration of endothelial cells into organoid models
increases the survival of organoids which was
shown in a previous study. Takebe et al. showed
that human vascular structure inside the
organoids increased the maturation of liver buds
via the connection with host vasculature (Takebe
et al. 2013). Because organoids are composed of a
large number of cells, accessibility of the required
materials from external blood vessels might be
limited. Takebe’s transplantation model which is
called organ-bud transplantation (Takebe et al.
2013) overcomes this problem. In this technique,
the liver organoids have been generated within a
system that contains human umbilical vein endo-
thelial cells, human mesenchymal stem cells, and
human iPSCs-derived hepatic endoderm cells to
facilitate the establishment of vascular structure
within the host tissue and enhance the survival
and penetrance of engraftments. Endothelial cell
proliferation and development of vasculature
have been accomplished in many studies (Takebe

Table 2 (continued)

Tissue Source Models References

Retinitis
pigmentosa

Salivary
gland

Primary mouse cell Hyposalivation Nanduri et al. (2014)

Cortical Human ESCs, human
iPSCs, human
endothelial cells

Development
Microcephaly
Miller-Dieker
syndrome

Shi et al. (2020), Cakir et al. (2019), Iefremova et al.
(2017), Lancaster et al. (2013)

Esophagus Mouse adult tissue
Human adult tissue

Barrett’s esophagus
Esophageal atresia
Cancer

Sato et al. (2011), DeWard et al. (2014), Li et al.
(2018), Fantes et al. (2003)

Human
adult
tissue

Adult tissue-specific
stem cells

Cystic fibrosis
Host-pathogen
interactions
Chronic
helicobacter
infection

Dekkers et al. (2013), Leslie and Young (2016),
Salama et al. (2013)
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et al. 2013; Varzideh et al. 2019; Tan et al. 2017;
Sharmin et al. 2016). Apart from endothelial cell
incorporation into the organoids, direct differenti-
ation of PSCs into the desired organoid might
generate vascular like structures as a result of
their pluripotent nature. Takasato and colleagues
demonstrated that differentiation of iPSCs to the
kidney organoids resulted in endogenous endo-
thelial cell formation (Takasato et al. 2015). In
another study, 28 days after transplantation under
the renal capsule of mice, kidney organoids were
vascularized progressively and matured into a
glomerular form (van den Berg et al. 2018).

Cortez et al. showed that human intestinal
organoids that are transplanted into the mesentery
of mice are maintained by the splanchnic circula-
tion through the mesenteric vessels of the host
(Cortez et al. 2018). In another study, vascular
cortical organoids were transplanted into the S1
cortex of NOD-SCID mice. Presynaptic and post-
synaptic proteins SYB2 and PSD95, respectively,
were positively expressed at the host-graft border
within 60 days after transplantation.
Colocalization of markers indicated a synaptic
connection between the graft and the host. The
distinction of the organoids from host cells has
been demonstrated by staining of human nuclear
protein (HUN) and laminin. Two months after
implantation, HUVEC-derived HUN+ endothelial
cells and mouse HUN� endothelial cells
coexisted in the blood vessels of organoid graft.
Myelin basic protein (MBP) and HUN staining
have shown myelinization at the graft-host
borders. It has also been reported that the myelin-
ated fibers observed in the organoid graft were
derived primarily from the host’s brain and are
located only at the implantation border (Shi et al.
2020). Similarly, Mansour et al. transplanted GFP
+ organoids into the mice brain, and GFP+
neurites were spread from organoids inside to
the host brain on the 50th day after transplanta-
tion. Specifically, axonal growth was found not
only in the grafted area but also in the rostral
region of the host. These results showed that
transplanted organoids can generate long axonal
projections to distant targets in the host brain. In
addition, the relationship between synaptic
human axon and host brain demonstrated that

synaptophysin+ structures were colocalized with
GFP+ fibers in the host cortex 90 days after
transplantation. Host-derived vascular network
was demonstrated by the presence of mouse-
specific CD31 staining. Collectively, these results
showed the importance of organoid and the host-
tissue relationship after transplantation and the
importance of new vessel formation in the trans-
plantation area, which is one of the most impor-
tant reasons for the maturation and functionality
of the organoids (Mansour et al. 2018).

As mentioned above, although organoid trans-
plantation models showed promising results,
there are reports demonstrating the insufficient
tissue integration of organoids and lack of vascu-
larization and dysfunction after transplantation.
Nam and colleagues showed that human iPSCs-
derived kidney organoids were transplanted
under the kidney capsule of NOD/SCID mice
and survived for up to 42 days. Even though
kidney organoids managed to survive, they
remained as small-sized, partially vascularized,
and lacked nephron-like tubule formation (Nam
et al. 2019). Apart from unsuccessful models,
kidney organoids generated from both human
ESCs and human iPSCs without adding any
growth factor survived in the sub-renal capsule
of NOD/SCID mice, formed glomerular and tubu-
lar structures, and induced glomerular vasculari-
zation by secreting organoid-derived vascular
endothelial growth factor (VEGF) (van den Berg
et al. 2018). This organoid transplantation model
can therefore be preferred for understanding the
mechanism of glomerulus-derived kidney
diseases and screening nephrotoxicity of drugs.

In a previous study, liver organoids generated
from human iPSCs became functional by connec-
tion of the host’s vascular structure within 48 h
after ectopic transplantation into the mesentery of
mice. Functional liver-like tissue exhibiting the
maturation signs, including production of human
albumin, whose secretion into the bloodstream of
mice was observed approximately 10 days after
the transplantation and recorded up to day 45, and
control of the drug metabolism, was achieved
(Takebe et al. 2017). This study is an important
report for the formation of a functional human
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organoid using human PSCs which created
vessels in the host tissue.

The functionality of the transplanted organoids
is one of the most important criteria for the future
regenerative medicine applications. In another
study, salivary gland organoids (salispheres),
derived from human submandibular gland stem
cells, were placed into the neck of mice 1 month
after the irradiation, which mimics the condition
of hyposalivation. In the irradiated environment,
α-amylase, aquaporin 5, and cytokeratin, which
are markers of salivary gland, were expressed on
the surface of salispheres, and saliva production
was restored in the organoid transplanted group
compared to the control group (Pringle et al.
2016). These promising results have a potential
for the treatment of dry mouth due to diabetes,
heart attack, and chronic xerostomia. Two differ-
ent organoid transplantation models related to
lung regeneration have been reported. Human
lung organoids, produced from human ESCs, in
the poly(lactide-co-glycolide) (PLGA) scaffolds
were injected into the NSG mice’s epididymal fat
pad which is highly vascularized and suitable for
large transplantations. After 8 weeks of transplan-
tation, human lung organoids expressed lung epi-
thelium marker, Nkx2.1, produced mucin, and
showed the alveolar-like branching characteristics
as well as similar gene expression pattern with the
mature lung. Furthermore, human lung organoids
created adult airway-like epithelium and
differentiated into basal, goblet, ciliated, and club
cells. Besides, the transplantation area was highly
vascularized and surrounded by smooth muscle
actin-positive (SMA+) myofibroblasts and mesen-
chymal cells, similar to the adult airway (Dye et al.
2016). In the second model, bud-type progenitor
organoids were differentiated from lung progenitor
cells in 22 days and were transplanted into mice
after naphthalene-induced airway injury. The
injured airway of mice began to heal and produced
mucin within 6 weeks after ectopic transplantation
(Miller et al. 2018). Both studies have remarkable
regenerative outcomes for lung diseases or people
who suffered from airway damage such as mining
workers.

Organoid transplantation systems are often
used in cancer modeling experiments which is

one of the most important fields for molecular
mechanism analysis and drug discovery.
Organoids generated from healthy tissues are
utilized to model cancer by inducing cancer-
causing gene mutations such as nth-like DNA
glycosylase-1 (NTHL1) (Weren et al. 2015),
KRAS, and adenomatous polyposis coli (APC)
(Drost et al. 2015; Matano et al. 2015). The first
example for organoid-based cancer modeling
through transplantation is intestinal organoid
systems to mimic colorectal cancer. This model
was created by altering the expression of APC,
SMAD4, tumor protein p53 (TP53), and KRAS
genes in intestinal stem cells using CRISPR/Cas9
technology. Knockout of aforementioned genes
resulted in adenoma formation in the organoid
systems after transplantation under the kidney
subcapsule. These tumoroids exert colorectal can-
cer characteristics, form micro-metastases after
injected into the mouse spleen, and showed can-
cer cell markers like aneuploidy and chromo-
somal instability (Drost et al. 2015; Matano
et al. 2015).

Following the direct reprogramming of
fibroblasts by ectopic expression of forkhead
box A3 (FOXA3), hepatocyte nuclear factor
1 alpha (HNF1A), hepatocyte nuclear factor
4 alpha (HNF4A) genes, and liver organoids
were formed in vitro (Huang et al. 2014). Cancer
was induced by Ras and c-Myc genes in order to
observe the initial stages of intrahepatic
cholangiocarcinoma and hepatocellular carci-
noma, respectively. In vitro conversion of liver
organoids into both intrahepatic cholangio-
carcinoma and hepatocellular carcinoma
organoids resulted in the formation of liver cancer
in NOD/SCID mice, when transplanted
orthotopically into the liver capsule. In this
study, Ras- and c-Myc-induced cancer modeling
represented an organoid system which is suitable
for genetic manipulation-based cancer models
(Sun et al. 2019).

Apart from cancer models, organoid systems
are useful tools for generation of organogenesis
models and their use for regenerative medicine
purposes. Organoids are useful tools to study
specific organ development and their regenerative
potential, disease modeling, and drug testing.
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Finkbeiner and colleagues demonstrated that
immature fetal intestinal organoids, transplanted
under kidney capsule, exerted fetal to adult devel-
opment process in vivo. Briefly, human PSCs-
derived intestinal organoids expressed fetal intes-
tine markers initially and produce adult intestinal
enzymes such as trehalase, lactase, and maltase
glucoamylase followed by transplantation under
the kidney capsule of mice (Finkbeiner et al.
2015). Similar to the adult intestine, organization
of the cells expressing SMA and platelet-derived
growth factor receptor alpha (PDGFRα) was
observed in the transplanted area. Thus, it could
be assumed that unknown adult signals can trigger
the fetal to adult conversation of transplanted
organoids inside the body. Another study has
shown that colon organoids can be formed from a
single stem cell in vitro, the epithelial barrier of the
colon was completely restored, and functional
crypts were formed after transplantation into the
damaged colonic lumen of mice (Yui et al. 2012).
These two examples revealed that organoid trans-
plantationmight have recovery ability, whichmight
make them a useful tool in the tissue regeneration
field such as the treatment of damaged or dysfunc-
tional organs, deep burns characterized by loss of
skin and muscles, and autoimmune disorders.

One of the most important models for
organoid research is brain organoids, and their
transplantation for tissue regeneration might be
important for treatment of neurodegenerative
disorders. Transplantation of cerebral organoids
generated from human PSCs is successfully
integrated into the host tissue and differentiated
into the neuronal lineages. As a result, transplan-
tation into the lesioned frontoparietal cortex
increased survival and showed robust vasculari-
zation, indicating the hope in replacement therapy
for progressive central nervous system (CNS) and
neurodegenerative diseases (Daviaud et al. 2018).
Similarly, Mansour and colleagues reported that
intracerebral engraftment of human PSCs-derived
cerebral organoids into the mouse brain
demonstrated successful vascularization, neuro-
nal differentiation and maturation, integration
into the host tissue by synapses, and functional
neuronal activity in the graft in response to
stimuli (Mansour et al. 2018).

The ability of organoids to mimic a real tissue
or a disease was enhanced with the help of devel-
oping technology. Assembloids can be defined as
a new generation 3D brain organoids, which con-
sist of multiple cell lineages, and are useful to
study various cellular interactions or even neuro-
logical disorders such as epilepsy or autism
(Pasca 2019; Marton and Pașca 2020; Birey
et al. 2017). In a previous study, successful com-
bination of striatum and midbrain organoids for
reliable screening of glutamatergic and dopami-
nergic neurons was conducted (Pasca 2019).
Wörsdörfer et al. developed a technique based
on the co-culture of neural and mesodermal pro-
genitor cell organoids to visualize the vasculari-
zation of the brain (Wörsdörfer et al. 2020).
Furthermore, retinal and brain assembloids were
used for development of better drug strategies for
numerous retinal diseases such as glaucoma and
macular degeneration (Gopalakrishnan 2019;
Singh and Nasonkin 2020).

Sweat-gland organoids were transplanted on
the injured dorsal thoraco-lumber region of mice
and contributed to the regeneration of the epider-
mis and sweat gland, indicating the skin regener-
ation potential (Diao et al. 2019). Elbadawi et al.
indicated that human airway organoids can be
used as a specific tool to develop new therapeutics
against SARS-CoV-2. They cultured airway
organoids with SARS-CoV-2 and co-cultured
with macrophages in order to understand the
interactions of the viruses with the immune sys-
tem on a small scale (Elbadawi and Efferth 2020).
Cytokines secreted from macrophages in
response to SARS-CoV-2 infection would be a
hope for patients with cytokine release syndrome.
Miller et al. showed that lung organoids and
bud-type organoids, generated from human plu-
ripotent stem cells in 3D culture model, were used
to understand epithelial cell fate decision and
epithelial mesenchymal crosstalk, respectively.
Moreover, therapeutic properties of these
organoid models were shown against ciliopathies,
cystic fibrosis, or the process of goblet cell hyper-
plasia (Miller et al. 2019). Therefore, utilization
of organoids which have distinctive features
provides suitable models in the tissue transplanta-
tion in the future.
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A cardiac organoid transplantation model was
established using human ESCs with organ-bud
technique within polylactic acid scaffolds.
Varzideh and colleagues heterotopically
transplanted the cardiac organoids into the perito-
neal cavity of mice. Histological findings and
function analysis showed that cardiac organoids
triggered new vessel formation and maturation
after 28 days. Cardiomyocyte fibril ultrastructure
with high expression of genes related to vascular-
ization and contraction was observed (Varzideh
et al. 2019). Therefore, these organoid transplan-
tation models might be a hope for treatment of
cardiovascular diseases.

Furthermore, genetic modifications of
organoids serve an opportunity to study genetic
disorders, cancer, and gene therapy approaches.
Organoid transplantation models are useful in the
diagnosis and treatment of progressive and
chronic rare genetic disorders (Huch and Koo
2015; Yui et al. 2012; Iefremova et al. 2017). In
a previous research, CRISPR-Cas9 system was
utilized for intestinal organoids from patients
with cystic fibrosis to treat the disease by gene
correction. Adult intestinal stem cells, harboring
the ΔF508 mutation in the cystic fibrosis trans-
membrane conductance regulator (CTFR) locus,
were obtained from the patients with cystic fibro-
sis. After collecting intestine samples, Lgr5-
expressing stem cells were sorted and the muta-
tion in the CTFR locus was corrected with
CRISPR-Cas9 technology. Organoids obtained
from both small and large intestines were devel-
oped from adult intestinal stem cells with an
induction cocktail. The forskolin-induced
swelling assay exhibited that organoids with the
restored CTFR locus successfully acquired recep-
tor function in vitro compared to untreated
organoids (Schwank et al. 2013). Although
promising results have been obtained after suc-
cessful transplantation into the colon epithelium
of mice (Yui et al. 2012), more in vivo studies are
required to verify the effect of CRISPR-Cas9 in
cystic fibrosis. Liver organoids from patients with
Alagille syndrome and alpha 1-antitrypsin defi-
ciency displayed the pathophysiology of the
related disease in vitro. However, in vivo research
is required to understand whether transplantation

of genetically modified or healthy organoids can
replace the function (Huch et al. 2015). In a study
published in 2017, iPSCs derived from skin fibro-
blast cells of Miller-Dieker syndrome patients
were used to generate forebrain organoids.
These organoids were smaller compared to
healthy organoids due to asymmetric cell division
of ventricular zone radial glial cells, indicating the
importance of organoids in disease modeling
(Iefremova et al. 2017). This study contributes
to further understanding of the developmental
mechanisms and changes associated with the
mutation in a single gene within complex tissue
environment.

Research on infectious diseases is another area
in which organoid transplantation models are
used. Brain organoids have been generated to
examine the development and effects of the Zika
virus infection. When human iPSCs-derived brain
organoids were infected by the virus, the growth
rate of these organoids decreased (Garcez et al.
2016). Gastric organoids generated from human
PSCs have been reported as the first model in
which both the developmental process of the
stomach and the histopathology of Helicobacter
pylori infection were examined (McCracken et al.
2014).

As in organ transplantation procedures,
organoid transplantations also have immunity
concerns and rejection risks depending on several
factors such as human leukocyte antigen (HLA)
system of organoids. HLA, which is important in
allogeneic transplantation, is a group of proteins
encoded by the major histocompatibility complex
(MHC) genes in humans (Agarwal et al. 2017).
The HLA system, which consists of three differ-
ent classes, is responsible for the acceptance or
rejection of an organ/organoid by the host,
according to the graft-host compatibility.
Transplanted organoids, which do not have the
similar HLA pattern with the host, showed an
increased rejection risk. Therefore, a severe dis-
ease called graft-versus-host disease (GVHD) or
even transplant-related death occurs, and the
transplant is recognized as invasive by the host’s
immune system and causes graft rejection
(Yu et al. 2019). To overcome this problem,
four main approaches are used. Firstly, immune-
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deficient animals such as Balb/c strain or
NOD/SCID mice are preferred for avoiding
from host’s immune system. Likewise, using the
host’s immune cells while preparing organoids is
the second method used in the prevention of
immune rejection (Min et al. 2020). Although
suppressing the host’s immune system is one of
the feasible ways to avoid immune activation,
another approach is engrafting organoids into
the specialized area. The liver is one of such
transplant sites for islet transplants. Cantarelli
et al. showed that when islets are transplanted
into the liver, graft-associated T cell responses
are reduced compared to the one at the bone
marrow transplantation site (Cantarelli et al.
2017). This strategy might be a good alternative
for organoid tissue transplantation models. Autol-
ogous organoid transplantation models have a
huge promise. Kruitwagen et al. reported that
genetically corrected organoids were transplanted
autologously into the liver of copper metabolism
domain containing 1 (COMMD1)-deficient
canine and lived up to 2 years without postopera-
tive immune complications (Kruitwagen et al.
2020). Eventually, the last method is using
immunosuppressive drugs such as interleukin-2-
receptor antibodies (IL2-RA) basiliximab, anti-
thymocyte globulin (ATG), or mTOR inhibitors
to inhibit the immune rejection (Singh et al.
2019). The study conducted by Xian et al.
demonstrated that using dexamethasone as an
immunosuppressive agent protects the retinal
organoids against immune attack (Xian et al.
2019). Similarly, Singh et al. showed that
transplantation of retinal organoids into the
eyes of cats who were administered with
immunosuppressed drugs showed better survival
rates and low immune response in comparison
with the control group (Singh et al. 2019).

HLA-matched tissue-specific organoids can be
generated for human transplantation studies by
iPSC technology and can be used to generate
clinically relevant organoid transplants in the
future. Therefore, it is anticipated that real-sized
organ-based organoids might be produced under
good manufacturing laboratory (GMP) compli-
ance in the further future and this might be a
hope for patients waiting for transplants.

4 Conclusion

Organoids have been popularized as 3D tissue
culture systems in recent years and used to
model complex mechanisms of mammalian
development, organogenesis, and disease pathol-
ogy. Organoid technology is a useful tool for
understanding organ development, tumor forma-
tion, personalized drug screening, regenerative
medicine, and vaccine discovery (Fig. 1).
Advantages over in vitro and in vivo models in
terms of easy procedures and similarities to organ
structure and function made organoids indispens-
able tools for molecular biology and stem cell
research. Application of organoid technology in
transplantation therapies might solve problems
related to cell and tissue sources, rejection
problems, and ethical considerations. Consider-
ing the success, efficiency, and safety of in vivo
mouse (Yui et al. 2012; Jee et al. 2019b) and
human (Okamoto et al. 2020; Sugimoto et al.
2018) organoid engraftments as well as
pre-clinical trials (Takebe et al. 2018) in intestinal
regeneration, the prognosis of organoid-based
therapy seems quite encouraging. For refractory
cases of mucosal healing in inflammatory gastro-
intestinal diseases, such as Crohn’s disease and
ulcerative colitis, organoid-based therapy may be
used as a primary treatment to promote regenera-
tion of the intestinal tissue properly (Okamoto
et al. 2020). Although organoid technology is
quite promising for the future regenerative medi-
cine applications, efficacy and continuity still
need to be searched.

Identification of an effective, easy, and inex-
pensive method for tissue and organ replacement
is crucial. Although organoid technology might
be promising for future organ replacement
therapies, autologous tissue/organ transplantation
is preferred over autologous organoid transplan-
tation. The application time, cost, integration to
the host tissue, survival, immune rejections, and
function can be considered as the main limitations
of autologous/allogeneic organoid transplantation
(Table 3). Although patient-derived iPSC tech-
nology is a remarkable tool in cell therapy field,
the complete methodology of both iPSC
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generation and quality control of generated iPSCs
is highly expensive and takes a very long time.
Therefore, routine utility of patient-derived iPSCs
for organoid transplantation could not be wide-
spread in the near future. Furthermore, the epige-
netic variations of iPSCs (Liang and Zhang
2013), generated from different patients, are not
considered suitable for organoid transplantation
since they may increase the possibility of unsuc-
cessful differentiation (Singh et al. 2018). Despite
all of these limitations, iPSCs-derived autologous
organoid transplantation might be a powerful can-
didate in the further future for high clinical effi-
cacy with no immune rejection (Fatehullah et al.
2016).

Adaptation of transplanted organoids to the
tissue environment could only be possible by a
functional vascular structure which provides
bloodstream to the organoid and increase cell
viability inside the 3D structure. Establishment
of vascularization inside and in the surrounding
environment of the transplanted organoid is one
of the challenges in clinical applications. In addi-
tion, organization of cells inside the 3D structure
and production of functional tissue-specific
enzymes, hormones, and cytokines are required
after transplantation. As a conclusion, tissue/
organ transplantation still is the most popular
solution for damaged tissue/organ regeneration
in terms of availability, efficacy, and reproduc-
ibility. Organoid technology has brought a new
perspective to cellular therapy and regenerative
medicine area as a novel emerging method.
Improvement of organoid technology and
research might enable generation of functional

organ-like transplantable in vitro structures in
the near future.
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Abstract

Deregulation of metabolic pathways has
increasingly been appreciated as a major driver
of cancer in recent years. The principal cancer-
associated alterations in metabolism include
abnormal uptake of glucose and amino acids
and the preferential use of metabolic pathways
for the production of biomass and nicotinamide
adenine dinucleotide phosphate (NADPH).
Aldo-keto reductases (AKRs) are NADPH
dependent cytosolic enzymes that can catalyze
the reduction of carbonyl groups to primary and
secondary alcohols using electrons from
NADPH. Aldose reductase, also known as
AKR1B1, catalyzes the conversion of excess
glucose to sorbitol and has been studied exten-
sively for its role in a number of diabetic
pathologies. In recent years, however, high
expression of the AKR1B and AKR1C family
of enzymes has been strongly associated with
worse outcomes in different cancer types. This
review provides an overview of the catalysis-
dependent and independent data emerging on
the molecular mechanisms of the functions of
AKRBs in different tumor models with an
emphasis of the role of these enzymes in
chemoresistance, inflammation, oxidative stress
and epithelial-to-mesenchymal transition.
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Abbreviations

4HNE 4-hydroxy-trans-2-nonenal
AKR Aldo-keto reductase
BLBC Basal-like breast cancer
CRC Colorectal carcinoma
EMT epithelial-to-mesenchymal transition
HCC Hepatocellular carcinoma
NADPH nicotinamide adenine dinucleotide

phosphate
NSCLC Non-small cell lung carcinoma
PAAD Pancreatic adenocarcinoma
ROS Reactive oxygen species
SORD sorbitol dehydrogenase

1 Introduction to AKRs,
Substrate Classification
and Catalytic Activity

The aldo-keto reductase (AKR) enzymes are
34–37 kDa monomeric proteins that are localized
in the cytosol. Although there is high functional
diversity among AKRs, the protein structure
consists of a conserved (β/α)8 barrel and a
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pyridine nucleotide binding site with high
sequence identity, which provides them with
high structural similarity (Mindnich and Penning
2009). The common (β/α)8 barrel motif is
involved in the oligomerization of tertiary and
quaternary structures, and binding of cofactors
and metals, so that they can generate an active
site geometry (Wierenga 2001). Although AKRs
are known as oxidoreductases, they are likely to
function primarily as reductases in vivo utilizing
reducing electrons from NADPH. Many
substrates have been described for AKRs includ-
ing glucose, lipid aldehydes, keto forms of
steroids and prostaglandins, various carcinogens
and carcinogen derivatives (Penning 2015). In the
nomenclature of AKR proteins, the first number is
representative of the family (e.g. AKR1), the next
letter represents the subfamily (e.g. AKR1B),
while the second number represents the unique
protein (e.g. AKR1B1). The AKR superfamily
consists of 16 members identified on the basis of
sequence alignment (AKR1 – AKR16) with over
190 proteins (Penning 2015). Of the 15 AKRs
expressed in humans (Penning 2015), the
AKR1B and AKR1C family of proteins have
been strongly implicated in cancer. The AKR1B
family of proteins consist of three well defined
members: AKR1B1, AKR1B10 and AKR1B15.
AKRs mainly prefer to use reducing electrons
from NADPH rather than NADH. Most metabol-
ically active cells have a high NADPH/NADP+
ratio, which is reflective of biomass production
(Pollak et al. 2007).

AKR1B1 is a part of the polyol pathway that is
best characterized in the context of diabetic path-
ophysiology (Saraswathy et al. 2014). Under nor-
mal glycemic conditions, this pathway uses ~3%
of total glucose flux for reduction to sorbitol
(Fig. 1a). Under hyperglycemic conditions, as
much as 30% of the total glucose can be reduced
to sorbitol with the use of reducing electrons from
NADPH via the polyol pathway (Srivastava et al.
2005). NADPH is used for reduction reactions in
many metabolic pathways. One such reaction is
the detoxification of ROS with reduced glutathi-
one (GSH), converting it to its oxidized form
glutathione disulfide (GSSG) in the presence of
the enzyme glutathione peroxidase (GPx)

(Fig. 1b). Restoration of reduced glutathione
from GSSG is carried out with the enzyme gluta-
thione reductase (GR) with the use of electrons
from NADPH (Fig. 1b). Therefore, a large drain
on the NADPH pool could compromise the abil-
ity of the cell to protect itself from oxidative
stress. The sorbitol generated in the polyol path-
way can be oxidized to fructose via the enzyme
sorbitol dehydrogenase (SORD) with an
accompanying reduction of NAD+ to NADH.
Fructose can be converted to Fructose-1-phos-
phate via the enzyme Ketohexokinase (KHK)
and subsequently to dihydroxyacetone phosphate
(DHAP) and glyceraldehyde (GA); the latter
metabolites can then enter glycolysis. Alternately,
fructose can be phosphorylated to fructose-6-
phosphate via the enzyme Hexokinase (HK),
and then to fructose-1,6-bisphosphate via phos-
phofructokinase (PFK). PFK is a rate limiting
enzyme of glycolysis and is inhibited with high
ATP/ADP ratio, low pH, hypoxia and citrate
levels. These conditions are particularly common
in cancer cells. This suggests that the conversion
of glucose to fructose via the polyol pathway and
the preferential metabolism of fructose via KHK
rather than PFK can keep glycolysis going in
cancer cells (Krause and Wegner 2020), although
how KHK is preferred over PFK and the role of
AKR1B1 (if any) in this choice is currently
unclear.

AKR1B1 inhibitors were reported to success-
fully ameliorate secondary diabetic complications
in preclinical studies. However, none of these
inhibitors have passed a Phase III clinical trial
for the prevention of diabetic complications due
to poor potency, except Epalrestat, which is
licensed for use in diabetic neuropathy in Japan
and India (Suzen and Buyukbingol 2005). Of
note, a recent study suggested that the
transcriptome of AKR1B1 knock-out HeLa cells
was significantly divergent from Epalrestat
treated HeLa cells (Ji et al. 2020), suggesting
that Epalrestat may affect gene expression in
cells well beyond the inhibition of AKR1B1.

AKR1B10 exhibits a more restricted substrate
specificity compared to AKR1B1, showing high
specificity for farnesal, geranylgeranyl, retinal
and carbonyls (Gallego et al. 2007; Ma et al.
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2008; Quinn et al. 2008). AKR1B10 was shown
to play an important role in the reduction of
electrophilic carbonyl compounds from the diet

or the gut microbiome into more harmless
alcohols (Zhong et al. 2009). The enzyme can
also reduce the isoprenyl aldehydes farnesal and

Fig. 1 High AKR activity can impair the antioxidant
balance in cells. (a). Enzymatic reduction of glucose with
AKR1B1 enzyme results in the production of sorbitol
using electrons from NADPH, thereby decreasing the
NADPH/NADP ratio. Sorbitol can be further metabolized
to fructose with sorbitol dehydrogenase (SORD) using
NAD as the electron acceptor. The NADH generated in

then oxidized by NADH oxidase to generate reactive
oxygen species (ROS). (b) In the presence of ROS, the
reduced form of the glutathione antioxidant system (GSH)
donates electrons and gets oxidized to glutathione disul-
fide (GSSG). The conversion of GSSG to GSH is
catalyzed with the enzyme glutathione reductase
(GR) with the use of electrons from NADPH
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geranylgeranial into their respective alcohol
forms thereby affecting the activity of prenylated
mitogenic proteins such as k-Ras (Endo et al.
2011). Additionally, the AKR1B10 catalyzed
reduction of retinal to retinol was shown to inter-
fere with retinoic acid signaling and suppress cel-
lular differentiation (Ruiz et al. 2009). The
expression of AKR1B10 has been reported to be
regulated by p53 and by Nuclear factor erythroid-
derived 2-like 2 - Kelch-like ECH associated pro-
tein 1 (NRF2-KEAP1) system (Ohashi et al. 2013;
Penning 2017) (See Sect. 3.1 for more details). In
hepatocellular carcinoma (HCC) cells, induction
of oxidative stress was reported to upregulate
AKR1B10 via the activation of NRF2 (Liu et al.
2019b). In hereditary and sporadic Type 2 papillary
renal cell carcinoma, mutations in the enzyme
fumarate hydratase led to the accumulation of
fumarate, which could post-translationally inhibit
KEAP1 and thereby activate the expression of
genes with Antioxidant-Response Elements
(ARE) in their promoter (Ooi et al. 2011). One of
the genes that was significantly upregulated in the
presence of fumarate was AKR1B10 (Ooi et al.
2011). Mitigation of oxidative stress is likely one
of the mechanisms for oncogenic properties of
AKR1B10 observed in different tumor types,
although there continue to be conflicting reports
in the literature.

2 AKRs in Cancer

According to The Human Protein Atlas, AKR1B1
is expressed widely is most tissues, and is highly
expressed in the adrenal gland and other endo-
crine tissues such as seminal vesicles and pla-
centa. AKR1B10 is highly expressed in cells of
the gastrointestinal tract. We carried out a
pan-cancer bioinformatics analysis of mRNA
expression of AKR1B1 and AKR1B10 in 20 dif-
ferent cancer types from RNA sequencing data of
cancer and matched normal tissue available at
The Cancer Genome Atlas (TCGA, Fig. 2).

The expression of AKR1B1 did not change
dramatically between cancer and normal tissues
in some tumor types. An upregulation in cancer
compared to normal was seen in bladder

urothelial carcinoma (BLCA), cholangio-
carcinoma (CHOL), and kidney renal papillary
cell carcinoma (KIRP). Downregulation in cancer
compared to normal was seen in breast invasive
carcinoma (BRCA), cervical squamous cell carci-
noma (CESC), colon adenocarcinoma (COAD),
along with a dramatic downregulation in rectal
adenocarcinoma (READ), pancreatic adenocarci-
noma (PAAD) and pheochromocytoma and
paraganglioma (PCPG) and prostate adenocarci-
noma (PRAD). Contrary to the mRNA expres-
sion; however, the protein expression of
AKR1B1 via immunohistochemistry was
reported to be increased in many different tumor
tissues including basal-like breast cancer
(Wu et al. 2017), ovarian (Saraswat et al. 2006),
pancreatic (Saraswat et al. 2006) and cervical
cancer (Saraswat et al. 2006). This suggests either
the presence of extensive post-transcriptional reg-
ulation in the expression of AKR1B1, or
differences arising from distinct patient cohorts
and the number of patients being evaluated.

The expression of AKR1B10 was increased in
CESC, CHOL, lung adenocarcinoma (LUAD),
lung squamous cell carcinoma (LUSC), PAAD
and uterine corpus endometrial carcinoma
(UCEC) compared to the corresponding normals
(Fig. 2). Very high variation in expression was
observed in KIRP and liver hepatocellular carci-
noma (LIHC) tumor samples, along with an over-
all increase in tumor compared to normal
samples. Robust reduction in mRNA expression
of AKR1B10 was seen in gastrointestinal tumors
such as COAD, READ and stomach adenocarci-
noma (STAD), along with decreased expression
in KIRC, PRAD and PCPG. Of note, published
studies on the protein expression of AKR1B10 by
immunohistochemistry show remarkable concor-
dance with the mRNA data. Thus, the expression
of AKR1B10 was reported to be lost in colorectal
cancer and colitis associated cancer (Shen et al.
2015) while hepatocellular (Jin et al. 2016), breast
(Ma et al. 2012; Reddy et al. 2017; van
Weverwijk et al. 2019), pancreatic (Chung et al.
2012), type 2 papillary renal cell carcinoma (Ooi
et al. 2011), and lung cancer (Hung et al. 2018)
were reported to have high expression of
AKR1B10.
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In the following sections I will summarize
current findings on AKR1B1 and AKR1B10 in
different cancer types. These cancer types were
selected on the basis of the high difference in
expression of AKR1B1 or AKR1B10 between
normal and tumor samples, as well as data avail-
able in the literature.

2.1 Hepatocellular Carcinoma (HCC)

Analysis of matched normal and LIHC samples
from TCGA (Fig. 2) suggests that the expression
of AKR1B1, although statistically significant
(p ¼ 6.22E-03), was not dramatically different
between normal and tumor tissues, while the
expression of AKR1B10 was considerably higher
in the tumor tissues compared to normal
(p ¼ 2.86E-14). Increased expression of
AKR1B10 in HCC tissue or serum samples of
HCC patients has been confirmed in several dif-
ferent studies (Distefano and Davis 2019; Ha

et al. 2014; Han et al. 2018). However, the
expression of AKR1B1 and AKR1B10 was
reported to be comparable in a panel of HCC
cell lines and the normal like human fetal hepato-
cyte cell line L-02 (Yang et al. 2013). The same
study also showed a significantly higher expres-
sion of AKR1B10 in HCC tissue samples from
55 patients compared to matched non-HCC (adja-
cent) tissues (Yang et al. 2013). Treatment of
HepG2 cells, which express AKR1B10, with a
combination of the kinase inhibitor sorafenib and
the AKR inhibitor epalrestat was shown to
enhance the cytotoxicity of sorafenib (Geng
et al. 2020). However, epalrestat inhibits both
AKR1B10 and AKR1B1 (IC50 values of 0.33
and 0.21 μM for AKR1B10 and AKR1B1,
respectively, Zhang et al. 2013) and AKR1B1
has been reported to be expressed in HepG2
cells (Zhao et al. 2017). Therefore, whether the
enhanced efficacy of sorafenib and epalrestat is
unequivocally related to the expression and/or
activity of AKRs remains unclear.

Fig. 2 A pan cancer analysis of AKR1B1 and
AKR1B10 expression in matched normal (teal bars)
and cancer (orange bars) samples from The Cancer
Genome Atlas (TCGA). Raw HTSeq read counts were
downloaded from TCGA repository using TCGABiolink
package (Colaprico et al. 2016; Mounir et al. 2019) and

normalized using DESeq2 (Love et al. 2014) using a
general linear model according to tumor cohort and status
(tumor vs normal) and statistical significance was deter-
mined by Wald’s test (*p < 0.05). Normalized read counts
for AKR1B1 and AKR1B10 were used to construct the
boxplots in R

Aldo Keto Reductases AKR1B1 and AKR1B10 in Cancer: Molecular Mechanisms and. . . 69



The diagnostic biomarker potential and prog-
nostic significance of AKR1B10 expression in
HCC has received a lot of attention over the
years, but the mechanisms still remain unclear
(Distefano and Davis 2019). Outcomes from sev-
eral studies suggest that the expression of
AKR1B10 increases at the earlier stages of HCC
tumors, mostly in well differentiated tissues,
while the expression is lost at later stages when
the cells become metastatic (Liu et al. 2015);
however, the mechanism behind this change in
expression remains unexplored. High expression
of AKR1B10 in tumor resection specimens of
patients with HCC predicted favorable prognosis
and was associated with longer recurrence-free
survival (RFS) and disease-specific survival
(DSS) compared to specimens with low
AKR1B10 expression (Ha et al. 2014). On the
other hand, several studies have shown that in
patients with hepatitis C virus (HCV) infection,
high expression of AKR1B10 could indepen-
dently predict the risk of development of HCC
(Sato et al. 2012; Semmo et al. 2015). The same
risk has also been reported for patients with hepa-
titis B virus (HBV) infection (Mori et al. 2017).

Mechanistic studies on the role of AKR1B10
in HCC are few; nonetheless, the data so far
indicates an oncogenic role of AKR1B10 in
HCC. One study reported that AKR1B10
mediated cell cycle progression and proliferation
in Hep3B cells while another suggested that
miR-383-5p, a tumor suppressive microRNA,
could target the 3’UTR of AKR1B10 and lead
to its downregulation (Wang et al. 2018). Addi-
tionally, a role of interleukin-1 receptor-
associated kinase 1 (IRAK1) has been suggested
in the ability of AKR1B10 expressing cells to
form spheres in 3D culture and develop resistance
to sorafenib (Cheng et al. 2018). A role of
AKR1B10 in lipid metabolism has also been
suggested whereby sphingosine-1 phosphate in
conditioned medium of HepG2 cells expressing
AKR1B10 was implicated in the higher prolifera-
tion of normal hepatocytes cultured in this
conditioned medium (Jin et al. 2016).

2.2 Colorectal Carcinoma (CRC)

RNA seq data from TCGA (Fig. 2) suggests that
the expression of AKR1B1 and AKR1B10 were
lower in both colon (COAD, p ¼ 9.15E-05 for
AKR1B1 and p ¼ 1.29E-34 for AKR1B10) and
rectal adenocarcinoma (READ, p ¼ 0.042 for
AKR1B1 and p ¼ 1.61E-06 for AKR1B10)
specimens compared to the matched normal
samples. Evaluation of expression data across
stages from the CRC microarray data GSE39582
(Marisa et al. 2013) indicated that the expression
of AKR1B1 did not vary across the different
stages of the disease compared to normal,
whereas the expression of AKR1B10 was signifi-
cantly lower in tumor versus normal across all
stages (Taskoparan et al. 2017). Supporting the
in silico data, RT-qPCR analysis also showed no
change in AKR1B1 expression and a significant
decrease in AKR1B10 expression in CRC versus
normal samples (Taskoparan et al. 2017). This
was also corroborated by a report of no significant
difference in AKR1B1 expression in CRC, nor-
mal colon and ulcerative colitis tissue samples
(Nakarai et al. 2014). A number of in vitro and
in vivo studies, however, have shown that aldose
reductase (AR) inhibitors (ARi) such as Fidarestat
or Sorbinil that primarily target AKR1B1, could
reduce cell proliferation or colonic polyp forma-
tion via inhibition of mitogenic signaling
pathways (Ramana et al. 2010; Saxena et al.
2013; Tammali et al. 2011). While a lot of these
data were confirmed in animal models, the
in vitro data involved the use of cell lines such
as HT-29 and SW480 that are known to not
express any AKR1B1 within the detection limits
of a western blot (Taskoparan et al. 2017). Addi-
tionally, most ARi do not discriminate between
AKR1B1 and AKR1B10 with very high specific-
ity (Zhang et al. 2013). Therefore, the contribu-
tion of the specific AKRs on the inhibitory effects
of ARi on mitogenic signaling is unclear.

The expression of AKR1B1 and AKR1B10
has prognostic significance in CRC. Previously,
low expression of AKR1B10 from four different
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CRC datasets was shown to significantly predict
poor disease free survival (DFS) and overall sur-
vival (OS) (Ohashi et al. 2013). Data from our lab
has shown that an AKR signature of high
AKR1B1 and low AKR1B10 expression led to a
highly significant prognostic stratification (log
rank p value <0.001) and was associated with
poor DFS independent of age, gender, TNM
stage and presence of KRAS or BRAF mutations
(Taskoparan et al. 2017). Validation experiments
carried out in a cohort of 51 patients (Demirkol
Canli et al. 2020) indicated that high AKR1B1
expression was associated with a shorter OS with
borderline significance in colon cancer patients
(log rank p ¼ 0.0503). However, the same
comparisons carried out with AKR1B10 did not
show any statistical difference suggesting that the
prognostic power of AKR1B10 was less when
compared to AKR1B1 (Taskoparan et al. 2017);
therefore, a good stratification was not possible in
small cohorts. Moreover, the AKR signature was
shown to predict RFS and DFS rather than OS in
the microarray data GSE39582 and GSE17536,
respectively, suggesting that this signature was
more relevant to disease relapse or aggressiveness
rather than time to death.

2.3 Breast Carcinoma

TCGA data indicate that the expression of
AKR1B1 (p ¼ 2.98E-05) but not AKR1B10
(p ¼ 0.920) was significantly different between
matched cancer and normal samples. The expres-
sion of 13 different members of the AKR family
(including AKR1B1 and AKR1B10) that play a
role in drug metabolism were evaluated in breast
carcinoma patients treated by neoadjuvant che-
motherapy and compared to non-neoplastic
tissues (Hlaváč et al. 2014). The expression of
AKR1B10, but not AKR1B1, was found to be
significantly higher in tumor versus normal
samples, particularly in post-menopausal
women. The expression of aldose reductases
however, did not contribute towards DFS in
post-treatment patients in that cohort. In breast
tumor samples (n ¼ 100) that were classified
into Grades I–III compared to normal tissues

(n ¼ 60), the expression of both AKR1B1 and
AKR1B10 was reported to be higher across all
grades; additionally, the expression of both
proteins remained high in the post-chemotherapy
specimens (Reddy et al. 2017). The expression of
AKR1B1 was shown to be the highest in basal-
like breast cancer (BLBC) patients (from
transcriptome data) as well as cell lines compared
to Luminal A, B, or HER-2 positive cell lines
(Wu et al. 2017). BLBC is generally an aggres-
sive cancer that is prone to metastasis and recur-
rence. Analysis of the TCGA cohort indicated
that the expression of AKR1B10 was signifi-
cantly higher in HER-2 positive and BLBC
specimens compared to Luminal A or B patients
(van Weverwijk et al. 2019).

A tissue microarray (TMA) study revealed that
protein expression of AKR1B10 was seen in
184 of 220 (84%) breast tumors, but not in the
normal breast tissue (Ma et al. 2012). The TMA
data was supported by western blot and RT-qPCR
analyses in an independent cohort. Kaplan Meier
plots showed that AKR1B10 expression in the
TMA cohort was significantly negatively
correlated with OS and disease-related survival.
Additionally, early stage breast tumor patients
(TNM stage I, tumor <2 cm3, no lymph node or
distant metastases) with low AKR1B10 expres-
sion showed greater than 90% probability of
25-year survival compared to patients with high
expression of AKR1B10 (Ma et al. 2012). De
novo fatty acid synthesis is known to be higher
in many tumor types for both structural support
and signaling functions (Röhrig and Schulze
2016). AKR1B10 was shown to be physically
associated with the rate-limiting enzyme of de
novo fatty acid synthesis, acetyl-CoA carboxyl-
ase-alpha (ACCA), and enhance fatty acid syn-
thesis in breast cancer cells (Ma et al. 2008).

2.4 Lung Cancer

Analysis of expression data from TCGA (Fig. 2)
indicates that the expression of AKR1B10 was
remarkably higher in the lung adenocarcinoma
(LUAD, p¼ 3.43E-37) and lung squamous carci-
noma (LUSC, p ¼ 4.42E-58) samples compared
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to matched normal samples. The difference in
expression of AKR1B1 between cancer and
matched normal was statistically significant, but
not as robust as AKR1B1. However, a dramatic
increase in AKR1B1 expression was reported in
smokers compared to non-smokers suggesting
that AKR1B1 may play a role in the development
of smoking related lung cancer (Schwab et al.
2018). Two microarray datasets (GSE43580 and
GSE40588) that included 77 lung adenocarci-
noma tissues, 73 lung squamous cell carcinoma
(SCC) tissues as well as 60 normal lung tissues
adjacent to lung SCC specimens suggested that
the expression of AKR1B10 was significantly
higher in lung cancer compared to the normal
tissues (Zhou et al. 2018). The same study
indicated that silencing of AKR1B10 in A549
cells resulted in a decrease in proliferation via
reduced mitogenic signaling through the MAP
Kinase pathway, cell cycle arrest at G0/G1 and
increased apoptosis.

A systems biology approach showed that
AKR1B10 was one of three genes (the other two
were CYP1A1 and HS3ST3A1) that was
expressed significantly more in samples from
small airways and large airways of smokers com-
pared to non-smokers (Cubillos-Angulo et al.
2020). The same study also showed that the
expression of AKR1B10 was higher in
non-small cell lung cancer (NSCLC) specimens
from non-smokers compared to normal matched
healthy lung tissue, although the sensitivity was
low indicating that AKR1B10 may not be a suit-
able biomarker in a clinical setting (Cubillos-
Angulo et al. 2020). Microarray analysis
indicated that SCC showed significantly higher
expression of AKR1B10 compared to normal
tissues from different organs (high expression of
AKR1B10 was observed in normal intestinal and
stomach tissues, as expected) (Fukumoto et al.
2005). The higher expression of AKR1B10 in
SCC specimens could be confirmed at both
mRNA and protein levels and the specificity of
this expression was comparable to two commonly
used diagnostic markers for SCC. Additionally,
high AKR1B10 expression was observed in
40 out of 61 (65.6%) NSCLC specimens from
smokers (Fukumoto et al. 2005). Of note, studies

have also shown a concomitant upregulation of
AKR1B10, AKR1C1/C2 and AKR1C3,
suggesting that several AKRs may be upregulated
in response to the chemicals in cigarette smoke
(Macleod et al. 2016).

Exactly why AKR1B10 is upregulated in
smokers and smokers who have NSCLC has not
been unequivocally demonstrated, although sev-
eral reasons can be postulated (Penning 2005).
Metabolism of polycyclic aromatic hydrocarbons
found in cigarette smoke into o-quinones that are
both electrophilic and redox-active has been
reported in the presence of AKR1C enzymes in
A549 cells (Palackal et al. 2002). AKR1C
enzymes are co-activated with AKR1B10; there-
fore, it is possible that the AKR1C family of
enzymes, together with, or independent from
AKR1B10, can convert the cigarette smoke
carcinogens into a more reactive form. A poten-
tial role of the master antioxidant response tran-
scription factor NRF2 can also be relevant here
(See Sect. 3.1 for more details). Smoking leads to
the exposure of lung epithelial or squamous cells
to free radicals, ROS, reactive nitrogen species
and xenobiotics (Müller and Hengstermann
2012). As a response to this chemical threat, the
NRF2 is one of the many pathways that is
activated; an upregulation of NRF2 is likely to
lead to the upregulation of several different AKRs
(Macleod et al. 2016).

AKR1B10 activity can lead to the reduction of
all-trans-retinal, 9-cis-retinal, and 13-cis-retinal to
the corresponding retinols rather than their oxida-
tion via aldehyde dehydrogenase (ALDH) to
retinoic acid. This can deprive retinoic acid
receptors RXR and RAR of their ligand and
inhibit signaling pathways related to cellular dif-
ferentiation and apoptosis via RXR-RAR (Pen-
ning 2005). The cigarette smoke carcinogen
nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-
1-butanone (NNK, nicotine-derived nitrosamine
ketone) was reported to be detoxified by carbonyl
reduction to the corresponding aldehyde NNAL in
the presence of AKR1B10 (Stapelfeld et al.
2017). It is still unclear, however, whether
AKR1B10 can directly metabolize chemicals in
cigarette smoke condensates into a more
carcinogenic form.
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2.5 Pancreatic Adenocarcinoma
(PAAD)

PAAD data from the TCGA suggest that the
expression of AKR1B1 was significantly
decreased (p ¼ 0.081) while the expression
AKR1B10 was significantly increased
(p ¼ 0.023) in tumor samples compared to the
matched normal samples (Fig. 2). Several studies
in the literature have suggested a role of
AKR1B10 in pancreatic cancer. In an IHC
based evaluation of AKR1B10 expression, mor-
phologically normal pancreatic parenchyma was
observed to be negative for AKR1B10 staining.
Invasive pancreatic ductal adenocarcinomas were
found to stain positively (35 out of 50 specimens,
70%) for AKR1B10 while the adjacent morpho-
logically normal ductal epithelial cells were neg-
ative. Most of the tumors that stained positively
for AKR1B10 were well- and moderately
differentiated adenocarcinomas; only 1 out of
3 poorly differentiated carcinomas exhibited pos-
itive staining for AKR1B10. Moreover, 60% of
PAAD patients with tumors showing
overexpression of AKR1B10 were smokers with
a smoking history of longer than 10 years (Chung
et al. 2012). IHC evaluation of cell blocks from
fine needle aspiration of cystic pancreatic lesions
showed high AKR1B10 expression in epithelial
tissues of 45 out of 46 (98%) mucinous lesions.
None of the non-mucinous samples (n ¼ 59)
showed any expression of AKR1B10, giving a
remarkable specificity of 100%, making a strong
case for AKR1B10 as a biomarker for mucinous
tumors that can be tested non-invasively (Connor
et al. 2017).

PDAC is known to be one of the most Ras
addicted cancers and nearly 95% of pancreatic
tumors show point mutations in G12, G13, or
Q61 residues of the k-Ras protein, making it con-
stitutively active (Bryant et al. 2014). shRNA
mediated knockdown of AKR1B10 in the CD18
pancreatic cancer cell line was shown to reduce the
levels of GTP bound active Ras in the membrane,
along with reduced signaling via the Ras-MAP
Kinase pathway (Zhang et al. 2014). It is very
likely that with the knockdown of AKR1B10,

reduced prenylation of k-Ras protein resulted in
decreased signaling via the MAPK pathway.
AKR1B10 is known to catalytically reduce
farnesyl and geranylgeranyl to farnesol and
geranylgeraniol; these intermediates can be
phosphorylated to farnesyl and geranylgeranyl
pyrophosphates that are, in turn, highly involved
in protein prenylation (Li et al. 2013).

3 Molecular Mechanisms
and Dysregulated AKR
Signaling in Cancer

3.1 Oxidative Stress, Inflammation
and Chemoresistance

Reactive oxygen species (ROS) are generated
both intracellularly from several endogenous
pathways and from various exogenous sources.
ROS levels are generally under very tight cellular
control as they can regulate diverse functions
including transcriptional regulation and signal
transduction (Corcoran and Cotter 2013). Uncon-
trolled production of ROS, either through expo-
sure to exogenous chemicals or through
deregulated cellular pathways, leads to oxidative
stress, which has been implicated in many human
diseases including cancer (Kakehashi et al. 2013).
Cancer cells generally show elevated levels of
ROS as well as activation of ROS-sensitive sig-
naling pathways; these pathways are generally
pro-survival and enable metabolism as well as
inflammation (Reczek and Chandel 2015). ROS
molecules such as hydrogen peroxide, can act as
second messengers in cellular signaling via
reversible oxidation of signaling proteins such
as kinases and phosphatases, including proteins
in the mitogen-activated protein (MAP) kinase/
ERK, phosphoinositide-3-kinase (PI3K)/Akt, and
the nuclear factor κ-B (NF-κB) cascades (Liou
and Storz 2010). Very high levels of ROS can
induce cell death via various mechanisms such as
necrosis, apoptosis or ferroptosis and is often
utilized in radiotherapy and chemotherapy,
which kill cancer cells by inducing high levels
of ROS (Rojo de la Vega et al. 2018).
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NRF2 is a cap’n’collar leucine zipper tran-
scription factor that also acts as a ROS sensor
and its protein level is very tightly regulated
through proteasome-dependent proteolysis.
KEAP1 is a negative regulator of NRF2 that
binds to and enhances ubiquitin-dependent
proteasomal degradation of NRF2 under normal
reducing conditions. Reactive cysteine residues
in KEAP1 get modified upon exposure to ROS or
electrophilic toxins and act as sensors of oxida-
tive stress. This modification also leads to an
escape of NRF2 from ubiquitylation and
proteosomal degradation, thereby allowing it to
transcribe numerous genes that encode
detoxifying and antioxidant enzymes (Taguchi
and Yamamoto 2021).

Somatic mutations in NRF2 and KEAP1 have
been identified in several cancer types that result in
constitutive activation of NRF2 through
disruptions in protein-protein interactions; accu-
mulation of NRF2 enable cancer cells to survive
despite the presence of high levels of ROS. Such
mutations are very common in NSCLC; these
tumors are therefore considered to be NRF2
addicted (Singh et al. 2006). An antioxidant
response element (ARE) has been identified in
the promoter region of AKR1B10 and other
proteins of the AKRC family (Nishinaka et al.
2011), suggesting that high NRF2 accumulation
in NSCLC can be implicated, at least in part, to the
high expression of AKR1B10 in this tumor type.
In fact, the AKR gene response is considered to be
one of the most robust signatures of NRF2 activa-
tion in humans. The high oxidative stress and
NRF2 mediated expression of AKR1B10 in HCC
was associated, via oxidoreduction and detoxifica-
tion, with an amelioration of ROS mediated dam-
age in these cells (Liu et al. 2019b), most likely
leading to cell survival.

Glutathione (GSH) is one of the most impor-
tant endogenous cellular antioxidants (Fig. 1b).
NRF2 is one of the key regulators of GSH metab-
olism as the enzymes glutamate-cysteine ligase
and glutathione synthetase are target genes of
NRF2 (Finkel 2011). SLC7A11, the light chain
subunit of the Xc- antiporter system (xCT) that
helps to import cysteine into the cell in exchange
of glutamate was also reported to be an NRF2

target (Habib et al. 2015). The imported cysteine
can then be utilized in the synthesis of glutathione
(Fig. 1b). Maintenance of the glutathione antioxi-
dant system in a reduced state [high reduced
glutathione/oxidized glutathione (GSH/GSSG)
ratio] requires the presence of NADPH. AKRs
utilize NADPH as donors of electrons; increased
activity of the polyol pathway (Fig. 1a) was
shown to decrease the NADPH/NADP ratio and
attenuate the glutathione reductase (GR) and glu-
tathione peroxidase (GPx) system. This, in turn,
led to a decrease in the GSH/GSSG ratio, leading
to oxidative stress and complications in diabetes
models (Srivastava et al. 2005). Whether the
altered GSH/GSSG ratio in cancer cells
expressing high AKRs contributes to carcinogen-
esis has not been unequivocally shown.

Oxidative stress can lead to lipid peroxidation
via an attack of ROS on polyunsaturated fatty
acids (PUFA) in the plasma membrane to form
various reactive and cytotoxic aldehydes such as
4-hydroxy-trans-2-nonenal (HNE). 4HNE is a
highly toxic aldehyde with a long half-life, can
bind to many macromolecules and is associated
with oxidative stress related disorders such as
cancer and neurodegenerative diseases (Uchida
2003). In fact, the levels of 4HNE were reported
to be high in primary CRC, making this tumor
highly reliant on oxidative stress for progression
(Skrzydlewska et al. 2005). Treatment of lung
cancer cells with low doses of 9,10-
phenanthrenequinone (9,10-PQ), a major quinone
in diesel exhaust, was shown to increase cell
proliferation and survival, which could be
reversed upon co-treatment with an AKR1B10
inhibitor as well as the antioxidant N-acetyl cys-
teine. Mechanistically, it was suggested that 9,10-
PQ led to an upregulation in ROS levels and the
expression of AKR1B10, which in turn activated
MAP Kinase signaling and activation of several
metalloproteases (Matsunaga et al. 2014a).

Carbonyl compounds such as 4HNE and its
glutathione conjugate (GS-HNE; a phase II reac-
tion that can occur either spontaneously or enzy-
matically via glutathione-S-transferase), can be
reduced by both AKR1B1 and AKR1B10 to
their corresponding alcohols (Martin and Maser
2009; Srivastava et al. 1995). However, AKR1B1
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was shown to reduce GSH-conjugated carbonyls
efficiently while AKR1B10 was more efficient in
reducing free carbonyls (Shen et al. 2011). Such a
detoxification reaction was reported in HCT-8
CRC cells; moreover, individuals with low intes-
tinal expression of AKR1B10 were suggested to
be at a greater risk of development of cancer in
the presence of dietary and microbial derived
carbonyl carcinogens (Zu et al. 2016). Reduced
carbonyl compounds, however, can serve as
inflammatory signals (Srivastava et al. 2011).
Thus, it was shown that the AKR1B1 inhibitor
fidarestat could ameliorate inflammatory signals
induced by tumor necrosis factor alpha, lipopoly-
saccharide and environmental allergens in differ-
ent disease models such as diabetes,
cardiovascular disease, uveitis, asthma, and
carcinomas (Srivastava et al. 2011). In a seminal
manuscript, treatment of murine peritoneal
macrophages with three different ARis, sorbinil,
tolrestat or zopolrestat, was shown to suppress
LPS-induced production of pro-inflammatory
molecules such as tumor necrosis factor (TNF)-
α, interleukin (IL)-6, IL-1β, IFN-γ and MCP-1 in
along with the production of nitric oxide, and
prostaglandin E2 as well as the expression of
iNOS and COX-2 proteins (Ramana and
Srivastava 2006). Subsequently, it was shown
that incubation of the CRC cell line Caco-2 with
the ARi sorbinil could inhibit growth factor
induced activation of NF-κB and protein kinase
C (PKC), as well as the expression and activity of
the inflammatory enzyme COX-2 (Tammali et al.
2006). The same study showed that treatment of
Caco-2 cells with 4HNE, GS-HNE or the
AKR1B1 catalyzed reduction product of
GS-HNE, glutathionyl-1,4- dihydroxynonane
(GS-DHN), resulted in increased COX-2 expres-
sion and prostaglandin E2 production (Tammali
et al. 2006). We have shown that shRNA
mediated stable silencing of AKR1B1 in
HCT-116 cells resulted in reduced nuclear locali-
zation and transcriptional activity of NF-κB.
Additionally, re-expression of AKR1B10 in two
different cell lines (LoVo and HCT-116) that do
not endogenously express any AKR1B10 was
shown to reduce nuclear translocation and tran-
scriptional activity of NF-κB (Taskoparan et al.

2017). This was also supported by a significant
positive correlation between the expression of
AKR1B1 and a number of key inflammatory
genes, while a significant negative correlation
was observed between the same genes and the
expression of AKR1B10 in the TCGA colon ade-
nocarcinoma - rectal adenocarcinoma (COAD-
READ) samples (Taskoparan et al. 2017). These
data also support our finding that a gene signature
of high AKR1B1 and low AKR1B10 expression
in CRC was significantly associated with poor
disease free survival in in silico and ex-vivo
samples (Demirkol Canli et al. 2020).

Doxorubicin (Dox)-resistant MKN45 gastric
cancer cells showed a remarkable increase in the
expression of AKR1B10; treatment of these cells
with the specific AKR1B10 inhibitor oleanolic
acid resulted in re-sensitization of the cells to
Dox. Mechanistically, an upregulation of NRF2
was considered to lead to the upregulation of
AKR1B10; NRF2 activation, in turn, could ame-
liorate ROS induced cell death via Dox
(Morikawa et al. 2015). In another study, resis-
tance of A549 lung cancer cells to cisplatin,
which also kills cancer cells via the formation of
DNA adducts and ROS, was attributed to
increased synthesis of nitric oxide (NO) via
inducible NO synthase (iNOS). NO mediated
upregulation of AKR1B10 was implicated in the
reduction of cytotoxic aldehydes such as 4HNE
and 4ONE (generated with cisplatin treatment) to
their less toxic forms, thereby increasing resis-
tance to death (Matsunaga et al. 2014b). On the
other hand, AKR1B1 inhibition with ARi in CRC
cell lines was shown to confer sensitivity to tumor
necrosis factor (TNF)-related apoptosis-inducing
ligand (TRAIL)- induced apoptosis by increasing
intrinsic apoptosis pathways and death receptor
signaling (Shoeb et al. 2013). AKR expression in
the tumor microenvironment is also of high rele-
vance. AKR activity in the adipose tissue was
implicated in the metabolism of daunorubicin to
daunorubicinol, reducing its antileukemia effect
(Sheng et al. 2017).

Overall, the current studies suggest that the
oncogenic role of AKR1B10 in many different
tumor types may be related to the direct enzy-
matic conversion of drugs to a less effective form
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or products of drug activity to a form that
contributes towards cell survival. An exceptional
role of AKR1B10 as a tumor suppressor in the
gastrointestinal (GI) tract warrants further atten-
tion. It has been suggested that the GI tract is
exposed to a number of carbonyl compounds
either from food, or from the vast microbiome
and that AKR1B10 expression in the intestine
reduces and detoxifies these carbonyls to their
alcohol forms, thereby protecting the tissues
from damage (Shen et al. 2015). However,
exactly how high expression of AKR1B10 in
colorectal tumors leads to better prognosis is
still unclear.

3.2 Epithelial to Mesenchymal
Transition (EMT)

Several recent studies have implicated AKRs in
EMT, cellular motility and metastasis, suggesting
an important role of cellular metabolism in metas-
tasis and drug resistance. AKR1B1 expression was
shown to be a direct transcriptional target of the
mesenchymal transcription factor Twist2; more-
over, the expression of AKR1B1 and was shown
to be correlated with several other EMT proteins,
leading to enhanced motility and enrichment of
stem cell markers in BLBC cells (Wu et al.
2017). In the same study, it was shown that the
conversion of prostaglandin (PG) H2 to PGF2α in
the presence of AKR1B1 could enhance the inva-
sion and migration of BLBC cells (Wu et al. 2017).
Analysis of data from the NCI-60 panel indicated
the presence of a strong positive correlation
between a ratio of the expression of Vimentin/E-
cadherin (VIM/CDH1) and AKR1B1, along with
several other mesenchymal genes (Schwab et al.
2018). The same study showed that the expression
of AKR1B1 was higher in mesenchymal cell lines.
Moreover, shRNA mediated knockdown of
AKR1B1 was shown to reduce motility and migra-
tion of different cancer cell lines along with a
reduction in the expression of stem cell markers
when grown as 3D spheroids (Schwab et al. 2018).
Additionally, knockdown of SORD, the enzyme
that converts sorbitol to fructose (Fig. 1a), could
phenocopy the effects of AKR1B1 knockdown

strongly implicating a role of metabolism of glu-
cose via the polyol pathway in enhancing the met-
astatic behavior of cells (Schwab et al. 2018).
Using expression data from COAD and READ
samples in TCGA, we have shown a strong posi-
tive correlation between the mRNA expression of
AKR1B1 and several mesenchymal markers
(VIM, TWIST1, TWIST2, SNAI1, SNAI2,
ZEB1, ZEB2) and a negative correlation between
AKR1B1 and CDH1. A significant negative corre-
lation was observed between AKR1B10 and the
mesenchymal markers (Demirkol Canli et al.
2020). Additionally, the positive correlation
between the expression of AKR1B1 and VIM
and the negative correlation in expression between
AKR1B1 and CDH1 could be confirmed by
RT-qPCR using RNA from fresh frozen CRC
tumor samples (Demirkol Canli et al. 2020).

Administration of nanoparticles containing the
phostosensitizer Chlorin e6 (Ce6) for photody-
namic therapy and the ARi epalrestat in BLBC
tumor-bearing SCID mice was shown to dramati-
cally reduce expression of mesenchymal and stem
cell markers in the primary tumor and also signif-
icantly reduce lung metastasis. An increase in
ROS generation with Ce6 and inhibition of
EMT with epalrestat were considered as the
mechanism for lower metastasis (Zhang et al.
2021). Similarly, treatment of the colon cancer
cell line HT-29 with the ARi sorbinil or fidarestat
resulted in reduced invasion and migration of
these cells, which was also reflected by reduced
metastasis to the liver in rodents when the ARi
treated cells were injected to the spleen (Saxena
et al. 2012). Our group developed an EMT score
based on the expression of CDH1 and VIM
whereby a higher score indicated mesenchymal
phenotype while a lower score indicated an epi-
thelial phenotype (Demirkol 2018). We observed
strong statistically significant correlation between
the EMT score and AKR1B1 expression and a
weak but statistically significant negative correla-
tion between EMT score and AKR1B10 expres-
sion in CRC microarray datasets and ex vivo
tumor specimens (Demirkol Canli et al. 2020).

An shRNA screen of putative enhancers of
breast cancer metastasis in a mouse model
showed strong enrichment of Akr1b8 (mouse
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homolog of AKR1B10) along with other well
defined regulators of breast cancer progression
and metastasis (van Weverwijk et al. 2019).
Silencing of Akr1b8 in the mouse mammary epi-
thelial cells 4 T1 cell line did not show any
difference in proliferation, but showed signifi-
cantly lower lung colonization upon intravenous
administration. Furthermore, orthotopic inocula-
tion of the Akr1b8 silenced cells into the fourth
mammary fat pad of BALB/c mice did not affect
tumor growth at the primary site but reduced lung
metastasis significantly (van Weverwijk et al.
2019). Similarly, ectopic expression of
AKR1B10 in the MDA-MB-231 human mam-
mary cancer cell line resulted in increased tumor
burden in the lung compared to control cells (van
Weverwijk et al. 2019). In silico analysis of an
unclassified breast cancer dataset indicated
reduced distant metastasis-free survival in
patients with low expression of AKR1B10 (van
Weverwijk et al. 2019). AKR1B10 was also
shown to be upregulated in brain metastasis
samples of NSCLC; silencing of AKR1B10 in
the PC9-BrM3 NSCLC cancer cells reduced
their extravasation through the blood brain barrier
via a downregulation of matrix metalloproteinase
(MMP)-2 and MMP-9 through reduced activation
of the MEK/ERK signaling pathway (Liu et al.
2019a).

3.3 Nutrient Sensing Pathways

Most cancer cells undergo metabolic
reprogramming whereby cells preferentially use
glycolysis for the generation of energy even in the
presence of oxygen and synthesize lactate via the
so called Warburg effect (Heiden et al. 2009). The
lactate is then released from the cell into the
circulation, preventing its conversion to pyruvate
and oxidative phosphorylation in cancer cells.
Interestingly recent studies suggest that lactate
from the circulation can be taken up again by
tumor cells, converted to pyruvate, which can
then enter the TCA cycle (Faubert et al. 2017).
Aberrant activation of the polyol pathway in the
presence of excess glucose can enhance oxidative
stress and inflammation, thereby increasing the

risk of cancer (Tammali et al. 2011). Fructose is
known to promote tumorigenesis, in part by
inducing metabolic reprogramming and enhanced
production of lactate (Liu and Heaney 2011) and
is a product of hyperactivation of the polyol path-
way (Fig. 1b). SORD, the enzyme of the polyol
pathway that catalyzes the synthesis of fructose,
was implicated in enhanced metastatic behavior
of CRC cells (Schwab et al. 2018).

AKR1B1 was shown to physically interact
with AKT1 and overexpression of AKR1B1 in
HepG2 cells resulted in increased phosphoryla-
tion of AKT1, mTORC1 and pyruvate kinase M2
(PKM2) as well as increased synthesis of lactate
and activity of lactate dehydrogenase (LDH)
(Zhao et al. 2017). Supporting these data, inhibi-
tion of AKR1B1 with sorbinil prevented the
growth factor mediated activation of phosphoi-
nositide 3-kinase/AKT and ROS generation in
colon cancer cells (Ramana et al. 2010). Treat-
ment with ARi also led to the inhibition of
miR-21 leading to the reactivation of the putative
miR-21 target PTEN (Saxena et al. 2012) and
PDCD4 (Saxena et al. 2013), along with an inhi-
bition of several proteins of the mTOR pathway
(Saxena et al. 2013). Drugs such as gedunin
(Kishore et al. 2016) and (�)-Kusunokinin
(Tanawattanasuntorn et al. 2021) that are known
to inhibit signaling via the AKT pathway were
shown to mediate this inhibition via the direct
binding and strong inhibition of AKR1B1.
Reverse phase protein array (RPPA) data from
our lab indicated that ex vivo human colon
tumor specimens expressing high levels of
AKR1B1 were significantly associated with
hyper-activation of several members of the AKT
and GSK-3β family (Demirkol Canli et al. 2020).

AKR1B10 is known to be a poor reductant of
glucose and does not participate in the polyol
pathway. AKR1B10 over-expressing breast can-
cer cells were shown to rely on fatty acid oxida-
tion for energy rather than glycolysis and were
able to survive even when grown in the presence
of low glucose (van Weverwijk et al. 2019).
AKR1B10 was also shown to enhance fatty acid
synthesis in breast cancer cells via physical asso-
ciation with acetyl-CoA carboxylase-alpha
(ACCA), the rate-limiting enzyme of de novo
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fatty acid synthesis (Ma et al. 2008). It is highly
unlikely for both fatty acid synthesis and fatty
acid oxidation to occur concurrently in cells,
suggesting the presence of exquisite regulation
that is yet to be identified.

Enhanced fatty acid oxidation was also
implicated in increased metastatic colonization
of breast cancer tumor cells expressing high
levels of AKR1B10 to the lungs (van Weverwijk
et al. 2019). These data are suggestive of a highly
divergent role of AKR1B10 on energy sensing
pathways when compared to AKR1B1. This was
reflected in RPPA data on colon tumor specimens
whereby tumors with high expression of
AKR1B10 but not AKR1B1 was associated
with reduced phosphorylation of p70S6 kinase
(indicative of reduced mTORC1 activation) and
increased expression of PDCD4 (Demirkol Canli
et al. 2020).

4 Conclusions and Future
Perspectives

Metabolic perturbations in cancer cells have been
increasingly implicated in many oncogenic pro-
cesses suggesting a close association between the
production and/or regulation of the levels of
metabolites and mitogenic signaling. Although
the AKRs have been studied extensively for dia-
betic complications, studies in the last decade,
mostly through the use of existing AKR
inhibitors, indicate the presence of extensive
crosstalk between AKRs and inflammation, oxi-
dative stress, drug metabolism, chemoresistance
and EMT in many different tumor types. None-
theless, several outstanding questions have
remained in the field. One aspect of AKR1B1
signaling that has not been addressed to date is
the synthesis of fructose via the polyol pathway.
SORD was reported to phenocopy AKR1B1 in
the induction of EMT (Schwab et al. 2018),
providing tantalizing clues on a potential role of
fructose in AKR1B1 mediated oncogenic signal-
ing. Moreover, through reversible enzymatic
reactions, a conversion of fructose to glucose in
conditions of low glucose and low NADPH can
be envisaged, suggesting the activation of

glycolysis in hypoxic and acidic
microenvironments (Krause and Wegner 2020).
However, whether this pathway is active in tumor
cells is currently unclear. Recent studies have also
indicated the activation of nutrient sensing
pathways via AKRs, although it is currently
unknown whether this aids in tumor development
or whether it can be targeted for therapeutic
purposes. Yet another unsolved question in the
AKR literature is the mechanism behind highly
disparate outcomes of AKR1B10 expression in
CRC versus HCC or NSCLC. It is highly likely
that ROS levels and NRF2 mediated signaling
play important roles in both HCC and NSCLC;
nonetheless, it is unclear whether such signaling
processes exist in CRC and if so, why the
outcomes of such a signaling pathway are so
different between the different tumor types. It is
clear that much still needs to be learnt about this
highly versatile group of enzymes and their role
in cancer. The recent resurgence of interest in
metabolic signaling in cancer as well as excellent
manuscripts that have utilized unbiased screening
approaches to highlight the importance of AKRs
in many signaling pathways relevant to cancer
may encourage scientists to tackle the long
existing problem of development of highly spe-
cific clinically relevant inhibitors of AKR1B1 and
AKR1B10.
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Abstract

Purpose This systematic review focus on the
application of bilayer scaffolds as an engaging
structure for the engineering of multilayered
tissues, including vascular and osteochondral
tissues, skin, nerve, and urinary bladder. This

article provides a concise literature review of
different types of bilayer scaffolds to understand
their efficacy in targeted tissue engineering.

Methods To this aim, electronic search in the
English language was performed in PMC,
NBCI, and PubMed from April 2008 to
December 2019 based on the PRISMA
guidelines. Animal studies, including the
“bilayer scaffold” and at least one of the fol-
lowing items were examined: osteochondral
tissue, bone, skin, neural tissue, urinary blad-
der, vascular system. The articles which didn’t
include “tissue engineering” and just in vitro
studies were excluded.

Results Totally, 600 articles were evaluated;
related articles were 145, and 35 full-text
English articles met all the criteria. Fifteen
articles in soft tissue engineering and twenty
items in hard tissue engineering were the
results of this exploration. Based on selected
papers, it was revealed that the bilayer
scaffolds were used in the regeneration of the
multilayered tissues. The highest multilayered
tissue regeneration has been achieved when
bilayer scaffolds were used with mesenchymal
stem cells and differentiation medium before
implanting. Among the studies being reported
in this review, bone marrow mesenchymal
stem cells are the most studied mesenchymal
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stem cells. Among different kinds of multi-
layer tissue, the bilayer scaffold has been
most used in osteochondral tissue engineering
in which collagen and PLGA have been the
most frequently used biomaterials. After
osteochondral tissue engineering, bilayer
scaffolds were widely used in skin tissue
engineering.

Conclusion The current review aimed to
manifest the researcher and surgeons to use a
more sophisticated bilayer scaffold in
combinations of appropriate stem cells, and
different can improve multilayer tissue regen-
eration. This systematic review can pave a way
to design a suitable bilayer scaffold for a spe-
cific target tissue and conjunction with proper
stem cells.

Keywords

Interface · Tissue engineeringBilayer
scaffolds · Multilayered tissues ·
Osteochondral tissue · Skin · Tissue
engineering

1 Introduction

Todays, recapitulating the tissues’ exact
structures is a challenging issue in tissue engi-
neering and regenerative medicine. The scaffolds
should be similar to chemically and structurally
with targeted tissue to achieve the best regenera-
tion. However, the conventional scaffolds cannot
fulfill such aims, and more complicated scaffolds
should be designed to mimic the biological and
mechanical properties of tissues by inspiring from
native tissue. Polymeric scaffolds are designed to
conduct the reconstruction pathway, and research
in this field resulted in the development of differ-
ent scaffold topographic designing to lead a par-
ticular tissue repair (Langer and Vacanti 1993;
Mohammadi Amirabad et al. 2017). Recently,
extended studies in tissue structures have
suggested new promising approaches in tissue
defect reconstruction. Bilayer scaffolds can reca-
pitulate the appropriate biological milieu similar
to the extracellular matrix (ECM) in layered

tissues, such as osteochondral, cutaneous, osse-
ous, nervous, vascular tissues and urinary bladder
to achieve functional engineered constructs
(Atoufi et al. 2017; Raghunath et al. 2007).
Bones are the layered tissues in which reconstruc-
tion with the equivalent structures of inner high
porous cortical and outer dense trabecular layers
is one of the significant challenges in their tissue
engineering (Cai et al. 2010).

The osteochondral tissue is layered tissues
consist of zone cartilage and subchondral bone,
with different biophysical properties. The prepa-
ration of biomimetic scaffolds for this tissue
should follow the natural tissue structure to opti-
mize the recapitulation of the osteochondral
interface’s continuous gradients in the early
phase (Martin et al. 2007). Commonly used
monolayer scaffolds with isotropic structural and
functional properties are inadequate to restore the
defects in the cartilage-bone interface. Hence,
various bilayer scaffolds have been introduced
to repair these layered tissues, providing optimum
environments for the cell/cell and cell/matrix
interaction.

Skin is another multilayered tissue whose
defects cannot repair spontaneously due to dermis
and epidermis loss in third-degree burns or other
conditions. During wound healing, the epidermis
can be formed throughout the cellular chemotaxis
in the presents of growth factors secreted from the
dermis. Moreover, a high density of fibroblast
cells in the dermis is a thicker layer with higher
flexibility and porosity. Simultaneously, the epi-
dermis is the thinner layer composed of squamous
cells of keratinocytes and makes a protective bar-
rier against pathogenic microorganisms with its
lower porosity characteristic (Guo et al. 2010).
Designing an equivalent layered construct by the
art of tissue engineering, which simulates epider-
mis and dermis, is drastically required to make
wound healing/reconstruction pattern. Bilayer
scaffolds derived from biopolymers with desired
physical, chemical, and biological properties
should be engineered in a manner that can reflect
the anatomical and physiological properties of
skin tissue niches.

Recapitulation of longitudinal contact guid-
ance in one layer for attachment and guiding the
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glial cells or axons of neurons with isotropic
mechanical support and isolation properties in
another layer is a critical determinant in tissue
engineering of nerve and spinal cord. Synthetic
nerve guidance conduits (NGCs) with the
properties mentioned above can simulate the
niche structure of neurons (Zarrintaj et al. 2020).
Here, the bilayer structure of the scaffolds
restrains the growth of soft tissue into the lumen
due to small porosity or insulating properties of
outer layer (Kozlovsky et al. 2009).

A similar structure of scaffold is also useful for
urinary bladder reconstruction where the inner
porous layer of the scaffold makes a niche for
cell attachment and proliferation, and the outer
hydrophobic layer act as a liquid isolator or bar-
rier (Yudintceva et al. 2016; Zhao et al. 2015).

In tissue engineering of vessels, it is so diffi-
cult to resemble the different properties of vessel
together, such as high mechanical strength, low
liquid leakage, and thrombogenicity through a
unique homogenous structure (Liu et al. 2013).
The studies showed that bilayer scaffolds could
simulate the vessel structure with higher cell infil-
tration during in vivo implantation. In these cases,
the scaffold’s outer layer should provide a suit-
able environment for the growth of smooth mus-
cle cells and fibroblasts with appropriate
mechanical strength to resist aneurysm formation
and blood leakage (McClure et al. 2012). The
internal layer should also provide a proper condi-
tion for proliferation and ingrowth of endothelial
cells with the lowest thrombogenicity (Liu et al.
2013). Studies showed that some synthetic
biomaterials, such as polyurethane, can provide
suitable mechanical strength for the scaffold’s
outer layer. Natural biomaterials have the desired
compatibility and low thrombogenicity, which is
appropriate for the inner layer.

There are numerous bilayer scaffolds that are
useful for tissue engineering of multilayer tissues,
which make it challenging to select the best scaf-
fold among them fabricated from the best
biomaterials with appropriate structure and
mechanical properties. To this aim, the current
systematic review provides the critical
determinants in designing the bilayer scaffold for
each kind of multilayer tissue by investigating the

results of some commonly used bilayer scaffolds
in animal studies of multilayer tissue engineering.
The following multilayer tissues were selected in
this study are bone, skin, and urinary bladder,
osteochondral, vascular, and neural tissues.

This systematic review can be beneficial for
researchers to determine and design a suitable
bilayer scaffold for a specific target tissue and
conjunction with proper stem cells. The most
detailed studies in this systematic review had
focused on the used bilayer scaffolds, which suit-
able for different types of tissue reconstruction.

2 Methods

2.1 Eligibility Criteria

Studies in the field of “tissue engineering” and
“bilayer scaffolds” were considered. Two
reviewers screened the articles based on inclusion
and exclusion criteria.

Inclusion criteria:

1. Studies in the field of “bilayer or biphasic
scaffolds” designed by the art of “tissue
engineering.”

2. Animal studies of applying scaffolds.

Exclusion criteria:

1. Studies that do not include “tissue engineer-
ing” and/or “reconstruction medicine”.

2. Studies with no bilayer scaffold (in means of
no inclusion criteria).

3. Just in vitro studies.
4. Studies not published in English.
5. Unpublished studies.

It must be mentioned that any dissension about
article accommodation to the inclusion criteria
such as study type, scaffold function, and safety
and treatment efficacy were consulted.

2.2 Source of Information
and Search

Full text published and English edited articles
from April 2008 to December 2019 were
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searched via PMC, NCBI, and PubMed database.
The articles were found using the following
keywords and search items: (Bilayer or biphasic)
and scaffold and (“tissue engineer*” or regenerat*
or bioengin*) and (bone or osseous or osteo* or
skin or osteochond* or cartilage or chondro* or
nerv* or neuron or neural or bladder or vascular
or vessel* or vein or arter* or capillar*) (Pérez-
Silos et al. 2019).

: ((Bilayer or biphasic) and (scaffold or mem-
brane or composite) and (“tissue engineer*”
or regenerat* or bioengin*)

2.3 Study Selection

The articles were selected primarily using their
titles and abstracts according to the inclusion
criteria. Then, the eligibility of the articles was
determined by reviewing the full text. The latest
and more relevant information of different reports
of each experiment is investigated. Detailed stud-
ies are demonstrated briefly in Fig. 1, according to
PRISMA guidelines [14].

2.4 Population Selection

Animal studies in which tissue regeneration was
examined in specific multilayer tissue defects
using different bilayer scaffolds.

3 Results

3.1 Study Selection

After screening steps, 1487 articles, 600 articles
were assessed, and 145 were related to this
review’s aim. Finally, 35 full-text English articles
could meet all the criteria. Fifteen articles in soft
tissue engineering, twenty articles in hard tissue
engineering were the results of this exploration.
In those studies of hard tissue engineering,
18 cases reported in vivo evaluation of cartilage
tissue engineering for focal articular defects.
Three articles evaluated osseous tissue engineer-
ing for the reconstruction of various bone defects.
Whereas in studies of soft tissue engineering,
seven cases explained the application of bilayer

Fig. 1 The flow chart of
literature selection for this
systematic review
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scaffolds in cutaneous tissue engineering, and
eight cases pointed reconstruction of the urinary
bladder, vascular, and nervous tissues. The
articles are described in detail in the tables, and
also different aspects were assessed, which are
summarized and discussed later. Here, the
qualifying data were investigated as much as pos-
sible since the studies were designed differently
with wide variations.

4 Osteochondral Tissue

Among the 17 articles on bilayer scaffold investi-
gation for synovial cartilage reconstruction
(Table 1), one case had used bilayer bacterial
nano-cellulose scaffold; and others had evaluated
natural and synthetic polymers alone or in combi-
nation. Widely used natural and synthetic
polymers for cartilage regeneration were colla-
gen, gelatin, cellulose, polycaprolactone, and
poly LCG. Animal studies in the field included
mice, rats, rabbits, pigs, goats, sheep, and horses.
Four studies used MSCs alone, two cases used the
combination of MSCs and chondrocytes, and one
used osteoblasts. These assays included micro-
CT imaging, Histological evaluation (HIE),
IHC, RT-PCR analysis, microscopic and macro-
scopic observation, biochemistry, and bio-
mechanical tests to achieve precise results and
follow-ups varied from 4 to 24 weeks. Osteogenic
differentiation assay includes the below criteria
and tests:

• Bone formation: q-PCR, μCT, ALP
• Histological analysis: Safranin-O/Fast Green

staining, Hematoxylin and Eosin,
Immunohistochemistry

• Mechanical strength: Compressive modulus,
tensile modulus

4.1 Mouse

There were two in vivo studies that were
conducted in a mouse model. A study was
conducted using human nasoseptal chondrocytes
(h-NC) to evaluate the osteochondral

regeneration potential of the scaffold fabricated
from Bacterial Nano Cellulose (BNC) (Ávila
et al. 2015). The bilayer scaffold was composed
of a dense nanocellulose layer (1%) joined with a
macroporous composite layer of nanocellulose
(17%) and alginate. For in vitro study, nasoseptal
chondrocytes (NCs) were seeded on the scaffolds
for 6 weeks. The chondrogenic marker genes’
expression, including aggrecan and collagen
type IIA1 (COLIIA1), and dedifferentiation
markers, was assessed. Aggrecan and COLIIA1
were upregulated by factors 3.4- and 4.9 after
6 weeks, respectively, compared with their
expression after 2 weeks. However, the dediffer-
entiation marker did not express even after
6 weeks. The results confirmed the chondrogenic
capacity of the NCs in the bilayer BNC scaffolds.
The cell viability on the bilayer scaffold was
97.8 � 4.7%. For in vivo study, the human NCs
and bone marrow-derived human mononuclear
cells (BM-MNC) cultured on bilayer scaffolds
were implanted subcutaneously in nude mice for
8 weeks. The results showed that glycosamino-
glycan content was significantly higher (12 fold)
in cell-seeded bilayer BNC scaffolds than cell-
free ones (Ávila et al. 2015). P Giannoni et al.
developed a bilayer monolithic osteochondral
poly(ε-caprolactone) (PCL) –based by combining
solvent casting/particulate leaching (Giannoni
et al. 2015). The bone-facing layer of the
scaffolds composed of hydroxyapatite granules
dispersed in a highly porous PCL mesh. They
used bovine trabecular bone-derived mesenchy-
mal stem cells (BTB-MSCs) and bovine articular
chondrocytes (B-ACs) techniques. The results
showed that the tensile strength of the bilayer
scaffold was 0.34 � 0.05 Mpa. For in vivo
study, BTB-MSCs and B-ACs were seeded in
the bony layer and the chondral layer, respec-
tively, and then the cell-seeded scaffolds were
implanted subcutaneously in nude mice. After
9 weeks, the bony and compact structures were
generated in BTB-MSCs seeded region of scaf-
fold and chondrocyte lacunae with a cartilaginous
alcianophilic matrix were observed in the
chondral layer. Moreover, in the bony layer, the
number of blood vessels (average lumen
size~10 mm) was significantly higher than those
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in acellular controls of osteochondral scaffolds.
However, blood vessels in cavities were hardly
detectable in the chondral layer (Giannoni et al.
2015).

4.2 Rat

There were two in vivo studies that were
performed in rat model. X Hu et al. in 2017
designed and fabricated an aptamer-bilayer scaf-
fold which recruited autologous mesenchymal
stem cell (MSC) from a marrow clot in the region
of osteochondral defect and induce chondrogenic
and osteogenic simultaneous differentiation of
MSCs in different layers in the osteochondral
defect (Hu et al. 2017). The chondral layer was
fabricated by crosslinking graphene oxide with a
sodium alginate containing kartogenin. The bony
layer was also fabricated using a 3D graphene
oxide-based biomineral framework. After assem-
bling the aforementioned two layers, MSC spe-
cific aptamers (Apt19S) were immobilized on
them. The mechanical stregth of the bony layer
was �135 kPa, while that of the chondral layer
was �2 kPa. For in vivo study, the bilayer
scaffolds were implanted in full-thickness
osteochondral defects in knee of Sprague Dawley
rat model. After 8 weeks, the aptamer-bilayer
scaffold group had significantly higher score
(1.5 fold) than aptamer gel scaffold confirming
the positive effect of bilayer structure in
osteochondral regeneration. Furthermore, the
bone formation in the aptamer-bilayer scaffold
group was >four fold higher than aptamer gel
scaffold (Hu et al. 2017).

J V Kumbhar et al. in 2017 developed a Bac-
terial cellulose (BC)-bilayer scaffolds composed
of BC-hydroxyapatite as bony layer and
BC-glycosaminoglycans as chondral layer
(Kumbhar et al. 2017). For in vivo study, the
acellular bilayered scaffolds implanted in the
osteochondral defect in Wistar rat knees and
defect without any treatment was considered as
control group. The bone mineral density in
bilayer scaffolds was ~3 and ~1.5 times more
than control group after 4 and 12 weeks, respec-
tively. Histological score also showed that the

bilayer scaffolds were ~2 and ~3 times better
than control group after 4 and 12 weeks, respec-
tively (Kumbhar et al. 2017).

4.3 Rabbit

Y Jiang et al. in 2013 used Povidone-iodine
(PVP-I) in a bilayer collagen scaffolds (Jiang
et al. 2013). For in vivo study, the scaffolds
were implanted in knee joint osteochondral defect
of male New Zealand white rabbits Histological
score evaluation showed that the PVP-I-bilayer
collagen scaffolds worked about 5 times better
than control group (Jiang et al. 2013).

Y Zhang et al. in 2017 fabricated by room
temperature compression molding and particulate
leaching technique using PLGA (Zhang et al.
2017). The bony layer and chondral layer were
different in pore size and thickness. For in vivo
study, the bilayer PLGA scaffolds were implanted
in the osteochondral defect of New Zealand white
rabbit knee joint (Zhang et al. 2017). The
untreated group was considered as control
group. The histological score showed that the
bilayer scaffolds worked about 1.2 times better
than control group after 4 and 12 weeks (Zhang
et al. 2017).

Y Qi in 2012 used rabbit bone marrow (rBM)
MSC-seeded bilayer collagen scaffolds for carti-
lage repair (Qi et al. 2012). The compressive mod-
ulus of bilayer scaffolds with and without MSCs
were ~0.27 Mpa and ~0.18 Mpa. For in vivo
study, the MSC-seeded scaffolds were implanted
into male New Zealand white rabbit knee cartilage
defects and the untreated defects was considered as
control group. Histological scores showed that the
rBM-MSC-seeded bilayer collagen scaffold acted
~1.5 and ~2 times better than control group after
6 and 12 weeks, respectively (Qi et al. 2012).
Whereas, bilayer collagen scaffolds worked ~1.3
times better than control group after both 6 and
12 weeks. In another study conducted by Y Qi
et al. rabbit bone marrow MSC- seeded bilayer
PLGA scaffolds fabricated by a porogen-leaching
technique were investigated for osteochondral
regeneration (Qi et al. 2012). A similar in vivo
study was conducted on osteochondral defects of
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rabbit knee joint and the PLGA scaffolds consid-
ered as control group. The histological analysis
showed that the MSC-PLGA seeded scaffolds
increased chondrogenic regeneration ~2.3 and
~1.8 times compared with untreated control
group after 6 and 12 weeks, respectively (Qi et al.
2012).

R Reyes et al. in 2014 investigated the differ-
ent dosage of transforming growth factor-β1
(TGF-β1) and bone morphogenetic protein-
2 (BMP-2) in the bilayer scaffold of segmented
polyurethane/polylactic-co-glycolic
(SPU/PLGA) fabricated by gas foaming (Reyes
et al. 2014). For in vivo study, the bilayer
scaffolds were implanted into the osteochondral
defects in the rabbit knees. Histological scores
showed that the bilayer scaffolds with 5 μg
BMP-2 increased the osteochondral regeneration
compared the other groups. However, the
SPU/PLGA bilayer scaffold increased
osteochondral regeneration ~1.5 and ~1.3 times
compared with untreated control group after
6 and 12 weeks, respectively (Reyes et al. 2014).

Shen Liu in 2015 fabricated a bilayer scaffold
which bony layer was composed of porous
β-tricalcium phosphate (β-TCP) and chondral
layer was composed of poly(L-lacticacid)-
copoly(e-caprolactone) P(LLA-CL)/collagen
type I(Col-I) nanofiber and Col-I/Hhyaluronate
sponge(Shen Liu et al. 2015). The Yong modulus
whole bilayer scaffolds was ~0.2 Mpa. The com-
pressive strength of bony layer, chondral layer,
and whole bilayer scaffolds were measured as
~2.6 Mpa, ~0.1 Mpa, and ~0.25Mpa, respec-
tively. For in vivo study, rBM-MSCs seeded
scaffolds were implanted into osteochondral
defect in rabbit knees and untreated defect was
considered as control group (Liu et al. 2015).
Histological scores showed that the bilayer
scaffolds increased osteochondral regeneration
by factor of ~1.5 more than control group (Liu
et al. 2015).

Hu Da et al. in 2013 fabricated a bilayer scaf-
fold with bony layer composed of a PLGA/TCP
skeleton wrapped in collagen I and chondral layer
composed of bovine cartilage extracellular
matrix-derived scaffold, fabricated by a modified
temperature gradient-guided thermal-induced

phase separation (TIPS) method (Da et al.
2013). Then the aforementioned layers were
attached to each other through a compact layer
by dissolving conglutination method. The tensile
and shear strength of the whole scaffolds was
~0.1 Mpa and ~0.13 Mpa, respectively. For
in vivo study, after seeding autogeneic osteoblast-
or chondrocyte-induced BM-MSCs on the bony
and chondral layers, respectively, the scaffolds
were implanted into rabbit knee osteochondral
defects. The untreated defects were considered
as control group (Da et al. 2013). The bone min-
eral density determined that bilayered scaffold
increased effectively the bone formation. The his-
tological scores showed that the bilayer scaffolds
increased the osteochondral regeneration ~14 and
~8 times more than control group after 12 and
24 weeks, respectively (Da et al. 2013).

In 2017 Liao et al. fabricated a biphasic
CAN-PAC hydrogel different densities for the
two layers using thermally reactive and rapid
cross-linking technique (Liao et al. 2017). The
chondral layer was cross-linked by methacrylated
chondroitin sulfate and N-Isopropylacrylamide,
and the bony layer was fabricated using acryloyl
chloride-poly (ε-caprolactone)-poly (ethylene
glycol)-poly(ε-caprolactone)-acryloyl chloride
(PECDA), acrylamide and Polyethylene glycol
diacrylate (PEGDA) (Liao et al. 2017). The two
layers were first attached physically by the cal-
cium gluconate and alginate and then chemically
by carbon-carbon double bonds (Liao et al. 2017).
The results showed that the tensile strength of
bony and chondral layers were ~0.261 MPa
and ~0.065, respectively. For in vivo study, the
bilayer hydrogels were implanted in rabbit model
defects in knee. During 18 weeks, the defect
gradually restored with new subchondral tissue
which only a small pinhole in the central region
was observed at the end of 18 weeks. The bone
volume in the hydrogel group was reached to
91.47% whereas the bone volume in control
group showed 56.23% at 18 weeks. Histological
scores of in hydrogel group was significantly
higher compared with control group by factor
2.5 at 18 weeks, which confirmed a promising
capability of the fabricated hydrogel for
osteochondral regeneration (Liao et al. 2017).
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4.4 Pig

C Jiang et al. in 2007 fabricated a bilayer scaffold
with bony layer composed of β-TCP and chondral
layer composed of PLGA (C. C. Jiang et al.
2007). The tensile modulus of the scaffolds was
0.93 Mpa similar to native cartilage (0.88 Mpa).
For in vivo study, after seeding the Autologous
chondrocytes in chondral layer, the scaffolds
were implanted into load-bearing osteochondral
defects in the Lee-Sung mini-pig femoral
condyles. Treatment of the defect with cell-free
scaffolds was considered as control (C. C. Jiang
et al. 2007). The histological scores showed that
the fabricated bilayer scaffolds enhanced the
osteochondral regeneration more than 2 times
compared with control group (C. C. Jiang et al.
2007).

4.5 Goat

E Kon et al. in 2015 fabricated an aragonite-
hyaluronate bilayer scaffold for purpose of
osteochondral regeneration (Kon et al. 2015).
For in vivo study, the scaffolds were implanted
into the full-thickness osteochondral defects in
the weight-bearing of goat femoral condyle. The
defects filled with blood clots were considered as
control group. The histological scores showed
that the bilayer scaffolds increased the
osteochondrar differentiation by fold of ~4 and
~2 compared with control group after 24 and
48 weeks, respectively. The μCT results showed
bone formation in the bilayer scaffolds was ~1.6
and ~1.3 times more than bone formation in con-
trol group after 24 and 48 weeks, respectively
(Kon et al. 2015).

A Getgood et al. (2012) used a bilayer scaffold
composed of collagen–GAG (chondral layer) and
calcium phosphate (bony layer) for the
osteochondral regeneration purpose (Getgood
et al. 2012). For in vivo study, osteochondral
defects in medial Boer Cross goat femoral con-
dyle and lateral trochlear sulcus were filled with
the bilayer scaffolds (Getgood et al. 2012). The
empty defects served as control group. The

histological scores showed that the scaffolds
improved osteochondral regeneration by factor
of ~1.3 more than control group (Getgood et al.
2012).

4.6 Sheep

D Howard et al. (2015) investigated the effect of
bilayer collagen scaffolds contained 32 μg recom-
binant human fibroblastic growth factor
18 (rhFGF8) on the osteochondral regeneration
(Howard et al. 2015). For in vivo study, the
bilayer scaffolds were grafted into the
osteochondral defect in sheep medial femoral
condyles (Howard et al. 2015). The untreated
defects served as control group. The histological
scores showed that the osteochondral regenera-
tion in the bilayer collagen scaffold with 32 μg
rhFGF8 was significantly higher by factor ~4
compared with control group.

E Mrosek et al. (2016) fabricated a durable
bilayer implant composed of trabecular metal
and autologous periosteum for osteochondral
regeneration purpose. For in vivo study, the
bilayer scaffolds were grafted into the
osteochondral defect in the load-bearing region
of sheep medial femoral condyles. The untreated
defect was considered as control group. Histolog-
ical scores demonstrated the scaffolds acted
approximately equal to control group (Howard
et al. 2015).

4.7 Horse

J Seo in 2013 investigated autologous bilayer
sponge scaffold composed of β-TCP and BMP-2
(mimic bony layer), gelatin and platelet rich
plasma (PRP) (mimic chondral layer), for
osteochondral regeneration. In the bony layer
the autologous BM-MSCs were seeded and in
the chondral layer autologous BM-MSCs and
chondrocytes were seeded (Seo et al. 2013). The
compression modulus of the fabricated bilayer
scaffolds was measured as 1.13 � 0.13 Mpa.
For in vivo study, the scaffolds were implanted
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into critical sized osteochondral defects in the
both lateral trochlear ridges of the horse talus
(Seo et al. 2013). The scaffolds composed of
β-TCP and gelatin were used for control group.
According histological scores, the fabricated
scaffolds increased significantly the ostechondral
regeneration by factor ~1.3 compared with con-
trol group. The ϱCT showed that after 16 weeks
the bone formation in test group was ~1.3 times
more than control group. The radiography also
showed that the size of defect decreases 2 times
more than control group (Seo et al. 2013).

5 Bone

Three articles have evaluated bilayer scaffolds for
bone tissue reconstruction (Table 2). The used
biomaterials for bone tissue engineering were
collagen, hydroxyapatite, and Poly-L-Lactic
Acid. Two assays had gene therapy in parallel.
Animal studies in the field included models of
rabbits. One assay had ADMSCs, HLE, SEM,
IHC, immunofluorescence staining, RT-PCR
analysis, bone mineral assessment, gross mor-
phology observation, micro-CT imaging, RGE
and biochemical tests to evaluate the results and
follow-ups varied from 14 to 112 days.

5.1 Rabbit

A study conducted by Y Zhi Cia et al. (2010)
investigated the effect of bilayer porous collage-
nous membrane reinforced by PLLA nanofibrous
membrane on bone (Cai et al. 2010). For in vivo
study, critical sized defects of bone of rabbit tibia
were filled with the bilayer PLLA membrane. The
untreated defects served as control group. The
results showed that the bone formation in the
bilayer PLLA membrane ~3.5 and ~2.8 times
more than control group after 3 and 6 weeks,
respectively. Histological scores demonstrated
the osteogenic effect of the bilayer PLLA mem-
brane was ~6.5 and ~3 times more than control
group after 3 and 6 weeks, respectively (Cai et al.
2010).

T Guda et al. (2011) fabricated a novel bilayer
hydroxyapatite scaffolds with two porosities
(Outer dense shell ¼ 200 μm (73% total volume);
Inner porous core ¼ 450 μm (27% total volume))
for bone regeneration (Guda et al. 2011). For
in vivo study, the bone segmental defects in rabbit
radius were filled with the bilayer scaffolds. The
untreated defects were considered as control
groups. The flexural strength of the grafted
bilayer scaffolds was about 26.59 � 6.96 Mpa
which is lower and higher than autologous bone
graft (~43.84 � 15.31) and the empty defects
(16.13 � 7.81 MPa), respectively. The bone for-
mation in bilayer scaffold group was ~1.5 times
more than control group (Guda et al. 2011).

6 Skin

Seven articles have been evaluated in the field of
skin repair, in which various types of bilayer
scaffolds were assessed to tissue reconstruction
(Table 3). Widely used natural and synthetic
polymers for cutaneous reconstruction
investigations were collagen and chitosan, and
PGE and polyurethane, respectively. And also
that gene therapy was accessed parallel in two
assays. Animal studies in the field included
models of rabbits, pigs, rats and mice. One assay
had ADMSCs, HLE, SEM, IHC, immunofluores-
cence staining, RT-PCR analysis, western blot-
ting, microscopic and macroscopic observation,
hematology, micro-CT imaging and biomechani-
cal tests to achieve more precise results and
follow-ups varied from 7 to 112 days.

6.1 Mouse

However, cutaneous wound healing is
investigated in a large-scale range of animal
models, mouse frequently studied as a full-
thickness wound healing model. Recently,
Golchin and Nourani (2020) investigated epider-
mal growth factor (EGF) releasing potency of
bilayer PCL and PVA/Chitosan electrospun mat
for the wound healing process in the mouse. They
demonstrated that the designed bilayer mat was
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capable of cell seeding and increased their growth
and proliferation. In this study, bilayer PCL and
PVA/Chitosan electrospun mat showed meaning-
ful differences for wound closure and improved
histological healing in an in vivo condition
(Golchin and Nourani 2020). Wang et al.
investigated the wound healing potency of a
bilayer patch contains the top layer for providing
humidity and antibacterial condition and the
cryogel layer for promoting cell proliferation
(Wang et al. 2018). This SIS bilayer wound dress-
ing demonstrated noteworthy mechanical
properties to protect the wound area and could
also maintain a humid condition for cell prolifer-
ation and migration at the wound site in mouse
skin wounds (Wang et al. 2018).

6.2 Rat

In this regard, Mirzaei-Parsa et al. evaluated the
feasibility of PCL and fibrinogen combining
nanofibers with the adipose tissue-derived stem
cells (ATSC) seeded on the acellular dermal
matrix (ADM) as a bilayer scaffold for the treat-
ment of full-thickness skin wounds in a single-
step system in the rat model (Mirzaei-parsa et al.
2018). They reported that ATSC seeded on
ADM, PCL-fibrinogen nanofibrous patch, and
bilayer scaffolds can support angiogenesis,
re-epithelialization, and collagen remodeling in
comparison with cell-free scaffolds (Mirzaei-
parsa et al. 2018). Natesan et al. investigated a
skin equivalent, made by a collagen-polyethylene
glycol (PEG) fibrin-based bilayer hydrogel in an
excision wound model in athymic rats (Natesan
et al. 2013). They added debrided skin adipose
stem cells (dsASCs) on the structure and
demonstrated that within the bilayer hydrogels,
cells proliferate and differentiate, maintain a
spindle-shaped morphology in collagen, and
also develop a tubular microvascular network in
the PEGylated fibrin. Moreover, the results of
in vivo study indicated that dsASC-bilayer
hydrogels contribute significantly to wound
healing and vascularization of skin equivalent
(Natesan et al. 2013). Wang et al. investigated
and characterized a bilayer dermal substitute that

prepared by integrating a hybrid dermal scaffold
with a PU membrane to fabricate a PU mem-
brane/knitted mesh-reinforced collagen–chitosan
bilayer skin equivalent (PU-PLGAm/CCS)
(Wang et al. 2016). This structure was evaluated
in full-thickness skin wound model in rats (Wang
et al. 2016). The results showed a balance
between porous structure, biocompatibility, and
mechanical properties as a skin substitute by
integrating the advantages of biological and syn-
thetic polymers (Wang et al. 2016).

6.3 Rabbit

Priya et al. investigated the potential of cryogel
bilayer wound dressing and skin regenerating
equivalent for the healing of surgically operated
full-thickness wounds in the rabbit model (Priya
et al. 2016). They reported that the gelatin cryogel
sheet supported the cell viability of fibroblasts
and keratinocytes. They also demonstrated
injuries implanted with cryogel having man-
nose-6-phosphate showed better and faster skin
regeneration with no scar formation (Priya et al.
2016).

6.4 Pig

Guo et al. developed a gene-activated bilayer
dermal substitute in a full-thickness wound
model of the pig, that contained the complexes
with the plasmid DNA encoding vascular endo-
thelial growth factor-165 (VEGF-165), which
incorporated into collagen–chitosan/silicone
membrane scaffold (Guo et al. 2010). They
demonstrated that this skin substitute was
transplanted onto the dermis regenerated by the
gene-activated complexes on day 10 and well
survived. At the follow-up period, the healing
zone of skin shown a similar structure and
�80% tensile strength of the normal skin (Guo
et al. 2010). Also, in another study, they reported
similar results of using this construct to treat burn
wounds in the pig model (Guo et al. 2011). This
group also compared the effects upon skin repair
between the collagen/chitosan porous scaffold
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and a silicone membrane and ADM in the full-
thickness excisional and burned wounds of pigs
(Guo et al. 2014). In this study, they reported no
significant difference between ADM and colla-
gen/chitosan/silicone bilayer dermal construct on
the formation of a new formed blood vessels for
the cutaneous wounds on different days (Guo
et al. 2014).

7 Vessels

Three articles of bilayer scaffolds investigation
for vascular tissue regeneration had used
biomaterials such as polyethylene glycol, poly
lactic acid and poly caprolactone (Table 4). Ani-
mal studies in this field included models of
rabbits, rats and mice. Adipose-derived stem
cells were used in one study. The HLE, SEM,
IHC, immunofluorescence staining, RT-PCR
analysis, microscopic and macroscopic observa-
tion were the used tests and follow-ups varied
from 5 to 56 days. In these studies, there wasn’t
any quantitative parameters between the group
used the bilayer scaffolds and untreated defect.

7.1 Mouse

In 2016 M Cherubino et al. to investigate human
adipose-derived stem cells seeded on the new
vascularization, implanted the cell-seeded Bilayer
and Flowable Integra® scaffolds in the lower
backside of nude mice between subcutaneous
and muscle tissue. The scaffold without the cells
were considered as control group (Cherubino
et al. 2016).

7.2 Rat

A bilayer PLLA fibrous scaffold was designed in
2014 by J Pu et al. for vascularization purpose
(Pu et al. 2015). The align-oriented thin fibers and
random-oriented thick fibers were fabricated to
achieve a cylindered bilayer scaffold using two

parallel disks and electrospinning method. Con-
trol scaffolds were composed of just random
fibers and were fabricated using same
electrospinning parameters. To test the vasculari-
zation capacity of the scaffolds, two incisions
were created on left (underneath cavity for
implantation place of control scaffolds) and right
side (underneath implantation place of bilayer
scaffolds) of the abdominal wall of each rat
(Pu et al. 2015). The scaffolds are placed so that
the align-oriented thin fibers faced the superficial
fascia and random-oriented thick fibers faced rat
fat tissue and muscles (Pu et al. 2015).

7.3 Rabbit

Zhou et al. in 2016 fabricated a bilayer vascular
scaffolds with inner layer composed of
microRNA-126 (miR-126) and poly (ethylene
glycol)-b-poly(L-lactide-co-e-caprolactone)
(PELCL) and with outer layer composed of PCL
and gelatin (Zhou et al. 2016). The inner layer
was used to deliver miR-126 to endothelial cells
of vessels thereby induced vascularization. The
cell viability of the vascular endothelial cells
cultured on the bilayer scaffolds was ~1.4, ~1.2,
and ~1.5 times more than the viability of the cells
culture on PELCL scaffolds after 3, 6, and 9 days
(Zhou et al. 2016). The outer layer of the
scaffolds also provided mechanical support. For
in vivo study, after removing 10 mm rabbit left
common carotid artery the scaffolds transplanted
end-to-end. Native tissue was considered as con-
trol group. The proangiogenic actions of miR-126
correlated with its repression of SPRED-1, a neg-
ative regulator of MAP kinase signaling
(McClure et al. 2012). In the absence of
miR-126, the increased expression of SPRED-1
diminishes the transmission of intracellular
angiogenic signals generated by VEGFs and
FGFs the qualitative comparison between the
bilayer scaffolds, PELCL scaffolds and native
tissue showed that the fabricated bilayer scaffold
loaded with miR-126 could enhance endothelia-
lization in vivo (Zhou et al. 2016).
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8 Urinary Bladder

Three studies had investigated the urinary bladder
repair by bilayer scaffolds (Table 5). One had
used poly-l-lactide/silk fibroin and the other had
used a cell matrix graft-silk fibroin. Animal
models have been rabbits and rats. Bone marrow
stromal cells (BMSCs) were evaluated in one
case. The HLE, SEM, IHC, local tissue response,
cystography, functional and systemic evaluations
of the reconstructed urinary bladder were used to
assess the results and follow-ups varied from 2 to
12 weeks.

8.1 Rat

In 2015 a bilayer scaffold with waterproof prop-
erty in a natural bladder acellular matrix graft
layer and a second layer appropriate for cell pro-
liferation (silk fibroin) was designed and
fabricated by Y Zhao et al. (2015). The tensile
strength of the bilayer scaffolds was
0.39 � 0.09 MPa. The longitudinal cystotomy
defects in male Sprague Dawley rats were created
for in vivo study of bladder augmentation model.
The untreated cystotomy defects were considered
as control group (Zhao et al. 2015). Bladder
capacity measurement showed that the capacity
of the bladders implanted with bilayer scaffolds
was ~1.8 times of the capacity of ones in the
control groups. The number and diameter of
micro vessels, 12 weeks after implantation of
the bilayer scaffolds, was equal to control group
(Zhao et al. 2015).

8.2 Rabbit

In a study conducted by N Yudintceva et al.
(2016) an allogenic rBM-MSC-seeded bilayer
scaffold was fabricated for bladder tissue engi-
neering. The silk fibroin inner layer of the scaf-
fold is porous and appropriate for cell
proliferation (Yudintceva et al. 2016). The

PLLA outer layer make a water proof barrier.
For in vivo study, the scaffolds with and without
rBM-MSC (control group) were transplanted to
partial bladder wall cystectomy defect in rabbits
(Yudintceva et al. 2016). The Electromyography
results showed that the bladder volume capacity
of the PL-SF /rBMSCs group is ~2.5 fold more
than the control group. The number of
microvessels 8 and 12 weeks after implantation
of the bilayer scaffolds was ~2.6 and ~1.3 times
more than the control group. The diameter of
microvessels 8 and 12 weeks after implantation
of the bilayer scaffolds was ~1.8 and ~1.6 times
more than control group (Yudintceva et al. 2016).

8.3 Dog

X Lv et al. (2018) developed a novel bilayer
scaffold composed of silk fibroin microporous
network and bacterial nano cellulose for urethral
tissue engineering purposes (Lv et al. 2018). The
Young’s modulus of the scaffolds was measured
as 6.85 � 0.26 MPa. For in vivo study, the
scaffolds without cells (control group) and the
scaffolds seeded with dog-derived keratinocytes
and muscle cells were grafted into dog long-
segment urethral defects (Lv et al. 2018). The
cell-seeded scaffolds improved the urethra more
efficiently reconstruction after 12 weeks of
implantation (Lv et al. 2018).

9 Nervous System

Three studies had investigated the bilayer
scaffolds of collagen and chitosan for nervous
system repair (Table 6). Animal models have
been rabbits and rats. Adipose-derived stem
cells were used in one study. The HLE and
histomorpho-assessment of functional nerve,
immune-staining and F-actin staining, SEM, and
electrophysiological assessment were used to
assess the results. Follow-ups varied from 10 to
180 days.
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10 Discussion

Whereas “tissue engineering” art is grafting a
bio-factor (cell, genome and/or protein) inside a
porous bio-matrix, which is biocompatible and
biodegradable, its goal is the fabrication of a
bio-contexture with the analogous complexity of
human tissues in structure and function. Usually,
an engineered tissue has two main components,
cells and scaffolds. The cells provide biological
processes, while the scaffolds play a critical role
in providing 3D media for organizing the ECM
and cellular interactions (Bakhshandeh et al.
2017). Approaches for scaffold designing must
follow a template of hierarchical porosity so the
structures could achieve the desired mechanical
properties and mass transport (permeability and
diffusion) and the creation of 3D anatomical
shapes and complexity inside the structures. A
variety of techniques have been used to make a
3D complex of biological forms. More extended
and precise studies about tissue structures’ details
had opened a new window for researchers toward
enhancing the efficiency of tissue defect repair.

Bilayer scaffolds are used for assembling the
biological function and structure complex of 3D
media of ECM and inducing significant regenera-
tion in different tissues (Zarrintaj et al. 2017a).

Osteochondral defects are severe articular car-
tilage defects that are extended to the deep
subchondral bone layer. In fact, articular cartilage
and the subchondral defect will be repaired
utilizing regeneration and repair in both cartilagi-
nous and osseous tissues. For osteochondral
defects, the primary focusing of tissue engineer-
ing was just on upper cartilaginous layers; there-
fore, not considering the subchondral layer and
the results were disappointing (Gomoll et al.
2010). The providing bio-mimetic properties,
stratified (bilayer) scaffolds can supply adequate
3D media to include cellular diffusion, prolifera-
tion, differentiation, and enhancing the inductive
interactions between bone and cartilage (Hashemi
et al. 2021). The bio-mimetic designed scaffold
should have the ability to make a natural structure
with the primary goal of integration of
osteochondral tissues (Fig. 2) (Oliveira et al.
2006). It means that bilayer scaffolds must have

Fig. 2 Osteochondral unit structure; the multilayer structure of this target tissue makes it convenient for using bilayer
structures as therapeutic composition
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an appropriate capacity of hyaline-like cartilage
deposition and bony mineralization simulta-
neously. The mechanical and biological reasons
which support the development of bilayer
scaffolds include gathering mechanical resistance
and ameliorating natural synovial structure,
monotonic marking on the osteochondral junc-
tion, and merging the bilayer implant to the host
tissue for biological function maintenance. For
good physical properties, an osteochondral scaf-
fold should have a rigid osseous layer to support
the overlying cartilage and the fusion of the native
bone; and also have a chondral layer to seed and
penetration of chondrocytes and MSCs for final
cartilaginous ECM production (Dodel et al. 2017;
Rajaei et al. 2017; Zamanlui et al. 2018). As
mentioned in the studies, a bilayer scaffold should
be made of two parts and the natural anatomical
structure of osteochondral tissues. These two
parts include the cartilage and the subchondral
part. Various materials have been evaluated for
bilayer scaffolds synthesis with different
properties. Up to now, natural biomaterials such
as gelatin, collagen, cellulose, polyurethane, and
artificial polymers, such as PLC, PGA, and other
stiff materials and their compositions are the most
used materials (Mohebbi et al. 2018; Zarrintaj
et al. 2018c). Natural biomaterials usually have
high biocompatibility and bioactivity, but no
good stiffness and biodegradation time are diffi-
cult to control. Usually, the upper cartilage layers
are made of low resistance hydrogels, and
subchondral underlying layers include high
strength materials such as TCP compositions
(Da et al. 2013; Moradi et al. 2018). The apparent
osteogenic inductive ability of bilayer scaffolds
was next examined by gene expression analysis.
Comparing ALP gene expression between the
bilayer PLLA nanofiber group and the control
group showed a six fold increasing ratio. This
finding suggested enhanced osteogenic differen-
tiation of MSC stimulated by PLLA nanofibrous
bilayer scaffold more than other scaffolds
(Birhanu et al. 2018).

Stem cells are one the most critical part of
tissue engineering (Ardeshirylajimi et al. 2018;
Niknam et al. 2021), especially for osseous
tissues due to their ability of proliferation and

chondrogenic differentiation that is approved by
many studies (Ardeshirylajimi et al. 2018). In this
review, most MSCs of different sources have
been evaluated for osteochondral reconstruction,
and just a few articles had used differentiated
chondrocyte. Mesenchymal stem cells have dif-
ferent advantages which we reviewed them in
separate study (Golchin et al. 2018, 2020). How-
ever, suitable stem cell source finding and using
the high-tech methods in manipulating them can
be suitable tools in developing bone tissue engi-
neering and its regenerative medicine (Golchin
et al. 2018, 2020). The ICRS Visual Histological
Assessment Scale was used to evaluate the
healing of the defect site. This scoring system
was primarily based on the surface, matrix, cell
distribution, cell population viability,
subchondral bone, and cartilage mineralization
(Mainil-Varlet et al. 2003). Host tissue scores in
the bilayer scaffolds and the control groups
showed significant differences in the mean scores
of the matrix, cell morphology, matrix staining,
surface regularity of cartilage, and the thickness
of cartilage and tissue integration. Among all the
scaffolds, the bilayer collagen scaffold designed
by Y Qi et al. has a higher histological score in
comparison to the control group. The author
believes this improvement may be explained by
the fact that progenitor cell migration from the
bone marrow could be captured and organized by
the scaffolds (Qi et al. 2012).

Millions of people suffering of skin defects
which need alternative treatments such as
wound dressing, allograft and autograft, so tradi-
tional autografts are restricted in use due to on
time availability and low frequency of donor
sites. The recent development in regenerative
medicine and tissue engineering has extended
the conception of wound healing and causes vari-
ous novel methods in skin reconstruction and
healing (Diaz-Flores et al. 2012). Full-thickness
skin defects formed because of different factors
like burning, diabetic injuries cannot heal autolo-
gous due to loss of dermis. In these cases, an
appropriate equivalent pattern of the dermis is
hugely needed. Wound healing is a dynamic pro-
cess based on cellular growth and reconstruction,
including ECM interactions, cell growth factors,
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and various types of resident cells. Appropriate
scaffold design can provide ECM role and
thought help the skin reconstruction. At the
moment, most of the skin scaffolds are mono-
layer, such as hydrogels and nanofibers that can
promote wound healing (Farokhi et al. 2018;
Nilforoushzadeh et al. 2018). Wound dressing
should be biocompatible, biodegradable,
antibacterial, and transfer the proper gas and
nutrient with the outer environment (Farokhi
et al. 2018; Nilforoushzadeh et al. 2018). Various
scaffolds have been designed as a wound dress-
ing, such as nanofibrous, hydrogel, and conduc-
tive scaffolds (Zarrintaj et al. 2017b, Zarrintaj
et al. 2018a; b). These scaffolds are biodegradable
in biological media so that they can be degraded
and replaced by reconstructed tissues. Full-
thickness skin defects cannot heal by primary
closure due to the absence of dermal tissue.
Therefore, to achieve optimum full-thickness
wound repair, there will be a significant require-
ment of artificial skin equivalent to replace autog-
enous skin grafts. To overcome the mentioned
problems, researchers focused on skin bilayer
scaffolds, which are usually made of upper
dense elastic layer and lower soft layer. The
upper layer serves as a barrier against bacterial
infection of the wound and also keeps moist in the
microenvironment. In contrast, the lower layer
acts as a cellular scaffold to promote cell migra-
tion and tissue reconstruction (Burke et al. 1981;
Dagalakis et al. 1980). There are different
methods for fabricating bilayer scaffolds to
mimic the natural skin structure and provide a
normal healing process of defected or injured
skin (Fig. 3). Natural and artificial polymers
such as fibrin, PEG, collagen, chitosan, PVP-I,
gelatin, and polyurethane are used for various
matrix production. Besides, active researchers in
this field access the bioactive molecular role in
the wound healing process and develop compos-
ite scaffolds of biopolymers and bioceramics with
desired Physico-chemical and biological
properties for designing the ideal scaffold systems
for skin tissue reconstruction (Guo et al. 2010,
2011; Natesan et al. 2013; Priya et al. 2016; Wang
et al. 2018). These bilayer scaffolds have a bril-
liant aspect in skin tissue engineering for the

better resembling the skin niches. One of the
critical issues for the transplantation of the skin
graft is the sufficient vascularization of the
implanted artificial dermis, which is essential for
delivering nutrients and metabolic wastes and
thereby the survival of the graft. It is known that
angiogenesis, a necessary process of vasculariza-
tion, is extensively enhanced by various angio-
genic factors such as bFGF, VEGF, PDGF etc.
These factors have shown great promise and have
been applied singly or simultaneously in matrices
to improve angiogenesis (Ehrbar et al. 2008;
Nillesen et al. 2007; Perets et al. 2003; Richardson
et al. 2001). To compare the angiogenesis
properties of the different scaffolds, immunochem-
ical staining for CD31 (a transmembrane protein
expressed early in vascular development) was
performed to evaluate the newly formed vessels.
α-SMA is a plasma protein secreted by the vascu-
lar smooth muscle cells enveloping mature blood
vessels (Valarmathi et al. 2009). Therefore,
co-staining for CD31 and α-SMA was used to
identify the mature blood vessels. So, in our sys-
tematic review we focused mainly on the
biological responses, including relevant factors
such as CD31 and a-SMA and dermal repair in
different bilayer scaffolds. Our review results
showed that The SIS membrane that designed by
Wang, L., et al. had a significantly higher relative
mRNA expression of CD31 (4.7 fold), which was
used to identify the mature blood vessels (L. Wang
et al. 2018). Relative mRNA expression of CD31
and a-SMA in a plasmid DNA encoding VEGF-
165 activated collagen–chitosan bilayer scaffold
was threefold more than control group (Guo et al.
2011). Therefore, these two bilayer scaffolds’ sig-
nificant difference was shown in the higher density
of the mature vessels among the other groups.

When nerve injury occurs, the proximal stump
of the peripheral nerve begins with a scenario of
the regeneration process, while the distal stump
undergoes degeneration. After the injury, the dis-
tal nerve stump and target tissues are chronically
denervated along with nerve and target tissues
atrophy. Various scaffolds have been designed
for connecting the distal and proximal of the
injured nerve (Daly et al. 2012; Zarrintaj et al.
2018d). To regenerate the damaged nerve, axon
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regeneration is initiated by the cell body from
proximal toward distal through the synthesis of
proteins to lead the repairing axons and connect
the inter-stump gap, forming a structure known as
a growth cone. During regeneration, Schwann
cells at distal and proximal ends provide the
Büngner bands to lead the axon. Nerve regenera-
tion is a complex process in which cell-cell, cell-
ECM, and cell-scaffold play an essential role.
Nerve conduit should be biocompatible, flexible
and biomimetic to regenerate damaged nerve
properly and stimulate nerve growth. Different
strategies have been developed to enhance regen-
eration such as genetic manipulation, electrical
stimulation, the addition of growth factor, physi-
cal stimulation, and ECM-like polymer usage
(Zarrintaj et al. 2017a; b, 2018b, d).

The bilayer scaffolds could effectively
improve nerve fiber sprouting and motor recovery
following implantation in a sciatic nerve injury/
repair model. H Zhuang et al. (2016) first
fabricated a collagen tube with a commercial
bilayer collagen membrane (Bio-Gide). To
improve nerve growth, they synthesized GDNF-
loaded microspheres. The microspheres were
coated with GelMA hydrogel onto the inner con-
duit. The tube with microspheres formed a novel
biodegradable nerve conduit to bridge a 10 mm
long sciatic nerve defect in rats. Oh et al.
fabricated the asymmetrical nerve conduit based
on PCL/Pluronic with nano and micro surface.
Such a structure enhanced the cell growth on the
nano surface and allowed the nutrient permeation
through the conduit. Conduit with nerve growth

Fig. 3 Electrospinning method for fabricating skin patch; there are several methods and divers polymers for fabricating
bilayer scaffolds to mimic the natural skin structure and provide a normal healing process of defected or injured skin
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factor concentration gradient exhibited the proper
regeneration than the uniform concentration
(Sarker et al. 2018).

Bladder augmentation or partial substitution is
one of the primary surgical challenges in urology
required for different clinical conditions, includ-
ing contracted bladder, tumors, bladder fibrosis,
and neurogenic bladder. Application of
transplantable autologous urinary bladder
neo-organs produced by tissue engineering
demonstrated the feasibility and efficacy of this
method in reconstructing the bladder
(Oberpenning et al. 1999; Tariverdian et al.
2018). Subsequent clinical application of autolo-
gous engineered bladder tissues reported by Atala
further proved the efficacy of engineered tissues
for cystoplasty (Atala, 2011). A suitable scaffold
plays an essential role during tissue engineering
bladder regeneration. Recently, some new
bilayered scaffold combines the advantages of
each scaffold layer for bladder TE and serves as
a barrier between urine and the viscera while
accommodating sufficient numbers and various
types of cells in the regenerated bladder wall,
facilitating bladder reconstruction (Eberli et al.
2009; Horst et al. 2013) application of a bilayer
PL-SF scaffold seeded with BMSCs was effective
for bladder wall reconstruction in vivo. The func-
tional activity of the urinary bladder was tested by
filling with saline under EMG control. Bladder
volume capacity following implantation of the
PL-SF /rBMSCs group was 2.5 fold more than
CG (Yudintceva et al. 2016).

11 Conclusion

Because of the tissue complexity, scaffold archi-
tecture should be a subtle balance between sim-
plicity and sophistication to mimic the native
tissue behavior. Biomimic materials are proper
substrates for cell growth, but the structure of
them should be designed based on target tissue
to recapitulate the tissue complexity and tissue
interface. Multilayered tissue regeneration
necessitates the architecting the unique and
impressive construction to reflect healthy tissue
performance. This systematic review endeavors

to display the studied multilayered tissue regener-
ation with a growing interest in the bilayer
scaffolds. It is understood that there is an increas-
ing fascination with the role of bilayer scaffolds
in tissue engineering. The growing trend in
bilayer scaffold designs indicates the importance
of such scaffold applications in tissue engineer-
ing. However, online data reveals that most of the
studies performed in vitro characterizations,
in vivo investigations were neglected in the stud-
ies for many of the scaffolds. Such a gap between
in vitro and in vivo research necessitates focusing
on animal studies to illuminate the bilayer scaf-
fold performances in vivo and clinical situations.
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Abstract

Parkinson’s disease (PD) is a neurodegenera-
tive motor disorder which is largely sporadic;
however, some familial forms have been
identified. Genetic PD can be inherited by auto-
somal, dominant or recessive mutations. While
the dominant mutations mirror the prototype of
PD with adult-onset and L-dopa-responsive
cases, autosomal recessive PD (ARPD) exhibit
atypical phenotypes with additional clinical
manifestations. Young-onset PD is also very
common with mutations in recessive gene
loci. The main genes associated with ARPD
are Parkin, PINK1, DJ-1, ATP13A2, FBXO7
and PLA2G6. Calcium dyshomeostasis is a
mainstay in all types of PD, be it genetic or
sporadic. Intriguingly, calcium imbalances
manifesting as altered Store-Operated Calcium
Entry (SOCE) is suggested in PLA2G6-linked
PARK 14 PD. The common pathways underly-
ing ARPD pathology, including mitochondrial
abnormalities and autophagic dysfunction, can
be investigated ex vivo using induced pluripo-
tent stem cell (iPSC) technology and are
discussed here. PD pathophysiology is not

faithfully replicated by animal models, and,
therefore, nigral dopaminergic neurons
generated from iPSC serve as improved
human cellular models. With no cure to date
and treatments aiming at symptomatic relief,
these in vitro models derived through midbrain
floor-plate induction provide a platform to
understand the molecular and biochemical
pathways underlying PD etiology in a patient-
specific manner.
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PD Parkinson’s disease
PM plasma membrane
ROS reactive oxygen species
SNpc substantia nigra pars compacta
SOCE store-operated calcium entry
TH tyrosine hydroxylase

1 Introduction

Parkinson’s disease (PD) is the second most com-
mon neurodegenerative disorder characterized by
motor symptoms such as resting tremor,
bradykinesia, rigidity, postural instability,
stooped posture and freezing, as well as
non-motor symptoms including cognitive and
behavioural symptoms, sleep disorders, auto-
nomic dysfunction, sensory symptoms and
fatigue (Tolosa et al. 2006; de Lau et al. 2006;
Jankovic 2008; O’Sullivan et al. 2008; Kalinderi
et al. 2016). The pathological hallmark of PD is
the progressive loss of dopaminergic
(DA) neurons in the substantia nigra pars
compacta (SNpc) and the subsequent loss of
dopamine inputs to forebrain striatal structures
along with the appearance of protein inclusions
called Lewy bodies (LB) composed of
α-synuclein fibrils (de Lau et al. 2006; Jankovic
2008). PD is classified into two genetic subtypes
including monogenic familial forms with Mende-
lian inheritance and sporadic forms with no
underlying genetic factors (Karimi-Moghadam
et al. 2018). The sporadic forms of PD are highly
prevalent whereas familial PD accounts for only
5–10% of the reported cases. Monogenic familial
forms of PD are rare, caused by highly penetrant
disease-causing mutations. Parkinsonism caused
by dominant mutations including alpha-synuclein
(SNCA), leucine-rich repeat kinase 2 (LRRK2),
vacuolar protein sorting 35 (VPS35) and the like
are largely similar to the common, late-onset spo-
radic PD (Bonifati 2012, 2014). Autosomal reces-
sive PD (ARPD) results from mutations in
different loci which have clinical signs typical of
PD or can exhibit a wide range of other complex
symptoms. The common pathways underlying
ARPD are mitochondrial quality control, protein

degradation processes and oxidative stress
responses, among others (Scott et al. 2017; van
der Merwe et al. 2015).

The current knowledge of PD is mostly from
postmortem studies and animal models. While the
former represent only the end-stage of the dis-
ease, the latter fail to reflect human disease
pathology due to interspecies differences. In this
context, human pluripotent stem cells (both
embryonic stem cells, ESC; and induced pluripo-
tent stem cells, iPSC) are an excellent source of
cells for differentiation to DA neurons in vitro.
‘Disease modelling in a dish’ by recapitulating
the disease phenotypes in defined cell populations
would make it possible to understand the cellular
and molecular mechanisms of PD, along with
providing a high-throughput drug screening plat-
form (Marchetto et al. 2011; Badger et al. 2014;
Martínez-Morales and Liste 2012).

2 Autosomal Recessive
Parkinsonism

The hereditary forms of parkinsonism which are
transmitted in an autosomal recessive fashion are
given in Table 1. Mutations have been identified
most commonly in three genes in several ethnic
groups spanning different geographical locations:
parkin (PRKN, PARK2), PTEN- induced putative
kinase 1 (PINK1, PARK6), and Parkinson pro-
tein 7 (DJ-1, PARK7). Point mutations, large
genomic rearrangements, leading to deletions or
multiplications presenting as homozygous or
compound heterozygous variations are reported,
particularly for parkin (Lucking et al. 2000).
Recessive mutations in several genes, including
ATPase type 13A2 (ATP13A2, PARK9), phos-
pholipase A2, group VI (PLA2G6, PARK14),
F-box only protein 7 (FBXO7, PARK15),
spatacsin (SPG11), and DNA polymerase
gamma (POLG), cause young- or juvenile-onset
PD. These present with other clinical
manifestations like dystonia, dementia and other
disturbances (Bonifati 2012). DNAJ subfamily C
member 6 (DNAJC6, PARK19), synaptojanin-1
(SYNJ1, PARK 20) and vacuolar protein sorting
13C (VPS13C, PARK23) are also reported to
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have mutations causing autosomal recessive PD
(Karimi-Moghadam et al. 2018).

2.1 PLA2G6 (PARK14)

Phospholipase A2 group 6 (PLA2G6, iPLA2β)
gene encodes a calcium-independent group 6 phos-
pholipase A2 enzyme, which hydrolyzes the sn-2
ester bond of the membrane glycerophospholipids
to produce free fatty acids and lysophospholipids
(Pérez et al. 2004). Various mutations in this gene
have been discovered in patients with neurodegen-
erative disorders such as infantile neuroaxonal
dystrophy (INAD), atypical neuroaxonal dystro-
phy (ANAD), adult-onset dystonia-parkinsonism
(DP) and autosomal recessive early-onset parkin-
sonism (AREP), together known as PLA2G6-
asscociated neurodegeneration, PLAN (Gregory
et al. 1993). PLAN can be classified as
neurodegeneration with brain iron accumulation
II (NBIA II); however, a wide range of clinical
variability is exhibited in these phenotypes with
most PD cases devoid of brain iron deposition or
cortical atrophy (Guo et al. 2018). iPLA2β protein
contains an N-terminal domain, Ankyrin repeats
and catalytic domains (Fig. 1). iPLA2β is predom-
inantly localized in the cytosol but can translocate
to the Golgi, ER, mitochondria and nucleus under
stimulation (Turk and Ramanadham 2004;
Kinghorn et al. 2015; Balsinde and Balboa 2005;

Ramanadham et al. 2015). Two distinct 85 kDa
(VIA-1) and 88 kDa (VIA-2) human iPLA2β
isoforms have been discovered along with many
N-terminal truncated forms due to proteolytic
cleavage and alternate splicing (Ramanadham
et al. 2015). It is highly expressed in the human
brain including SNpc (http://www.proteinatlas.
org). The PLA2G6 gene mutations was associated
with parkinsonism almost a decade ago, with
R741Q and R747W being the first to be reported
in adult-onset levodopa-responsive dystonia-
parkinsonism (Paisan-Ruiz et al. 2009, 2010;
Sina et al. 2009). p.R741Q has also been indicated
in early-onset PD without dystonia (Bohlega et al.
2016). Though PD-associated mutations in this
gene are mostly homozygous, some of them are
rare and specific to geographic areas (Gui et al.
2013; Shen et al. 2018; Kapoor et al. 2016; Lu
et al. 2012) while others are compound heterozy-
gous (Shen et al. 2019; Chu et al. 2020; Ferese
et al. 2018). The mutations that are pathogenic and
causal for PD in PLA2G6 are detailed in Table 2.

Widespread LB pathology is seen with
PLA2G6-linked PD (Paisán-Ruiz et al. 2012;
Miki et al. 2017). The loss of PLA2G6 in Dro-
sophila results in impaired retromer function, cer-
amide accumulation and lysosomal dysfunction,
leading to age-dependent loss of neuronal activity
(Lin et al. 2018). Dysfunction of mitochondria
and increased lipid peroxidation have also been
reported in PLA2G6-deficient Drosophila

Table 1 Genes associated with autosomal recessive Parkinson’s disease (ARPD)

Locus Gene Protein

PARK2 Parkin E3 ubiquitin-ligase
PARK6 Pink1 Phosphatase and tensin homolog-induced putative kinase1
PARK7 DJ-1 Parkinson protein 7, oncogene DJ-1
PARK9 ATP13A2 Lysosomal P5-type ATPase
PARK14 PLA2G6 Phospholipase A2, group VI
PARK15 FBXO7 F-box only protein 7
PARK19 DNAJC6 Putative tyrosine-protein phosphatase auxilin
PARK20 SYNJ1 Synaptojanin-1
PARK23 VPS13C Vacuolar protein sorting 13C

SPG11 Spatacsin
POLG DNA polymerase gamma

Genes mapped to different PARK loci and associated with ARPD are listed together with the involved protein. Rarely,
mutations in spatacsin (SPG11) and DNA polymerase gamma (POLG), cause autosomal recessive parkinsonism with
juvenile onset, mostly with atypical features
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mimicking the human fibroblasts with R747W
mutation (Kinghorn et al. 2015). Increased sensi-
tivity to oxidative stress, progressive
neurodegeneration and a severely reduced
lifespan and impaired motor co-ordination is
seen in PLA2G6-knockout flies (Iliadi et al.
2018). In yet another fly model, the loss of
PLA2G6 leads to shortening of phospholipid
acyl chains, resulting in ER stress and impaired
neuronal activity as well as formation of
α-synuclein fibrils, demonstrating that phospho-
lipid remodeling by PLA2G6 is essential for DA
neuron survival and function (Mori et al. 2019).
Similarly, a rodent knockin model of D331Y
PLA2G6 mutation exhibited early degeneration

of SNpc DA possibly via mitochondrial and ER
stress, impaired autophagic mechanisms and gene
expression changes (Chiu et al. 2019). Elevated
levels of both α-synuclein and phosphorylated
α-synuclein are seen in PLA2G6 knockout mice
models, facilitating the formation of LB and
eventually death of affected DA neurons (Sumi-
Akamaru et al. 2016). In an in vitro study exam-
ining the catalytic activity of PLA2G6 proteins,
recombinant proteins containing the three
mutations associated with dystonia-parkinsonism
(R632W, R741Q and R747W) did not show any
altered catalytic activity, whereas the mutations
associated with INAD led to a significant loss of
enzyme activity (Engel et al. 2010). In addition,

Fig. 1 Structure of PLA2G6 (iPLA2β) protein. The full-
length protein is shown with seven ankyrin repeats (pink
circles), a proline-rich motif (blue box), a glycine-rich
nucleotide-binding motif (magenta), a lipase motif (orange

with the active site highlighted), and a proposed
C-terminal calcium-dependent calmodulin binding
domain (purple). Numbers indicate amino acids

Table 2 List of
PD-associated pathogenic
mutations in PLA2G6
(PARK14) gene loci

Mutation Protein change

c.109 C > T p.arg37-to-X (R37X)
c.216C > A p.phe72-to-leu (F72L)
c.238 G > A p.ala80-to-thr (A80T)
c.991G > T p.asp331-to-tyr (D331Y)
c.1077 G > A p.met358-llefsX6
c.1354C > T p.gln452-to-X (Q452X)
c.1495G > A p.ala499-to-thr (A499T)
c.1715C > T p.thr572-to-ile (T572I)
c.1791delC p.his597-fx69
c.1894C > T p. arg632-to-trp (R632W)
c.1904G > A p.arg635-to-gln (R635Q)
c.1976A > G p.asn659-to-ser (N659S)
c.2215G > C p.asp739-to-his (D739H)
c.2222G > A p.argR741-to-gln (R741Q)
c.2239C > T p.arg747-to-trp (R747W)

Mutations in the PLA2G6 gene that are pathogenic (or likely pathogenic) and cause
Parkinson’s disease are documented
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PLA2G6-PD mutants of SHSY5Y, a neuroblas-
toma cell line, failed to prevent rotenone-induced
death of dopaminergic cells (Chiu et al. 2017).
PLA2G6-PD does not present with a typical clin-
ical scenario and continues to evolve with a wide
phenotypic spectrum. It is safe to infer that the
PD-relevant mutations do not significantly alter
the catalytic activity of the enzyme but induce
damage through parallel mechanisms like oxida-
tive stress, mitochondrial dysfunction or even
compromised lipid remodeling.

2.1.1 PLA2G6 and Store-Operated
Calcium Entry (SOCE)

Store-operated calcium entry (SOCE) is an arm of
calcium signaling activated by depletion of ER
stores that triggers influx of calcium across the
plasma membrane (PM) brought about by the
calcium sensor STIM and the PM pore channel
Orai (Feske et al. 2005, 2006; Vig et al. 2006).
Interestingly, in a genetic screening of Drosoph-
ila, not only STIM1 and Orai1, but also a fly
orthologue of PLA2G6 encoded by the CG6718
gene, were identified as SOCE activators (Vig
et al. 2006). Many groups have from this time
identified PLA2G6 as an endogenous activator of
SOCE (Smani et al. 2016; Schäfer et al. 2012;
Singaravelu 2006; Bolotina and Orai 2008). The
physiological relevance of neuronal SOCE is dis-
puted (Lu and Fivaz 2016) and its role in DA
neurons, particularly, is not known. In PD, abnor-
mal calcium homeostasis triggers a cascade of
downstream events that eventually leads to cell
death (Michel et al. 2016). Interestingly, primary
skin fibroblasts from idiopathic and PLA2G6-PD
(R747W) patients revealed a significant deficit in
endogenous SOCE and similarly, MEFs from the
exon2-knockout mice exhibited deficient store-
operated PLA2G6-dependent calcium signaling
(Zhou et al. 2016a). This was also mirrored in
the iPSC-derived DA neurons along with low ER
calcium levels and deficient autophagic flux. The
knockout mice also showed age-dependent loss
of DA neurons. This study for the first time
arrived at a causal relationship between
PLA2G6-dependent SOCE, depleted stores, dys-
functional autophagy in DA neurons and a
PD-like phenotype (Zhou et al. 2016a). Recently,

in a patient-derived (D331Y) DA neuron model,
imbalance of calcium homeostasis, markedly
deficient SOCE, increase of UPR proteins, mito-
chondrial dysfunction, increase of ROS, and apo-
ptosis was reported. Interestingly, the UPR
modulator, azoramide rescued the phenotype of
the mutant DA neurons, possibly via CREB sig-
naling (Ke et al. 2020). These recent
developments have opened new exciting areas to
study the significant contributions of PLA2G6
and SOCE in PD, and may involve new undis-
covered molecules providing a yet unexplored
arena for PD-drug discovery.

2.2 Parkin, PINK1 and DJ-1

The E3 ubiquitin ligase parkin (PARK2) and the
serine/threonine kinase PINK1 (phosphatase and
tensin homolog-induced putative kinase1,
PARK6), act together in a mitochondrial quality
control pathway and promote the selective
autophagy of depolarized mitochondria
(mitophagy) (Narendra et al. 2012). PINK1 levels
are low in healthy cells as it is continually cleaved
inside the mitochondria in a sequential manner by
proteases (Yamano and Youle 2013). The import
of PINK1 into mitochondria is stopped when the
organelle loses its inner membrane electrochemi-
cal gradient (depolarization), which leads to the
stabilization of the protein on the mitochondrial
outer membrane (Lin and Kang 2008). This accu-
mulation of PINK1 kinase on the mitochondria
triggers parkin recruitment and activation
resulting in ubiquitination of various outer mito-
chondrial membrane proteins (Taanman and
Protasoni 2017; Matsuda et al. 2010). The dam-
aged mitochondria are eventually eliminated by
autophagy. Pathogenic PD-associated mutations
in either Parkin or PINK1 causes accumulation of
impaired mitochondria, increased ROS and neu-
ronal cell death (Seirafi et al. 2015). More than
100 different Parkin mutations have been
reported from PD patients, including deletions,
insertions, multiplications, missense and truncat-
ing mutations, and over 40 point mutations and,
rarely, large deletions, have been detected in
PINK1 (Lesage and Brice 2009). Clinically,
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both cause young-onset PD and show
responsiveness to levodopa. The phenotype
associated with the oncogene DJ-1 mutations
has been studied in a smaller number of patients
but it is overall indistinguishable from that of the
patients with PINK1 or Parkin mutations
(Bonifati et al. 2003). DJ-1 is thought to be
involved in the regulation of the integrity and
calcium crosstalk between endoplasmic reticulum
(ER) and mitochondria, and pathogenic mutations
lead to impaired ER-mitochondria association in
PD (Liu et al. 2019).

2.3 ATP13A2, FBXO7, SPG11
and POLG

Mutations in ATP13A2, FBXO7, spatacsin and
POLG cause juvenile-onset ARPD along with
PLA2G6 (Bonifati 2012). Mutations in
ATP13A2 or PARK9, were first identified in
2006 in a Chilean family and are associated with
a juvenile-onset, levodopa-responsive type of
parkinsonism called Kufor–Rakeb syndrome
(KRS). KRS involves pyramidal degeneration,
supranuclear palsy, and cognitive impairment
(Ramirez et al. 2006). The ATP13A2 gene
encodes a large lysosomal protein, belonging to
the P5-type ATPase family of transmembrane
active transporters. Its substrate specificity
remains unknown. It is suggested that ATP13A2
recruits HDAC6 to lysosomes to promote
autophagosome–lysosome fusion and maintain
normal autophagic flux (Wang et al. 2019).
This, in turn, is required for preventing α-
synuclein aggregation in neurons. FBXO7, in
turn is an adaptor protein in SCFFBXO7 ubiquitin
E3 ligase complex that mediates degradative or
non-degradative ubiquitination of substrates.
FBXO7 mutations aggravate protein aggregation
in mitochondria and inhibit mitophagy (Zhou
et al. 2018). Parkin- and FBXO7-linked PD
have overlapping pathophysiologic mechanisms
and clinical features. Wild-type FBXO7, but not
PD-linked FBXO7 mutants, has been shown to
rescue DA neuron degeneration in Parkin null
Drosophila (Zhou et al. 2016b). Loss of activity
of FBXO7 in seen in patients with PARK 15-PD

and is therefore crucial for the maintenance of
neurons (Zhao et al. 2011). SPG11 or spatacsin
mutations present with bilateral symmetric par-
kinsonism at an early age with rapid deterioration
and development of spastic paraplegia and thin-
ning of the corpus callosum on MRI, typical of
spastic paraplegia 11 (Guidubaldi et al. 2011; Cao
et al. 2013). An involvement of POLG, the mito-
chondrial DNA polymerase that is responsible for
replication of the mitochondrial genome is con-
sidered in early-onset PD especially in the pres-
ence of additional symptoms, such as
ophthalmoparesis, non-vascular white matter
lesions and psychiatric comorbidity (Anett et al.
2020). A role of mitochondrial DNA defects in
the pathogenesis of neurodegenerative parkinson-
ism with POLG mutations is speculated (Miguel
et al. 2014).

3 Common Pathways in ARPD

There are many converging features seen at the
molecular and clinical levels in ARPD that are
discussed in the following section. Understanding
these causal molecular mechanisms is crucial to
identify common targets and devise therapeutic
approaches. However, some fundamental under-
lying processes still remain unclear. The
contributions of the intracellular organelle ER in
ARPD pathology via the calcium signaling path-
way, SOCE is poorly understood. The mitochon-
drion, which is the star player in PD pathogenesis,
regulates SOCE activity possibly via
sub-plasmalemmal calcium buffering, the genera-
tion of mediators, local ATP modulation and reg-
ulation of STIM1 (Malli and Graier 2017). In
turn, SOCE-derived calcium significantly affects
mitochondrial metabolism. Hence, the communi-
cation between SOCE and mitochondria is
hypothesized to be interdependent and complex
leading to fine-tuning of both SOCE and mito-
chondrial function (Spät and Szanda 2017).
Though PD-relevant mitochondrial processes are
studied extensively, SOCE and its role in PD are
largely unexplored. The microbiota–gut–brain
axis and its imbalance by alterations in the
human microbiome also represent a risk factor
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for PD (Sampson et al. 2016). Such pathways that
are not well-proven are omitted from this section,
for ease of understanding.

3.1 Mitochondrial Pathways

Themost compelling evidence for loss of mitochon-
drial fidelity comes from the genes PINK1 and
Parkin. As mentioned earlier, PINK1 accumulates
on the outer membrane of damaged mitochondria
and activates Parkin’s E3 ubiquitin ligase activity.
Parkin recruited to the damaged mitochondrion
ubiquitinates the outer mitochondrial membrane
proteins to trigger selective autophagy. In the late
1970s when accidental exposure to 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine (MPTP) was found
to cause PD and neurodegeneration, the first causal
mechanism speculated was mitochondrial dysfunc-
tion (William Langston et al. 1983). A specific
defect of Complex I activity is also seen in the
substantia nigra of patients with PD (Schapira et al.
1990). We now understand that the pathways
included in mitochondrial quality control system
are fission/fusion, mitochondrial transport,
mitophagy and mitochondrial biogenesis (Scott
et al. 2017). The precise mechanisms by which
Parkin and PINK1 regulate fission and fusion is
debated, but studies from Drosophila and mamma-
lian culture systems, though contradictory, indicate
unbalanced mitochondrial fission and fusion in
PINK1 mutants (Scott et al. 2017; Chen and Chan
2009; Pryde et al. 2016; Scarffe et al. 2014; Yu et al.
2011).DJ-1 (Irrcher et al. 2010) andATP13A2 (Park
et al. 2014) mutants also show fragmented
mitochondria. The combined effects of Parkin and
PGC-1α in the maintenance of mitochondrial
homeostasis in dopaminergic neurons is
demonstrated (Zheng et al. 2017). PINK1 is also
involved in mitochondrial motility along axons and
dendrites of neurons. PINK1 interacts with Miro, a
component of the motor/adaptor complex binding
mitochondria to microtubules and allowing their
movement to and from cellular processes (Brunelli
et al. 2020). Miro is phosphorylated by PINK1 and
ubiquitinated by parkin, leading to its degradation
and halting mitochondrial transport promoting

clearance of damaged mitochondria (Liu et al.
2012). Parkin/PINK1 is hence involved in mito-
chondrial trafficking (Scott et al. 2017; Weihofen
et al. 2009).

The clearance of damaged mitochondria or
mitophagy is a pathway common to mostly all
ARPD-related genes. The role of Pink1-Parkin in
mitophagy is well-established (Deas et al. 2011;
Yamano and Youle 2020). Fbxo7 is also shown to
induce mitophagy in response to mitochondrial
depolarization in a common pathway with Parkin
and PINK1, and PD-associated mutations inter-
fere in this mechanism (Burchell et al. 2013).
Parkin (Kuroda et al. 2006) and PINK1
(Pirooznia et al. 2020) is also linked to mitochon-
drial biogenesis, therefore probably being a part
of mitochondrial transcription/replication.

3.2 Autophagy–Lysosomal Pathways

In addition to impaired mitophagy, protein degra-
dation pathways, especially the autophagy–lyso-
somal pathway, are affected in PD. ATP13A2 is
suggested as a regulator of the autophagy–lyso-
some pathway. ATP13A2 acts in concert with
another PD-protein SYT11 and its loss of func-
tion results in dysfunctional autophagy–lyso-
somal pathway as seen in PD (Bento et al.
2016). α-synuclein-independent neurotoxicity
due to endolysosomal dysfunction has also been
demonstrated in ATP13A2 null mice (Kett et al.
2015). Parkin knockout neurons too show
perturbed lysosomal morphology and mitochon-
drial stress (Okarmus et al. 2020). DJ-1 is
associated to chaperone-mediated autophagy
(CMA) and its deficiency aggravates
α-synuclein aggregation by inhibiting CMA acti-
vation (Xu et al. 2017). Loss of DJ-1 could also
lead to impaired autophagy and accumulation of
dysfunctional mitochondria (Krebiehl et al.
2010). Autophagic defects are a mainstay in
PLA2G6-PD. Genetic or molecular impairment
of PLA2G6-dependent calcium signaling is a trig-
ger for autophagic dysfunction, progressive loss
of DA neurons and age-dependent L-DOPA-
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sensitive motor dysfunction in a mouse knockout
model (Zhou et al. 2016a).

3.3 Cell Death and Oxidative Stress

Oxidative stress and apoptosis are frequently
involved in ARPD pathogenesis. ROS accumula-
tion plays a key role in the initiation and acceler-
ation of cell death, compromising neuronal
function and structural integrity (Schieber and
Chandel 2014). The protein products of Parkin,
PINK1 and DJ-1 are associated with disrupted
oxidoreductive homeostasis in DA neurons.
Impaired cell survival in part due to defective
oxidative stress response is implicated in PARK2
knockout neurons (Bogetofte et al. 2019). Fur-
ther, transgenic overexpression of the parkin sub-
strate, aminoacyl-tRNA synthetase complex
interacting multifunctional protein-2 (AIMP2)
leads to a selective, age-dependent progressive
loss of dopaminergic neurons via activation of
poly(ADP-ribose) polymerase-1 (PARP1) (Lee
et al. 2013). Similarly, PINK1 is also shown to
exert a neuroprotective effect by inhibiting ROS
formation and maintaining normal mitochondrial
membrane potential and morphology in cultured
SN dopaminergic neurons (Wang et al. 2011).
The profiles of oxidative damage in the whole
brain and neurochemical metabolites in the stria-
tum of PINK1 knockout rats at different ages and
genders were studied and oxidative damage
revealed as a crucial factor for PD (Ren et al.
2019). Loss of PINK1 inhibits the mitochondrial
Na(+)/Ca(2+) exchanger (NCLX), resulting in
impaired mitochondrial calcium extrusion,
which was, however, fully rescued by activation
of the protein kinase A (PKA) pathway (Kostic
et al. 2015). DJ-1 also has a role in cell death and
combating oxidative stress. It suppresses PTEN
activity, thereby promoting cell growth and pro-
moting cellular defence against ROS through
PI3K/Akt signaling (Chan and Chan 2015).
Reduced anti-oxidative stress mechanisms have
been reported in PD patients with mutant DJ-1
protein (Takahashi-Niki et al. 2004). It is also
described that Daxx, the death-associated protein,
translocated to the cytosol selectively in SNpc

neurons due to MPTP-mediated down-regulation
of DJ-1 after treatment with the neurotoxin in
mouse models (Karunakaran et al. 2007). DJ-1
is also hypothesized to regulate the expression of
UCP4 by oxidation and partially via NF-κB path-
way in its protective response to oxidative stress
(Xu et al. 2018). DJ-1, particularly in its oxidized
form, is documented as a biomarker for many
diseases including PD. DJ-1 may also work by
increasing microRNA-221expression through the
MAPK/ERK pathway, subsequently leading to
repression of apoptotic molecules (Oh et al.
2018). Additionally, cell-permeable Tat-DJ-1
protein exerts neuroprotective effects in cell
lines and mouse models of PD (Jeong et al.
2012). Data from the field indicate that DJ-1
may become activated in the presence of ROS
or oxidative stress, but also as part of physiologi-
cal receptor-mediated signal transduction and acts
as a transcriptional regulator of antioxidative gene
batteries (Kahle et al. 2009). ATP13A2, on the
contrary, is thought to protect against hypoxia-
induced oxidative stress (Xu et al. 2012). A recent
study revealed a conserved neuroprotective
mechanism that counters mitochondrial oxidative
stress via ATP13A2-mediated lysosomal
spermine export (Vrijsen et al. 2020). PLA2G6
protein is also indicated in oxidative stress-related
pathways (Kinghorn et al. 2015; Ke et al. 2020).

4 Induced Pluripotent Stem Cells
(iPSC) in Parkinson’s Disease
Research

Yamanaka’s discovery in 2007 where key tran-
scriptional factors (Oct4, Sox2, Klf4 and c-Myc)
were used to reprogramme adult cells to a
de-differentiated, poised cell type called Induced
pluripotent stem cells (iPSCs) revolutionized the
field of human disease modeling (Takahashi et al.
2007). Reprogrammed iPSCs are similar to
embryonic stem cells or ESCs, are pluripotent
and can differentiate to multiple lineages. iPSCs
when derived from a PD patient has the patient’s
complete genetic background and provides a
valuable platform to study the impact of genetic
mutations. Within a year of the discovery of
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iPSCs, PD-patient-derived iPSCs (Park et al.
2008) and DA neuron differentiation from
iPSCs were reported (Soldner et al. 2009). iPSC
models have successively been established from
various sporadic and familial PD patients. To
date, iPSCs are the most robust cellular system
to understand PD and generate disease-relevant
cell types for PD (Playne and Connor 2017).

iPSC studies typically involve few participants
and random selection of cases and controls, which
results in heterogeneous models in vitro. Conse-
quently, a large sample size is required to increase
statistical power and sample sizes of 10–30
individuals per iPSC study may be required to
achieve a statistical power of 80% (Hoekstra
et al. 2017; Tran et al. 2020). These are, in turn,
labour-intensive and expensive; hence, it is
unlikely that these requirements are met. A
smaller number may be used if clinically and
genotypically homogeneous subjects are used to
reduce the variance in the cellular phenotypes.
Hence, a preponderance of familial PD is seen
in these studies. A recent report elegantly
summarizes a meta-analysis of 385 iPSC-derived
neuronal lines modeling mutations/deletions/
triplications in LRRK2, PRKN, PINK1, GBA and
SNCA (Tran et al. 2020). The authors discuss the
importance of using the right controls in such
studies. When healthy subjects are used as
controls, differences in genetic background may
give rise to variance in neuronal phenotypes stud-
ies that are not caused by disease mutations.
Gene-editing techniques (TALEN, ZFN,
CRISPR/Cas9) aid in the generation of isogenic
lines that differ in only one single mutant gene,
and this circumvents the issue of variance due to
genetic background. CRISPR/Cas9 system, an
RNA-based endonuclease, is the most common
and effective tool used in the iPSC model for
introducing the genetic changes seen in PD,
including but not limited to knockout, knockin
and gene correction (Arias-Fuenzalida et al. 2017;
Qing et al. 2017; Soldner et al. 2016; Vermilyea
et al. 2020). Disease-causing mutations, there-
fore, can be inserted in healthy ESC or iPSC
lines or gene-correction of a single mutation can
be performed in PD-lines to include comparative
isogenic control lines (Tran et al. 2020).

Differentiation protocols for DA neurons
mimic embryologic development in utero. Unlike
cortical neurons, midbrain DA neurons are
derived from the ventral floor plate of the neural
tube (Ono et al. 2007). The molecular
mechanisms that regulate the development of
midbrain DA neurons in vivo, and how taking
cues from this, one can generate in vitro human
midbrain DA neurons from iPSCs was systemati-
cally reviewed previously (Arenas et al. 2015).
Dual-SMAD inhibition along with modulation of
sonic hedgehog (SHH) and WNT signaling by
CHIR99021 (GSK3β inhibitor), and addition of
FGF8 is routinely used to generate midbrain
floor-plate precursors (Kirkeby et al. 2012;
Kriks et al. 2011; Reinhardt et al. 2013). BDNF,
GDNF, TGFβ3, dbcAMP, ascorbic acid, DAPT
and ActivinA are used to enhance the purity and
maturity of DA neurons which express the key
marker TH (tyrosine hydroxylase) (Monzel et al.
2017a; Smits and Schwamborn 2020; Smits et al.
2019). A schematic and generalized diagram
outlining the midbrain DA differentiation proto-
col from iPSCs is shown in Fig. 2 (the starting
population can also be ESCs). It is important to
note that, irrespective of the protocols used a
heterogeneous cell population is attained, with
neurons, glia and NSCs. To attain a high percent-
age of TH+ DA neuron population, several
strategies have been employed. Sorting of DA
progenitors which are CD184high/CD44�(Suzuki
et al. 2017) or CORIN+(Kikuchi et al. 2017) is
shown to increase the TH+ DA neuron yield.
CRISPR/ Cas9-based knockin of a fluorescent
reporter to visually identify and purify TH+ DA
neurons has also been attempted (Calatayud et al.
2019). A monolayer-based neural differentiation
protocol was described recently that reproducibly
generates ~70–80% midbrain DA neurons
(Stathakos et al. 2020; Stathakos et al. 2019). A
higher concentration of 300 ng/ml SHH
(100–200 ng/ml is used normally) in combination
with a lower concentration of 0.6 μMCHIR99021
(0.8 μM–3 μM is used normally) and passaging
and replating in the early differentiation and pat-
terning stages maximized the yield of midbrain
DA neurons as early as day 30. This monolayer
platform is amenable to imaging and functional
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assessments of autophagy/mitophagy (Stathakos
et al. 2020). In an interesting study, autophagic
dysfunction and premature aging was shown by
PD-patient-derived NSCs (Zhu et al. 2019). One
of these patients had early-onset PD with a novel
mutation in PLA2G6 gene. The authors hypothe-
size that developmental defects, and the
subsequent depletion of NSC pool size could
lead to lower DA neuron number and this impacts
the onset and severity of the disease progression
(Zhu et al. 2019). Hence, not only iPSC-derived
DA neurons, but also the developmentally
upstream NSCs could be a disease-relevant phe-
notype for prediction analyses and design of
intervention therapies.

4.1 iPSC-Derived Two-Dimensional
(2D) and Three-Dimensional
(3D) Culture Models of ARPD

Mutations in the PARK2 gene, encoding the pro-
tein parkin, have been identified as the most com-
mon cause of ARPD. Unsurprisingly, the limited
in vitro iPSC-derived ARPD models primarily
examine the cellular pathologies of this gene.
Human iPSC-derived neurons with PARK2

knockout is known to demonstrate severe mito-
chondrial dysfunction even in the absence of
external stressors. PARK2 patient iPSC-derived
neurons showed increased oxidative stress, higher
α-synuclein accumulation and enhanced activity
of the nuclear factor erythroid 2-related factor
2 (Nrf2) pathway (Imaizumi et al. 2012). Interest-
ingly, iPSC-derived neurons, but not fibroblasts
or iPSCs, exhibited abnormal mitochondrial mor-
phology and impaired mitochondrial homeostasis
in their study. In a similar study, the loss of parkin
significantly increased the spontaneous DA
release independent of extracellular calcium and
showed decreased dopamine uptake by reducing
the total amount of correctly folded DAT along
with DA-dependent oxidative stress. All these
phenotypes could be rescued by overexpression
of parkin, but not its PD-linked T240R mutant or
GFP (Jiang et al. 2012). Mitochondrial dysfunc-
tion, elevated α-synuclein, synaptic dysfunction,
DA accumulation, and increased oxidative stress
and ROS have been reported in PARK2- and
PINK1-patient-derived neurons in a floor-plate-
based but not a neural-rosette-based directed dif-
ferentiation strategy (Chung et al. 2016).
Impairment of mitophagy via formation of
S-nitrosylated PINK1 (SNO-PINK1) has also

Fig. 2 A generalized schematic protocol for differentia-
tion of human induced pluripotent stem cells (iPSCs) into
midbrain dopaminergic (DA) neurons. Human iPSCs are
treated with small molecules, such as GSK3β inhibitors
(GSK3i) and SMAD inhibitors, along with Shh/FGF8b, to
induce midbrain floor-plate formation and subsequent
midbrain DA specification. This is done either by means
of direct differentiation from iPSCs or through embryoid
bodies (EBs). The DA progenitors can be sorted with a
midbrain cell surface marker like CORIN to achieve
higher purity of DA neurons via elimination of unwanted

contaminant cells. Mature midbrain DA neurons are
generated from these progenitors by addition of mentioned
factors at the end of 40–70 DIV (days in vitro) in total.
* indicates factors that may be used in the final differenti-
ation step, but not compulsory. ActA, activin A; AA,
ascorbic acid; BDNF, brain-derived neurotrophic factor;
DAPT, γ-secretase inhibitor; dbcAMP, dibutyryl cyclic
adenosine monophosphate; FGF8, fibroblast growth factor
8; GDNF, glial-cell-derived neurotrophic factor; Shh,
sonic hedgehog; TGFβ3, transforming growth factor
beta-3
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been shown in iPSC-derived parkin-mutant
neurons (Oh et al. 2017). In a recent study,
PARK2 knockout neurons from isogenic lines
exhibited lysosomal impairments and autophagic
perturbations, suggesting an impairment of the
autophagy–lysosomal pathway in parkin-
deficient cells (Okarmus et al. 2020). The same
group had earlier shown disturbances in oxidative
stress defence, mitochondrial respiration and
morphology, cell cycle control and cell viability
of parkin-deficient neurons (Bogetofte et al.
2019).

Midbrain-specific 3D cultures are at present a
powerful tool for modeling PD in vitro. The use
of microwells by Tieng et al. was the very first
attempt in this direction to generate embryoid
bodies, which were then placed on an orbital
shaker before being seeded and grown at air–
liquid interface (Tieng et al. 2014). DA progenitor
cells expressed FOXA2 and LMX1A as well as
TH within a short span of 3 weeks. Subsequently,
a number of reports have been published for
midbrain organoids with neuromelanin expres-
sion seen in long-term cultures (Smits and
Schwamborn 2020; Kim et al. 2019; Jo et al.
2016; Monzel et al. 2017b; Qian et al. 2016).
However, PD modeling with midbrain organoids
is largely focused on dominant mutations like
LRRK2 (Smits et al. 2019; Kim et al. 2019),
SNCA (Jan et al. 2018) and also an only report
on sporadic PD (Chlebanowska et al. 2020). A
very recent study used CRISPR-Cas9 genome
editing to develop isogenic loss-of-function 3D
models of early-onset autosomal recessive PD
(PARKIN�/�, DJ-1�/�, and ATP13A2�/�) to
identify common pathways (Ahfeldt et al. 2020).
The DA neuronal population was markedly
reduced in PRKN�/� organoids but no significant
differences were observed in the other two cell
lines. The death of newly differentiated TH+

neurons and higher expression of VTA marker
CALB1 in the PRKN�/� organoids were indica-
tive of A9-like neurons being more severely
affected than others. A dysregulation of the
autophagy–lysosomal pathway and upregulated
ROS in all cell lines and an upregulation of
pathways associated with oxidative phosphoryla-
tion, mitochondrial dysfunction, and Sirtuin

signaling, as well as a significant depletion of
mitochondrial proteins were seen in the
PRKN�/� DA neurons (Ahfeldt et al. 2020).
Astrocytic pathologies in human PRKN-mutated
iPSC-derived midbrain organoids were revealed
for the first time, suggesting a non-autonomous
cell death mechanism for dopaminergic neurons
in brains of PRKN-mutated patients (Kano et al.
2020). Mutations in PINK1 have also been
reported to generate reduced TH+ counts in mid-
brain organoids (Jarazo et al. 2019). Human mid-
brain organoid/spheroid cultures are a scalable
and reproducible system to obtain DA neurons
expressing markers of terminal differentiation
along with neuromelanin production in a 3D envi-
ronment that replicates the neuronal and glial
cytoarchitecture of the human midbrain (Galet
et al. 2020). They can hence provide a crucial
platform to explore the molecular basis of
ARPD, and also to delineate the associated cellu-
lar pathologies.

Cell Replacement Therapy with iPSC-Based DA
Derivatives The various challenges pertaining to
the safety and efficacy of stem-cell-based cell
transplantations in PD have been elegantly
reviewed and described (Fan et al. 2020). The
right neural cell type for transplantation is of
utmost importance. FGF8b inclusion in the dif-
ferentiation protocols helps in acquisition of a
caudal midbrain fate and promotes high dopami-
nergic graft volume, density and yield as
evidenced by deep sequencing of more than
30 human ESC-derived midbrain tissues
(Kirkeby et al. 2017). Dopaminergic precursors
beyond the floor-plate progenitor stage but before
formation of TH+ dopaminergic neurons are
found to be most efficient for graft survival, inte-
gration and function in animal models (Kikuchi
et al. 2017; Nolbrant et al. 2017). Grafting of
these precursors into the putamen area, where
SNpc dopaminergic neurons innervate, is an
approach most likely to succeed (Fan et al.
2020). The number of cells to be transplanted is
still debated. Takahashi’s group reported a mini-
mum of 16,000 TH+ cells in a primate model to
see improvements in PD score and motor function
(Kikuchi et al. 2017). The generation and
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implantation of iPSC-derived autologous dopa-
minergic progenitor cells in a patient with idio-
pathic PD is reported with clinical and imaging
results suggesting possible benefit over a period
of 24 months (Schweitzer et al. 2020). A global
consortium, GForce-PD (http://www.gforce-pd.
com), was set up in 2014, with major academic
networks in Europe, the United States and Japan
working on developing stem-cell-derived neural
cell therapies for PD (Barker et al. 2015). The
clinical trials using human ESCs are ongoing in
Australia (NCT02452723) and China
(NCT03119636), with their pre-clinical data
published (Garitaonandia et al. 2016; Wang
et al. 2018). A clinical trial (JMA-IIA00384,
UMIN000033564) in Japan to treat PD patients
by using iPSC-derived DA progenitors (DAPs)
was started in 2018 by Takahashi and colleagues
(Barker et al. 2017; Doi et al. 2020). The results
of these trials are eagerly anticipated.

5 Limitations to iPSC-Based
Disease Modeling of PD

Although iPSCs and their derivatives are cur-
rently in the forefront as PD models, there are
many challenges which remain unaddressed.
The most significant drawback of in vitro models
is the absence of LB formation in PD iPSC-
derived DA neurons. Increased levels of
phosphorylated pS129 α-synuclein, however,
have been observed (Lin et al. 2016). Addition-
ally, the efficiency of generating DA neurons
varies significantly between different methods
and approximately 20–30% of the final cells are
identified as DA neurons even with the most
robust method such as the floor-plate induction
protocol (Cui et al. 2016). Sorting of DA
progenitors with markers such as CORIN seems
to aid in a better yield of mature and functional
DA neurons (Doi et al. 2020; Paik et al. 2018).
Knocking in a reporter gene in the endogenous
TH locus has been attempted to quantify the final
yield of DA neurons (Cui et al. 2016) to under-
stand the efficiency of different published
protocols. However, no significant progress has

been made to analyze if the DA neurons derived
in vitro are similar to the SNpc neurons impacted
in a PD patient. A TH+ DA neuron is necessarily
not a representation of the A9 or SNpc nuclei of
the brain, though GIRK2/TH positivity and low
Calbindin is considered as an A9 signature
(Hartfield et al. 2014; Sánchez-Danés et al.
2012; Woodard et al. 2014). A reliable strategy
would be multiplexing markers for reliable sub-
type identification (Kim et al. 2020). Another
difficulty in modeling PD with iPSCs is the
induction of ‘aging’ in a culture dish. Pharmaco-
logical inhibition of telomerase by the inhibitor
BIBR1532 demonstrates moderate disease-
relevant phenotypes in PINK1 and PARKIN DA
neurons (Vera et al. 2016). Progerin (the protein
associated with premature aging) overexpression
as a strategy to induce aging is also reported
(Miller et al. 2013) but interpretation is complex
as disease-relevant phenotypes and progerin-
phenotypes are indistinguishable (Sison et al.
2018). Moreover, contrary to what is seen in PD
pathology, an exogenous stressor is always nec-
essary to observe disease phenotypes in an iPSC–
DA system. In a PD-patient-derived iPSC model,
DA neurons exhibit apoptosis only after exposure
to stressors including hydrogen peroxidase,
MG132 and 6-OHDA (Cooper et al. 2012).
Lastly, 2D culture systems that are normally
used to differentiate DA neurons do not mimic
the complex in vivo environment. 3D organoids
fill this gap by representing a more physiologi-
cally relevant model system. However, the tre-
mendous progress seen in the field is largely
limited to cortical or cerebral organoids. A few
midbrain spheroid or organoid culture systems
are nonetheless reported (Smits et al. 2019; Kim
et al. 2019; Jo et al. 2016; Monzel et al. 2017b).
Results from these studies indicate that 3D mid-
brain cultures are definitely an improvement over
2D cultures to model PD. A recent study
describes the robust generation of midbrain
organoids with homogeneous distribution of mid-
brain DA neurons along with other neuronal
subtypes as well as functional glial cells, includ-
ing astrocytes and oligodendrocytes (Kwak et al.
2020). Nevertheless, an overall low efficiency of
generation and heterogeneity within the midbrain
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organoids along with its ethical considerations
raises contentious questions towards a bench-to-
bedside approach.

6 Conclusions

Human pluripotent stem cells, iPSCs in particu-
lar, are an invaluable tool to help us better under-
stand PD pathology by generating functional DA
neurons with A9-like identity and also
reproducing the midbrain cell composition.
Improvement in differentiation protocols and 3D
culturing techniques combined with genome-
editing technologies aids in better PD modeling
studies. Additionally, these cultures exhibit key
features of PD, such as α-syn accumulation,
autophagic defects, oxidative stress and
impairment of mitochondrial function. However,
it may be advantageous to include other cell types
like microglia in PD studies rather than focusing
on midbrain-specific organoids to understand the
disease pathology in a relevant way. The blood-
brain barrier (BBB) and its dysfunction in PD
should also be emphasized. Further, the future
direction in investigating PD should make use of
the organ-on-chip or organoids-on-chip model
with a multi-organ configuration to study differ-
ent cell types and involvement of various organs
in PD progression and pathology. Lastly, ARPD
genes other than PRKN and PINK1, though rare,
may provide insights into the common molecular
pathways of the monogenic disease forms and
should be included in such detailed studies.
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Stem Cell Applications in Lysosomal
Storage Disorders: Progress
and Ongoing Challenges

Sevil Köse , Fatima Aerts-Kaya , Duygu Uçkan Çetinkaya ,
and Petek Korkusuz

Abstract

Lysosomal storage disorders (LSDs) are rare
inborn errors of metabolism caused by defects
in lysosomal function. These diseases are
characterized by accumulation of completely
or partially degraded substrates in the
lysosomes leading to cellular dysfunction of
the affected cells. Currently, enzyme

replacement therapies (ERTs), treatments
directed at substrate reduction (SRT), and
hematopoietic stem cell (HSC) transplantation
are the only treatment options for LSDs, and
the effects of these treatments depend strongly
on the type of LSD and the time of initiation of
treatment. However, some of the LSDs still
lack a durable and curative treatment. There-
fore, a variety of novel treatments for LSD
patients has been developed in the past few
years. However, despite significant progress,
the efficacy of some of these treatments
remains limited because these therapies are
often initiated after irreversible organ damage
has occurred.

Here, we provide an overview of the known
effects of LSDs on stem cell function, as well
as a synopsis of available stem cell-based cell
and gene therapies that have been/are being
developed for the treatment of LSDs. We dis-
cuss the advantages and disadvantages of use
of hematopoietic stem cell (HSC), mesenchy-
mal stem cell (MSC), and induced pluripotent
stem cell (iPSC)-related (gene) therapies. An
overview of current research data indicates
that when stem cell and/or gene therapy
applications are used in combination with
existing therapies such as ERT, SRT, and
chaperone therapies, promising results can be
achieved, showing that these treatments may
result in alleviation of existing symptoms
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and/or prevention of progression of the dis-
ease. All together, these studies offer some
insight in LSD stem cell biology and provide
a hopeful perspective for the use of stem cells.
Further development and improvement of
these stem cell (gene) combination therapies
may greatly improve the current treatment
options and outcomes of patients with a LSD.

Keywords

Lysosomal storage disorder · Lysosomal
storage disease · Stem cell · Hematopoietic
stem cell · Mesenchymal stem cell · Neural
stem cell · Induced pluripotent stem cell · Gene
therapy

Abbreviations

AAV Adeno-associated vectors
ARSA Arylsulfatase A
ASM Acid sphingomyelinase
BBB Brain-blood barrier
BM Bone marrow
BMT Bone marrow transplantation
CNS Central nervous system
ER Endoplasmic reticulum
ERT Enzyme replacement therapy
GAG Glycosaminoglycan
GD Gaucher disease
GSD Glycogen storage disease
GUSB Beta-glucuronidase
GvHD Graft-versus-host disease
HSCT Hematopoietic stem cell

transplantation
iPSCs Induced pluripotent stem cells
LSD Lysosomal storage disease/disorder
LV Lentiviral vectors
MASCs Multipotent adult stem cells
M-CSF Macrophage colony-stimulating

factor
MLD Metachromatic leukodystrophy
MPS Mucopolysaccharidosis
MPS-IH Hurler’s disease
MSC Mesenchymal stem cell
NSC Neural stem cells

PB Peripheral blood
PCT Pharmacological chaperone therapy
SIN Self-inactivating
SRT Substrate reduction therapy
UCB Umbilical cord blood
UCBT Umbilical cord blood transplantation

1 Introduction

Lysosomal storage diseases/disorders (LSDs) are a
large group of hereditary diseases that lead to
deficiency of specific soluble lysosomal enzymes
responsible for breakdown of macromolecules in
lysosomes (Leal et al. 2020). However, numerous
defects in internal lysosomal membrane proteins
can cause LSD. Although most LSDs are autoso-
mal recessively inherited, some are X-linked.
Besides the red blood cells, all cells in the body
have lysosomes, and therefore these metabolic
disorders can affect multiple organ systems simul-
taneously (Parenti et al. 2015). Stacking of
completely or partially degraded substrates in the
lysosomes causes numerous secondary alterations,
such as endoplasmic reticulum (ER) and oxidative
stress, disorders in autophagy, changes in calcium
homeostasis, and a significant energy imbalance.
Although individual LSDs are rare, when consid-
ered as a group, it is one of the most common
hereditary diseases in childhood and affects about
1 in 5000 live births (Cox and Cachon-Gonzalez
2012). The most commonly observed LSDs
include the combined groups of mucopolysac-
charidoses, mucolipidoses, oligosaccharidoses,
Pompe disease, Gaucher disease, Fabry disease,
Niemann-Pick disease, and neuronal ceroid
lipofuscinoses (Table 1, reviewed by (Sun
2018)). Generally, the clinical symptoms that char-
acterize different diseases depend on the amount
and type of the accumulated complex molecules,
such as glycoproteins, glycosaminoglycans,
sphingolipids, and glycogen (Ballabio and
Gieselmann 2009). However, in the framework
of this review, we will not discuss the clinical
features of these syndromes in detail. Instead, we
will focus on the effects of these diseases on stem
cells and stem cell function and how (genetically

136 S. Köse et al.
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modified) stem cell treatments/applications may be
of benefit for the treatment of LSDs.

Novel stem cell therapies should not only be
able to affect the disease globally, but should also
be able to be directed toward adjusting levels of
lysosomal storage, and on altering the chemical
consequences of the destructive storage. Because
different LSDs are caused by different molecular
mechanisms, each disease requires specific atten-
tion and adaptation of treatments according to
need (Ballabio and Gieselmann 2009). Significant
progress in the management and treatment of
LSDs has been obtained by increased knowledge
of their molecular background and pathophysiol-
ogy (Parkinson-Lawrence et al. 2010). For almost
four decades, treatment of patients with LSDs
was based largely on palliative or supportive
medical treatments (Leal et al. 2020). The initial
experiments leading to development of curative
treatment strategies for correcting the main defect
of these diseases came from in vitro studies
demonstrating replacement of the enzyme defect
in patient cells by exogenous supply of the miss-
ing enzyme through receptor-mediated endocyto-
sis or by direct transfer from normal leukocytes in
co-culture experiments (Olsen et al. 1981, 1982,
1983; Bou-Gharios et al. 1993).

These studies led to clinical studies involving
intravenous injection of exogenously
administered enzymes extracted from certain
human tissues, infusion of plasma/plasma
fractions and/or leukocytes, and implantation of
skin fibroblasts or amniotic cells (Leal et al.
2020). Although theoretically these treatments
could have shown potential, in practice these
therapeutical interventions consistently led to
poor clinical efficacy, and their use in patients
was both impractical and time consuming. How-
ever, it has led to the development and use of
advanced cellular therapies, such as HSCT for
those LSDs where the missing enzyme is
expressed in healthy donor hematopoietic cells
and can be secreted in sufficient amounts to the
tissues that are mostly affected by the deficiency
(Zheng et al. 2003; Biffi et al. 2006, 2013; Biffi
2012; Langford-Smith et al. 2012; Birth Defects
Orig Artic Ser 1986). These studies have also
provided the basis for HSC gene therapy, where

the lacking enzyme is overexpressed in the
patient’s own HSCs. In addition, several studies
have now shown that where some therapeutic
approaches provide no clinical benefit when
used alone, when used in combination with
other treatments, they may contribute to overall
efficacy (Hawkins-Salsbury et al. 2011). In this
chapter, we will focus on treatments that are cur-
rently approved for clinical use and on novel
treatments that are being developed and show
great promise for the treatment of LSDs.

2 Effects of LSDs on Stem Cell
Function

Relatively few data are available on the direct
effects of LSDs on stem cell function in general.
However, in many LSD patients, in addition to
specific organs, often skeletal development is
affected. Although the severity of the skeletal
involvement may vary between the different
LSDs, it is highly likely that bone tissue and
hematopoiesis can be affected by storage of
deposited material in the bone marrow
(BM) niche and BM stromal and hematopoietic
stem cells in particular. Both multipotent mesen-
chymal stromal/stem cells (MSCs) and HSCs
from Gaucher disease (GD) type 1 patients
showed diminished activity of the lysosomal
enzyme glucocerebrosidase (GBA). GD
BM-MSCs revealed changes in cell size and cell
cycle and decreased osteoblastic differentiation
(Lecourt et al. 2013). In addition, these
GD-MSCs were shown to secrete soluble factors
that induced resorbing activities of osteoclasts
and displayed a diminished capacity to support
hematopoiesis in vitro. GD BM-MSCs also
showed a significant rise in prostaglandin E2
(PGE2), cyclooxygenase-2 (COX-2), CCL2, and
interleukin-8 (IL-8) secretion compared to normal
controls (Campeau et al. 2009). These data
indicated that the changed secretory profile, as
well as the changes in differentiation and prolif-
eration of GD-MSCs, may contribute to the
observed skeletal problems and immune system
failure in LSD patients. Similar to GD, also
Hurler syndrome patients exhibit bone tissue
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abnormalities, and MSCs from these patients
displayed an increase in their capacity to promote
osteoclastogenesis compared to MSCs from
healthy donors. The latter was correlated with an
upregulation of the RANK/RANKL/OPG path-
way in Hurler MSCs (Gatto et al. 2012). When
the lysosomal enzymes GBA and alpha-
galactosidase A (GLA), which cause Fabry dis-
ease, were silenced in BM-MSCs, these cells
were shown to be prone to apoptosis and senes-
cence due to impaired autophagy and DNA repair
mechanisms (Squillaro et al. 2017). BM-MSCs
derived from I-cell disease or mucolipidosis II
patients showed a chondrogenic differentiation
defect, as well as a preference for adipogenic
differentiation, and may therefore contribute to
the pathogenesis of I-cell disease through their
effects on the BM niche (Kose et al. 2019). The
glucose-6-phosphate transporter (G6PT) in
healthy individuals is ubiquitously expressed in
the ER membrane and facilitates transfer of cyto-
plasmic G6P into the lumen of the ER (Chou et al.
2010). Deficiency of the (G6PT) gene causes
glycogen storage disease type Ib (GSD-Ib),
which is characterized by disrupted glucose
homeostasis and neutropenia. CRISPR/Cas9-
mediated knockout of G6PT in human adipose
tissue-derived MSCs resulted in enhanced prolif-
eration and impaired adipogenic and osteogenic
differentiation of these cells without apparent
effects on the cells’ morphology or
immunophenotype (Sim et al. 2018). Further-
more, the absence of G6PT resulted in differences
in metabolic activity and increased ER stress and
mitochondrial oxidative stress in MSCs, similar
to the situation as previously described in
neutrophils (Kim et al. 2008). MLD is caused by
mutations in the arylsulfatase A (ARSA) gene
and causes accumulation of sulfatides, progres-
sive demyelination, and neurological dysfunc-
tion. Patient-derived ARSA-/- BM-MSCs
showed overall typical MSC morphology and a
normal immunophenotype. The cells showed no
specific deficit in adipogenic or osteogenic differ-
entiation (Bohringer et al. 2017). In conclusion,
although in most LSDs the effects of the disease
on MSCs have not been studied, it appears that in
most models, MSCs are affected in a manner

similar to other cells. This may have several
implications: firstly, MSCs have been shown to
locally secrete several lysosomal enzymes
(Jackson et al. 2015), and deficiency of these
enzymes may further contribute to tissue pathol-
ogy; and secondly, accumulation of proteins
within the MSCs affects their regenerative and
supportive function in the stem cell niches. How-
ever, the fact that healthy and genetically
modified MSCs may offer the opportunity to
serve as enzyme factories and cause cross-
correction, as well as the notice that these cells
have an intrinsic immunomodulatory and regen-
erative potential, underlines their potential for
stem cell treatment of LSDs (discussed in detail
below). Although in many LSDs the brain may be
severely affected, the effect of storage of depos-
ited material on neural stem cells (NSCs) has not
been directly assessed. However, a study on the
effect of aging on NSCs revealed that loss of
lysosome function and the aggregate buildup in
these cells during aging contributed to reduced
NSC activity (Audesse and Webb 2018). Further-
more, stimulation of lysosomal activity in the
aged NSCs increased the frequency of activated
neural stem and progenitor cells in the NSC niche
and restoration of healthy stem cell activity,
indicating that involvement of LSDs in NSC
activity and function is not only likely, but also
that targeting affected NSCs may be helpful in
decreasing LSD-related disease burden and
symptoms (discussed below).

3 Hematopoietic Stem Cell
Transplantation (HSCT) in LSDs

In addition to enzyme replacement therapies
(ERTs) and treatments directed at substrate reduc-
tion (SRT), HSCT is the only intention curative
treatment option for LSDs, such as sphingolipidosis
and mucopolysaccharidosis (Hawkins-Salsbury
et al. 2011; Poe et al. 2014). The purpose of
HSCT is to provide a widespread, stable, and per-
manent endogenous supply of the missing enzyme
through secretion of the missing enzyme by HSCs
derived from a healthy donor or clinically unaf-
fected carrier. The source of the HSCs may be
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BM, mobilized peripheral blood (PB), or umbilical
cord blood (UCB). After transplantation, the
healthy donor HSCs rapidly migrate to the
recipient’s bone marrow where they repopulate
the hematopoietic niche, replicate, and give rise to
healthy, mature hematopoietic cells, which in turn
migrate throughout the body and clear affected cells
and tissues of deposited material (Tan et al. 2019;
Prasad and Kurtzberg 2010a; Orchard et al. 2007;
Boelens et al. 2010). This constitutes the first mech-
anism of treatment for LSDs by HSCT. Whereas
ERT/SRT have been approved for the treatment of
some of the LSDs (i.e., Gaucher disease, Fabry
disease, lysosomal acid lipase deficiency, Hurler
syndrome, Hunter syndrome, Maroteaux-Lamy
syndrome,Morquio syndrome, and Pompe disease;
see Table 1), successful treatment of LSDs with
neurodegenerative aspects remains problematic
because of the inability of the macromolecules to
pass the brain-blood barrier (BBB) (Li 2018).
Therefore, an important advantage of HSCT is the
ability of some of the enzyme-producing donor-
derived cells to cross the BBB and migrate to the
brain (Tan et al. 2019; Neuwelt et al. 2008; Krivit
et al. 1999). This action has the potential to improve
neurocognitive function and standard of life, espe-
cially when applied early, before irreversible dam-
age is caused by the disease. The basic mechanism
of the therapeutic effect relies on the ability of
circulating monocytes to egress from the vessels
and migrate through tissues and organs as tissue
macrophages. These macrophages locally secrete
the missing enzyme that is then internalized by the
affected cells. After uptake, the enzyme is
transported to the lysosomes, where it aids in the
clearance of stored, undigested material. For exam-
ple, in the central nervous system (CNS), microglia
cells have been shown to be partially replaced by
donor cells and transport enzymes to affected
neurons (Neuwelt et al. 2008; Krivit et al. 1999;
Whitley et al. 1993; Peters and Steward 2003). A
second, less important mechanism lies in the ability
of the affected patient cells for uptake of functional
lysosomal hydrolases released by donor cells to the
bloodstream via an endocytosis-mediated mecha-
nism. However, this approach is effective only in
some LSDs, and its success in the treatment of
advanced neurological disease is limited. The

success of HSCT in LSDs is most evident in
Hurler’s disease (MPS-IH). HSCT significantly
improves the clinical outcome by reducing
visceromegaly, improving heart function and air-
way obstruction, improving neurocognitive out-
come, and reducing early disease-related mortality
and prolonging survival. However, the remaining
disease manifestations particularly orthopedic
problems require long-term follow-up and may
require surgical intervention. HSCT has also been
shown to ameliorate the clinical phenotype in other
LSDs including patients with pre-symptomatic or
late-onset Krabbe disease (globoid cell leukodys-
trophy), MPS VI, late-onset forms of MLD, and
alpha mannosidosis (Neuwelt et al. 2008; Krivit
et al. 1999; Whitley et al. 1993; Peters and Steward
2003). In 1991, the International Society for the
Correction of Genetic Diseases by Transplantation
(COGENT) established a guideline and proposed
that only children under 2.5 years of age with a
growth coefficient of 2.5 or smaller than 3 years
should be offered anHSCT because of the expected
benefits that rapidly decline after this age. In addi-
tion, the presence of a maximally HLA-compatible
donor is recommended (Hobbs 1992). Although
many years have passed since, this consensus is
still generally accepted (de Ru et al. 2011). In the
following years, HSCT has been shown to increase
life expectancy and improve clinical symptoms
when performed at an early age in children affected
by mucopolysaccharidosis IH (or Hurler’s disease)
(Whitley et al. 1993; de Ru et al. 2011) and a wide
range of other metabolic diseases with varying suc-
cess (Boelens et al. 2010). However, in many
centers, it remains common practice to use ERT
until HSCT/during engraftment to assure the best
health status of the patient pre-transplant and to
improve the overall success rate of the procedure
(Ghosh et al. 2016).

However, HSCT is often accompanied by sig-
nificant morbidity and even mortality, as a result
of rigid conditioning regimens and myeloablative
protocols, insufficient engraftment or graft rejec-
tion, and the development of acute and chronic
graft-versus-host disease (GvHD) (Talib and
Shepard 2020; Aljurf et al. 2014; Prasad and
Kurtzberg 2010b; Martin et al. 2013). Therefore,
HSCT is usually restricted to LSDs that do not
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respond sufficiently to ERT/SRT (Krivit et al.
1999). In addition, the risk for the development
of an immune response against the proteins deliv-
ered through ERT and SRT is considerable and
causes a decrease in the effectiveness of these
treatments. Since in contrast to the exogenous
delivery of enzyme during ERT, in HSCT the
enzyme is endogenously produced by the body’s
own cells, the risks of developing antibodies are
much lower (Peters and Steward 2003; de Ru
et al. 2011; Hoogerbrugge et al. 1995).

In the last two decades, UCB-derived HSCs
have become the cell source of choice for the
management of LSDs due to their rapid availabil-
ity, low graft failure rates, improved engraftment
potential, better tolerance of HLA mismatch, and
reduced risk of GvHD (Jaing 2007; Mogul 2000;
Aldenhoven and Kurtzberg 2015). Furthermore,
recipients of UCB were shown to achieve full
donor chimerism, normalization of enzyme
levels, and superior long-term clinical prognosis
compared to BM-HSC or PB-HSC transplanta-
tion (Aldenhoven and Kurtzberg 2015), resulting
in prevention and/or delay of neurological dam-
age, especially when administered to asymptom-
atic LSD patients (Prasad and Kurtzberg 2010b;
Martin et al. 2013; Jaing 2007; Mogul 2000).
Therefore, it appears that ERT/SRT and HSCT/
UCBT can prolong and improve the quality of life
for some LSDs patients, although none of these
applications are fully curative and may have little
impact on the developed skeletal malformations
(Hoogerbrugge et al. 1995; Rappeport and Ginns
1984; Starer et al. 1987). Additional transplanta-
tion of allogeneic donor MSCs during/after
HSCT may be considered to improve skeletal
malformations in LSD patients at an early stage
of disease development (Hawkins-Salsbury et al.
2011; Phinney and Isakova 2014). However, fur-
ther assessment of the overall therapeutic effects
of HSCT and UCBT is needed to be able to
develop standardized criteria for patient selection,
handling/management protocols, and posttreat-
ment supportive care and follow-up (Talib and
Shepard 2020; Aljurf et al. 2014).

4 Hematopoietic Stem Cell Gene
Therapy for Treatment of LSDs

HSC transplantation has been used successfully
for the treatment of some LSDs, such as Hurler,
Krabbe, and metachromatic leukodystrophy in
the early course of the disease (see Table 1), but
has been found to be of little benefit for LSDs that
severely affect the brain and result in loss of
(previously acquired) neurocognitive skills. Fur-
thermore, HSC transplantation is not useful for
the treatment of LSDs if the enzyme is not
expressed or secreted in sufficient quantities by
HSCs to allow cross-correction of tissue damage.
However, genetic engineering of autologous
HSCs in order to constitutively overexpress the
enzyme of interest has shown potential in several
murine LSD models (Table 2), as well as in
clinical trials.

Combining the use of autologous HSC
together with gene therapy using integrating
vectors avoids the risk of an immunological
response, while at the same time, it allows cross-
correction of affected cells due to overexpression
and secretion of the enzyme throughout the body
(Zheng et al. 2003; Biffi et al. 2006; Biffi 2012;
Krall et al. 1994). Although initial studies used
the gamma-retroviral MLV vectors to cure LSDs
(Lutzko et al. 1999a, b), the insertional mutagen-
esis risks related to the use of these particular
vectors have prompted researchers to pursue
other means of gene transfer. The currently used
third-generation self-inactivating (SIN) lentiviral
vectors (LV) are highly effective in transferring
the transgenes to the HSC genome and have been
shown to alleviate LSD-related symptoms in
many murine and larger animal models
(Table 2). More recently, researchers have been
exploring the possibilities of gene-editing
methods, such as CRISPR/Cas9, rather than
gene addition, to correct LSDs (Gomez-Ospina
et al. 2019). Initial studies using RV vectors based
on the MLV virus for the treatment of Niemann-
Pick B disease showed the possibilities for effi-
cient transfer of the missing enzyme throughout
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the body, but also pointed at the absence of sig-
nificant effects on the central nervous system
(Erlich et al. 1999; Miranda et al. 1998). In addi-
tion, previous ERT or high expression of previ-
ously lacking enzymes after gene transfer was
shown to cause formation of antibodies against
the transgene, causing suboptimal effects in
mouse models of MPS-I (Lutzko et al. 1999a, b)
and Niemann-Pick syndrome (Squeri et al. 2019).
Whereas conditioning protocols (Hu et al. 2016),
specific brain conditioning (Capotondo et al.
2012), or co-transplantation of genetically
modified HSCs and MSCs was helpful in increas-
ing brain engraftment of the transduced cells (Jin
and Schuchman 2003), T-cell depletion greatly
improved longevity of the treatments by
preventing clearance of the enzyme by CD8+
T-cells (Squeri et al. 2019). Gene therapy using
autologous HSCs further showed that
overexpression of the lacking enzyme resulted
in far greater efficacy of the treatment than trans-
plantation of allogeneic WT-HSCs (Biffi et al.
2006; Visigalli et al. 2010). Further optimization
of transgene constructs using SIN-LV vectors and
codon optimization showed that increased trans-
gene expression could efficiently clear deposited
glycosaminoglycans (GAGs) throughout the
body (liver, muscle, heart), but also from brain
tissue in a mouse model of Pompe disease,
indicating that a sufficiently high level of trans-
gene expression may be helpful in preventing
brain damage (van Til et al. 2010; Stok et al.
2020).

A clinical trial (NCT01560182) demonstrated
that transplantation of autologous, lentivirally
transduced HSCs from patients with MLD
resulted in high-level stable bone marrow engraft-
ment and above normal ARSA levels in
hematopoietic cells and cerebrospinal fluid. Fur-
thermore, disease-related symptoms were
prevented in children treated before the symptom-
atic stage and halted in children in whom the
disease had already progressed (Biffi et al. 2013;
Sessa et al. 2016). Clinical studies for HSC gene
therapy of Fabry disease, Pompe disease, and
Krabbe disease are currently recruiting, but no
clinical gene therapy data are available for the
treatment of these diseases yet. Promising data

on HSC gene therapy in clinical trials for the
treatment of peroxisomal disorder X-linked
adrenoleukodystrophy have been obtained and
show that transplantation of autologous, geneti-
cally corrected ABCD1 overexpressing CD34+
cells resulted in arrest of cerebral demyelination
(Cartier et al. 2009, 2012). It is expected that
similar results can be obtained with HSC gene
therapy for LSDs.

Although clinical development of gene ther-
apy for LSDs still has a long road to go, ex vivo
HSC gene therapy as an alternative treatment
option for treatment of LSDs has the advantage
that in contrast to ERT a single treatment has the
potential to be curative in essence (Yang et al.
2014). Although not discussed in this chapter,
there is also a possibility to use in vivo gene
therapy, where the viral vector is directly injected
into the subject (Traas et al. 2007; Meyerrose
et al. 2007). Depending on the target tissue or
route of administration, adenoviral vectors
(AdV), adeno-associated vectors (AAV), or LV
vectors can be chosen. This approach has the
advantage that within a tissue, different cell
subsets can be reached, and that tissues, which
are difficult to reach, such as the brain, can be
treated through direct intracerebral injections.

Although HSC gene therapy has many
advantages over allogeneic HSC transplantation,
such as regulated gene expression by choosing,
for example, tissue-specific promoters or
co-expression of certain miRNAs and
overexpression of the transgenes, resulting in better
results due to cross-correction of affected cells,
limitations and risks such as integrational mutagen-
esis, and the possibility for immunogenicity, should
be carefully assessed.

5 Mesenchymal Stem Cell
Applications in LSDs

Multipotent MSCs are non-hematopoietic,
multipotent stem cells that have the capability to
differentiate into mesodermal lineages such as
adipocytes, chondrocytes, and osteocytes and
some endodermal (hepatocytes) and ectodermal
(neurons) lineages (Pittenger et al. 2019). Human
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MSCs were firstly reported in BM, but have now
been shown to reside in many other tissues, like
umbilical cord (UC) Wharton’s jelly, adipose tis-
sue, endometrium, amniotic fluid, and dental
tissues (Pittenger et al. 2019).

MSCs have been suggested to be suitable
targets for the treatment of LSDs because of
their capacity for multilineage differentiation
and immunomodulation (Phinney and Isakova
2014). Since storage of deposited substances in
the LSDs activates numerous inflammatory
pathways, resulting in both local (e.g.,
neuroinflammation in the brain) and systemic
inflammation (Rigante et al. 2017), MSCs may
not only serve as source of the missing enzyme
(Jackson et al. 2015; Muller et al. 2006) and
support clearance of tissue damage but may also
act through suppression of local inflammatory
processes. For these reasons, MSCs might be a
good alternative or addition to treatment with
HSCs, particularly in LSDs with neurological
involvement. Paracrine mechanisms, such as
secretion of neurotrophins and other molecules
that support neural cell recovery and neurite
outgrowth during inflammation, may also con-
tribute to the supportive effect of MSCs (Crigler
et al. 2006; Joyce et al. 2010; Pisati et al. 2007;
Qu et al. 2007). An overview of the use of MSCs
for the treatment of mouse models with a neuro-
degenerative LSD has been provided in Table 3.
Overall, the main source of MSCs used appears to
be BM, although MSCs from umbilical cord
(UC) and placental tissue also have been tested.
The cells are generally used to treat the neurode-
generative effects of LSDs, such as different
variants of the Niemann-Pick syndrome and are
directly injected into different areas of the brain,
including the cerebellum, ventricles, and cere-
brum (hippocampus). Direct transplantation of
culture-expanded BM-MSCs into the cerebellum
of Niemann-Pick type C (NP-C) mice signifi-
cantly alleviated the degree of microglial and
astrocyte activation and reduced levels of the
microglial activating cytokine macrophage
colony-stimulating factor (M-CSF) (Bae et al.
2005a). Injection of UC-MSCs into the hippo-
campus of NP-C mice at an early stage of the
disease was shown to improve motor skills due

to increased proliferation and survival of neuronal
cells (Seo et al. 2011). In addition, MSC trans-
plantation in this model resulted in decreased
cellular apoptosis and normalization of neuro-
transmitter homeostasis, further supporting
recovery of the CNS. Intracerebral injection of
BM-MSCs, co-cultured with embryonic NSCs
from NP-C mice, resulted in enhanced NSC pro-
liferation and neuronal differentiation in the
subventricular zone of the brain of the NP-C
mice (Lee et al. 2013). Similarly, co-culture of
BM-MSCs with Schwann cells in the presence of
psychosine, the toxic substrate deposited in
Krabbe disease, induced proliferation and neurite
outgrowth in the Twitcher mouse model. Combi-
nation treatment consisting of anti-BDNF
antibodies together with MSCs was shown to
further enhance the neuritogenic effect (Miranda
et al. 2011). The effects of intrastriatal injection of
BM-MSCs in Twitcher mice pups depended
highly on age of the mouse and genotype.
Although minor effects were observed on weight
gain and severity of the twitching, as well as
improved rotarod motor skills, overall the treat-
ment was less effective than intraventricular
injection. Injection of adipose-derived stromal
cells in this mouse model failed to affect disease
progression (Wicks et al. 2011).

Data from clinical trials using human MSCs
are not available yet. According to the
ClinicalTrials.gov website, only one clinical trial
is currently assessing safety of MSC infusions
(phase I) in LSD patients. However, in this
study, the main aim is to use human placenta-
derived stem cells for the treatment of immune-
related issues after UCB transplantation for LSDs
(ID: NCT01586455), rather than to use the cells
as a source of enzyme.

MSC-derived extracellular vesicles
(exosomes) have been widely studied, and, due
to their content, they are candidates for use in the
solution of many clinical problems. These
exosomes are nano-sized extracellular vesicles
that contain MSC-derived bioactive molecules
(messenger RNA (mRNA), microRNAs
(miRNAs)), chemokines, growth factors,
cytokines, and enzymes) that modulate function
and homing of immune cells and regulate survival
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and proliferation of parenchymal cells (Toh et al.
2018). Because of the ability to carry enzymes
and also their low immunogenic properties, these
allogenic MSC-derived extracellular vesicles can
be used for the treatment of LSDs (Joyce et al.
2010). Also extracellular vesicles derived from
genetically modified MSC that secrete the defi-
cient enzyme can be a good tool for the treatment
of LSDs (Phinney and Isakova 2014). This prac-
tice can be considered as a permanent source of
deficient enzyme due to engraftment of MSCs
instead of ERT/SRT (Tancini et al. 2019).

Thus, the use of MSCs either by itself or as an
adjuvant therapy in combination with HSCT
appears to have many advantages, including
rapid and easy isolation from several tissues,
their capacity for multilineage differentiation,
and a low risk for induction of immune reactions.
In addition, their easy transduction offers the
opportunity to serve as vectors for gene therapy

as well (see below). However, the risks and/or
possible side effects may include uncontrolled
proliferation and differentiation and unregulated
migration, which may be especially difficult to
control after infusion into the brain. Nevertheless,
current studies in animals have thus far not shown
any indication of unwanted proliferation or dif-
ferentiation and appear to be safe with little to no
unwanted effects related to infusion.

6 MSC Gene Therapy
for Treatment of LSDs

MSCs have a number of unique biological
properties that make them well suitable to serve
as cellular vectors. In addition, BM-MSCs have
been shown to engraft and migrate throughout a
large area of the brain when transplanted directly
into the CNS of mice (Joyce et al. 2010).

Table 3 Effects of unmodified MSCs in the treatment of murine neurodegenerative LSD models

Source Dose/ROA Disease Mouse model Effects References

Bone
marrow

1 � 106 MSCs
into the
cerebellum

Niemann-
Pick disease
type C1

BALB/c
npcnih (NP-C)
mice

Upregulation of synaptic
transmission-related genes following
a BM-MSC/Purkinje cell fusion
Improved morphological changes
and cerebellar function

Bae et al.
(2005a, b,
2007)

Bone
marrow

1 � 105 MSCs
into the
cerebellum

Niemann-
Pick disease
type C1

BALB/c
npcnih (NP-C)
mice

Correction of calcium homeostasis in
Purkinje cells
Increased sphingosine-1-phosphate
levels
Decreased sphingosine
Inhibition of apoptosis

Lee et al.
(2010)

Bone
marrow

1 � 106 MSCs
into the
cerebrum

Niemann-
Pick disease
type C1

BALB/c
npcnih (NP-C)
mice

Proliferation and neuronal
differentiation of NSCs within the
subventricular zone through release
of CCL2 from BM-MSCs

Lee et al.
(2013)

Umbilical
cord

1 � 106 MSCs
into the hippo-
campus

Niemann-
Pick disease
type C1

BALB/c
npcnih (NP-C)
mice

Recovery of motor function
Normalized cholesterol homeostasis
Enhanced neuronal cell survival and
proliferation
Reduced loss of Purkinje cells
Decreased inflammation and
apoptosis

Seo et al.
(2011)

Bone
marrow

0.5–1 � 105

MSCs,
intraventricular
injection

GM1
gangliosidosis

C57BL/6
β-galactosidase
knockout
(BKO) mice

Effective migration of cells through
the whole brain
Decreased GM1 ganglioside levels
for up to 8 weeks

Sawada
et al.
(2009)

Bone
marrow

20.000 MSCs
intrastriatal
injection

Krabbe
disease

Twitcher mice
(B6.CE-
Galctwi/J)

Age- and genotype-dependent
weight gain, decrease in twitching
severity, and improved motor skills

Wicks
et al.
(2011)
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Therefore, these cells have been proposed to
serve as a potential target for gene therapy. Engi-
neering MSCs to overexpress a variety of proteins
has been shown to alleviate symptoms in mouse
models of a wide range of neurological diseases,
including Parkinson, Alzheimer, and Huntington,
but also neurodegenerative diseases caused by
LSDs (Phinney and Isakova 2014). Such studies
have been undertaken in several different LSD
mouse models and have been summarized in
Table 4.

Intracranial transplantation of BM-MSCs,
engineered to secrete acid sphingomyelinase
(ASM) into ASM-deficient mice, revealed exten-
sive engraftment throughout the CNS, delayed
death of Purkinje cells, decreased levels of
sphingomyelin, and extended animal survival
(Jin et al. 2002). Combination therapy employing
intracerebral and systemic application of ASM
overexpressing BM-MSCs was shown to increase
ASM activity in most peripheral tissues, as well
as the brain (Jin and Schuchman 2003). Intracra-
nial injection of murine BM-MSCs retrovirally
modified to express human beta-glucuronidase
(HBG) increased beta-glucuronidase (GUSB)
enzyme levels in the striatum, cerebral cortex,
and olfactory bulb, diminished GAG levels, and
enhanced the cognitive function in the Sly syn-
drome mouse model (MPS VII) (Sakurai et al.
2004). Human BM-MSCs engineered to express
GUSB using the MND/HBG lentiviral vector
were injected intraperitoneally into the MPS-VII
mice. The engineered cells migrated to diverse
tissues within 4 months and secreted high levels
of the deficient enzyme, decreasing storage of
deposited substances in several tissues, including
the retina (Meyerrose et al. 2008).

These data demonstrate that although MSCs
can be suitable vectors to treat LSDs, their effects
on neurologic defects may depend on the type of
enzyme missing, disease progression, distribution
of cells, as well as route of administration. In
addition, data from the mouse studies indicate
that the effects of genetically engineered MSCs
may be temporary, and optimized methods to
ensure prolongation of duration of the effects
should be developed. Furthermore, studies
exploring the mechanisms involved in MSC

migration and engraftment as well as their regen-
erative potential in the treatment of LSD CNS
involvement should be undertaken in order to be
able to allow the development of clinically appli-
cable treatment protocols.

7 Neural Stem Cell Applications
in LSDs

The biggest challenge of HSCT in the treatment
of LSDs is the limited number of cells that
migrate, reach, and pass the BBB. During con-
ventional HSCT, only a very small fraction of
cells has been shown to differentiate into
microglial cells or support CNS-resident cells
(Kennedy and Abkowitz 1997). Neurocognitive
symptoms, therefore, do not show any or very
limited benefit from allogeneic BMT, HSCT,
UCBT, or intravenously delivered MSC
transplantations. These problems could be theo-
retically solved with intracerebral transplantation
of MSCs (discussed above) or NSCs (Snyder
et al. 2004).

NSCs are multipotent stem cells present in the
specialized niches of the central nervous system
that have self-renewal capacity and can produce
new neurons as well as supporting cells, known as
glial cells. Primary NSCs have been isolated from
specific neurogenic niches in the brain (i.e., the
subventricular zone and the subgranular zone),
glial progenitors, and immortalized clonal cell
lines. Alternatively, these cells can also be
derived from embryonic stem cells (ESCs) or
induced pluripotent stem cells (iPSCs) (Otsu
et al. 2014). Activation of resident NSCs or their
injection into defective areas of CNS can help the
treatment of injury or age-related changes in ani-
mal models (Navarro Negredo et al. 2020).
NSC-based applications could potentially be
used as a treatment of LSDs defects through cell
replacement, the release of trophic factors, and an
anti-inflammatory effect. NSCs have been shown
to express a wide range of lysosomal enzymes
(Audesse and Webb 2018; Fukuhara et al. 2006),
but can also be genetically engineered to
overexpress the relevant enzyme that can then
cross-correct the local defective niche (Navarro

150 S. Köse et al.



Ta
b
le

5
R
es
ul
ts
of

st
ud

ie
s
us
in
g
N
S
C
s
to

tr
ea
tm

ou
se

m
od

el
s
of

L
S
D
s

T
re
at
m
en
t

C
on

st
ru
ct

D
is
ea
se

M
ou

se
m
od

el
E
ff
ec
ts

R
ef
er
en
ce
s

2–
8
�

10
4
m
ur
in
e
ce
re
be
lla
r
C
17

.2
N
S
C
s
in
to

m
ou

se
ve
nt
ri
cl
es

N
on

e
S
ly

sy
nd

ro
m
e

(M
P
S
-V

II
,

β-
gl
uc
ur
on

id
as
e

de
fi
ci
en
cy
)

M
P
S
V
II
m
ic
e

D
on

or
ce
ll
m
ig
ra
tio

n
to

th
e
pa
re
nc
hy

m
a

D
if
fu
se

en
gr
af
tm

en
t
w
ith

ou
t
co
nd

iti
on

in
g

G
U
S
B
ex
pr
es
si
on

by
N
S
C
s

L
ys
os
om

al
st
or
ag
e
de
cr
ea
se
d
or

w
as

ab
se
nt

in
ne
ur
on

s
an
d
gl
ia
lc
el
ls

S
ny

de
r
et
al
.

(1
99

5)

5
�

10
5
m
ur
in
e
ce
re
be
lla
r
C
17

.2
N
S
C
s
or

hu
m
an

H
F
T
13

N
S
C
s
in
to

la
te
ra
l
ve
nt
ri
cl
es

N
on

e
N
ie
m
an
n-
P
ic
k

sy
nd

ro
m
e
ty
pe

A
(N

P
-A

)

A
S
M
K
O

m
ic
e

E
ng

ra
ft
m
en
t
w
ith

ou
t
co
nd

iti
on

in
g

D
ec
re
as
e
in

ne
ur
on

al
an
d
gl
ia
l
va
cu
ol
at
io
n
an
d

ch
ol
es
te
ro
l
ac
cu
m
ul
at
io
n
in

th
e
ne
oc
or
te
x,

hi
pp

oc
am

pu
s,
st
ri
at
um

,a
nd

ce
re
be
llu

m
C
ro
ss
-c
or
re
ct
io
n
of

br
ai
n
tis
su
e

S
id
m
an

et
al
.

(2
00

7)

4
�

10
4
m
ur
in
e
ce
re
be
lla
r
C
17

.2
N
S
C
s
in
to

m
ou

se
ce
re
be
llu

m
N
on

e
N
ie
m
an
n-
P
ic
k

sy
nd

ro
m
e
ty
pe

C
(N

P
-C
)

B
A
L
B
/c

N
pc
1�

/�
m
ic
e

W
id
es
pr
ea
d
m
ig
ra
tio

n
th
ro
ug

h
th
e
ce
re
be
llu

m
In
cr
ea
se
d
lif
e
sp
an

N
o
ef
fe
ct
on

nu
m
be
rs
of

P
ur
ki
nj
e
ce
lls

N
o
cl
ea
r
ef
fe
ct
on

at
ax
ia

A
hm

ad
et
al
.

(2
00

7)

5
�

10
4
C
17

.2
m
N
S
C
s,
pr
im

ar
y
R
os
a
E
10

.5
m
N
S
C
s,
pr
im

ar
y
hu

m
an

fe
ta
l
N
S
C
s,
hE

S
C
-

de
ri
ve
d
N
S
C
s
in
to

ce
re
br
al
ve
nt
ri
cl
es

N
on

e
S
an
dh

of
f
di
se
as
e

(β
-h
ex
os
am

in
id
as
e

de
fi
ci
en
cy
)

H
ex
b–

/–
m
ic
e

P
ro
lo
ng

ed
lif
e
an
d
im

pr
ov

ed
m
ot
or

sk
ill
s

N
S
C
s
en
gr
af
t
w
id
el
y
an
d
ge
ne
ra
te
ne
ur
on

s
In
cr
ea
se
d
H
ex

ac
tiv

ity
an
d
di
m
in
is
he
d

ga
ng

lio
tr
ia
os
yl
ce
ra
m
id
e
(G

A
2)

an
d

m
on

os
ia
lo
ga
ng

lio
si
de

(G
M
2)

R
ed
uc
ed

m
ic
ro
gl
ia
l
ac
tiv

at
io
n

S
R
T
sy
ne
rg
iz
es

w
ith

N
S
C
tr
an
sp
la
nt
at
io
n

L
ee

et
al
.

(2
00

7)

2.
5–

5
�

10
4
m
ur
in
e
fe
ta
l
ne
ur
os
ph

er
es

in
to

m
ou

se
la
te
ra
l
ve
nt
ri
cl
es

N
on

e
S
ly

sy
nd

ro
m
e

(M
P
S
-V

II
,

β-
gl
uc
ur
on

id
as
e

de
fi
ci
en
cy
)

B
6.
C
-H

-2
b
m
l /

B
yB

ir
-g
us

m
p
s /

gu
sm

p
s
m
ic
e

In
cr
ea
se
d
G
U
S
B
ac
tiv

ity
in

th
e
br
ai
n

C
el
l
m
ig
ra
tio

n
th
ro
ug

ho
ut

th
e
br
ai
n

D
ec
re
as
e
in

ly
so
so
m
al
st
or
ag
e
in

th
e

hi
pp

oc
am

pu
s,
co
rt
ex
,a
nd

ep
en
dy

m
a

N
o
in
di
ca
tio

n
fo
r
an
y
tu
m
or

fo
rm

at
io
n

F
uk

uh
ar
a

et
al
.(
20

06
)

3
�

10
5
m
ur
in
e
ne
ur
os
ph

er
e
ce
lls

in
la
te
ra
l

ve
nt
ri
cl
es

L
V
-G

F
P

M
et
ac
hr
om

at
ic

le
uk

od
ys
tr
op

hy
,A

R
S
A

de
fi
ci
en
cy

C
56

B
L
/6

M
L
D

m
ic
e

S
uc
ce
ss
fu
le
ng

ra
ft
m
en
t

In
cr
ea
se
d
A
R
S
A
ac
tiv

ity
an
d
im

pr
ov

ed
su
lf
at
id
e

m
et
ab
ol
is
m

C
ro
ss
-c
or
re
ct
io
n
of

ce
lls

th
ro
ug

ho
ut

th
e
br
ai
n

Im
pr
ov

ed
lo
co
m
ot
or

pe
rf
or
m
an
ce

G
iv
og

ri
et
al
.

(2
00

8)

(c
on

tin
ue
d)

Stem Cell Applications in Lysosomal Storage Disorders: Progress and Ongoing Challenges 151



Ta
b
le

5
(c
on

tin
ue
d)

T
re
at
m
en
t

C
on

st
ru
ct

D
is
ea
se

M
ou

se
m
od

el
E
ff
ec
ts

R
ef
er
en
ce
s

10
5
m
ur
in
e
ne
ur
on

al
pr
og

en
ito

r
ce
lls

in
tr
ac
er
eb
ra
l
at
m
ul
tip

le
si
te
s

M
L
V
-

hA
S
M

N
ie
m
an
n-
P
ic
k

sy
nd

ro
m
e
ty
pe

A
(N

P
-A

)

A
S
M
K
O

m
ic
e

T
ra
ns
pl
an
te
d
N
P
C
s
su
rv
iv
ed
,m

ig
ra
te
d,

an
d

sh
ow

ed
re
gi
on

-s
pe
ci
fi
c
di
ff
er
en
tia
tio

n
In

vi
vo

lo
w
A
S
M

ac
tiv

ity
,b

ut
su
ffi
ci
en
t
fo
r

cr
os
s-
co
rr
ec
tio

n
of

ho
st
ce
lls

R
ev
er
sa
l
of

ly
so
so
m
al
pa
th
ol
og

y
an
d
cl
ea
ra
nc
e

of
sp
hi
ng

om
ye
lin

an
d
ch
ol
es
te
ro
l
st
or
ag
e

N
o
co
rr
ec
tio

n
of

pa
th
ol
og

y
in

m
ic
e
tr
an
sp
la
nt
ed

w
ith

W
T
-N

P
C
s

S
hi
ha
bu

dd
in

et
al
.(
20

04
)

1
�

10
5
hu

m
an

em
br
yo

na
l
N
S
C
s
in
to

ce
re
br
al

la
te
ra
l
ve
nt
ri
cl
e

R
V
-

L
H
C
-

H
B
G

S
ly

sy
nd

ro
m
e

(M
P
S
-V

II
,

β-
gl
uc
ur
on

id
as
e

de
fi
ci
en
cy
)

B
6.
C
-H

-2
b
m
l /

B
yB

ir
-g
us

m
p
s /

gu
sm

p
s
m
ic
e

H
um

an
N
S
C
en
gr
af
tm

en
t

H
ig
h-
le
ve
l
β-
gl
uc
ur
on

id
as
e
pr
od

uc
tio

n
R
ed
uc
tio

n
in

su
bs
tr
at
es

of
β-
gl
uc
ur
on

id
as
e

W
id
es
pr
ea
d
cl
ea
ra
nc
e
of

ly
so
so
m
al
st
or
ag
e

S
ho

rt
-t
er
m

ef
fe
ct
du

e
to

ap
op

to
si
s
of

N
S
C
s

M
en
g
et
al
.

(2
00

3)

152 S. Köse et al.



Negredo et al. 2020). In the past, fetal neural
tissues have been used successfully for the treat-
ment of Parkinson-related symptoms (Lindvall
et al. 1990; Freed et al. 1992). However, expan-
sion of NSCs in vitro has proven difficult, and
from an ethical point of view, the use of human
NSCs derived from multiple human fetuses in
order to obtain sufficient amounts of cells may
be not suitable. Nevertheless, the use of autolo-
gous and/or culture-expanded NSCs may prove
feasible to ameliorate symptoms of LSDs related
to advanced brain storage. Preclinical animal
studies performed in in particular the Sly disease
(MPS-VII) and Niemann-Pick mouse models
have shown promising features (see Table 5),
although several problems, such as expansion of
NSCs, longevity of the effects, and viability of
NSCs upon transplantation, cell migration, etc.,
still need to be addressed. Another promising
feature of NSC treatment is that thus far no
tumor formation related to intracranial injection
of NSCs has been observed.

In an early report using the Sly syndrome
MPS-VII model mouse, NSCs were engineered
to overexpress GUSB and transplanted into the
lateral ventricles of the mice. Donor-derived cells
were found throughout the brain, with correction
of β-glucuronidase levels, resulting in overall cor-
rection of lysosomal storage in neurons and glia
of the MPS-VII mice (Snyder et al. 1995). Simi-
larly, intracranial administration of fetal murine
neurospheres to MPS-VII mice raised brain
GUSB activity, resulting in diminished lysosomal
storage (Fukuhara et al. 2006). In the ASMKO
mouse model of Niemann-Pick disease type A,
injection of either mouse or human NSCs into
neonatal mice lateral ventricles resulted in a
decrease in neuronal and glial storage and choles-
terol accumulation throughout the brain (Sidman
et al. 2007). Injection of NSCs in the cerebellum
of neonatal Niemann-Pick type C npc1�/� mice
resulted in widespread migration through the cer-
ebellum and prolonged life span. However, no
effect was seen on number of Purkinje cells, or
ataxia (Ahmad et al. 2007), indicating that route
of administration (cerebellar vs cerebrum) and
cells’ dose may be critical factors. Comparison
of immortalized (C17.2) murine NSCs (mNSCs),

primary Rosa E10.5 embryonic mNSCs, fetal
human NSCs, and hESC-derived NSCs for the
treatment of a mouse model of Sandhoff disease
showed that all sources of NSCs improved CNS
function, increased β-hexosaminidase (Hex)
levels, and resulted in a decrease of glycosphin-
golipids. In addition, SRT synergized with trans-
plantation of NSCs (Lee et al. 2007). Whereas in
the absence of functional enzyme, the impact of
SRT for Sandhoff disease is only limited, in com-
bination with a constant (low-level expression) of
β-hexosaminidase provided by the transplanted
NSCs, SRT use may in fact be very effective,
and in this mouse model, combination therapy
resulted in a doubled life span (Lee et al. 2007).
In addition, at least part of the effects of NSC
transplantation has been contributed to the anti-
inflammatory effects of NSCs. Recent studies
have been focused on improving the effects of
NSC transplantation by genetically modifying the
cells to overexpress the missing enzyme. Using
this approach, a better clearance of ASM in the
brains of Niemann-Pick type A ASMKO mice
could be achieved than with transplantation of
WT neuronal progenitor cells (NPCs)
(Shihabuddin et al. 2004). Similarly, Meng et al.
showed the feasibility of treating Sly syndrome
MPS-VII mice with NSCs retrovirally transduced
to overexpress the human β-glucuronidase gene.

Thus, neuronal progenitors and stem cells pro-
vide a unique and powerful tool for the treatment
of the neurodegenerative component of LSDs.
However, (ethical) issues concerning procure-
ment, optimized production and expansion, as
well as transplantation-related risks need to be
further explored before clinical application is
possible.

8 Induced Pluripotent Stem Cell
Applications in LSDs

Induced pluripotent stem cells can be generated
by reprogramming adult somatic cells (Takahashi
et al. 2007; Takahashi and Yamanaka 2006). Use
of human iPSCs has been explored for the devel-
opment of patient-specific cell therapies and
research models for inherited or acquired
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diseases. Disease-specific iPSCs can be generated
from subjects with a genetic disease (Rowe and
Daley 2019), and iPSC clones can now be
generated from patients with currently untreatable
diseases from whom it is otherwise difficult to
obtain stem cells or stem cells in sufficient
amounts and can be used to study the pathophys-
iology of the disease in vitro, to test novel diag-
nostic procedures, and to enable drug
development and are therefore a very new and
promising tool for modeling of human diseases
and development of new treatment strategies.

Using iPSC modeling, researchers are able to
generate a functional model of a disease directly
from patient-specific cells. These disease-specific
iPSCs are pluripotent, can be used without ethical
restraints, and are suitable for use in combination
with gene therapy and can be expanded or
differentiated without exhaustion. In addition, in
case these cells would be used in the future, the
risk of immunorejection of these cells would be
expected to be negligible since autologous
patient-derived cells can be used (Yousefi et al.
2020), and the only foreseen immune response
could be a response against the transgenic protein
that the corrected patient-derived iPSCs may
express. Since the first publication describing
reprogramming of somatic cells, many iPSC
models have been generated from a wide range
of different LSDs, including Fabry (Kawagoe
et al. 2013); Gaucher (Tiscornia et al. 2013);
Pompe (Higuchi et al. 2014; Raval et al. 2015;
Sato et al. 2015); Niemann-Pick type A (Long
et al. 2016) and type C (Maetzel et al. 2014;
Trilck et al. 2017); GM1 gangliosidosis (Son
et al. 2015) and GM2 gangliosidosis (Trilck
et al. 2017); MPS-I (Tolar et al. 2011), MPS-II
(Kobolak et al. 2019), MPS-III (Lemonnier et al.
2011; Canals et al. 2015a), and MPS-VII (Griffin
et al. 2015); MLD (Doerr et al. 2015); and even
neuronal ceroid lipofuscinoses (Lojewski et al.
2014; Chandrachud et al. 2015), and have been
shown to largely recapitulate the disease pheno-
type and can be differentiated into hematopoietic
(stem) cells, neuronal (stem/progenitor) cells,
endothelial cells, cardiomyocytes, hepatocytes,
and macrophages (Kido et al. 2020; Xu et al.
2016). Using Gaucher disease patient-derived

skin fibroblasts, iPSCs were generated and
differentiated into macrophages and dopaminer-
gic neurons. These cells were then used to assess
the ability of the newly developed non-inhibitory
enzyme glucocerebrosidase chaperone, to correct
the cellular phenotype (Tiscornia et al. 2013;
Mazzulli et al. 2011; Aflaki et al. 2016). iPSCs
obtained from skin fibroblasts of Fabry patients
(Itier et al. 2014), and both infantile-type and late-
onset-type Pompe patients could be successfully
differentiated into cardiomyocytes. Using
lentiviral transduction to overexpress
α-glucosidase in the Pompe iPSCs, researchers
were further able to decrease glycogen storage
in cells and increase enzyme activity (Sato et al.
2015, 2016). Furthermore, they used the Pompe
iPSC model to assess whether oxidative stress or
a damaged anti-oxidative stress response mecha-
nism might contribute to the molecular pathology
of late-onset Pompe disease by using
metabolomics (Sato et al. 2016). Considering
the devastating effect of many LSDs on
neurocognitive functions, many groups have
tried to differentiate LSD-derived iPSCs into
self-renewing neuronal progenitor and/or stem
cells (Son et al. 2015; Lemonnier et al. 2011;
Lojewski et al. 2014; Meneghini et al. 2017),
astroglial progenitors, and neuroepithelial stem
cells (Doerr et al. 2015). Furthermore, when
ARSA overexpressing NPCs/NSCs derived from
MLD-iPSCs were transplanted into ARSA-
deficient mice, mouse brains displayed decreased
sulfatide levels (Doerr et al. 2015). Hepatocyte-
like cells, neural progenitors (Soga et al. 2015),
and neurons (Lee et al. 2014) derived from the
iPSC lines generated from Niemann-Pick type C
(NPC) patient-derived fibroblasts or multipotent
adult stem cells (MASCs) (Bergamin et al. 2013)
recapitulated the disease and displayed damaged
intracellular transport of glycolipids and choles-
terol. This model was then used to test the effi-
cacy of 2-hydroxypropyl-γ-cyclodextrin (Soga
et al. 2015) and vascular endothelial growth fac-
tor (VEGF) (Lee et al. 2014) and showed dimin-
ished lipid accumulation in the NPC patient-
derived iPSCs. iPSCs derived from Gaucher
patients and MPS-I (Hurler) patients were both
successfully differentiated into hematopoietic
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progenitor and stem cells. In addition, gene-
corrected MPS-I iPSCs using viral transfer of
α-L-iduronidase were successfully differentiated
into both non-hematopoietic and hematopoietic
cells, showing the potential of patient-specific
iPSCs to obtain genetically corrected autologous
HSCs (Tolar et al. 2011).

Nevertheless, notwithstanding the many
advantages of iPSC modeling, prolonged culture
expansion of iPSCs may occasionally cause (epi)-
genetic changes, which may lead to DNA
mutations and/or modified gene expression, and
it is possible that these changes may affect the
in vitro disease phenotype and cell function of the
disease-derived iPSCs (Lund et al. 2012). Even
more, the development of iPSC-based LSD
models is relatively costly and labor-intensive,
and the efficacy of development may be directly
related to the metabolic defects that cause the
disease (Borger et al. 2017). Thus far, iPSC
modeling of LSDs has been largely used to assess
disease pathophysiology (neuropathology in spe-
cific) (Kobolak et al. 2019) and testing/develop-
ment of drugs. CRISPR/Cas9 technology is
increasingly being used to develop LSD models
from healthy donor iPSCs by inducing mutations
into genes that are thought to be related to the
development of LSDs (Maguire et al. 2019). In

addition, iPSCs have been made from LSD
mouse models, as well as from human patients.
Although iPSC technology has certainly
advanced understanding of LSDs, its potential
for the development of new therapeutic treatment
options for LSD patients remains to be yet fully
explored. Nevertheless, using patient- or disease-
specific iPSCs that can be modified, differentiated
and expanded, in combination with healthy
donor-derived iPSCs, that can be used to specifi-
cally knockout genes, (thought to be) related to
the development of LSDs, will tremendously
accelerate the development of new treatment
options and allow a better understanding of dis-
ease pathophysiology (Fig. 1).

9 Challenges and Final Remarks:
Two May Be Better than One

In this chapter, some of the newest developments
in the field of stem cell treatments for LSDs have
been discussed in detail. However, many more
types of treatment that have the potential to treat
or cure LSDs have not been discussed here.
Among these are the direct in vivo gene therapeu-
tics (e.g., using adenoviral or adeno-associated
viral constructs) and, for example, personalized

Fig. 1 Use of iPSC modeling of LSDs to develop new
treatment options. Whereas patient-specific iPSCs can be
used to model the disease and/or test new treatment
options. Cells may be used in the future after repair,
differentiation/expansion, and quality control for the

treatment of the patient him/herself. In contrast, healthy
donor iPSCs can be used to specifically knockout genes to
assess mutation-specific effects and used to assess disease
pathophysiology in vitro
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chemical or PCT, which may be an option for
some patients that carry chaperone-sensitive or
chaperone-specific mutations (Haneef and Doss
2016). Also of interest is the development of a
completely drug-free approach, where researchers
attempt to selectively suppress genes responsible
for the production of the depositing substrates,
using RNA interference (RNAi), also known as
genetic SRT (gSRT) (Diaz-Font et al. 2006;
Dziedzic et al. 2010; Canals et al. 2015b). How-
ever, for now, it appears that instead of focusing
on a single treatment, using patient-specific com-
bination treatments that may consist of a HSCT
(either allogeneic or after genetic modification of
autologous cells, if available) with or without
supportive treatment (e.g., anti-inflammatory
agents or chaperones that may decrease second-
ary symptoms related to increased oxidative or
endoplasmic reticulum stress) and the help of
ERT/SRT or ERT with SRT to reduce disease
load and in case of neurocognitive impairment
additional treatment with (genetically modified)
MSCs (Fig. 2) may have several advantages.
Using ERT before and during HSCT/HSC-GT
allows the patient to maintain a better physical
and/or cognitive condition with fewer lysosomal
deposits, which may in turn allow better

engraftment and accelerated recovery. Interest-
ingly, some therapeutic approaches have been
shown to provide virtually no clinical benefit
when used alone, but may still contribute to an
increased overall efficacy when used in combina-
tion with other treatments. For example, in the
mouse model of Sandhoff disease, the effects of
treatment with SRT were limited, whereas a com-
bination of SRT together with infusion of NSCs
or BMT was highly effective (Lee et al. 2007;
Jeyakumar et al. 2001). Similarly, suppression of
inflammation in the same mouse model using
NSAIDs in combination with SRT improved sur-
vival of the mice (Jeyakumar et al. 2004).
Another example of the advantage of combina-
tion treatments was shown using the globoid cell
leukodystrophy Twitcher mouse model, where a
combination of BMT and SRT resulted in a syn-
ergistic effect and a doubled life span of these
mice (Biswas and LeVine 2002).

It appears that combination of treatments (ERT
with or without SRT, HSCT, MSCs as supportive
therapy, NSCs, direct gene transfer, cross-
correction gene therapy strategies, etc.) may be
required to alleviate the main symptoms of (espe-
cially neurodegenerative) LSDs in the long term.
Meanwhile, other supportive treatments may

Fig. 2 Future treatment strategies and combination
therapies for LSDs. Depending on the type of LSD,
ERT/SRT may be used in combination with donor/third-
party HSC or MSCs in order to treat the patient. Especially
in patients with neurodegenerative LSDs, strategies

involving infusion of autologous, gene-corrected (iPSC-
derived) HSCs and/or local therapy with gene-corrected
autologous or healthy donor MSCs and/or NSCs may offer
symptom relief or even cure
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address other complexing factors of the disease,
thus ensuring better quality of life and prolonged
survival. Further development and improvement
of stem cell therapies and gene therapy vectors
continues to offer different treatment strategies,
and the field is constantly evolving. Eventually,
results from ongoing and pending clinical trials
involving stem cell and gene therapy approaches
will greatly improve our understanding of
treatments and improve treatment outcomes in
patients with LSD.
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Abstract

Breast cancer is the leading cancer type
diagnosed among women in the world. Unfor-
tunately, drug resistance to current breast can-
cer chemotherapeutics remains the main
challenge for a higher survival rate. The recent
progress in the nanoparticle platforms and dis-
tinct features of nanoparticles that enhance the
efficacy of therapeutic agents, such as
improved delivery efficacy, increased intracel-
lular cytotoxicity, and reduced side effects,
hold great promise to overcome the observed
drug resistance. Currently, multifaceted
investigations are probing the resistance
mechanisms associated with clinical drugs,

and identifying new breast cancer-associated
molecular targets that may lead to improved
therapeutic approaches with the nanoparticle
platforms. Nanoparticle platforms including
siRNA, antibody-specific targeting and the
role of nanoparticles in cellular processes and
their effect on breast cancer were discussed in
this article.
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1 Introduction

Globally, cancer is one of the leading causes of
morbidity and mortality. It is considered as one of
the most complex diseases due to the involvement

of multitude of genetic disorders and cellular
abnormalities (Das et al. 2009; Mohanty et al.
2011). According to the statistics from the
WorldHealth Organization (WHO), ~13.1million
people are estimated to die from cancer by 2030
(Boyle and Levin 2008). During the previous
decades, efforts have been made to improve
early detection, prevention and treatment efficacy
of cancer (Zhang et al. 2017; Hassanpour and
Dehghani 2017). However, the complexity of
signalling mechanisms associated with
transformed cells, tumour heterogeneity and plas-
ticity as well as metastasis remained as the major
challenges to overcome (Saraswathy and Gong
2014; Endoh and Ohtsuki 2009).

Surgery is the foremost treatment method
which is followed by other methods such as
radiotherapy, hormonal therapy, chemotherapy
or induction therapy. In the case of nodal dissec-
tion for locoregional and sentinel lymph nodes,
surgery is the first line of treatment strategy. In
order to improve the efficacy of surgery, single or
combination treatment with chemotherapy or
endocrine therapy can be utilized (Matter et al.
2000). Surgery increases the overall survival and
decreases the breast cancer mortality rate by
reducing complications and metastasis due to
resection of primary tumour and/or tumour-
spread tissues such as lung, ovaries, and liver
(Matter et al. 2000; Matsunaga et al. 2016).
Radiation therapy is typically applied after sur-
gery and mastectomy. However, 7–12.6% of
patients develop tumour relapse and resistance
against to radiation therapy in 5 years. Therefore,
together with radiation therapy, endocrine ther-
apy is used to improve the treatment efficacy
(Feys et al. 2015; Yu et al. 2015; Murphy et al.
2015). Endocrine therapy is considered as an
effective and systematic therapy in estrogen
receptor (ER)-positive tumours at early- and
late-stage breast cancer (Bartsch et al. 2012). It
can also be used to reduce toxicity related with
other treatments. To reduce toxicity, endocrine
therapy can be applied pre-operatively
(neoadjuvant) or post-operatively (adjuvant) or
during metastatic breast cancer stage
(i.e. palliative treatment; Shioi et al. 2014,
Palmieri et al. 2014).
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Chemotherapy is one of the main approaches
used to combat against breast cancer, especially
the metastasized disease. Chemotherapy induces
tumour cell death and decrease tumour size
(Abdullah and Chow 2013). However, 90% of
drug failures is associated with chemoresistance
in metastatic cancers; thereby, chemotherapy is
unable to completely eliminate cancer cells on
its own (Longley and Johnston 2005).
Chemoresistance has been attributed as the main
reason of cancer relapse and metastasis develop-
ment. Therefore, it is important to understand
the molecular mechanism(s) leading to
chemoresistance, otherwise named drug resis-
tance, and identify alternative therapeutic targets
for breast cancer therapy (Brasseur et al. 2017; Lu
and Shervington 2008). Chemoresistance occurs
when the transformed cells become insensitive to
the applied chemical drugs (Nikolaou et al. 2018).
Depending on the time of resistance development,
it is categorized as pre-existing (intrinsic) or drug-
induced (acquired) resistance (Lippert et al. 2008).
Intrinsic resistance arises from the inability of
tumour response to initial therapy, whereas
acquired resistance arises from development of
resistance over the therapy due to the exposure of
transformed cells to the chemotherapeutic agent
(Giaccone and Pinedo 1996; Goldie 1983).

The accumulation of information regarding
drug resistance and recent developments in
medicinal technologies have directed cancer ther-
apy towards targeted drug delivery (Huang et al.
2016). New discoveries in the nanotechnology
and targeted delivery system fields had already
provided extensive knowledge for improved ther-
apeutic efficacy for breast cancer based on these
emerging technologies (Rosenblum et al. 2018).
Nanotechnology has become a powerful tool in
medical sciences, and nanoparticles have been
promising in detection, prevention and treatment
of a multitude of diseases due to their unique
characteristics including small size and special
coating capability which enables targeted deliv-
ery of anti-cancer drugs to the desired target.
Nanoparticle formulations are extensively
explored in both early-stage and metastatic breast
cancers in targeting tumour cells together with
chemotherapeutic agents to enhance treatment

efficacy and reduce the side effects of anti-cancer
drugs (Hussain et al. 2018). In fact, several
FDA-approved nanoparticle-based drugs such as
Doxil, DaunoXome, Marqibo and Abraxane are
already present in the market and are available for
patient care (Dawidczyk et al. 2014). This article
will review (a) the molecular background of
breast cancer and (b) association of drug resis-
tance with breast cancer and (c) discuss the prog-
ress of the new discoveries in targeted drug
delivery system with a perspective on nanoparti-
cle usage for targeted drug delivery.

2 Breast Cancer and Drug
Resistance

Breast cancer is the most frequently diagnosed
cancer type among women in the world (Tang
et al. 2016). Nearly 30% of patients who are
diagnosed with early stage of the disease progress
to metastatic breast cancer (O’Shaughnessy
2005). Additionally, 30–40% of patients who
have been treated previously display recurrent
local and/or metastatic breast cancer (Table 1)
(Garcia-Saenz et al. 2015; Yousefi et al. 2018;
Sharma et al. 2017).

2.1 Breast Cancer-Associated
Receptors

Breast cancer is traditionally classified into four
categories, luminal A, luminal B, human endo-
thelial growth factor receptor 2 (HER2) and
triple-negative breast cancer (TNBC), depending
on the expression of three receptors, estrogen
(ER), progesterone (PR) and HER2 (Perou et al.
2000; Sotiriou et al. 2003; Samadi et al. 2018).
Luminal A and B subtypes are characterized by
high expression of ER and PR but absence of
HER2 receptors (Garcia-Saenz et al. 2015;
Yousefi et al. 2018). HER2 protein is highly
expressed in nearly 20% of breast cancer patients
(Elster et al. 2015). TNBC is characterized by the
absence of ER, PR and HER2 (Ismail-Khan and
Bui 2010) and accounts for 10–20% of breast
cancer patients (Neophytou et al. 2018). Different
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therapies have been developed to target each
breast cancer subtype such as the specific endo-
crine therapy, chemotherapy and biologics ther-
apy (McArthur et al. 2011; Liedtke and Kolberg
2016) and immunotherapy together with chemo-
therapy (Bernard-Marty et al. 2004). The decision
regarding the treatment strategy is determined by
menopausal status, tumour status, presence of
metastasis, co-morbidities and duration of treat-
ment failure (Bernard-Marty et al. 2004).

2.1.1 Estrogen Receptor
Estrogen receptors, alpha and beta (ERα and ERβ),
play an important role in breast cancer develop-
ment and progression (Normanno et al. 2005;
Leclercq et al. 2006). Almost 70% of breast cancer
patients are ER positive (Lumachi et al. 2013).
Therefore, ERs are considered as an important
therapeutic target in breast cancer. ERα mediates
angiogenesis via transcriptional regulation of
genes, proliferation and metastasis (Normanno
et al. 2005, Leclercq et al. 2006). Endocrine ther-
apy is extensively used to treat ER-dependent
breast cancer patients. Several therapeutic agents,
such as tamoxifen and fulvestrant, are currently in
the market whose aim is to suppress ER signalling
and enhance the overall survival rate (Lumachi
et al. 2013). Unfortunately, systematic administra-
tion of these agents results in the development of
endocrine therapy resistance (Lumachi et al.
2015). Tamoxifen is one of the most widely used
drug in ER(+) breast cancer cells but Erα(+) breast
cancer cells are unresponsive to tamoxifen. The
development of resistance to tamoxifen leads to
re-development of tumour (Huang et al. 2015).
Therefore, there is an immediate need for new
targeting strategies to overcome the
ER-associated limitations of the therapy.

2.1.2 Progesterone Receptor
Progesterone receptor (PR) is mediated by PR-A
and PR-B receptor isoforms, which are located in
multiple organs in the body (Lange and Yee
2008). PR isoforms are expressed in response to
ERα-dependent transcriptional events and also
independently (Hewitt and Korach 2000). So
far, ER has been implicated as the main steroid
hormone inducing breast cancer (Goepfert et al.

2000). The complex PR function had been stud-
ied by Carnevale et al. (2007); the involvement of
mitogen-activated protein kinase (MAPK) and
phosphoinositide 3-kinase (PI3K) signalling
mechanisms was documented based on blocking
the PR function, which acts as an activator of
signalling events to prevent growth as well as
metastasis in PR-positive breast cancer
(Carnevale et al. 2007).

2.1.3 Human Epithelial Receptor 2
Almost 20% of breast cancer patients over-
expresses HER2 protein (Elster et al. 2015), a
member of the HER family protein, including
epidermal growth factor receptor (EGFR)
EGFR/HER1, c-erb/HER2, HER3 and HER4.
HER2 functions as a co-receptor for other family
members. In case of HER2 over-expression or
amplification, tumour growth is enhanced and
invasion and survival of transformed cells are
elevated via activation of MAPK and PI3K sig-
nalling mechanisms (Spector and Blackwell
2009; Graus-Porta et al. 1997; Moasser 2007).
These signalling mechanisms are involved in
resistance development to trastuzumab, an anti-
HER2-specific antibody (Wang and Xu 2019).
Trastuzumab resistance mechanism involves
decreased HER2-antibody binding capability
due to increased signalling via RTK (HER2 fam-
ily receptor tyrosine kinases), increased PI3K/Akt
activity and insulin-like growth factor 1 receptor
(IGF1R) signalling (Elster et al. 2015).

2.1.4 Triple-Negative Breast Cancer
TNBC accounts for 10–20% of breast cancer
cases (Neophytou et al. 2018). TNBC is the
most aggressive form of breast cancer (O’Toole
et al. 2013) and can metastasize typically to lungs,
liver and bones (Weigelt et al. 2005). TNBC is
characterized by the lack expression for ER, PR
and HER2 receptors thereof, so alternative signal-
ling mechanisms gained an importance for the
identification of new therapeutic target (O’Toole
et al. 2013). Due to the lack of expression of ER,
PR and HER2 receptors, it is not possible to treat
TNBC with endocrine therapy or HER2 targeting
strategies (McGee 2010). Unfortunately, there is
no approved targeted therapy for TNBC yet
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(Corkery et al. 2009). At the present time, the
optimal TNBC treatment strategy is based on
broad spectrum chemotherapy due to the lack of
alternative strategies for this aggressive subtype
of breast cancer (Crown et al. 2012). Studies have
documented the advantages of chemotherapy
usage in the neoadjuvant, adjuvant and metastatic
TNBC conditions. Depending on tumour profile,
different chemotherapeutic agents can be used to
treat TNBC such as platinum compounds (cis-
platin, carboplatin), taxanes (docetaxel),
capecitabine (fluorouracil) and an anthracycline
(doxorubicin) (Isakoff 2010). Furthermore,
TNBC-specific EGFR over-expression enhances
resistance to conventional chemotherapeutic
therapies (McGee 2010), whose silencing has
the potential to improve TNBC treatment efficacy
(Al-Mahmood et al. 2018).

3 Therapeutic Targets and Drug
Resistance

Receptors and signalling mechanisms have been
important molecular targets, and detailed studies
are launched to develop and/or improve available
therapeutic agents (Ariazi et al. 2006). A major
drug resistance mechanism in breast cancer is
mediated by ATP binding cassette (ABC)
transporters (Kuo 2007). ABC transporter super-
family has 47 genes (Allikmets et al. 1996)
including ABCB1, also named as P-glycoprotein
(P-gp) or multidrug resistance 1 (MDR1) gene
(Chen et al. 1986), and ABCB5 (Frank et al.
2003). ABC transporters are capable of pumping
intracellular chemotherapeutic drugs out of the
cells. More than 80% of drug efflux is facilitated
by these proteins, which are readily over-
expressed in breast cancer cells. Hence, targeting
drug efflux-associated transporters had become a
promising therapeutic approach to enhance intra-
cellular drug accumulation in breast cancer (Kuo
2007). ABCB1 and ABCB5 enhance chemother-
apeutic drug efflux from tumour, thereby increas-
ing drug resistance (Luo et al. 2012). Liao et al.
(2019) documented the importance of ABCB1 as
a therapeutic target to overcome chemoresistance
in breast cancer. Knock-down of ABCB1

expression resulted in enhanced intracellular che-
motherapeutic drug presence in cancer cells that
lead to an improved treatment efficacy for breast
cancer (Liao et al. 2019). Yao et al. (2017) had
targeted ABCB5 protein, which is over-expressed
in breast cancer including metastatic tissues that
promote metastasis and increase epithelial-
mesenchymal transition (EMT). They showed a
prevention of metastatic breast cancer-related
activities by inhibition of ABCB5 expression
(Yao et al. 2017). Tumour suppressor protein
p53 downregulates ABCB1 expression by bind-
ing to its promoter region (Chin et al. 1992). A
mutant p53 enhanced the ABCB1 expression that
led to drug resistance in colon cancer (Thottassery
et al. 1997). The p73 gene belonging to the p53
family encodes N-terminally truncated isoforms,
collectively named as ΔNp73 (Di et al. 2013).
The ΔNp73 knock-out resulted in increased
drug sensitivity in embryonic fibroblasts
(Wilhelm et al. 2010) and ΔNp73 over-
expression was associated with reduced drug
response in breast cancer (Di et al. 2013). Sakil
et al. (2017) showed ΔNp73 to be associated with
increased expression of ABC transporter in breast
cancer samples, while ΔNp73 knocked-down
resulted in a decrease of ABCB1 and ABCB5
expression. In addition, reduced expression of
ΔNp73 led to better intracellular retention of
DOX and reduced cell proliferation in
MDA-MB-231 and MCF7 cells. The results indi-
cate the regulatory role of ΔNp73 expression in
drug resistance via ABCB1 and ABCB5 proteins.
The expression of p73ΔEx2/3, which is an iso-
form of ΔNp73, was associated with ABCB5
expression in metastasis in melanoma patients
and melanoma-derived cell line SK-MEL-28
(Sakil et al. 2017). However, the role of
p73ΔEx2/3 on ΔNp73 expression and resistance
against the chemotherapeutics has not been
addressed yet.

3.1 Breast Cancer-Associated
Receptors and Inhibitors

Since ER, PR and HER2 receptors are closely
involved in breast cancer development and
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progression (Perou et al. 2000; Sotiriou et al.
2003; Samadi et al. 2018; Longley and Johnston
2005), many studies are investigating new
inhibitors for ER, PR and HER2 receptors. Endo-
crine therapies, a treatment option for ER+ breast
cancer patients, are classified into three groups
which are aromatase inhibitors (AIs), selective
estrogen receptor downregulators (SERDs) and
selective estrogen modulators (SEM). Letrozole,
anastrozole and exemestane are used to reduce the
estrogen production via inhibition of aromatase
enzyme in ER+ breast cancer patients (Hertz et al.
2017; Ali et al. 2016; Sharma et al. 2018). Aro-
matase enzyme catalyzes the final step in estrogen
biosynthesis, and AIs are effectively being used
in adjuvant and first-line metastatic treatment
(Chumsri et al. 2011). The SERD fulvestrant
abolishes the estradiol binding to ER, which
impairs receptor dimerization and results in the
blockage of nuclear localization of the receptor
(Osborne et al. 2004). The SEM tamoxifen spe-
cifically binds to ER and displaces estrogen that
leads to the inhibition of estrogen function in
breast cancer cells. These conformational
alterations leading to blockage of ER and
co-activator protein interaction inhibit the activa-
tion of genes associated with cell proliferation.
Tamoxifen had decreased mortality rate by 30%
in breast cancer patients, but the presence of
acquired resistance to tamoxifen is a major limi-
tation to overcome (Ali et al. 2016).

Selective PR modulators (SPRMs) are syn-
thetic steroids specific for PR (Chabbert-Buffet
et al. 2018). Mifepristone, ulipristal, proellex,
onapristone, asoprisnil and lonaprisan are in clin-
ical development as SPRMs (Wagenfeld et al.
2016). Lee et al. (2016) had shown that
telapristone acetate (TPA) diminished tumour
incidence, burden, cell proliferation and angio-
genesis in mouse mammary glands (Lee et al.
2016). Clinical trials had revealed that combina-
tion hormone replacement therapy (ER and
progestins) had an enhanced risk for breast cancer
recurrence compared to ER or placebo-receiving
patients. Medroxyprogesterone acetate (MPA), a
component of synthetic progestins, was shown to
enhance breast cancer tumour growth and metas-
tasis. Furthermore, MPA increased CD44

expression and aldehyde dehydrogenase
(ALDH) activity, which are cancer stem cell
(CSC) markers. Liang et al. (2017) had evaluated
the effect of RO48-8071, a cholesterol synthesis
inhibitor, in hormone-dependent human breast
cancer cell lines, namely, T47-D and BT-474.
RO48-8071 decreased the PR-dependent
MPA-medicated CD44 expression and
MPA-induced CSC expansion by downregulating
the expression of PR protein in T47-D and
BT-474 cell lines (Liang et al. 2017).

Trastuzumab, pertuzumab, lapatinib and
ado-trastuzumab emtansine (T-DM1) are cur-
rently being used as anti-HER2 agents (Wang
and Xu 2019). However, with the development
of recurrence and acquired resistance, studies
have focused on the investigation of resistance
mechanisms and identification of new inhibitors
for HER2 (Schroeder et al. 2014). Among the
anti-HER2 inhibitors, abemaciclib (LY2835219)
is a promising CDK4/6 inhibitor due to its high
selectivity for CDK4/6 complexes. The studies
had indicated that abemaciclib inhibited phos-
phorylation of the retinoblastoma tumour sup-
pressor via G1 cell cycle arrest in tumour cells.
Abemaciclib also induced a dose-dependent anti-
tumour activity, leading to ~70% reduction in
tumour volume in vivo (Gelbert et al. 2014).
Furthermore, abemaciclib enhanced anti-tumour
immunity via promoting tumour antigen presen-
tation and suppression of regulatory T cell activ-
ity (Goel et al. 2017).

3.2 Signalling Mechanisms and Drug
Resistance

The main goals of breast cancer therapy are to
inhibit proliferation, eradicate metastasis and
induce apoptosis in transformed cells. Molecular
approaches such as the physiologic alterations in
signalling mechanisms are important for the mod-
ulation of apoptosis (Oltersdorf et al. 2005).
Alterations in signalling mechanisms can cause
aberrant regulation of apoptosis and are particu-
larly associated with the development of drug
resistance. PI3K/AKT pathway, for example, is
activated by ER and HER family receptors.
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Activation of PI3K/AKT pathway with increasing
phosphatidylinositol-3,4,5-triphosphate leads to
the activation of signalling mechanism involving
AKT/PKB pathway. Activation of AKT
prevented apoptotic alterations by activating
NF-kappa B. NF-kB activation results in phos-
phorylation of Bad which is a pro-survival gene
(Datta et al. 1997; Shimamura et al. 2003). The
relation between Bad protein and AKT signalling
was mediated via Bcl-2 protein. The anti-
apoptotic protein Bag-1 is over-expressed on
breast cancer cell lines and is involved in the
formation of B-Raf, C-Raf and AKT complexes
in breast cancer cells, which resulted in phosphor-
ylation of pro-apoptotic Bad for apoptosis inhibi-
tion (Kizilboga et al. 2019).

The identification and emergence CSCs have
been an important therapeutic consideration for
breast cancer therapy (Yang et al. 2020). CSCs
possess self-renewal capacity and play a major
role in differentiation, metastasis, cancer recur-
rence, resistance to drugs and radiation (Yang
et al. 2020). Therefore, strategies leading to clear-
ance of CSCs is an important therapeutic
approach for metastatic breast cancer (Zuo et al.
2016). Main breast CSC associated signalling
pathways are Wnt, Notch and Hedgehog signal-
ling pathway (Yang et al. 2020).

3.2.1 Hedgehog Signalling Pathway
The Hedgehog (Hh) signalling mechanism plays
a significant role in embryogenic development
(Skoda et al. 2018). The main factor behind
basal cell carcinoma is dysregulation of Hh mech-
anism so that the components of this mechanism
had been important therapeutic targets. Hh signal-
ling activates glioma-associated oncogene (GLI)
transcription factors. GLI1 over-expression is
associated with poor prognosis in breast cancer
and also GLI1 activation leading to ER exposure
enhances breast CSC proliferation and EMT
(Bhateja et al. 2019). Estrogen is related to the
enhancement of CSCs and EMT via GLU1 in
ERα(+) breast cancer cells. GLI1 depletion
increased tamoxifen cytotoxicity and reduced
ERα protein expression levels due to diminished
ERα signalling activity in tamoxifen-resistant and
sensitive cells (Diao et al. 2016). Targeting GLI

transcription factor family may provide valuable
information about the modulation of Hh mecha-
nism and its effect on breast cancer therapy.

3.2.2 Notch Signalling Pathway
Notch signalling mechanism involves Notch
receptors and DSL ligands (Ranganathan et al.
2011). Notch receptor interaction with DSL
ligands initiates Notch signalling mechanism
that undergoes cleavage processes (Cohen et al.
2010; Leong et al. 2007). Notch signalling
interferes in the regulation of cellular processes
(Miele et al. 2006). However, dysregulation of the
Notch signalling mechanism is involved in endo-
crine resistance in ERα(+) breast cancer (Bai et al.
2020). Notch1 receptor silencing reversed the
EMT and inhibited the growth of xenografts and
metastatic invasion in MCF-7 and MBA-MD-231
breast cancer models (Shao et al. 2015). Similar
results were documented by a recent study of
Xiao et al. (2019); Notch1 receptor silencing
inhibited Akt pathway, decreased the EMT and
enhanced sensitivity to cisplatin and DOX in
MDA-MB-231DDPR cells (Xiao et al. 2019).

3.2.3 Wnt Signalling Pathway
Aberrant activation of Wnt signalling was related
to breast cancer progression (Yin et al. 2018; Pohl
et al. 2017). Wnt ligands bind to frizzled receptor
(FZD) and co-receptors low-density lipoproteins
5/6 (LRP5/6), which initiates β-catenin-depen-
dent (canonical) and β-catenin-independent
(non-canonical) signalling pathways (Yin et al.
2018). Dickkopf-1 (DKK1) protein is important
for the regulation of Wnt signalling (Yin et al.
2018). The increased expression of DKK1 and
cytoplasm/nuclear-β-catenin was observed in
breast cancer patients and those without lymph
node metastasis (Sun et al. 2019). Further, Sada
et al. (2019) addressed the association between
DKK1 and AKT signalling; DKK1 induces
depalmitoylation of cytoskeleton related protein
4 (CKAP4) and LRP5/6 receptors which are
needed to activate PI3K-AKT pathway. LRP5/6
knock-down reduced DKK1-mediated AKT
activities and tumour proliferation via CKAP4
(Sada et al. 2019). The role of DKK1 on T-DM1
resistance was reported by Li et al. (2018). The

Mechanisms of Drug Resistance and Use of Nanoparticle Delivery to Overcome. . . 169



DKK1 and canonical Wnt signalling-dependent
MMP7 activation resulted in the induction of
T-DM1 resistance and poor gastric adenocarci-
noma prognosis, whereas the reverse effects on
DKK1 or canonical Wnt signalling led to a reduc-
tion in T-DM1 resistance via reduced expression
of MMP7 in gastric adenocarcinoma (Li et al.
2018).

3.3 Drug Resistance in TNBC

Neither hormonal therapy nor anti-HER2
therapies are effective in TNBC treatment due to
the lack of the relevant targets. Currently, broad
spectrum chemotherapy is the only treatment
option for TNBC (Crown et al. 2012). However,
chemoresistance limits the success of the agents
against TNBC since majority of the agents fail
due to the development of either intrinsic or
acquired resistance to chemotherapeutic agents
(Longley and Johnston 2005). The underlying
chemoresistance mechanisms in TNBC can be
listed as expression of ABC transports, mutations
DNA repair enzymes and activation of
chemoresistance-associated signalling
mechanisms (Abdullah and Chow 2013). In addi-
tion, Wnt/β-catenin, Notch and Hedgehog signal-
ling mechanisms are involved in progression and
exacerbation of TNBC (O’Toole et al. 2013).

4 Targeted Drug Delivery

Targeted drug delivery is an approach to admin-
ister single or multiple therapeutic compounds to
achieve beneficial effects against a particular tar-
get (i.e. cells bearing the target), while displaying
little effects on other (non-relevant) tissues or
cells. To reach this aim, several drug delivery
systems have been developed and analysed
(Tiwari et al. 2012). Among these systems,
nanoparticles represent a great success in the
application of targeted drug delivery due to their
unique features (Singh and Vyas 1996).

4.1 Targeted Drug Delivery
with Nanoparticles

Nanoparticles are nano-scaled particles ranging in
size <100 nm in at least one dimension. The
increased interests in nanoparticles have been
greatly facilitated with the prospect of developing
nanomedicines (Hussain et al. 2018; Tang et al.
2017) and their facilitated delivery in the tumour
vicinity (Ould-Ouali et al. 2005; Kipp 2004),
increased specificity to tumour tissue and bio-
availability of chemotherapeutics at the site of
the disease (Fonseca et al. 2002; Koziara et al.
2006). The final efficacy of nanomedicines is
based on their distinct features such as the optimal
size, reduced drug toxicity at other sites and con-
trolled drug release at the site of tumours.
Targeted delivery of anti-cancer drugs into
tumour cells can overcome drug resistance
(Koziara et al. 2006; Koziara et al. 2004) if the
drugs are packaged in nanoparticles. The devel-
opment of drug resistance avoids the induction of
cytotoxicity of chemotherapeutics in cancer cells
(Cho et al. 2008). Huang et al. (2018) had
formulated surfactin (SUR)-based nanoparticles
loaded with doxorubicin (DOX) that induced
cytotoxicity to DOX-resistant MCF-7/ADR.
This study had shown enhanced cellular uptake,
tumour accumulation and decreased cellular
efflux of DOX in vitro. Tumour inhibition was
shown without changing the body weight of the
preclinical model along with reduced
cardiotoxicity, which is one of the main
limitations of DOX. These results show the bio-
safety and targeted delivery capability of
nanoparticles to tumours (Huang et al. 2018). A
study on HER2 targeting by Mondal et al. (2019)
explored nanoparticle formulations with an
incorporated anti-HER2 antibody and PLGA
nanoparticles loaded with DOX (8.5% w/w).
Using human breast cancer cell lines SKRB-3,
MCF-7 and MDA-MB-231, an increased accu-
mulation of designed nanoparticle formulations
was shown in tumour cells, which led to a reduc-
tion in tumour volume and decreased
cardiotoxicity (Mondal et al. 2019). Another
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study targeted over-expressed HER2 receptors
(Li et al. 2017) in breast CSC using polymer-
lipid hybrid nanoparticles loaded with an anti-
body against HER2 receptor and salinomycin
(Li et al. 2017), an anti-breast CSC drug (Gupta
et al. 2009; Magnifico et al. 2009; Naujokat and
Steinhart 2012). The result of the study showed
an increased cytotoxic effect, reduction in tumour
growth and decreased breast tumour sphere for-
mation rate (Li et al. 2017).

4.2 Properties of Nanoparticles

Nanocarriers can be used for diagnostic and thera-
peutic purposes. Polymers such as polyethylene
glycol (PEG) are coated onto nanoparticles so
that they cannot be detected by the immune system
and undergo prolonged circulation time in the
body. With respect to functionalization, ligands
are used to target over-expressed receptors in
tumour cells. Internalization of nanoparticles by
endocytotic pathways may overcome the major
challenge of drug resistance. Nanoparticles can
be designed to be sensitive to intracellular stimuli
and enable controlled intracellular drug release
(Ferrari 2005; Duncan 2006). The importance of
nanoparticle structure in breast cancer therapy was
shown by Tiash and Chowdhury (2019). Anti-
cancer drug DOX and siRNA were loaded into
pH-sensitive carbonate apatite (CA) nanoparticles
to target ABC transporter genes. Low polydisper-
sity nanoparticles at ~200 nm were taken up more
efficiently and decreased tumour size at low dose
of DOX in 4 T1 breast cancer cells (Tiash and
Chowdhury 2019). The importance of pH was
shown by Onyebuchi and Kavaz (2019), who
used Ocimum gratissimum plant essential oils
(OGEO) encapsulated by chitosan and N,N,N-
trimethyl chitosan nanoparticles. The results
indicated higher drug release at pH 3 compared
to 7.4 in vitro with MDA-MB-231 breast cancer
cell line (Onyebuchi and Kavaz 2019). Further-
more, nanoparticle size and structure were impor-
tant for cellular uptake efficacy. Akbal et al. (2017)
had analysed human serum albumin (HSA) and
poly(3-hydroxybutyrate)-carboxymethyl chitosan
(PHB-CMCh) nanocarriers. HSA nanoparticles

had smaller size and higher drug entrapment effi-
cacy compared to PHB-CMCh nanoparticles. Fur-
thermore, HSA nanoparticles represented
cytotoxic and high cellular uptake efficacy in
MCF-7 cells (Akbal et al. 2017). These outcomes
remain to be translated to other cell types.

4.3 Enhanced Permeability
and Retention Effect

Enhanced permeability and retention effect (EPR)
is a unique characteristic of solid tumours
associated with anatomical and pathophysiologi-
cal differences from normal tissue (Fang et al.
2011). Blood vessels of solid tumours have defec-
tive ‘leaky’ structures. Cancer cells over-produce
angiogenic and vascular permeability factors,
thereby stimulating vascular permeability to sup-
ply nutrients and oxygen to tumour tissue for
rapid growth. Due to this unique pathophysiol-
ogy, this leaky vasculature enables transportation
and accumulation of macromolecules into the
tumour tissue (Greish 2007; Matsumura and
Maeda 1986). In fact, this unique phenomenon
of nanoparticles provides opportunities to target
solid tumours through EPR effect (Iyer et al.
2006). The underlying principle of EPR effect is
targeted delivery and accumulation capability of
nanoparticles at the tumours by either active
targeting or passive targeting (Park et al. 2009).
However, tumour size-dependent heterogeneity
of tumour tissue and the variety of macromolecu-
lar accumulation within the tumour tissue are the
main challenges to overcome (Maki et al. 1985;
Nagamitsu et al. 2009).

Active targeting strategy, whereby anti-cancer
drugs are transported specifically to target cells
(Duncan 2006; Ferrari 2005), relies on the inter-
action between ligands on nanoparticle surface
and target cells. The biological ligands are
incorporated into nanoparticles to bind to specific
receptors on the target cell. This resulted in an
enhanced uptake of nanoparticle formulations
into the cell (Fig. 1) (Byrne et al. 2008; Muhamad
et al. 2018). Passive targeting strategy, whereby
nanoparticles accumulate in tumour cells by the
EPR effect (Huang et al. 2016), relies on the
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unique physiological structure of solid tumours
such as the leaky vasculature and defective lym-
phatic drainage (Fig. 1) (Rosenblum and Peer
2014; Matsumura and Maeda 1986). Doxil and
Abraxane are some of passively targeted
nanodrugs which are currently used in a clinical
setting (Shi et al. 2017).

4.4 Targeted Therapy Strategies
for Breast Cancer-Associated
Receptors

Targeted delivery strategies have gained impor-
tance (Peer et al. 2007) and nanoparticle
formulations have extensively been used to this

end for breast cancers. Verderio et al. (2014)
reported inhibition of cellular growth in
ER-dependent MCF-7 breast cancer cells by
using ASC-J9-loaded PLGA nanoparticles. The
release of ASC-J9 in loaded PLGA nanoparticles
was associated with time- and dose-dependent
drug activity. This nanoparticle blocked G2/M
cell cycle in the cytosol of MCF-7 cells (Verderio
et al. 2014). Kubota et al. (2018) used anti-HER2
antibody trastuzumab-coated gold nanoparticles
(AuNPs) and showed an increased cytotoxicity
in trastuzumab-resistant gastric cancer cells. Sim-
ilar effects have also been observed in in vivo
studies (Kubota et al. 2018).

HER2-based targeting was also employed by
Gu et al. (2018) that created HER2-specific

Tumor Tissue

Endothelial Tissue

Nanocarrier

Receptor

Ligand

Tumour Cell

Agent

Receptor Specific
Nanocarrier

Leaky Endothelial Tissue

Enhanced Retention Permeability

Blood Vessel

Active Targeting
Passive Targeting

Fig. 1 Active and passive targeting strategy by using
nanoparticles to target tumours via enhanced retention
permeability (EPR) effect. Nanoparticles are used as
nanocarriers which include formulations to inhibit tumour
activities. The leaky structure of blood vessels enables
nanocarriers to accumulate into the tumour and exert

anti-tumour activities. This process is called as passive
targeting. Conversely, active targeting relies on ligand-
receptor interaction. Receptor-specific ligands are loaded
to nanocarriers and these nanocarriers specifically bind to
the receptor and abolish tumour activities
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antibody-bearing nanoparticles with siRNA
against HER2(+) breast cancer cells displaying
lapatinib acquired resistance. The cells were
treated for 7 months to investigate the long-term
effect of formulation. Even after the removal of
formulation, long-term treated cells grow slower
than cells which did not receive any treatment.
Furthermore, treated cells did not undergo EMT
or had tumour-initiating cell enrichment. HER2
ablation with this formulation inhibited HER2
signalling reactivation that is present in
lapatinib-resistant cells. The formulation had suc-
cessfully prevented trastuzumab and lapatinib
resistance development in HER2 BT474 breast
cancer cell line (Gu et al. 2018).

Another study by Zhang et al. (2020) devel-
oped nontoxic transformable peptide
nanoparticles to target HER2 receptor cells
in vivo. The design used micelles in aqueous
solution that transformed into nanofibers to dis-
rupt HER2 dimerization and downstream signal-
ling events and results in apoptosis of cancer
cells. Disrupted HER2 dimerization blocked cell
proliferation and cell survival signalling at the
tumour tissue in mouse xenografts (Zhang et al.
2020).

EGFR is another important target for breast
cancers due to its over-expression in ~15% of
metastatic breast cancers (Gallardo et al. 2012;
DiGiovanna et al. 2005). Covarrubias et al.
(2019) targeted EGFR by designing dual-ligand
nanoparticles with DOX to target EFGR and αv β3
integrin in vitro and in vivo. This treatment
prolonged survival time under metastatic
conditions and delayed outgrowth of metastasis.
Additionally, DOX-loaded nanoparticles did not
lead to a reduction in weight loss, minimizing the
well-known side effects of DOX (Covarrubias
et al. 2019). Since co-expression of EGFR and
HER2 is associated with poor prognosis and
reduced survival (Gallardo et al. 2012,
DiGiovanna et al. 2005), Houdaihed et al.
(2020) had targeted both HER2 and EGFR
receptors using polymeric nanoparticles that
encapsulated paclitaxel and everolimus drugs.
Paclitaxel has been extensively used in breast
cancer treatment, but like other therapeutics, its
usage is limited with chemoresistance (Ajabnoor

et al. 2012; Murray et al. 2012) and unacceptable
side effects (Gelderblom et al. 2001). The results
indicated stronger induction of cytotoxicity and
enhanced cellular uptake in EGFR-/HER2-
targeting nanoparticles, as compared to single
and non-targeted nanoparticle formulations in
breast cancer cells (Houdaihed et al. 2020).

4.5 Nanoparticles and siRNA

RNA interference (RNAi) technology is a
promising gene regulation technology to treat
pathologic diseases such as cardiovascular
diseases and cancer by silencing the genes of
interest. Despite the success of preclinical RNAi
studies, clinical RNAi application is not yet pos-
sible due to the limitations of delivery system.
Short interfering RNA (siRNA) enables scientists
to regulate expression levels of target genes. The
siRNA has gained importance as a therapeutic
agent (Dana et al. 2017). A study from Jafari
et al. (2019) has proved the importance and ther-
apeutic efficacy of using nanoparticles for drug
targeting (Jafari et al. 2019). IGF1 receptor
(IGF1R) is required for growth and survival in
normal cells, whereas IGF1R signalling plays a
major role in tumour growth, development and
metastasis. Additionally, IGF1R signalling cross
talks with other signalling mechanisms (Baserga
et al. 2003), leading to the activation of several
transcription factors, thereby upregulating a mul-
titude of genes responsible from invasion to
angiogenesis (Banerjee and Resat 2016). Simul-
taneous silencing of IGF1R using siRNA and
targeted delivery of docetaxel-loaded chitosan
nanoparticles with an anti-mucin1 aptamer
resulted in increased cellular uptake of
nanoparticles and a decrease in cell viability and
reduction in gene expression, which led to tumour
progression and metastasis (Jafari et al. 2019).

Nanoparticles can overcome inherent
limitations and enable targeted delivery of naked
siRNA to the desired site of action (Chen et al.
2018). TNBC, the most aggressive subtypes of
breast cancer, undergoes metastasis with the acti-
vation of EMT. Since TGF-β upregulates β3-
integrin, which is required for EMT and
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metastasis, Parvani et al. (2015) targeted β3-
integrin using ECO/siRNA nanoparticles.
Blocking of β3 integrin resulted in the attenuation
of TGFβ-mediated EMT and metastasis in vitro
and a reduction of primary tumour burden and
metastasis in vivo (Parvani et al. 2015).

4.6 Nanoparticles and Signalling
Mechanisms

A nanoparticle formulation had been used to tar-
get Hh signalling components. GLI1 had been
targeted with GANT61, a Hh inhibitor (Koike
et al. 2017), and curcumin-loaded polymeric
nanoparticles in the MCF-7 breast cancer cell
line. This nanoparticle formulation successfully
induced cytotoxic effects at a mid-minimal dos-
age via autophagy and apoptosis, and a reduction
in self-renewal capability of CSC (Borah et al.
2020). Another study targeted Hh signalling com-
ponent GLI1 by Nayak et al. (2016); quinacrine
nanoparticles (NQC) reduced GLI1 mRNA
expression dose-dependently in cervical CSC.
NQC reduced tumour size and induced apoptosis
through GLI1 inhibition in Hh-GLI cascade
(Nayak et al. 2016). However, the effect of
NQC on GLI1 has not yet been tested in breast
cancer cell lines.

TNBC cells typically over-expresses Notch
1 receptor and Bcl-2 anti-apoptotic protein,
which can be inhibited by ABT-737 to initiate
apoptotic signalling. Valcourt et al. (2020)
formulated PLGA nanoparticles bearing Notch-1
specific antibodies. This formulation enhanced
TNBC-specific binding and Notch signalling
inhibition through the blockage of the Notch
1 receptor. Notch inhibition via ABT-737 further
induced apoptosis to TNBC cells. In vivo studies
showed accumulation of nanoparticles in TNBC
xenograft, which resulted in a reduction of
tumour burden and extended animal survival
(Valcourt et al. 2020). Mamaeva et al. (2011)
had also prepared nanoparticle formulations to
overcome drug resistance. The formulation pro-
moted Notch signalling in breast cancer by
enhancing CSC self-renewal capability.
Mesoporous silica nanoparticles with glucose

(since CSCs display glycolytic activity) were
loaded with Notch signalling inceptor,
γ-secretase inhibitor. This formulation is
accumulated both in transformed and CSCs
in vitro and in vivo, which also reduced the
CSC population in vivo (Mamaeva et al. 2011).

Metallic nanoparticles have gained an
increased interest due to nontoxic and stable
chemical structures (Albrecht et al. 2006). Both
positively and negatively charged metallic gold
nanoparticles (AuNPs) induced cytotoxicity via
oxidative stress and resulted in alterations in
Wnt signalling pathway in TNBC cells.
Surapaneni et al. (2018) extensively studied the
AuNP mechanism of action on TNBC cells. The
results indicated the positively and negatively
charged AuNPs to exert their cytotoxic effects
via different mechanisms. Negatively charged
AuNPs slowed cell death process, whereas posi-
tively charged AuNPs resulted in abrupt destruc-
tion of MDA-MB-231 cell line by enhanced
phosphorylation of histone H3 ser 10 (Surapaneni
et al. 2018). Thymidylate synthetase over-
expression was associated with anti-cancer drug
5-FU resistance (Zhang et al. 2008). Both posi-
tively and negatively charged AuNP treatments
reduced the expression of thymidylate synthetase
which made MDA-MB-231 cells more sensitive
to 5-FU (Surapaneni et al. 2018). This study
showed the importance of signalling mechanism
in the induction of cytotoxicity and sensitivity
difference between differentially charged
AuNPs. Cytotoxic effects of another metallic
nanoparticle, zinc oxide (ZnO), were studied by
Umar et al. (2018) on MDA-MB-231 and MCF-7
cells. Their results indicated highest cytotoxic
effect to be observed at concentration that
corresponded to the highest zinc ion concentra-
tion. Therefore, the increased presence of zinc ion
was suggested as the reason of antioxidant activ-
ity of ZnO nanoparticles (Umar et al. 2018).

5 Conclusion and Perspectives

Gene therapy with nanoparticles is expected to
provide enhanced treatment efficacy. Nanoparti-
cle platform allows a sophisticated delivery of a
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multitude of therapeutic agents and modalities.
As a prototypical example, Wang et al. (2020)
formulated a combination therapy for simulta-
neous delivery of a siRNA (against siRlk1) and
miRNA (miR-200c) in mesoporous silica
nanoparticles, in addition to the photosensitizer
indocyanine green (ICG) to enable endosomal
escape as well as surface conjugation of iRGD
peptide to permit enhanced tumour penetration.
This formulation gave increased cellular uptake in
both in vitro 3D tumour spheroids and in vivo
orthotopic MDA-MB-231 tumours. In addition,
intravenous treatment of metastatic breast cancer
with this formulation reduced primary tumour
growth (Wang et al. 2020). With a different per-
spective, Zhang et al. (2019) had combined
PDA@DOX nanoparticles with near-infrared
(NIR) to enhance treatment efficacy. PDA@DOX
nanoparticles are formulated by using one-pot
synthesis of hollow nanoparticles encapsulated
with DOX and modified with polydopamine
(PDA) for breast cancer treatment. This formula-
tion had demonstrated 53.16% DOX loading
capacity. NIR light was absorbed by PDA outer
layer which resulted in simultaneous heat energy
generation killing the tumour cells for drug
release upon NIR irradiation. This results in the
suppression of complete tumour growth in vivo.
The nanoparticles also enabled a remarkable
ultrasound performance to enable monitoring dur-
ing the treatment (Zhang et al. 2019). Taken
together, simultaneous targeting and combination
of nanoparticles with medical device capabilities
such as NIR arise as a substantial research focus
in breast cancer.

Given the recent exciting developments on
nanoparticle technology, and better understand-
ing of breast cancer-associated receptors and sig-
nalling mechanisms, strongly performing
therapeutic agents are expected to emanate in
the near future. The side effects of chemotherapy
drugs and development of drug resistance against
to current breast cancer chemotherapeutics are
major challenges that could be solved with this
new modality of drug delivery. Further identifica-
tion of effective molecular targets, understanding
the underlying resistance mechanism of

chemotherapeutics and recent developments in
nanomedicine hold a great promise to overcome
these limitations. The targeted drug delivery
capability of nanoparticle-based platforms that
increased the treatment efficacy, reduced toxicity
to healthy cells and increased intracellular chemo-
therapeutic accumulation are the key advantages
of this platform. Furthermore, recently combina-
tional effects and simultaneous targeting had
become increasingly promising in the design of
more effective anti-cancer therapies. More effec-
tive therapeutic agents are bound to emerge from
the combination of distinct mechanism of actions
in the specially designed nanoparticles.
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Abstract

Purpose The telomere length is shown to act as
a biomarker, especially for biological aging and
cardiovascular diseases, and it is also suggested
that with this correlation, increased exposure to
the oxidative stress accelerates the vascular
aging process. Therefore, this study aims to
understand the correlation between the plasma
oxidative stress index (OSI) status and leukocyte
telomere length (LTL) and cardiologic
parameters between the ST-segment elevation
myocardial infarction (STEMI) and non-ST-
segment elevation myocardial infarction
(NSTEMI) groups.

Method One hundred one newly diagnosed
patients with STEMI (n ¼ 55) and NSTEMI
(n¼ 46) were included in the study, along with
100 healthy controls who matched the patients
in terms of age and gender. Plasma total anti-
oxidant status (TAS), total oxidant status
(TOS), and LTL were measured.

Results When LTL, TAS, TOS, and OSI
values were evaluated between the patient and
control group, OSI (p ¼ 0.000) and LTL
(p ¼ 0.05) values were statistically significant
in the patient group compared to the control
group. Evaluation was conducted to understand
whether there is a difference between the
STEMI and NSTEMI groups. The plasma OSI
(p¼ 0.007) and LTL (p¼ 0.05) were found to
be significantly lower in STEMI patients. How-
ever, LTL and OSI results were not statistically
significant in NSTEMI patients.

Conclusion This is the first study evaluating
telomere length and oxidative stress in STEMI
and NSTEMI patients in Turkey. Our results
support the existence of short telomere length
in STEMI patients. Future studies on telomere
length and oxidative stress will support the
importance of our findings.
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1 Introduction

Acute myocardial infarction (AMI) is one of the
leading causes of death in the world. The majority
of deaths are associated with acute coronary
syndromes (ACS) and their complications. In
particular, circulatory system diseases account
for 31.9% of total death cases (Turkish Statistical
Institute 2018). Patients with myocardial infarc-
tion due to ACS are classified according to their
electrocardiographic data as ST-segment eleva-
tion myocardial infarction or non-ST-segment
elevation myocardial infarction. STEMI is a clin-
ical condition that develops as a result of total
occlusion of the coronary artery. If early revascu-
larization cannot be achieved after the total occlu-
sion of the thrombus and the ischemia resulting
from it, a myocardial necrosis occurs, which
spreads from the endocardium to the epicardial
area, starting from the 20th min. NSTEMI is a
condition in which myocardial ischemia occurs,
but myocardial damage and necrosis are limited
due to temporary or partial occlusion (Hamm
et al. 2011).

Various factors such as age, gender, hypercho-
lesterolemia, hypertension, diabetes mellitus
(DM), family history, and smoking are known to
increase the risk of ACS. Furthermore, studies
have demonstrated that oxidative stress and telo-
mere length are associated with increased cardio-
vascular risk and mortality (Yeh and Wang 2016;
Siti et al. 2015). Telomeres are noncoding tandem
repeat DNA sequences (TTAGGG), and their
associated proteins are found at the ends of
chromosomes. They protect chromosomes
against degradation and against the loss of genetic
material during cell division (Riethman 2008).
Shorter telomere length is linked to age-related
diseases such as cardiovascular disease (CVD),
DM, hypertension, and cancer. Thus, it has been
suggested that telomere length contributes to
mortality in many age-related diseases and is a
predictor of mortality (Yeh and Wang 2016;
Haycock et al. 2014). Oxidative stress causes
telomere loss in each cell division, and oxidative
damage is less likely to be repaired in telomere
DNA than in any part of the chromosome (Von
Zglinicki 2002). Some systemic markers of

oxidative stress predict the clinical outcome in
coronary artery disease. Systemic oxidative stress
and inflammation associated with cardiovascular
risk can accelerate telomere shortening. Experi-
mental studies suggest that oxidative stress
shortens TL in vitro and some studies support
the use of TL as an independent marker of MI,
but it is not clear whether the blood TL is tissue-
specific or whether it is a global biomarker of
oxidative stress in acute myocardial infarction
(Siti et al. 2015; Von Zglinicki 2002; Margaritis
et al. 2017). Although various studies have been
carried on telomere length in CVD, only a few
studies evaluated the relationship between the
effect of leukocyte telomere length (LTL), plasma
total antioxidant status (TAS), and total oxidant
status (TOS) on clinical data in STEMI and
NSTEMI patient groups (Haycock et al. 2014;
Margaritis et al. 2017). In this study, we aimed
to evaluate the results of telomere length along
with the oxidative stress index (OSI) and clinical
findings in STEMI and NSTEMI patient groups
compared to healthy controls by testing the clini-
cal predictive value of short telomere length in
AMI risk groups.

2 Method

2.1 Ethical and Legal Aspects
of the Research

The study was performed according to the
principles of the Declaration of Helsinki. The
ethical trial of this study was approved by the
local ethics committee (document no: 2017-06/
07). Informed consent was obtained from the
patients and controls taking part in our research.

2.2 Study Population

In this case-control study, 101 patients were
included, who were diagnosed with STEMI
(n ¼ 55) and NSTEMI (n ¼ 46) at ages ranging
from 43 to 67 years old. The control group was
composed of 100 healthy volunteers who were
age- and sex-matched to chosen patients. Special
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attention was given to choose controls that did not
have any previous CVD history. The STEMI and
NSTEMI were diagnosed according to clinical
guidelines previously reported (Thygesen et al.
2018). STEMI was defined in the new presence
of ST elevation at the J-point with at least two
contiguous leads (2.5 mm or more in men youn-
ger than 40 years of age, of 2 mm or more in men
aged 40 years or older, or of 1.5 mm or more in
women in leads V2 to V3 and/or of 1 mm) or in
the new left bundle branch block seen in an elec-
trocardiogram (ECG). NSTEMI was diagnosed
by a rise or fall of troponin I and absence of
persistent ST elevation seen via an ECG. All
patients received standard care and underwent
primary percutaneous coronary intervention
within 2 h after being admitted to the hospital.
Thus, use of dual therapy aspirin and a P2Y12
receptor inhibitor (clopidogrel, prasugrel, or
ticagrelor) were available for all patients. We
conducted clear exclusion criteria for patients by
considering the following cases: active infection
or chronic inflammatory disease, received fibrino-
lytic therapy, previous myocardial infarction,
malignancy, major surgery required due to coro-
nary artery bypass, chronic obstructive pulmo-
nary disease, renal dysfunction, or hepatic
disease. We performed transthoracic echocardio-
graphic examination using an echocardiography
device (Philips Affiniti 50, Philips Healthcare, the
Netherlands) according to the recommendations
of the American Society of Echocardiography
(Baumgartner et al. 2017). We determined the
left ventricular ejection fraction (LVEF) using
the modified Simpson method (Horwitz 2001).
BMI was calculated by dividing the body weight
by the square of the neck (kg/m2). All blood
values of the participants were examined using
the blood taken at the initial diagnosis period.

2.3 Coronary Angiography

Coronary angiography was performed through
the right femoral arterial route using the standard
Judkins method (Judkins 1968). We visualized

coronary arteries using cranial and caudal angles
in the right and left oblique plane. Iopromide
(Ultravist 370, Schering AG, Berlin, Germany)
was used as the contrast agent for coronary angi-
ography. Stenosis and lesion length in the coro-
nary arteries were evaluated using the Digital
Imaging and Communications in Medicine
(DICOM) program. The SYNTAX scores were
used to estimate extent and complexity of coro-
nary lesions and were provided for all patients.
The web-based program (www.syntaxscore.com)
was used to calculate the SYNTAX score. The
severity of coronary lesions was calculated using
the Gensini score as a second method (Gensini
1983).

2.4 Measurement of TAS and TOS

The blood samples were collected from the femo-
ral artery at initial diagnosis period before the
coronary angiography. Plasma samples were col-
lected during the study and stored at �80 �C.
Plasma TAS and TOS levels were measured by
Erel’s modification methods using commercially
available kits (Rel Assay, Turkey). In serum
samples, the normal value range for TAS was
1.20–1.50 mmol/L, and the normal value range
for TOS was 4.00–6.00 μmol/L. The ratio of TOS
to TAS was accepted as the oxidative stress index
(OSI). For calculation, the resulting unit of TAS
was converted to μmol/L, and the OSI value was
calculated according to the following formula,
OSI (arbitrary unit-AU) ¼ TOS (μmol H2O2

equivalent/L)/TAS (μmol Trolox equivalent/L)
(Erel 2004, 2005).

2.5 Measurement of Telomere
Length

The blood samples were collected from the femo-
ral artery at the time of initial diagnosis before
coronary angiography for an accurate evaluation
of biological variables and stored at �80 �C.
Genomic DNA was isolated from peripheral
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blood using the QIAamp DNA kit (QIAGEN,
Germany). LTL was measured via the real-time
quantitative polymerase chain reaction (RT-PCR)
method based on the original study (Cawthon
2002). DNA concentrations of the samples were
measured with a fluorometer (QFX, DeNovix,
USA). DNA concentrations equaled 5 ng/μl in
all samples. The relative telomere length was
calculated as the ratio of telomere repeat signal
(T) to single-copy gene, 36B4 (acidic ribosomal
phosphoprotein P0, S), and copies (T/S ratio).
The number of telomere repeats and the quantity
of single-copy gene copies for each sample were
defined in comparison to a reference sample in a
telomere and a single-copy gene quantitative
PCR, respectively. The resulting T/S ratio was
proportional to the mean LTL. The detailed
method is described in another study where T/S
ratios were converted into base pairs (bp) with the
following formula: bp ¼ 3,274 + 24,133([T/S-
0.0545]/1.16) (Verhoeven et al. 2014).

2.6 Statistical Analysis

The statistical analysis was performed using
SPSS version 21.0 software (SPSS Inc., ILL
Company, USA). Continuous variables were
tested for normality using the Kolmogorov-
Smirnov test. Continuous data were presented as
mean � standard deviation (SD) or mean (%
95 confidence interval). The Student’s t-test was
used to compare continuous variables with nor-
mal distributions. The Kruskal-Wallis test was
used to compare variables with abnormal
distributions, and the Pearson (for data with nor-
mal distribution) and Spearman correlation
analyses (for data not showing normal distribu-
tion) were used for correlation analysis. Changes
of LTL values, T/S ratio, and TAS, TOS, and OSI
levels between groups were tested with one-way
ANOVA and post hoc (Tukey) tests for multiple
comparisons. Multiple linear regression analysis
was conducted with the LTL and T/S ratio as a
dependent variable baseline characteristics, and
outcome parameters as independent variables.
P-values of <0.05 were considered statistically
significant.

3 Results

3.1 Characteristics of the Study
Population and Telomere Length

A total number of 101 patients who were
diagnosed with STEMI and NSTEMI and a total
of 100 controls were enrolled in the study. The
demographic, biochemical, and clinical data of
the patient groups and control group were statisti-
cally compared (Table 1). Active smoking
(p ¼ 0.006), glucose (p ¼ 0.000), urea
(p ¼ 0.000), creatinine (p ¼ 0.009), triglyceride
(p ¼ 0.001), alanine aminotransferase (ALT)
(p ¼ 0.003), aspartate aminotransferase (AST)
(p ¼ 0.009), CRP (p ¼ 0.009), white blood cell
(WBC) (p ¼ 0.002), left ventricular ejection frac-
tion (LVEF) (p ¼ 0.001), and aorta diameter
(p ¼ 0.016) values were statistically significant
in the patient group compared to the control
group. SYNTAX and Gensini scores were also
evaluated within the patient groups. A SYNTAX
score of 0–22 is considered to be low, 23–32 as
medium, and 33 and above as high (Neumann
et al. 2019). According to the SYNTAX score,
both groups were in the low-risk group. The
Gensini score of the patient groups was calculated
as 48.2 in NSTEMI and 65.6 in STEMI. Gensini
score was found to be higher in STEMI. When the
two groups were compared, both SYNTAX
(p ¼ 0.016) and Gensini (p ¼ 0.004) scores
were found to be significantly higher in the
STEMI group. When TAS, TOS, OSI, and LTL
values were compared between the patient and
control groups, LTL (p ¼ 0.05) and OSI
(p ¼ 0.000) values were found to be significant
in the patient group. When the correlation data
was examined in the patient group, a strong and
positive correlation was detected between LTL
and T/S with TOS (p ¼ 0.008, r ¼ 0.212;
p ¼ 0.008, r ¼ 0.213), OSI (p ¼ 0.045,
r ¼ 0.161; p ¼ 0.047, r ¼ 0.160), and troponin I
(p ¼ 0.039, r ¼ 0.206; p ¼ 0.039, r ¼ 0.205),
respectively (Table 2). For the NSTEMI and
STEMI groups, the results of the regression anal-
ysis regarding the comparison of the TAS, TOS,
OSI, LTL, and T/S ratio values to demographic
findings of the groups are presented in Table 3.
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Table 1 Participants’ demographic characteristics

NSTEMI patients STEMI patients Control group p value

Participants (n) 46 55 100
Risk factors

Age (years) 58.7 � 8.9 57.3 � 9.3 57.07 � 9.5 0.185
Male gender (%) 58.7 69.1 46.3 0.054
BMI (kg/m2) 24.6 � 2.9 23.4 � 2.9 23.1 � 2.6 0.191
Diabetes mellitus (%) 37.0 41.8 33.3 0.656
Hypertension (%) 69.6 54.5 50 0.124
Hyperlipidemia (%) 41.3 49.1 33.3 0.248
Active smoking (%) 43.5 52.7 24.1 0.006a

Family history (%) 50.0 56.4 33.3 0.022a

Systolic blood pressure (mmHg) 131.3 � 15.6 129.8 � 18.5 127.6 � 12.4 0.510
Diastolic blood pressure (mmHg) 79.2 � 9.8 80.7 � 15.5 79.0 � 5.6 0.285
Heart rate (beats per minute) 80.2 � 10.5 77.2 � 6.6 78.7 � 7.4 0.324
Biological data on admission

Glucose (mg/dl) 143.2 � 64.1 151.8 � 66.3 110.1 � 35.6 0.000a

Urea (mg/dL) 23.6 � 7.9 31.2 � 41.1 16.7 � 6.1 0.000a

Creatinine (mg/dL) 1.3 � 2.8 1.2 � 1.5 0.80 � 0.1 0.009a

Total cholesterol (mg/dL) 201.2 � 41.9 200.7 � 90.1 199.8 � 43.5 0.427
Triglycerides (mg/dL) 170.5 � 93.9 125.6 � 80.0 165.0 � 72.2 0.001a

HDL cholesterol (mg/dL) 47.1 � 24.6 47.4 � 22.8 47.7 � 10.1 0.103
LDL cholesterol (mg/dL) 117.4 � 38.7 138.7 � 116.4 115.6 � 33.2 0.387
ALT (U/l) 26.9 � 26.8 27.5 � 15.1 19.9 � 10.5 0.003a

AST (U/l) 38.5 � 29.1 58.6 � 55.8 18.7 � 7.2 0.000a

CRP (mg/L) 11.5 � 24.4 9.9 � 18.2 3.7 � 3.6 0.000a

WBC (103/mm3) 9.0 � 2.4 9.6 � 2.7 7.9 � 2.3 0.002a

Lymphocytes (103/mm3) 2.4 � 0.8 2.5 � 1.8 2.3 � 0.9 0.632
Hemoglobin (g/dL) 14.0 � 1.8 14.6 � 4.8 14.3 � 1.6 0.661
Hematocrit (%) 41.2 � 7.8 48.2 � 46.5 42.7 � 4.6 0.837
Platelets (103/mm3) 237.9 � 63.2 250.6 � 68.1 264.3 � 58.2 0.131
Troponin I (ng/L) 1775.8 � 2889.3 5865.7 � 10730.9 –

CK (U/L) 136.8 � 149.5 293.4 � 439.6 –

CK-MB (U/L) 41.8 � 54.3 85.5 � 109.9 –

Transthoracic echocardiography values

LVEF (%) 53.1 � 6.6 51.2 � 8.3 56.2 � 5.2 0.001a

Aorta diameter (cm) 2.5 � 0.5 2.6 � 0.6 2.3 � 0.4 0.016a

Left atrium diameter (cm) 3.6 � 0.3 3.6 � 0.4 3.6 � 0.3 0.966
LVEDD (cm) 4.6 � 0.5 4.6 � 0.7 4.4 � 0.7 0.064
LVESD (cm) 2.8 � 0.6 2.9 � 0.7 3.1 � 0.7 0.233
IVSd (cm) 1.1 � 0.1 1.2 � 0.2 1.1 � 0.2 0.787
Coronary angiography data

Number of affected vessels –

1 (%) 48.6 30.9
2 (%) 37.1 40.0
3 (%) 14.3 29.1
Culprit vessel –

No (%) 4.8 0
LAD (%) 35.7 47.3
LCX (%) 31.0 16.4
RCA (%) 28.6 36.4

(continued)
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As seen in Table 3, in the NSTEMI group, there
was a statistically significant relationship between
both LTL and T/S ratio in heart rate (p ¼ 0.018),
urea (p ¼ 0.003), aortic diameter (p ¼ 0.05),
Gensini score (p ¼ 0.043), TOS (p ¼ 0.018),
and OSI values (p ¼ 0.000). On the other hand,
results of the regression analysis of TAS, TOS,
and OSI levels clearly stated that there was a
statistically significant relationship between cer-
tain demographic data. TAS with triglyceride and
CRP, TOS with hypertension and glucose, and
OSI with gender, heart rate, and hemoglobin were
found to be statistically significant (Table 3).
After a detailed analysis of regression results rel-
evant to LTL, T/S ratio, and demographic data of
the STEMI group, it was found that the correla-
tion between glucose (p ¼ 0.05) and TOS
(p ¼ 0.017) values was statistically significant.
In addition, TAS, TOS, OSI, and demographic
data were evaluated based on regression analysis,
and it was observed that the relationship between
TAS with triglyceride (p ¼ 0.002) and urea
(p ¼ 0.009) and OSI with urea (p ¼ 0.037) were
also statistically significant.

3.2 Oxidative Stress and Telomere
Length

The STEMI and NSTEMI patients and control
groups were compared in terms of TAS, TOS,
and OSI values. In ANOVA analysis, a signifi-
cant difference was found among groups at
p ¼ 0.09 confidence level. Multiple comparison
tables were utilized to see which groups were
statistically different from the others (Tukey
Test). A comparison of the groups regarding the
OSI value acknowledges that the figure for the
STEMI group was statistically significant
(p ¼ 0.007) and is given in Table 4. The STEMI
and NSTEMI patient groups and the control
group were also assessed in terms of T/S ratio
and LTL values, and a significant difference was
found in the confidence level of p ¼ 0.047 as a
result of ANOVA analysis. Multiple comparison
tables defined the level of differences across
groups. Regarding analysis results (Tukey Test),
it was noticed that there was a statistically signifi-
cant difference between the control group and
STEMI group (p ¼ 0.05). When ANOVA

Table 1 (continued)

NSTEMI patients STEMI patients Control group p value

Lesion length (mm) 19.8 � 5.7 23.5 � 7.0 –

Reference vessel diameter (mm) 2.98 � 0.4 2.92 � 0.45 –

Lesion location –

Proximal (%) 21.7 32.7
Mid (%) 60.9 49.1
Distal (%) 17.4 18.2
Percentage of lesion vessel stenosis (%) 95.76 � 4.33 99.21 � 3.05 –

Gensini score 48.2 � 32.6 65.6 � 29.6 –

SYNTAX score 15.7 � 6.9 19.6 � 8.7 –

Analysis data

TAS (mmolTroloxEquiv./L) 1.47 � 0.29 1.51 � 0.20 1.45 � 0.26 0.339
TOS (μmol H2O2 equiv./L) 5.48 � 5.17 5.27 � 4.51 5.34 � 10.6 0.097
OSI (AU) 0.18 � 0.39 0.05 � 0.03 0.39 � 0.93 0.000a

LTL (bp) 5013.30 � 531.65 4817.72 � 296.01 5049.92 � 662.17 0.05a

T/S ratio 0.41 � 0.25 0.32 � 0.14 0.43 � 0.32 0.079

Values presented as mean � standard deviation
ALT alanine aminotransferase, AST aspartate aminotransferase, CK creatinine kinase, CK-MB creatinine kinase MB, CRP
C-reactive protein, HCT hematocrit, HDL high-density lipoprotein, IVSd interventricular septal thickness, LAD left
anterior descending artery, LCX left circumflex artery, LDL low-density lipoprotein, LTL leukocyte telomere length,
LVDD left ventricular end-diastolic volume, LVEF left ventricular ejection fraction, LVSD left ventricular end-systolic
volume, OSI oxidative stress index, PLT platelets, RCA right coronary artery, TAS total antioxidant status, TOS total
oxidant status, WBC white blood cell
aDemographic, clinical, and laboratory data of the study groups
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analysis was used to determine whether there
were differences regarding LTL values between
the groups, a significant difference was also espe-
cially observed in the p ¼ 0.047 confidence level.
Furthermore, the Tukey Test indicated a statisti-
cally significant difference between the control
group and STEMI group (p ¼ 0.05). As a result,
in the STEMI group, approximately 232 base
pairs of decreased telomere length were noted as
a statistical difference, yet there seemed to be no
meaningful difference considering the NSTEMI
group. The regression analysis identified a statis-
tically significant relationship between LTL and

T/S ratio with TOS in both NSTEMI and STEMI
groups. OSI values showed significant regression
with LTL and the T/S ratio only in the NSTEMI
group (Table 3, Figs. 1 and 2).

4 Discussion

After measuring telomere length in
201 individuals from the patients with STEMI
and NSTEMI and healthy controls, the study
found that telomere length was shorter in
STEMI patients than in the control group. As a

Table 2 Data showing significant correlation with TAS, TOS, OSI, LTL, and T/S ratio in patient group

TAS TOS OSI LTL T/S ratio

Systolic blood pressure r 0.192a 0.003 �0.001 �0.014 �,015
p 0.017 0.966 0.986 0.859 ,853

Glucose r 0.141 0.325b �0.106 0.082 0.85
p 0.080 0.000 0.191 0.308 0.292

Urea r 0.205a 0.186a �0.079 0.148 0.149
p 0.010 0.021 0.330 0.065 0.064

Creatinine r 0.218b 0.105 �0.023 0.013 0.013
p 0.007 0.196 0.773 0.873 0.873

Triglycerides r 0.277b 0.051 0.130 0.107 0.108
p 0.000 0.531 0.108 0.187 0.181

HDL cholesterol r �0.180a �0.144 0.048 �0.035 �0.033
p 0.025 0.073 0.555 0.667 0.681

AST r 0.192a 0.096 �0.238b 0.053 0.052
p 0.017 0.237 0.003 0.512 0.519

CRP r 0.196a 0.207b �0.047 0.122 0.124
p 0.015 0.010 0.557 0.131 0.125

Lymphocytes r �0.074 0.095 �0.170a �0.028 �0.029
p 0.362 0.240 0.035 0.726 0.722

Troponin I r �0.004 0.110 �0.062 0.206a 0.205a

p 0.971 0.275 0.539 0.039 0.039
CK r 0.060 �0.083 �0.290b 0.004 0.004

p 0.558 0.413 0.004 0.969 0.971
CK-MB r 0.158 �0.033 �0.298b 0.063 0.065

p 0.116 0.746 0.003 0.536 0.520
TOS r 0.146 – �0.116 0.212b 0.213b

p 0.071 – 0.149 0.008 0.008
OSİ r �0.150 �0.116 – 0.161a 0.160a

p 0.062 0.149 – 0.045 0.047
LTL r 0.098 0.212b 0.161a – 1.000b

p 0.225 0.008 0.045 – 0.000
T/S ratio r 0.098 0.213b 0.160a 1.000b –

p 0.224 0.008 0.047 0.000 –

aCorrelation is significant at the 0.05 level
bCorrelation is significant at the 0.01 level
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result of the length calculation, the difference was
about 232 base pairs. However, no correlation
was noticed between NSTEMI and LTL.

There are various studies conducted on the
telomere including analysis of the codes of
human biological lifetime. It was suggested that
telomere length may be a predictor of age-related
diseases such as ACS (Zee et al. 2009). Previous
reports described that shorter LTL was associated
with increased cardiovascular risk and mortality,
and it was also predicted to increase
proinflammatory activity and high-risk plaque
morphology (Zee et al. 2009; Calvert et al.

2011). Studies showing the relationship between
telomere shortness and coronary artery diseases in
the literature were reported that aged endothelial
cells were present in atherosclerosis lesions, and
atherosclerotic coronary endothelial cells with
coronary artery disease have shorter telomeres
than patients without coronary artery disease,
and thus, the term “short telomere-mediated
aging” in atherosclerotic lesions was devised
(Minamino et al. 2002; Ogami et al. 2004). This
definition supported a causal link between telo-
mere shortening and coronary artery diseases
(Minamino et al. 2002). Shorter telomeres were

Table 3 P-values results of regression analysis in STEMI and NSTEMI groups

Risk factors

NSTEMI STEMI

LTL
T/S
ratio TAS TOS OSI LTL

T/S
ratio TAS TOS OSI

Male gender >0.05 >0.05 >0.05 >0.05 0.008a >0.05 >0.05 >0.05 >0.05 >0.05
Hypertension >0.05 >0.05 >0.05 0.022a >0.05 >0.05 >0.05 >0.05 >0.05 >0.05
Diastolic blood
pressure

>0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05

Heart rate 0.018a 0.018a >0.05 >0.05 0.012a >0.05 >0.05 >0.05 >0.05 >0.05
Glucose >0.05 >0.05 >0.05 0.014a >0.05 0.05a 0.05a >0.05 >0.05 >0.05
Hemoglobin >0.05 >0.05 >0.05 >0.05 0.038a >0.05 >0.05 >0.05 >0.05 >0.05
Triglycerides >0.05 >0.05 0.01a >0.05 >0.05 >0.05 >0.05 0.002a >0.05 >0.05
Urea 0.003a 0.003a >0.05 >0.05 >0.05 >0.05 >0.05 0.009a >0.05 0.037a

CRP >0.05 >0.05 0.003 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05
Aorta diameter 0.05a 0.05a >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05
Gensini 0.043a 0.043a >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05
LTL – 0.000a >0.05 0.018a 0.000a – 0.000a >0.05 0.017a >0.05
T/S ratio 0.000a – >0.05 0.018a 0.000a 0.000a – >0.05 0.017a >0.05
TAS >0.05 >0.05 – >0.05 >0.05 >0.05 >0.05 – >0.05 >0.05
TOS 0.018a 0.018a >0.05 – >0.05 0.017a 0.017a >0.05 – 0.000a

OSI 0.000a 0.000a >0.05 >0.05 – >0.05 >0.05 >0.05 0.000a –

aThe mean difference is significant at the 0.05 level

Table 4 Results of TAS, TOS, OSI, LTL, and T/S ratio values compared with control group

Control NSTEMI STEMI

Mean difference � std.
deviation

Mean difference � std.
deviation p value

Mean difference � std.
deviation p value

TAS 1.45 � 0.26 1.47 � 0.29 0.92 1.51 � 0.2 0.50
TOS 5.34 � 10.6 5.48 � 5.17 0.99 5.27 � 4.51 0.99
OSI 0.39 � 0.93 0.18 � 0.39 0.17 0.05 � 0.03 0.007a

LTL 5049.92 � 662.17 5013.30 � 531.65 0.93 4817.72 � 296.01 0.05a

T/S
ratio

0.43 � 0.32 0.41 � 0.25 0.93 0.32 � 0.14 0.05a

Values presented mean difference (standard deviation)
aThe mean difference is significant at the 0.05 level
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being detected in patients with coronary artery
diseases (Opstad et al. 2019), and there was an
association between shorter telomeres and higher
cardiovascular mortality (Cawthon et al. 2003).
The study conducted by Cawthon et al., which
measured telomere length in DNA samples of
143 people, found that those people with shorter
telomeres had a threefold higher mortality rate
from heart disease and an eightfold higher

mortality rate from infectious diseases (Cawthon
et al. 2003). In a meta-analysis study, those with
short telomeres had an increased risk of coronary
artery disease when compared to those with a
long telomere (Haycock et al. 2014). The associ-
ation of short leukocyte telomere with increased
stroke and myocardial infarction (D’Mello et al.
2015) was supported by the demonstration of
increased cardiovascular risks in individuals
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Fig. 1 Box plot of telomere length (a) and T/S ratio (b) in comparing groups of control, STEMI, and NSTEMI. The
thick black line represents median values
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with inherited short telomeres (Codd et al. 2013;
Zhan et al. 2017). When telomere length was
evaluated in both skeletal muscle and leukocyte,
a relationship was found between LTL and ath-
erosclerosis, but no relationship was found with
muscle telomere length. The difference between
leukocyte and muscle telomere length was due to
the faster shortening of the leukocyte telomere in
early life. It was observed that leukocyte telomere
shortening in early life was a risk factor for coro-
nary artery diseases and inherited short telomeres
were not risk factors (Sabharwal et al. 2018).

A limited number of LTL studies have so far
been reported in STEMI and/or NSTEMI
patients. In a study with 353 participants, it was
emphasized that LTL was not related after
STEMI (Haver et al. 2015). In an incomplete
but pre-published study including the NSTEMI
group, shorter telomere length was evaluated to
determine whether a biomarker predicts adverse
incidents in elderly patients undergoing

percutaneous coronary intervention (Kunadian
et al. 2016). Studies with larger numbers of
STEMI and NSTEMI patients will further clarify
the relationship between LTL and AMI.

Oxidative stress is caused by increased pro-
duction of oxidizing products or a decrease in the
effectiveness of antioxidant defenses. Various
studies have confirmed that heart tolerance to
oxidative stress decreases with age due to the
reduction in the concentration of antioxidant
enzymes. Furthermore, the development of oxi-
dative stress contributes to vascular endothelial
dysfunction with aging (Siti et al. 2015; Von
Zglinicki 2002). It was shown that aging of endo-
thelial cells of CVD patients with a heavy burden
of risk factors starts even before telomeres are
shortened to their threshold length (Voghel et al.
2007). Aging, hereditary genomic features,
inflammation, and cumulative exposure of oxida-
tive stress refer to the shortened presence of LTL
(Siti et al. 2015; Von Zglinicki 2002; Margaritis
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et al. 2017). Leukocyte telomere length is also
associated with oxidative stress and inflammation
(Bekaert et al. 2007). Increased oxidative stress
and inflammation increase telomere shortening in
somatic cells (Zhan et al. 2017; Daniali et al.
2013). Systemic oxidative stress and inflamma-
tion associated with cardiovascular risk can accel-
erate telomere shortening. Thus, the erosion rate
hypothesis indicates that telomere shortening in
adults is more important than hereditary telomere
length (De Meyer et al. 2009). CVD, including
STEMI and NSTEMI, are associated with
increased oxidative stress as a result of impaired
oxidant-antioxidant balance. As Gökdemir et al.
showed, plasma TOS and OSI levels were signif-
icantly higher in NSTEMI patients, and it was
thought to play a role along with the inflamma-
tory process in the pathogenesis of NSTEMI
(Gökdemir et al. 2013). Recent studies emphasize
that oxidative stress may have an essential role in
the pathogenesis of spontaneous reperfusion and
development of atrial fibrillation in STEMI
patients (Bas et al. 2017; Börekçi et al. 2016).
Although there are no studies which show the
direct relationship between oxidative stress and
telomere length in STEMI and NSTEMI patients,
there are certain studies emphasizing the effect of
oxidative stress on short telomere length in CVD
(Yeh and Wang 2016; Masi et al. 2016).

Since risk factors for CVD are associated with
an increase in oxidative stress, in this study, we
evaluated TAS, TOS, and OSI values in plasma
of participants and found the OSI value to be
lower in the STEMI group. OSI value was higher
in the NSTEMI group compared to the STEMI
group, but OSI was not found to be significant in
NSTEMI group when compared with the control
group. Studies have shown that oxidative stress
indices increase after MI. NSTEMI alters bio-
marker levels, including oxidative stress indices
(Kasap et al. 2007; Kundi et al. 2015). However,
the low number of patients may have affected the
results. Also interestingly, oxidative stress was
found to be low in the NSTEMI group with a
high SYNTAX score (�23), and oxidative stress
was found to be high in the NSTEMI group with

low SYNTAX score (<23) (Kundi et al. 2015).
We found the SYNTAX score was lower in the
NSTEMI group compared to the STEMI group,
and higher OSI scores were seen in the NSTEMI
group than in the STEMI group.

According to the regression analysis, there was
a significant correlation between LTLwithOSI and
TOS values in patients with STEMI. The reason
why we found low OSI values in STEMI patients
compared to control group was that one of the most
critical factors determining the rupture sensitivity
of atherosclerotic plaque is the inflammation that
develops within the plaque. Depending on the
severity of the injury in the atheroma plate, differ-
ent ACS tables appear. Unless the injury in the
atheroma plate is relatively large, the thrombus
formed is predominantly thrombocyte, while fibrin
content is low. This white thrombus usually does
not completely occlude the coronary artery
(NSTEMI). However, when thrombus caused by
plaque rupture makes total occlusion of the coro-
nary artery, ST elevations occur in the ECG, and
all, or almost all, of the affected ventricular wall
remains within the necrosis field. This condition is
also referred to as transmural AMI (STEMI). The
fibrin content of this red thrombus is high. Oxida-
tive stress is closely related to stabilization of ath-
erosclerotic plaque and ACS (Nguyen et al. 2019).
Additionally, Lavall et al. suggested that the oxida-
tive profile created by STEMI and NSTEMI was
similar regardless of the size of the arterial occlu-
sion created by the thrombus (Lavall et al. 2016).

In conclusion, previous studies dealing with
cardiovascular diseases provide strong evidence
for the link between the LTL ratio and oxidative
stress. However, there are a limited number of
studies that provide evidence on the relationship
between LTL values and oxidative stress in
STEMI and NSTEMI, or state whether they are
risk factors. In our study, we demonstrated that
OSI levels and LTL values were more statistically
significant in STEMI than in NSTEMI, although
there were similar risk factors among the groups.
Further studies are needed to confirm these
findings and explore the potential association
between LTL, STEMI, and NSTEMI.
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5 Study Limitations

Firstly, we conducted a local study where the
number of patients was kept relatively low. How-
ever, we carefully selected STEMI and NSTEMI
patients based on various demographic and clini-
cal features that may adversely affect the interpre-
tation of our results. Secondly, these results based
on the telomere length were measured in blood
leukocytes, and the telomere length to be
measured in other tissues, such as vascular tissue,
may show a stronger correlation with STEMI and
NSTEMI. Our analyses reflected the measurement
of telomere length at a single time point. Long-
term changes in telomere length at different time
intervals as a result of years of monitoring of
patients may show stronger associations with dis-
ease risk. The rate of active smoking and family
history was higher in the STEMI group compared
to the NSTEMI group. This may explain the sig-
nificant linkage of oxidative stress and LTL with
STEMI, but further studies are needed to validate
the findings. The final limitation was that we did
not take into account the leukocyte subpopulation
distributions, a factor that can determine LTL
measurement and the relationship of this parame-
ter to cardiac dysfunction (Blackburn et al. 2015).
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Abstract

Eosinophils are a subset of differentiated
granulocytes which circulate in peripheral
blood and home in several body tissues.
Along with their traditional relevance in hel-
minth immunity and allergy, eosinophils have
been progressively attributed important roles
in a number of homeostatic and pathologic
situations. This review aims at summarizing
available evidence about eosinophils functions
in homeostasis, infections, allergic and auto-
immune disorders, and solid and hematologi-
cal cancers.

Their structural and biological features
have been described, along with their physio-
logical behavior. This includes their
chemokines, cytokines, granular contents,
and extracellular traps. Besides, pathogenic-
and eosinophilic-mediated disorders have
also been addressed, with the aim of

highlighting their role in Th2-driven inflam-
mation. In allergy, eosinophils are implicated
in the pathogenesis of atopic dermatitis, aller-
gic rhinitis, and asthma. They are also funda-
mentally involved in autoimmune disorders
such as eosinophilic esophagitis, eosinophilic
gastroenteritis, acute and chronic eosinophilic
pneumonia, and eosinophilic granulomatosis
with polyangiitis. In infections, eosinophils
are involved in protection not only from
parasites but also from fungi, viruses, and bac-
teria. In solid cancers, local eosinophilic infil-
tration is variably associated with an improved
or worsened prognosis, depending on the
histotype. In hematologic neoplasms, eosino-
philia can be the consequence of a
dysregulated cytokine production or the result
of mutations affecting the myeloid lineage.

Recent experimental evidence was thor-
oughly reviewed, with findings which elicit a
complex role for eosinophils, in a tight balance
between host defense and tissue damage.
Eventually, emerging evidence about
eosinophils in COVID-19 infection was also
discussed.
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HL Hodgkin’s lymphoma

198 M. Folci et al.



1 Introduction

Eosinophils are a terminally differentiated subset
of granulocytes which are developed in the bone
marrow and circulate in peripheral blood, from
where they are distributed to several organs
(Rothenberg and Hogan 2006; Hogan et al.
2008a; Wen and Rothenberg 2016). For a long
time, the complex physiological functions of
eosinophils resident in human tissues have been
underestimated, along with their role in a disease.
Eosinophils were relevant only in the realms of
parasitic infection (helminths) and allergic dis-
ease, with little to no importance in other
disorders. In the last few years, however, mount-
ing evidence has emerged that they are involved
in a variety of mechanisms, among which regula-
tion of innate and adaptive immunity (Rothenberg
and Hogan 2006; Wen and Rothenberg 2016).

2 Eosinophils Biology

Eosinophil development in the bone marrow is
driven by IL-3, GM-CSF, and IL-5 effect on their
myeloid precursors (Ramirez et al. 2018). IL-5 is
the key driver of the latter stages of eosinophilic
development and release into peripheral blood.
Besides, it stimulates their survival and prevents
apoptosis (Ramirez et al. 2018). It is produced by
CD34+ hematopoietic cells, Th2 lymphocytes,
NK cells, and mast cells (Ramirez et al. 2018).
Along with IL-5, the eotaxin family of
chemokines has been attributed the role of main
eosinophil recruiter in peripheral tissues (Weller
and Spencer 2017). Eotaxins (eotaxin-1, eotaxin-
2, and eotaxin-3) are produced by local tissue
cells and attract eosinophils by acting onto the
CCR3 receptor (Wen and Rothenberg 2016;
Conroy and Williams 2001; White et al. 1997;
Provost et al. 2013).

2.1 Granules

Like other granulocytes, eosinophils contain dif-
ferent granules in their cytoplasm. Primary

granules are mainly composed of a hydrophobic
protein called galectin-10, which drives the for-
mation of Charcot-Leyden crystals in tissues
affected from eosinophilic inflammation
(Ramirez et al. 2018; McBrien and Menzies-
Gow 2017). Crystalloid or specific granules,
containing a crystalline core surrounded by a
matrix, are characterized by the presence of high
amount of proteins. Among these, preformed
cytokines, chemokines, enzymes, growth factors,
and several basic proteins lead to the eosinophilic
staining pattern of these cells. Major basic protein
(MBP), eosinophilic cationic protein (ECP), and
eosinophil peroxidase (EPO) are probably the
most relevant. MBP is able to exert a cytotoxic
role on target cells by interfering with membrane
permeability. ECP is a ribonuclease possibly
involved in viral infections, while EPO is
involved in the production of reactive oxygen
species (ROS) targeting extracellular organisms
(mirroring the role of myeloperoxidase in
neutrophils) (Ramirez et al. 2018). The third
most represented granule type is characterized
by lipid bodies. Those are lipid-rich cytoplasmic
inclusions which characteristically develop
in vivo in cells associated with inflammation.
The presence of high amount of enzymes such
as cyclooxygenases, 5-lipoxygenase, and leuko-
triene C4 synthase makes these lipid-rich
organelles a key site of arachidonic acid esterifi-
cation and eicosanoid production (Shamri et al.
2011). Furthermore, pleomorphic vesicle-tubular
carriers, which were identified and termed eosin-
ophil sombrero vesicles, are actively formed and
direct differential and rapid release of eosinophil
proteins (Fig. 1; Spencer et al. 2014).

2.2 Activation

The activation of eosinophils occurs under several
conditions. Depending on the inciting noxa, these
cells can elicit several mechanisms of defense rang-
ing from variable levels of enzyme release to exo-
cytosis and extracellular traps. Phagocytosis
represents one of the best known mechanisms by
means of which the majority of granulocytes and
macrophages act against pathogens. Some in vitro
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studies demonstrated phagocytic capabilities by
eosinophils under specific situations;(ARCHER
andHIRSCH 1963) indeed, these cells are attracted
and are capable of engulfing materials such as
immune complexes, foreign cells, or parts of
necrotic cells. Evidence proved in vitro phagocyto-
sis of Gram-positive Staphylococcus aureus and
Gram-negative Escherichia coli bacteria, as well
as living and dead Candida albicans (Cline and

Lehrer 1968). Besides bacteria, eosinophils seem to
use phagocytosis to destroy parasites such as
Trypanosoma dionisii (Thorne et al. 1979).
Although some controversy exists about the effec-
tiveness of eosinophil phagocytotic mechanisms,
they have a variety of mechanisms through which
they are able to kill target extracellular organisms
(Fig. 1; Wen and Rothenberg 2016; Ramirez et al.
2018).

Fig. 1 Eosinophil granules and activation processes
Eosinophils granules (center) are characterized by four
different types. Crystalloid granules: unique granules
also called specific granules which present a crystalline
core surrounded by a fluid matrix; they differentiate from
others by the high amount of preformed cytokines,
chemokines, and several basic proteins such as MBP;
Primary granules: composed of a hydrophobic protein
called galectin-10; Lipid bodies: lipid-rich cytoplasmic
inclusions which are characterized by high amounts of
enzymes involved in arachidonic acid esterification and
eicosanoid production; Sombrero vesicles: elongated
tubules which appear to be responsible for moving
proteins between granules and the plasma membrane. (a)
Classical degranulation: granule content is completely
released by the fusion with cytoplasmic membrane

through classical exocytosis; (b) Piecemeal degranula-
tion: defined by the formation of secretory vesicles
containing granular proteins which are released into the
extracellular space without the direct fusion of granules
with cellular membrane; (c) Cytolysis with granule
release: granules are released whole into the extracellular
environment during the process of cytolysis; (d) EET:
webs of DNA and granular proteins are ejected into the
extracellular environment when organisms are too big to
be phagocytized and therefore require extracellular
mechanisms of defense; (e) Phagocytosis: eosinophils
are able to engulf materials such as immune complexes,
foreign cells, pathogens, or parts of necrotic cells by
extruding plasma membrane till enveloping the full
particle
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2.2.1 Classical Degranulation
Degranulation has long been known as the main
effector mechanism of eosinophilic activation.
Degranulation is the process by means of which
eosinophils allow fusion of intracellular granules
with the plasma membrane through classical exo-
cytosis (Spencer et al. 2014). Eosinophils contain
four different types of granules: crystalloid
granules, primary granules, small granules, and
secretory vesicles (Hogan et al. 2008a). Within
crystalloid granules, basic proteins are stored.
These are MBP (in the center of the granule),
EPO, ECP, and eosinophil-derived neurotoxin
(EDN, within the granule matrix). MBP is a
highly cationic protein which exerts a toxic effect
against parasites, such as Schistosoma mansoni.
Furthermore, it has antibacterial properties, and it
is able to activate complement through the classi-
cal and alternative pathways (Hogan et al. 2008a).
For what concerns ECP, it is known to have a
bactericidal effect and the capacity to kill
parasites. Its mechanism of action seems to be
the formation of pores within target membranes,
although ECP also possesses RNAse activity
(Hogan et al. 2008a). EDN is another RNAse
protein which is expressed by eosinophils,
monocytes, and polymorphonuclear cells. EDN
appears to have antiviral activity in respiratory
infections. Interestingly, the EDN family of
proteins has one of the highest rates of mutations
in the genome of primates (Hogan et al. 2008a).
EPO is a haloperoxidase which is involved in
bacterial killing. EPO catalyzes the peroxidative
oxidation of halides (such as bromide, chloride,
and iodide) present in the plasma together with
hydrogen peroxide generated by NADPH oxidase
(Hogan et al. 2008a).

Classical exocytic degranulation of
eosinophils has mostly been observed in vitro
(Weller and Spencer 2017). On the contrary,
in vivo, it is believed that eosinophils release
their granules through cytolysis and piecemeal
degranulation in most situations (Weller and
Spencer 2017). While this does not apply to
interactions with parasites, where classical exocy-
tosis seems to play a major role, it is relevant for

other scenarios in which piecemeal degranulation
and cytolysis are predominant (Fig. 1; Spencer
et al. 2014).

2.2.2 Piecemeal Degranulation
Piecemeal degranulation (PMD) involves the for-
mation of secretory vesicles containing granular
proteins which are brought onto the plasma mem-
brane and extruded into the extracellular space
(Weller and Spencer 2017). When PMD occurs,
not all granules are secreted. Interestingly, some
of these remain intact within eosinophils. This
may contribute to the ability of eosinophils to
release inflammatory mediators in response to
repetitive triggers (Melo and Weller 2010).
Apparently, eosinophil granules contain a com-
plex network of vesicles and membranes which
are an integral component of PMD. Electron
microscopy allowed direct visualization of this
system (Weller and Spencer 2017). It has also
been observed that different stimuli elicit secre-
tion of different proteins, with a trend toward type
1 or type 2 cytokines (Weller and Spencer 2017).
Interestingly, IL-4 receptor subunit α (IL-4Rα) is
abundant within eosinophil granules at rest.
When eosinophils are exposed to eotaxin-1,
IL-4Rα is involved in the translocation of IL-4
toward the plasma membrane (Weller and Spen-
cer 2017). This mechanism is selective upon the
cytokine transported, with different receptors
mediating the transport of different cytokines
(Melo and Weller 2010). Eotaxins and other
chemokines induce morphological changes on
eosinophilic granules (such as the formation of
protrusions) which are believed to be necessary
for PMD (Fig. 1; Melo and Weller 2010). More-
over, in eosinophils undergoing activation and
PMD, a population of vesicles defined eosinophil
sombrero vesicles (EoSVs) are frequently
represented (Spencer et al. 2014). These are elon-
gated tubules which appear to be mostly involved
in the cytolytic release of granules and are
thought to be responsible for moving proteins
between granules and the plasma membrane
(Fig. 1; Melo et al. 2005a, b; Spencer et al. 2006).
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2.2.3 Cytolysis with Granule Release
Eventually, eosinophils are able to undergo cytol-
ysis and release their granular contents in vivo
(Weller and Spencer 2017). This is also the time
when eosinophils release extracellular DNA
traps, known as eosinophil extracellular traps.
During the process of cytolysis, eosinophil
granules seem to be released whole into the extra-
cellular environment. These retain their content of
cytokines and cationic proteins and may exert
damage onto invading organisms or the host tis-
sue (Weller and Spencer 2017). These granules
were found to express chemokine receptors (e.g.,
CCR3) and secrete cationic proteins (ECP and
EPO). Consequently, it is believed that eosino-
philic granules released into the extracellular
space may function as a fully independent unit
capable of secretion and regulation by stimuli
(Weller and Spencer 2017). Indeed, during cytol-
ysis, they are released within the affected tissue
along with the other granules (Fig. 1; Spencer
et al. 2014).

2.2.4 Eosinophil Extracellular Traps
(EET)

Together with the previously described granular
proteins, it was recently discovered that
eosinophils are able to release webs of DNA and
granular proteins into the extracellular environ-
ment (Yousefi et al. 2008; Mukherjee et al. 2018).
These were deemed eosinophil extracellular traps
(EETs) as they closely resembled neutrophil
extracellular traps, a mechanism of pathogen
defense employed by neutrophils (Brinkmann
et al. 2004). EETs seem to have a function similar
to that of NETs. Although it is still unclear
whether the DNA released by eosinophils is mito-
chondrial or nuclear in origin and whether
eosinophils can survive the release of EETs, it
appears that they are extremely effective (at least
in vitro) in killing bacteria such as E. coli
(Mukherjee et al. 2018). This finding challenges
the dogma by which neutrophils are involved
defending the host from bacteria, whereas
eosinophils face helminth invasion of the body.
Interestingly enough, EETs may also be involved
in parasite defense, where organisms are too big

to be phagocytosed and therefore require extra-
cellular mechanisms of defense (Mukherjee et al.
2018). As it is described later on in this review,
EETs may also have some relevant roles in path-
ogenesis of autoimmune disorders, just like NETs
(Fig. 1; Khandpur et al. 2013).

2.3 Interplay with Innate
and Adaptive Immunity in Type
2 Reactions

Eosinophils are mainly recruited and activated by
epithelial-derived innate cytokines such as inter-
leukin 33 (IL-33), and thymic stromal
lymphopoietin (TSLP). These act in enhancing
Th2 responses through dendritic cells, innate lym-
phoid cell type 2 (ILC2), and basophils (Siracusa
et al. 2011; Ziegler et al. 2013). The result of
these interactions is both increased eosinophil
survival (Wong et al. 2010) and activity with the
effect of modulating innate and adaptive immu-
nity. Eosinophils express pattern recognition
receptors (PRRs) which allow them to be directly
activated by recognizing specific pathogen-
associated molecular patterns (PAMPs) of bacte-
ria, such as lipopolysaccharide (LPS), and fungi,
including beta-glucans (Shamri et al. 2011).

Among PAMPs, several toll-like receptors
(TLRs) are expressed, among which the most
abundant is TLR7, which is activated by single-
stranded RNA (Phipps et al. 2007). Eosinophils
also respond to damage-associated molecular
patterns (DAMPs), and for this reason, they are
attracted to damaged tissues and necrotic cells
(Shamri et al. 2011). Through these mechanisms,
eosinophils play a direct role in innate immune
response to a wide variety of pathogens such as
helminths, viruses, bacteria, and fungi
contributing to tissue homeostasis.

Moreover, eosinophils can respond to the
complement cascade, i.e., granule proteins, spe-
cifically MBP, ECP, and EPO, regulating both
classical and alternative complement pathways
(Bass 1975). It has been demonstrated how
activated murine and human eosinophils express
major histocompatibility complex class II
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(MHC-II) and co-stimulatory molecules which
allow them to function as antigen-presenting
cells (APCs) for viral antigens (Vrtis et al. 2020;
Del Pozo et al. 1992). By acting as APCs,
eosinophils have the ability to activate adaptive
immunity and polarize the immune reaction
through the release of soluble mediators. Eosino-
phil activation and release of granule proteins
seem to be pivotal in activating and enhancing
Th2 responses. Indeed, two of the most represen-
tative granule molecules, EDN and EPO, are
proved to be strong chemoattractant (Yang et al.
2003) for dendritic cells (DCs) inducing their
maturation and activation (Yang et al. 2004) as
well as migration to draining lymph nodes (Chu
et al. 2014).

The importance of eosinophils for Th2 priming
is also demonstrated by weak or even absent
reactions in those sites usually devoid of
eosinophils such as the peritoneum, skin, or rec-
tum. The ability to induce Th2 cell recruitment is
proved by the induction of specific chemokines
such as CCL22 and CCL17 (Jacobsen et al. 2008)
but also by the polarization of naive T helper cells
via IL-4, IL-25, and indoleamine 2,3-dioxygenase,
which is selectively pro-apoptotic toward Th1 cells
(Odemuyiwa et al. 2004).

Eosinophils have also shown to be important
in cytokine production, especially IL-4, IL-13,
and IL-25 (Fulkerson and Rothenberg 2018).
IL-4 induces immunoglobulin switching toward
local production of IgEs and also induces B-cell
and IgM-producing plasma cell differentiation
(Jordan et al. 2004). Moreover, it determines leu-
kocyte transmigration into inflamed tissues, along
with B-cell proliferation, survival, and antibody
production upon co-culture in vitro (Wong et al.
2014). On the contrary, IL-13 is linked to mucus
secretion by goblet cells in lungs (Fulkerson and
Rothenberg 2018). IL-25 has proved to increase
Th2 polarization and proliferation and cytokine
production by T cells which, in turn, are
stimulated to release IL-5 supporting eosinophilic
differentiation and recruitment (Wang et al.
2007).

Eventually, this cell lineage has a variety of
immunoregulatory functions (Wen and
Rothenberg 2016; Weller and Spencer 2017).

Eosinophils interact with B cells leading to their
survival and activation (Jordan et al. 2004;
Cambier and Morrison 1991). Besides, through
antigen processing, they can function as antigen-
presenting cells inducing immunoglobulin pro-
duction. The release of cytokines can provide
Th2-polarizing signals during the interaction
with T cells. Besides, they seem to promote mat-
uration of bone marrow plasma cells and to regu-
late mucosal IgA secretion (Weller and Spencer
2017).

According to experiments in mice, eosinophils
may also be involved in central T-cell tolerance,
as they interact with the negative selection pro-
cess of T cells (Throsby et al. 2000). Mast cells
are not only in close proximity but also function-
ally linked to eosinophils; in fact, these cells are
found in strict relation both in physiological
conditions and in pathologic disorders such as
allergic lung and inflamed gut (Elishmereni
et al. 2011). Studies show how MBP, EPO, and
ECP are able to trigger production of cytokines
and increased release of histamine by mast cells,
in the form of IgE-independent activation (Hogan
et al. 2008a). Moreover, mast cell-specific
proteases were not only observed to be able to
recruit eosinophils into tissues but also to pro-
mote their lifetime and secretion of a variety of
molecules, such as GM-CSF, IL-3, IL-5, and
TNF-α (Wong et al. 2009; Shakoory et al. 2004).

3 Tissue Homeostasis
and Eosinophil
Physiological Role

Tissue eosinophils have some steady-state
functions which appear to be mostly independent
from both allergy and infection. For instance,
eosinophils and M2 macrophages are required
for the constitution of the mammary gland stroma
and are involved in the development of ductal tree
(Weller and Spencer 2017; Gouon-Evans et al.
2002; Aupperlee et al. 2014). Although the pre-
cise mechanism has not been fully elucidated,
murine knockout models for eosinophils show a
diminished ductal branching (Gouon-Evans et al.
2000). Intestinal eosinophils are necessary for

Eosinophils as Major Player in Type 2 Inflammation: Autoimmunity and Beyond 203



mucosal homeostasis and allow production of
sufficient amounts of IgA and prevent alterations
of the microbiome and disruption of the mucosal
integrity (Mantis et al. 2011). Moreover, damages
involving epithelial cells determine the
productions of alarmins which result in a potent
chemoattractant stimulus to recruit and activate
eosinophils. In this condition, the releasing of
eosinophil-derived FGF-2 and transforming
growth factor beta (TGF-β) is linked to epithelial
repair and remodeling (Stenfeldt and Wennerås
2004). By observing the pattern of eotaxin
expression, researchers were able to improve
their understanding about eosinophil target
organs, among which the lungs and the gastroin-
testinal tract (GI tract) are clearly the most well-
known. Eosinophils also home in the thymus, the
spleen, and lymph nodes. Furthermore, their pres-
ence was actually observed in most human
organs, including the uterus, the mammary
gland, the liver, the heart, and the peripheral
nervous system (Ramirez et al. 2018). In dam-
aged tissues, eosinophils are associated with
regenerative responses. This was observed in the
skeletal muscle and in the liver, where the inter-
play of IL-4 and eosinophil presence seems to
regulate the function of resident cells and the
recruitment of nonimmune cells (Fig. 2; Weller
and Spencer 2017; Goh et al. 2013).

3.1 Infections

Eosinophils are known to be fundamental in hel-
minth immunity. Along with their role in defense
from parasites, eosinophils are also pivotal in
bacterial, fungal, and viral infections (Fig. 2).

3.1.1 Eosinophils in Parasitic Infections
The role of eosinophils in parasitic infections has
been widely accepted. Those cells represent not
only one of the most powerful defensive end
effectors involved against helminths but also a
key regulator of the immune reaction that
develops during worm infestation by obtaining
the characteristics of antigen-presenting cells
(Butterworth 1985). Indeed, helminth antigens
were found to induce on eosinophil

co-stimulatory molecules such as CD80, CD86,
and CD40 which led them to actively interact
with other immune cells (Mawhorter et al.
1993). Moreover, eosinophils from murine
models, infected with filarial parasite, upregulate
surface MHC-II (Mawhorter et al. 1993). Antigen
presentation and T-cell response initiations were
also observed in studies with Strongyloides
stercoralis both in vitro and in vivo (Padigel
et al. 2007). The role of eosinophils as mediators
of Th2 inflammation was demonstrated with their
capacity to home and stimulate dendritic cells by
releasing granule contents (Jacobsen et al. 2008).
Activated eosinophils are able to strongly influ-
ence the phenotype of recruited immune cells,
directing their actions toward the expulsion of
parasite. The enhanced Th2 responses are
represented by the production of IL-4, IL-5, and
IL-13 and have been observed with Strongyloides
stercoralis, Trichinella spiralis, and in the mouse
model of Trichuris trichiura (Rosenberg et al.
2013). Even if the clearance of worms from
tissues is the result of a concert of strategies
which involve displacement, deprivation of
nutrients, and disruption of habitat, a strong Th2
inflammation represents the central player of host
reaction, which is displayed through the recruit-
ment and activation of eosinophils at the site of
infection (Rosenberg et al. 2013; Kopf et al.
1996). Studies on eosinophils in infectious
diseases are demonstrating how the classical role
of eosinophils as end effector cells involved
mainly in parasitic infestations is obsolete. More
and more evidence highlights how these cells are
dynamic elements that could even be recruited by
the pathogens to exert a protection against the
host immune system. The concept of eosinophils
as mediators in killing parasites is based on his-
topathologic evidence of these cells surrounding
dying parasites as well as in vitro experiments
demonstrating eosinophil degranulation with hel-
minth clearance (Klion and Nutman 2004).
Recently, this paradigm has been challenged and
a new role for eosinophils in parasitic infections
has been proposed. Some studies suggest that
eosinophils could be recruited by helminths dur-
ing different phases of the infection with the aim
of obtaining protection from the immune system
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reaction and repair tissues damaged by parasite
invasion (Huang and Appleton 2016). In a mouse
model of T. spiralis infection, eosinophils pro-
mote the expansion of dendritic cells and CD4+
T-lymphocytes by the production of IL-10, caus-
ing tissue larvae survival (Huang et al. 2014).

3.1.2 Eosinophils in Bacterial Infections
Eosinophils have been shown to interact with
bacterial pathogens in a variety of ways
depending on the bacterial species and the micro-
environment condition (Svensson and Wennerås
2005; Ravin and Loy 2015). Engulfing bacterial
organisms by phagocytosis (Weller and Goetzl
1980) was observed in vitro with Staphylococcus
aureus, Escherichia coli, and Listeria
monocytogenes even if this mechanism seems to
be not so effective. Degranulation with the release

of enzymatic proteins, such as ECP, EPO, and
MBP, showed strong bactericidal activities
against S. aureus as well as with Escherichia
coli (Hogan et al. 2008a; Bystrom et al. 2011;
Persson et al. 2001). Studies demonstrated how
eosinophil granule proteins have also been
implicated in the killing of another Gram-
negative bacterium, Pseudomonas aeruginosa,
and how ECP has affinity for bacterial lipopoly-
saccharide and peptidoglycan (Hogan et al.
2008a; Torrent et al. 2008). Another effective
mechanism is represented by the production of
extracellular mitochondrial DNA traps in
response to bacteria. Both ECP and MBP were
found to be localized within the extracellular
DNA suggesting that bacterial killing was
mediated by eosinophil granule proteins (Yousefi
et al. 2008; Von Köckritz-Blickwede and Nizet

Fig. 2 Eosinophils’ role in health
Eosinophils’ roles in health are focused not only on host
defense (yellow square) but also on tissue homeostasis
(green square). The yellow square depicts actions against

pathogens such as helminths, fungi, bacteria, and viruses,
while the green square highlights the mucosal regulation
and tissue remodeling and repair besides immune response
activation and tumor surveillance
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2009). Moreover, researchers have demonstrated
catapult-like ejection of mitochondrial DNA by
eosinophils in response to E. coli (Yousefi et al.
2008). Several studies evaluated the behavior of
eosinophils during acute bacterial infections,
where eosinopenia has been shown to be a com-
mon feature (Bass 1975). During bacteremia,
there is an inverse relationship between bacterial
load and peripheral blood eosinophils, and
eosinopenia was shown to be a reliable marker
of bacterial etiology in patients admitted with
sepsis to the intensive care unit (Davido et al.
2017; Abidi et al. 2008).

3.1.3 Eosinophils in Fungi Infections
The involvement of eosinophils in the host
response against fungi is well established by
in vitro experimental models and in vivo
conditions. The release of granule content into
the extracellular milieu through TLRs activation
by direct contact with the pathogen seems to be
the principal mechanism implied in fungal killing
(Hogan et al. 2008a; Ravin and Loy 2015). Reac-
tion to Alternaria alternata or to Coccidioides
immitis is documented in human infections
(Garro et al. 2011). Activated eosinophils are
demonstrated in lesions caused by
Paracoccidioides brasiliensis (Garro et al.
2011). Besides, it has been proven how Crypto-
coccus neoformans can be phagocytosed by
eosinophils, which are able to release IL-12,
IFN-gamma, and TNF (Garro et al. 2011). A
recent study provides evidence of a dual behavior
of eosinophils after a challenge with Aspergillus
fumigatus (Guerra et al. 2017). While the conidial
killing ability of eosinophils and the increased
susceptibility to Aspergillus infection of
eosinophil-ablated mice were confirmed,
eosinophils were also shown to be a prominent
source of IL-23 and IL-17, which might play a
crucial, detrimental role in the induction and
maintenance of inflammation in allergic aspergil-
losis (Pégorier et al. 2006).

3.1.4 Eosinophils in Viral Infections
The role of eosinophils in mucosal immune
responses against viruses, particularly viral respi-
ratory infections, is fostered by evidence of their

direct involvement in vivo as well as in vitro
findings (Piehler et al. 2011). The expression of
several TLRs, including TLR3, TLR7, and
endosomal TLR9, leads eosinophils to detect
viral- or microbe-associated molecular patterns
such as genetic fragments of RNA and DNA
(Wong et al. 2007). The activation of these
receptors determines cytokine production,
degranulation, superoxide and nitric oxide
(NO) generation, as well as the release of chemo-
tactic factors (Mantis et al. 2011). Different clini-
cal settings shed light on the role exerted by
eosinophils in viral infections. One of the best
known instances refers to respiratory syncytial
virus (RSV) disease where eosinophil-derived
enzymes are proven to reduce virus infectivity
(Domachowske et al. 1998) and the production
of azote monoxide (NO). Along with this, EETs
have direct antiviral effects in vitro (Phipps et al.
2007; Su et al. 2015; Silveira et al. 2019; Yousefi
et al. 2018). Eosinophils are also capable of
secreting preformed TH1 cytokines, including
IL-12 and IFN-γ, which are important for mount-
ing effective antiviral responses (Davoine and
Lacy 2014). Furthermore, gene and cytokine
depletion studies highlight the role of Th2 spec-
trum cytokines as critical in response to formalin-
inactivated RSV (Hogan et al. 2008a). Another
example refers to the host response against influ-
enza viruses. Recent studies showed that, after a
challenge with influenza A virus, eosinophils are
able to undergo piecemeal degranulation,
upregulate antigen presentation molecules, and
enhance CD8+ T-cell response (Samarasinghe
et al. 2017). Retrospective clinical studies may
suggest a role of chronic eosinophilic inflamma-
tion in the response to viral infections. During the
2009 H1N1 influenza pandemic, patients affected
by asthma had a higher risk of being hospitalized;
however, they also had a lower risk of
complications or death (van Kerkhove et al.
2011; Louie et al. 2009). Other studies show
how pediatric patients who developed acute pneu-
monia had high IL-5 levels and peripheral eosin-
ophilia (Vaillant et al. 2009), suggesting that
eosinophil recruitment may be crucial for late-
stage anti-influenza defense. Moreover, allergic
mice seem to be protected from airway damage
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induced by influenza A virus (Terai et al. 2011).
Besides respiratory viruses, eosinophilia is a fre-
quent finding in patients affected by human
immunodeficiency virus (HIV) from the early
stage until the onset of acquired immunodefi-
ciency syndrome (AIDS) (Vrtis et al. 2020),
even in the absence of other infective triggers or
allergic conditions.(Chou and Serpa 2015). The
role of eosinophils in HIV is still unclear:
although some enzymes released during their
activation, such as EDN, have been proved to
possess inhibitory activity against the virus
(Fulkerson and Rothenberg 2013), the increasing
level of eosinophils observed in the late stage of
disease does not seem to support a major defen-
sive role (Platt et al. 1998). This peculiar finding
could be determined by a progressive shift in
cytokine production toward a Th2 pattern (Platt
et al. 1998), a phenomenon observed in patients
progressing toward AIDS (Taylor et al. 2004)
which could be the result of a pathologic mecha-
nism impairing CD8+ T-cell response of the host
(Barker et al. 1995).

COVID-19
Coronavirus disease 19 (COVID-19) caused by
the SARS-2 coronavirus (SARS-CoV-2) has
emerged as the third severe lower respiratory
tract infection caused by a coronavirus in the
twenty-first century. Nowadays, it represents a
great burden for all health systems and the econ-
omy of the countries involved. One of the most
surprising findings is the presence of severe
eosinopenia in a large amount of infected people
(Zhang et al. 2020). This biochemical feature
seems to be related to the gravity of the disease,
and, most importantly, it has been demonstrated
to revert in patients who recover (Du et al. 2020).
Samples from lung biopsies or bronchoalveolar
lavage (BAL) from COVID-19 patients show an
important inflammation characterized by the infil-
tration of lymphocytes and macrophages with
hyperexpression of pentraxin 3 (PTX3),(Brunetta
et al. 2020) but there were no signs of eosinophils
(Hotez et al. 2020; Liao et al. 2020). Even though
the pathophysiology of eosinopenia remains
unclear, it is hypothesized that it could result
from a combination of factors, including the

inhibition of bone marrow eosinophilopoiesis, a
reduced expression of chemokine receptors/adhe-
sion factors (Bass 1975; Hassani et al. 2020), a
direct induction of apoptosis during the acute
infection, and even an excessive consumption
by eosinophil antiviral actions (Wardlaw 1999)
as a marker of host exhaustion (Jesenak et al.
2020). In conclusion, eosinopenia in COVID-19
seems a frequent feature, but more evidence is
required to disclose the biological meaning of
what has been observed.

4 Detrimental Type
2 Inflammation: Eosinophils
as Mediator of Damage

Storing a plethora of cytokines, chemokines, and
growth factors in their granules, eosinophils rep-
resent one of the most powerful agents involved
in augmenting Th2 inflammation. Those
molecules could be released in a very rapid way
under pro-inflammatory stimuli such as alarmins
and ILC2 activation. Moreover, expressing cog-
nate receptors for many of the mediators they
secrete (such as IL-5, GM-CSF, and eotaxin-1),
eosinophils can be stimulated by autocrine regu-
lation. The uncontrolled release of cationic
proteins could lead to tissue damages and fibrosis;
indeed, MBP results toxic not only to helminths
but also to the airway epithelium by causing
disarray within the lipid bilayer and increasing
the cell permeability (Hogan et al. 2008b). In
patients affected by asthma, some studies reveal
a direct correlation between severity of bronchial
hyperreactivity and MBP concentrations in BAL
(Gleich and Adolphson 1993; Leigh et al. 2000;
Gleich 2000). Furthermore, MBP associates with
epithelium damage in chronic rhinosinusitis
(Ponikau et al. 2005). Bronchoconstriction and
responsiveness to inhaled methacholine were
both augmented by instillation of human MBP
and EPO (Gleich and Adolphson 1993). Neutral-
ization of endogenously secreted MBP seemed to
prevent antigen-induced bronchial hyperreactiv-
ity in guinea pigs (Costello et al. 1999). On the
other hand, both ECP and EDN have been proven
to possess neurotoxic activities (Durack et al.
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1979; Gleich and Adolphson 1986). Damaged
tissues of patients affected by eosinophilic esoph-
agitis were analyzed, and studies demonstrated
the presence of EDN in active lesions (Kephart
et al. 2010). On the contrary, deposition of this
enzyme seems to be efficaciously reduced in
patients treated with anti-IL-5 antibody
(Straumann et al. 2010).

As they express complement receptors
(Fischer et al. 1986), eosinophils are capable of
activating their lytic actions as demonstrated by
C5a fraction (Zeck-Kapp et al. 1995). Further-
more, these cells could act through antibody-
dependent cellular cytotoxicity (ADCC) against
parasites and mammalian targets (Hallam et al.
1982) by activation of their Fc receptors (FcαR,
FcγRI–III, and FcεRI–II) (Gounni et al. 1994;
Decot et al. 2005; Grangette et al. 1989; Hartnell
et al. 1992). Eosinophils promote fibroblast pro-
liferation (Minshall et al. 1997), matrix
metalloproteinase and TGF-β expression, and
extracellular matrix protein synthesis (Pégorier
et al. 2006) with active production of TGF-β1.
As a matter of fact, degranulating eosinophils are
found in areas of fibrogenesis, suggesting a
potential profibrotic role (Birring et al. 2005).
Locating near nerves in chronic inflammatory
conditions (Smyth et al. 2013; Fryer et al.
2006), eosinophils could be also responsible for
damaging these structures (Hogan et al. 2001) as
well as mediating hyperactivation (Elbon et al.
1995). By means of DNA and granule protein
extrusion into the extracellular space, eosinophils
give rise to EETs which are well described in
allergic asthma (Dworski et al. 2011), drug hyper-
sensitivity reactions, and allergic contact dermati-
tis (Simon et al. 2011). Another overlooked
aspect due to eosinophil activation refers to their
prothrombotic activity which was proven in sev-
eral pathological conditions even if not well
characterized (Fig. 3; Kojima and Sasaki 1995).

4.1 When Things Go Wrong: Allergy

While eosinophils are associated with a variety of
autoimmune diseases, they have mostly been
studied in disorders which have allergy and Th2

response as their main pathogenetic drivers.
Recruited by damaged epithelia which lead to
ILC2 activation through alarmins, eosinophils
are involved in stimulating the Th2 pathway.
Indeed, through the secretion of high amounts of
preformed cytokines, these cells are directly
involved in homing and polarizing of
lymphocytes, along with isotype switching
toward immunoglobulin E (Fig. 3).

4.1.1 Atopic Dermatitis
In atopic dermatitis (AD), a defective barrier
function of the skin allows antigens to be exposed
more easily to the skin’s immune system, leading
in turn to humoral and cellular immune activation
(Ramirez et al. 2018; Furue et al. 2017; Werfel
et al. 2016). It has been proposed that AD patients
may have two subsets of the disease, one mostly
driven by Th2 and one by Th1/Th17 immune
responses. Eosinophil infiltration of the skin and
blood eosinophilia is common in AD, with evi-
dence of blood levels correlating with severity of
the disease. Interestingly, the relevance of
eosinophils in AD may have been hinted by the
efficacy of dupilumab, a monoclonal antibody
which targets a receptor chain (IL-4Rα) common
to the IL-4 and IL-13 receptors (Ramirez et al.
2018).

4.1.2 Upper Airway Disorders
In allergic rhinitis (AR), along with chronic rhini-
tis and nasal polyposis, tissue eosinophilia is an
almost invariable finding (Ramirez et al. 2018).
These infections are commonly associated with
asthma and, just like in the latter, exhibit a most
likely IL-5-driven Th2 immune response (Bachert
et al. 2006). In AR, volatile allergens lead to the
recruitment of eosinophils several hours after the
encounter. Eosinophils interact with mast cells
and Th2 cells leading plasma cells to an IgE
class switch and increased IgE production and
mast cells to increased degranulation (Ramirez
et al. 2018). Besides, eosinophil degranulation
leads to direct tissue damage to the nasal epithe-
lium. Chronic rhinosinusitis and nasal polyposis
also appear to be strongly influenced by an envi-
ronment rich in IL-5 (Ramirez et al. 2018).
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4.1.3 Asthma
For what concerns asthma, eosinophilic involve-
ment defines the subset of “eosinophilic asthma,”
which has a severe phenotype with increased risk
of severe exacerbations and near-fatal events
(Fulkerson and Rothenberg 2018; Moore et al.
2010; Yancey et al. 2017). In these patients,
drugs targeting the IL-5 pathway proved to be
highly effective (Fulkerson and Rothenberg
2013). Mepolizumab and the more recent
benralizumab and reslizumab all showed
promising results in reducing the rates of asthma
exacerbations in patients with eosinophilic

asthma (Ramirez et al. 2018; Ortega et al. 2014).
Genetic, environmental local host factors may
play a determining role in shaping the asthma
subset. A likely candidate for local immune regu-
lation is pentraxin 3 (PTX3). On the one hand,
PTX3 seems to limit airway remodeling (Zhang
et al. 2012). On the other hand, PTX3 stimulates
high levels of eosinophil inflammation (Ramirez
et al. 2018). Eosinophils were also postulated to
be causing irreversible fibrotic remodeling
through the release of TGF-β (Ramirez et al.
2018; Ohno et al. 1996).

Fig. 3 Eosinophils’ role in disease
(a) Direct damage: eosinophil activation exerts damages
to cells and tissues through several mechanisms among
which the principal is represented by granule release caus-
ing surrounding cytotoxicity. Furthermore, expressing
several Fc receptors, eosinophils are able to induce cyto-
toxicity mediated by antibodies (ADCC). Other patholog-
ical consequences are mediated by the high amount of
cytokines and growth factors such as TGF-β which link,

respectively, to eosinophil activation to thrombosis and
fibrosis. (b) Immunity activation: innate and adaptive
immunity can be triggered, ruled, and polarized toward
Th2 responses under the plethora of cytokines and
chemokines secreted by activated eosinophils. Green
(allergy) and blue (autoimmunity) squares represent the
principal disease classes in which eosinophils have a path-
ogenic role (see paragraph IV)
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4.2 Beyond Allergy: Eosinophils
in Autoimmunity

Apart from atopy, there are a number of autoim-
mune diseases in which eosinophils play a more
or less important role. The capacity to interact
with innate and adaptive immunity and the strong
cytotoxic properties, mediated mostly through
granule proteins, make eosinophils one of the
main actors initiating or contributing to organ
destruction in many autoimmunity conditions.
The mechanisms involved in tissue damage are
several and range from direct activation, i.e.,
degranulation or antibody-dependent cytotoxic-
ity, to modulation of adaptive response through
antigen presentation, promotion of B-cell actions,
induction of fibrosis, and tissue repair (Fig. 3).

4.2.1 Gastrointestinal Disorders:
Eosinophilic Esophagitis, Gastritis,
and Colitis

While hypereosinophilic syndrome (HES) is a
systemic syndrome, there are several organ-
restricted manifestations of eosinophilia. Eosino-
philic gastritis and eosinophilic gastroenteritis are
GI tract disorders in which GI mucosa is
infiltrated with abnormal numbers of eosinophils
(�20 eosinophils per high-power field) (Rached
and Hajj 2016). The histological finding of local
eosinophilia is often coupled with elevated levels
of eosinophils in blood (Fulkerson and
Rothenberg 2013). Symptoms are generally
vague and include abdominal pain, nausea, and
vomiting (Zhang and Li 2017). The differential
diagnosis is extensive and includes infections and
inflammatory bowel disorder. Treatment is based
upon glucocorticoids or elimination diets, when
sensitization to specific allergens is found
(Ramirez et al. 2018). Eosinophilic esophagitis
is a more common disorder, with a prevalence
of about 0,4% in the Western world (Furuta and
Katzka 2015). It is characterized by extensive
esophageal eosinophilia (�15 eosinophils per
high-power field), and symptoms vary depending
on age (Ramirez et al. 2018). In adults, eosino-
philic esophagitis is characterized by dysphagia
due to bolus impactions. In children, it can

present with food refusal, vomiting, and failure
to thrive. The disease is associated with exposure
to several food allergens (e.g., dairy, eggs, wheat,
or soy products) although elimination diets are
not always effective. Proton pump inhibitors are
advisable as they are effective in a percentage of
patients, while elimination diets and
glucocorticoids may be required in others.

4.2.2 Eosinophilic Pneumonia
In lungs, eosinophils notoriously participate in
the pathogenesis of asthma. Besides, they can
cause acute and chronic eosinophilic pneumonia
(Suzuki and Suda 2019). Acute eosinophilic
pneumonia (AEP) is a rare disease which mostly
occurs in young male smokers. It has been
postulated that tobacco smoke incites a hypersen-
sitivity reaction in individuals who do not usually
have a history of allergy. It commonly presents
with fever, shortness of breath, and cough. Acute
respiratory failure and severe hypoxemia are not
rare. AEP is not strongly associated with blood
eosinophilia, while diagnosis is performed with
the aid BAL. If alveolar fluid demonstrates a level
of eosinophilia major to 25%, along with sugges-
tive symptoms, is considered to be diagnostic for
AEP. Treatment is based upon systemic
glucocorticoids for 2–4 weeks, starting with
high doses when clinically needed. Chronic
eosinophilic pneumonia (CEP) is a form of inter-
stitial lung disease which can occur at any age,
from childhood to old age, and mostly occurs in
women. It is more strongly associated with
allergy while smokers are uncommon. Cough
and shortness of breath with a subtle onset are
the most common presentation, while acute dete-
rioration is rare. Blood eosinophilia is observed in
most patients, together with elevated IgE levels.
In this case, BAL eosinophilia (40–60%) allows
to establish the diagnosis. Treatment includes
prolonged treatment with systemic
glucocorticoids, and, later during the course of
the disease, inhaled steroids may be used to
reduce the burden of side effects. Omalizumab
(anti-IgE monoclonal antibody) and
mepolizumab also showed some efficacy in
reducing the need for steroids in these patients
(Suzuki and Suda 2019).
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4.2.3 Hypereosinophilic Syndrome
Firstly, HES should be mentioned. HES is a
group of diseases where hypereosinophilia
(peripheral blood eosinophils >1.5 � 10
(McBrien and Menzies-Gow 2017) eosinophils
per liter) leads to extensive tissue infiltration of
eosinophils (Fulkerson and Rothenberg 2018;
Simon et al. 2010). Tissue damage ensues and
organs targeted comprise the lungs, the skin, the
GI tract, and the cardiovascular system.
Manifestations can be various and include
asthma, pleural effusions, thromboembolic dis-
ease, peripheral neuropathy, vasculitis, hemato-
logic abnormalities, myocarditis, and others
(Williams et al. 2016). Management depends on
the underlying cause, which can be myeloprolif-
erative, lymphocytic (in which eosinophil pro-
duction is secondary to T-cells’ excessive IL-5
production), associated with other conditions, or
unknown. While steroids are the mainstay of
treatment, at least during the acute phase of the
disease, they are less effective in the subset of
myeloproliferative HES and anyhow bear consid-
erable side effects. Hydroxyurea and tyrosine
kinase inhibitors have been used to treat HES
chronically, with good results upon selected
subsets of patients. Recently, mepolizumab
(anti-IL-5 antibody) was shown to be highly
effective in patients without mutations of the
FIP1L1 and PDGFRα genes. In this subset of
myeloproliferative HES patients, imatinib leads
to the best outcome (Curtis and Ogbogu 2016).

4.2.4 EGPA
Eventually, eosinophils are fundamental in the
pathogenesis of eosinophilic granulomatosis
with polyangiitis (EGPA, previously known as
Churg-Strauss syndrome) (Greco et al. 2015).
According to some, EGPA may be the crossing
bridge between HES and ANCA-associated
vasculitides, although formally it belongs to the
latter group. Organ damage in EGPA is due to
vasculitis (mediated by ANCA in a subset of
around 40% of patients) and eosinophil infiltra-
tion. It is also hypothesized that some patients
may have mostly an ANCA-driven and others
an eosinophil-driven pathogenesis, which would

be reflected in the different pattern of organ
involvement of ANCA+ and ANCA- patients
(Schroeder et al. 2019). Eosinophils are observed
at high levels both in blood and within lesions,
where a Th2 response (along with Th1 and Th17)
is present. High levels of eotaxin seem to drive
eosinophil infiltration within lesions (Greco et al.
2015). In EGPA, manifestations vary depending
upon the phase of the disease. Initially, patients
may have suffered from asthma and nasal
polyposis for several years. Later, hypereosi-
nophilia and organ infiltration occur. However,
it is only during the third stage of the disease
that vasculitic lesions appear. These can affect
most organs, although the upper airways, the
peripheral nervous system, the kidneys (espe-
cially in the ANCA+ subset), the myocardium
(especially in ANCA- patients), the lungs, the
GI tract, and the skin are the most common targets
of the disease (Sablé-Fourtassou et al. 2005;
McKinney et al. 2014). Diagnosis is based upon
the presence of suggestive manifestations and
peripheral eosinophilia. Treatment consists of
steroids and immunosuppressants, among which
cyclophosphamide has historically been the most
well studied. Recently, mepolizumab has been
introduced in the management of EGPA with
excellent results (Wechsler et al. 2017; McBrien
and Menzies-Gow 2018).

5 The Emerging Role
of Eosinophils in Malignancy

The tumor microenvironment (TME) plays a sig-
nificant role in cancer growth, and numerous
studies have shown the positive correlation
between lymphocyte infiltrates in tumors and sur-
vival outcomes (Gajewski et al. 2013).
Eosinophils, in the form of tumor-associated tis-
sue eosinophilia (TATE), constitute a significant
fraction of the leukocyte infiltrate surrounding
different cancer histotypes, both solid and hema-
tological. However, their role is more ambiguous
than other inflammatory cells: the exact relation-
ship between eosinophils and cancer outcomes is
still unclear. One possible explanation is the fact
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that the definition and measurement of tissue
eosinophilia are difficult and not uniform among
authors, precluding a comparison of the results
obtained from different studies (Alkhabuli and
High 2006). Moreover, different cancer
histotypes have different responses to TATE,
and even when there’s a positive correlation,
some authors support the hypothesis that
eosinophils are crucial in the host defense against
cancer while others suggest that the antitumor
effect of TATE is barely influential (Sakkal
et al. 2016; Samoszuk 1997; Pereira et al. 2011).
Limited evidence shows that cancer cells recruit
eosinophils by producing chemokines, such as
eotaxin-1/CCL11 and eotaxin-2/CCL24 in oral
carcinoma as well as Hodgkin’s lymphoma, and
CCL17 in peripheral T-cell lymphomas (Thielen
et al. 2008; Teruya-Feldstein et al. 1999; Lorena
et al. 2003). Additionally, necrotic areas of
tumors release alarmins or DAMPs that directly
recruit various immune cells including
eosinophils (Bertheloot and Latz 2017). Lastly,
eosinophil infiltration of cancers can also be
mediated by the production of chemotactic
factors by tumor-infiltrating immune cells.
Although there are numerous ways in which
eosinophils can suppress tumor growth, none is
proven to be the predominant. Eosinophils in the
TME are thought to express the same receptors
and mediators as cytotoxic T-lymphocytes
(CTLs) and to be directly involved in antitumor
response by secreting chemokines to promote
tumor immune surveillance mediated by CD8+
T cells and M1 macrophages (Gatault et al. 2012;
Carretero et al. 2015; Biswas and Mantovani
2010). In some cases, such as in the colo-205
cell line, eosinophils can induce cell death with
some selectivity in their tumoricidal properties,
which are dependent on the CD11a-/CD18-
mediated stable contacts with target cells, while
in vitro studies proved that eosinophils can
directly kill cancer cells by releasing cytotoxic
granules (Legrand et al. 2010; Capron Loiseau
et al. 2016; Costain et al. 2001). Some studies
also suggested that eosinophils act as antigen-
presenting cells. If it is true that the mechanisms
by which eosinophils can counteract tumor
growth are numerous, it is also true that

eosinophils lead to the Th2 response, which
does not correlate positively with the peritumoral
inflammatory response. Th2 phenotypes are par-
ticularly undesirable in early tumor development
as they do not promote or improve the killing
capacity of cells associated with antitumor
responses. They may even favor the growth of
cancer with enhanced angiogenesis and release of
growth factors depending on the surrounding
stimuli (Esposito et al. 2004; Puxeddu et al.
2010; Murdoch et al. 2008).

5.1 Solid Tumors

Some solid tumors may induce an increase in
peripheral eosinophil count, but this
paraneoplastic eosinophilia is for the most part
not clinically relevant and is usually rare,
fluctuating between 0.5% and 7% (Falchi and
Verstovsek 2015). Previous studies demonstrated
that different types of tumor correlate differently
with TATE: in most cancer types (skin melanoma
and colorectal, breast, gastric, oral, larynx, and
nasopharyngeal cancers), eosinophils have an
antitumoral role, whereas in other tumors,
eosinophils play a pro-tumoral action (lung and
uterine cervix cancer) or no effect at all (brain and
bladder cancer) (Subeikshanan et al. 2016;
Varricchi et al. 2018). A positive prognostic
impact of TATE for oral squamous cell carci-
noma (OSCC) patients has been described in the
previous literature. An association between the
intensity of TATE and an increased disease-free
survival (DFS) as well as overall survival was
proved (Rakesh et al. 2015). However, some
publications actually described eosinophilic
tumor infiltration as a marker of unfavorable
prognosis in OSCC patients (Rakesh et al. 2015;
Yellapurkar et al. 2016). For what concerns colo-
rectal cancer, an association between decreasing
eosinophilic infiltration and increasing
aggressiveness was confirmed by some
researchers (Kiziltaş et al. 2008). Moreover, the
occurrence of colorectal cancer was found to be
inversely correlated with circulating eosinophils,
suggesting a protective role for eosinophils in
cancer development (Prizment et al. 2011;
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Saraiva and Carneiro 2018). In gastric cancer,
high levels of TATE correlated with an improved
survival rate (Cuschieri et al. 2002). A similar
positive association of TATE with improved
prognosis was observed in esophageal cancer
(Zhang et al. 2014) as well as in breast cancer
where was described a reduced risk of disease
recurrence in patients with higher peripheral
eosinophil count (Ownby et al. 1983).

A recent meta-analysis showed that TATE was
notably associated with improved overall survival
in patients with solid tumors of the GI tract (espe-
cially colorectal cancer and esophageal cancer),
whereas no difference in overall survival existed
in oral cancer, laryngeal cancer, or cervical cancer
(Saraiva and Carneiro 2018; Reichman et al.
2019). There appears to be no correlation between
DFS and TATE, even if TATE may be inversely
correlated with lymphoid invasion and lymph
vessel metastasis (Hu et al. 2020; Kurose et al.
2019). These apparently conflicting results sug-
gest that the role of eosinophils and their
mediators in human tumors could be specific to
different types of cancer.

5.2 Eosinophilia and Hematologic
Malignancies

Different from solid tumors, eosinophilia is a
recurrent phenomenon in both myeloid and lym-
phoid disorders. By using the International Clas-
sification of Disease for Oncology (version 3), the
Surveillance, Epidemiology and End Results
(SEER) database, it is shown that the incidence
rate of eosinophilia due to onco-hematological
causes was approximately 0.36 per million from
2001 to 2005 (Johnson and George 2013). In
myeloid malignancies, eosinophilia is a direct
product of clonal expansion of a mutated
hematopoietic stem cell, whereas in lymphoid
malignancies, eosinophils are usually part of the
TME and are recruited by cytokines such as IL-5
and IL-13 (Schrezenmeier et al. 1993). Three
major eosinophilia-associated myeloid neoplasms
(MN-eos) are defined. The first category is the
most common and is driven by constitutively
activated tyrosine kinase fusion genes, such as

platelet-derived growth factor receptor a
(PDGFRα), platelet-derived growth factor recep-
tor b (PDGFRβ), or fibroblast growth factor
receptor 1 (FGFR1) (Noel 2012; Reiter and
Gotlib 2017; Shomali and Gotlib 2019). The sec-
ond WHO-defined MN-eos is chronic eosino-
philic leukemia-not otherwise specified
(CEL-NOS), which is included among the mye-
loproliferative neoplasms (MPN). This definition
is operational and requires the absence of the
Philadelphia chromosome or rearrangements of
PDGFRα, PDGFRβ, and FGFR1, demonstration
of more than 2% of blast cells in the peripheral
blood or more than 5% in the bone marrow, and
evidence of clonality of the eosinophil population
(Shomali and Gotlib 2019). The third condition is
idiopathic HES, a diagnosis of exclusion when
other benign and malign cause of hypereosi-
nophilia can’t be diagnosed (Shomali and Gotlib
2019). Other myeloid neoplasms that may present
themselves with an increased eosinophil count are
Philadelphia-positive BCR-ABL+ chronic mye-
loid leukemia (CML), especially in the hypereosi-
nophilic variant (eos-CML) and acute leukemia,
in particular acute myelomonocytic leukemia
(Valent et al. 2004). With the exception of
CML, in which the eosinophil count is tradition-
ally considered an unfavorable prognostic factor
(Hasford et al. 1998), the prognostic importance
of eosinophilia was studied only in limited cases:
in a large study of 1008 patients, eosinophilia
predicted a significantly reduced overall survival
without influencing DFS (Wimazal et al. 2010).
Another study revealed that eosinophilia was
linked with poorer prognosis due to reduction in
both overall survival and DFS (Matsushima et al.
2003). Lymphoid malignancies are usually
associated with eosinophils in a similar way of
solid tumors, interacting with cancer cells in the
TME and influencing cancer growth. Peripheral
blood increases in eosinophil count (although
mild) and eosinophil infiltration in the tumor are
commonly described in Hodgkin’s lymphoma
(HL), especially the mixed cellularity or nodular
sclerosis types, since Reed-Sternberg cells inter-
act directly with eosinophils by secreting numer-
ous cytokines and chemokines such as GM-CSF
and IL-5. Tumor eosinophilia indicates poor
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prognosis, probably caused by eosinophil-
induced stimulation of tumor cells, but some stud-
ies have shown that eosinophils may have a cyto-
toxic effect to cancer cells through the release of
ECP (Subeikshanan et al. 2016; Varricchi et al.
2018; Cyriac et al. 2008; Glimelius et al. 2011).
TATE is also present in other lymphoid
malignancies, in particular precursor B-cell and
T-cell lymphoblastic lymphoma/leukemia and
cutaneous T-cell lymphoma. In these disorders,
TATE is generally associated with a worse out-
come (Suchin et al. 2001; Roufosse et al. 2012;
Jin et al. 2015). The “lymphocytic variant of
HES” (L-HES) represents a clonal disorder in its
own right: mature T cells with Th2 differentiation
produce IL-5 and consequently cause peripheral
blood eosinophilia (Simon et al. 1999). The prev-
alence of this disorder in patients with unex-
plained HES is estimated to be up to 27%. The
diagnosis is frequently difficult and requires the
demonstration of a clonally rearranged T-cell
receptor on aberrant T cell with peculiar
immunophenotype (CD3+, CD4�, CD8� cells
or CD3�, CD4+ cells) (Simon et al. 1996).
Together with this, elevated TARC
(a chemokine implicated in Th2-mediated
diseases) may be helpful in supporting the diag-
nosis. Fortunately, it is a pathology with a slow
rate of progression, which resembles an inflam-
matory disease (Roufosse et al. 2007).

6 Conclusion

Eosinophils appear to be more and more funda-
mental in Th2 inflammation. The paradigm of end
effector cells involved in helminth immunity and
allergy is slowly fading in favor of a highly active
inflammatory cell type able to enhance the Th2
response in different physiological and patholog-
ical settings. More studies are required to dissect
the intrinsic ability eosinophils show to interact
avidly with epithelia, tissue-resident immune
cells, and adaptive immunity, in the context of
autoimmune diseases.
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