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Preface

Tissue engineering may offer new treatment alternatives for organ replacement or
repair of deteriorated organs. Among the many clinical applications of tissue engi-
neering are the production of artificial skin for burn patients, tissue-engineered
trachea, cartilage for knee-replacement procedures, urinary bladder replacement,
urethra substitutes, and cellular therapies for the treatment of urinary incontinence.
The tissue engineering approach has major advantages over traditional organ trans-
plantation and circumvents the problem of organ shortage. Tissues reconstructed
from readily available biopsy material induce only minimal or no immunogenicity
when reimplanted in the patient.

This Springer Reference e-book on organ tissue engineering is aimed at anyone
interested in the application of tissue engineering in different organ systems. It offers
insights into a wide variety of state-of-the-art strategies applying the principles of
tissue engineering to tissue and organ regeneration and is thus intended to be both an
introductory and deepening textbook for research and teaching. As this reference
book is continuously updated, it will reflect the latest developments and findings of
both basic and clinical research and will discuss current trends.
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Abstract

A durable, synthetic small-caliber bypass graft has not been identified for revas-
cularization of vessels less than 6 mm in diameter, and there exists limited
availability of autologous conduits suitable for transplant. Consequently, alterna-
tive approaches have focused on designing arterial prostheses through the mim-
icry of some or all of the characteristics of the arterial wall. Notwithstanding early
reports of promising results, important limitations remain associated with tissue
engineering strategies, and the design of a living arterial substitute remains
elusive. This chapter aims to describe the structural, mechanical, and biological
properties of blood vessels and discuss the design considerations that must be
implemented to realize the promise of bioinspired vascular grafts.

1 Introduction

Cardiovascular disease (CVD) affects over 80 million adults in the United States and
represents a leading cause of death globally (Benjamin et al. 2019). CVD is most
often due to progressive atherosclerosis, which may lead to plaque rupture and
arterial occlusion with attendant clinical consequences of myocardial infarction,
stroke, or amputation. While mild to moderate CVD can often be treated with
modification in diet and lifestyle, as well as medications that limit the progression
of atherosclerosis or risk of thrombosis, surgical and catheter-based interventions
remain a mainstay of treatment, particularly for symptomatic disease. Catheter-based
procedures, such as angioplasty, stenting, and atherectomy are commonly used to
treat stenotic vessels or obstructive lesions (DeRubertis et al. 2007; Mwipatayi et al.
2008; McKinsey et al. 2008). Nonetheless, over 500,000 surgical bypass procedures,
using a synthetic or autologous conduit, are performed annually in the United States
(Go et al. 2013). Despite advances in minimally invasive, catheter-based interven-
tions, including drug-coated stents and balloons, bypass surgery continues to be
required for many patients and represents an optimal choice for durable long-term
revascularization (Weintraub et al. 2012).

Despite a role for both synthetic and autologous conduits, their clinical perfor-
mance remains suboptimal. The reconstruction of a large diameter vessel (>6 mm),
such as the aorta, can be successfully performed using a synthetic prosthesis
(Brewster 1997; Qu and Chaikof 2010). However, synthetic polymeric grafts display
limited long-term patency when used in the femoral-popliteal position and exhibit
very poor patency for tibial revascularization (Pereira et al. 2006; Van Der Slegt et al.
2014). The 1-year patency of synthetic polymeric conduits in the femoral-popliteal
position is approximately 70% (Johnson and Lee 2000; Piffaretti et al. 2018). In
general, a durable small-caliber synthetic bypass graft has not been identified for
revascularization of vessels that are less than 6 mm in diameter, such as the coronary
arteries.

Autologous grafts display higher patency rates than synthetic conduits but also
suffer from a number of limitations (Klinkert et al. 2004; Goldman et al. 2004).

4 D. Miranda-Nieves et al.



When used for coronary artery bypass graft (CABG) surgery, internal mammary
artery (IMA) grafts exhibit patency as high as 93% at 10 years, (Loop et al. 1986;
Berger et al. 2004; Taggart et al. 2019), and radial artery (RA) grafts have likewise
been associated with low rates of stenosis and graft failure (Gaudino et al. 2018).
However, the availability and length of IMA and RA conduits are limited. For this
reason, saphenous vein grafts continue to be widely used, especially for multi-vessel
revascularization. However, vein graft patency is less durable than one might expect,
with failure of at least one vein graft commonly occurring within 12 to 18 months
after CABG surgery (Mehta et al. 2011; Hess et al. 2014) and the occurrence of a
hemodynamically significant stenosis or graft occlusion in 40% of vein grafts 1 year
after lower extremity bypass surgery (Conte et al. 2006). Moreover, a suitable
venous conduit is often unavailable in many older adults that have had prior surgery
or who present with additional comorbid conditions (Kumar et al. 2011).

Vein graft failure has typically been attributed to intimal hyperplasia, which,
when hemodynamically significant, leads to acute graft thrombosis (Sottiurai et al.
1983; Motwani and Topol 1998). Factors at the time of initial harvest of a vein
graft that contribute to the development of intimal hyperplasia include ischemia-
reperfusion injury of the vein wall that may cause endothelial and smooth muscle
cell damage with release of pro-inflammatory factors, uncontrolled smooth muscle
cell (SMC) proliferation, and extracellular matrix (ECM) production, particularly at
the site of venous valves (Clowes 1993; Lemson et al. 2000; De Vries et al. 2016).
A number of reports have also demonstrated that a mismatch in mechanical com-
pliance between synthetic polymeric vascular conduits (0.2–1.9%/100 mmHg),
autologous vein grafts (0.5–3%/100 mmHg), and native artery (5–15%/100 mmHg)
can also initiate maladaptive biological responses that contribute to anastomotic
intimal hyperplasia and subsequent graft failure (Abbott et al. 1987; Ballyk et al.
1997). Additional limitations of polymeric grafts include their susceptibility to bacte-
rial colonization and infection and an inability of the synthetic conduit to grow in
pediatric patients necessitating subsequent surgical intervention. Thus, there remains a
critical need to address these shortcomings.

A current perspective held in tissue engineering is that an ideal vascular conduit
would reproduce both the structure of a native artery and its related biological and
mechanical characteristics (Fig. 1). In this chapter, we summarize past and current

Fig. 1 Bioinspired vascular
grafts should aim to
recapitulate the structural,
mechanical, and biological
characteristics of native
arteries
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approaches to engineer a living blood vessel; the ability of each of these strategies to
recapitulate the structural, mechanical, and biological characteristics of a native
artery; and the existing shortcomings of these schemes.

2 Structural Considerations

The arterial wall, like many tissues in the body, can be represented as a reinforced
composite of structural proteins that protect and orient living cells. It is characterized
by a well-defined muscular layer that is responsible for providing strength, control-
ling vascular tone, and determining overall biomechanical responses. For this
reason, the design of a bioinspired vascular conduit must be informed by (1)
identifying the key cellular and acellular components responsible for the functional
properties of a blood vessel (Fig. 2) and (2) an understanding of the architecture and
organization of each component within the vessel wall (Table 1).

2.1 Structural Proteins: Collagen and Elastin

Collagen represents 20% to 50% of the dry weight of the arterial wall, present in
the basement membrane and the interstitial matrix, and plays a crucial role in cell

Fig. 2 Histological representation of a native artery. The Intima (I) consists of a monolayer of
endothelial cells, and a basement membrane, a mesh-like substrate of type IV collagen. The Media
is composed of networks of elastin (elastic lamellae) and circumferentially aligned smooth muscle
cells and crimped collagen fibers (Col I and III). The Adventitia (A) consists of randomly aligned
collagen fibers (Col I and III) and fibroblasts. (Modified with permission from Gasser et al. 2006)
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behavior and vessel wall biomechanics (Linsenmayer 1991; Shoulders and
Raines 2009). Closest to the luminal side, the subendothelial basement mem-
brane, comprised mainly of type IV collagen, serves as a mesh-like physical
barrier that protects and regulates normal endothelial function (Sand et al. 2016).
The interstitial matrix is composed of type I and III collagens in the medial and
adventitial layers (Shekhonin et al. 1985). As opposed to type IV, collagens I and
III are structured into circumferentially aligned bundles of collagen fibers, with a
characteristic 10 to 200 μm crimped or undulating morphology, which is an
important determinant of passive and active biomechanical responses
(Rezakhaniha et al. 2012; Robertson and Watton 2013). Genetic defects of either
fibril-forming collagen can affect vascular wall strength and increases the likeli-
hood of aneurysm formation, as in the case of Ehlers-Danlos syndrome (Sasaki
et al. 1987).

Elastin is the second most common structural protein in the arterial wall and is
secreted by vascular smooth muscle cells as tropoelastin, which undergoes post-
translational modifications to form cross-linked, mature fibers (Parks et al. 1993).
Elastin fibers are 1000 times more flexible than collagen and are found in high
abundance in the aorta, where it comprises approximately 30% of the dry weight of
the vessel wall (Debelle and Tamburro 1999). Elastin forms unique structures
known as elastic lamellae, which consists of fibers arranged in 3 μm thick concen-
tric fenestrated lamellae that confer elastic recoil and resilience to the arterial wall,
and permits transmural delivery of nutrients and electrolytes (Mithieux and Weiss
2005).

Table 1 Structural components of the arterial wall

Source Location Function Organization

Collagen
(I, III, IV)

Fibroblasts
and SMCs

Tunica
intima,
media,
adventitia

Provides mechanical support
and strength and influences
cell function through
mechanotransduction
pathways

Col I, III:
Circumferentially
aligned, crimped
fibers
Col IV: Mesh-like
structure

Elastin SMCs Tunica
media
(elastic
lamellae)

Component of arterial ECM
that provides elasticity/recoil
and allows interlamellar
communication

Concentric 3 μm
thick lamellae

Endothelial
cells

Mesoderm Luminal
side of
tunica
intima

Regulates thrombotic and
inflammatory responses

Monolayer of
polygonal shaped
cells

Smooth
muscle cells

Ectoderm,
Mesoderm

Tunica
media

ECM production, vaso-
responsiveness, and regulates
inflammatory responses

Circumferential
orientation

Fibroblasts Mesoderm Tunica
adventitia

ECM production and vessel
wall regulation

Isotropic
alignment
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2.2 Cellular Components: Endothelial Cells, Smooth Muscle Cells,
and Adventitial Fibroblasts

Endothelial cells (ECs) populate the innermost layer of the arterial wall, where they
are in direct contact with blood. This mesoderm-derived specialized epithelium is
organized into a semipermeable monolayer that adheres to the basal lamina. Within
the native artery, endothelial cell morphology is defined by polygonal-shaped cells,
elongated in the direction of blood flow, measuring 12 to 25 μm in length (Garipcan
et al. 2011). ECs are a unique cellular subset, due to the presence of tight intercellular
and adherens junctions, which serve to regulate cell permeability and membrane
polarity, as well as modulate endothelial cell growth through contact inhibition
(Bazzoni and Dejana 2004; Lampugnani 2012). As the blood-contacting surface in
the arterial wall, endothelial cells have been found to express various molecules that
regulate blood homeostasis (Sumpio et al. 2002; Esmon 2005). For example,
thrombomodulin, found in the membrane of ECs, inhibits blood coagulation by
catalyzing thrombin-induced activation of the protein C pathway (Esmon 1989;
Stearns-Kurosawa et al. 1996). Similarly, heparan sulfate is a surface proteoglycan
on the luminal aspect of the endothelium, which contains a unique pentasaccharide
motif that is recognized by antithrombin III (ATIII), binds to factor IIa (thrombin)
and factor Xa, and inhibits clot formation (Bernfield et al. 1999; Rabenstein 2002).
Heparan sulfate also facilitates leukocyte adhesion and diapedesis (Parish 2006).

Vascular smooth muscle cells (SMCs) are contractile, bi- or multinucleated cells,
with a spindle-shaped morphology that populate the arterial tunica media. Most
SMCs have been reported to be mesoderm derived; however, those that populate the
aorta and pulmonary arteries are derived from neural crest cells (Le Lièvre and Le
Douarin 1975). Within the arterial wall, SMCs are tightly packed in a circumfer-
entially aligned manner, and, unlike endothelial cells, each cell is surrounded by a 40
to 80 nm thick basal lamina suspended in a collagen fibril matrix with alternating
rings of elastic lamellae (Rhodin 1979; Clark and Glagov 1985). In healthy adults,
SMCs are non-proliferative, are metabolically quiescent, and are not actively migrat-
ing or proliferating (Bacakova et al. 2018). As the primary cellular component of the
arterial media, SMCs regulate arterial tone and local tissue oxygen delivery through
vasomotor control. SMCs are vaso-responsive to Ca2+, myogenic stretch, as well as
endothelin, nitric oxide, and prostacyclin secreted by endothelial cells (Wilson
2011).

Adventitial fibroblasts populate the outer most layer of the arterial wall, where
they regulate production and organization of undulated collagen fibers that serve to
limit vessel overdistension (Stenmark et al. 2013). For years, the adventitia was
commonly considered a supporting tissue. However, recent studies have identified
adventitial fibroblasts as key regulators of the vessel wall response to hormonal,
inflammatory, and environmental stresses, such as hypoxia, ischemia, or hyperten-
sion (Stenmark et al. 2011). Activated adventitial fibroblasts have been found to
proliferate and upregulate the release of chemokines leading to adventitial
remodeling and neointimal hyperplasia (Shi et al. 1996; Sartore et al. 2001). Overall,
adventitial fibroblasts are capable of regulating vascular structure and function
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through the secretion of growth factors, cytokines, and chemokines that serve to
communicate with adventitial neural cells, circulating inflammatory cells, and
neighboring SMCs and ECs (Sorrell and Caplan 2009).

2.3 Structural Considerations in Vascular Grafts

In 1986, Crispin Weinberg and Eugene Bell published the first report of “a blood
vessel model” for the replacement of small-caliber vessels. They encapsulated
fibroblasts and smooth muscle cells in casted collagen tubes, supported with a
Dacron mesh, lined with endothelial cells (Weinberg and Bell 1986). Although the
end result was a weak construct that “grossly resembled a muscular artery,” this work
motivated further investigations aimed at engineered vessels that mimicked the
structure of native arteries.

Buijtenhuijs et al. subsequently developed a semi-aligned, porous scaffold
consisting of collagen and elastin fibers and seeded it with vascular smooth
muscle cells (Buijtenhuijs et al. 2004). They were among the first to explore
strategies for controlling structural protein morphology and orientation within a
vessel wall by tuning the freeze-drying of a suspension of insoluble type I
collagen and elastin. Since then, electrospinning and wet-spinning have also
been used to control the organization of collagen and elastin fibers (Buttafoco
et al. 2006; McClure et al. 2010; Huang et al. 2013; Ahn et al. 2015). These
modalities consist of the continuous formation of polymer filaments by either
mechanical extrusion into coagulation baths or electrostatic repulsion between
polymer solutions and charged surfaces (Miranda-Nieves and Chaikof 2017). As
an example, Caves et al. developed a continuous wet-spinning system for the
extrusion of synthetic collagen fibers into a 10 wt% polyethylene glycol bath and,
after embedding within a recombinant elastin-like protein matrix, generated a
vascular graft that resembled the reinforced composite structure of the arterial
wall and the circumferential alignment of collagen fibers within the tunica media
(Caves et al. 2010a, b).

Approximating the crimped morphology of native collagen fibrils has been
possible through molding and chemical treatment (Caves et al. 2010c; Liu et al.
2015). For example, Naik et al. developed a MEMS-based micromolding approach
capable of producing in-plane crimped microfibers with a crimp-periodicity of about
100 μm (Naik et al. 2014), and Kumar et al. used excimer-laser technology to ablate
collagen lamellae without protein denaturing (Kumar et al. 2014). In both cases,
sheets of crimped collagen fibrils were generated, which exhibited orthotropic tensile
properties.

On another hand, various groups have focused on recapitulating the structure of
native vessels through an approach driven by cellular engineering. For example,
vascular conduits have been produced by rolling sheets of fibroblasts or smooth
muscle cells produced over a 3- to 7-week period (L’Heureux et al. 1998, 2006).
Cell-sheet engineered grafts have shown to recapitulate the lamellar structure of
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arteries and the position of vascular cells. Complementary strategies, such as pat-
terned polydimethylsiloxane (PDMS) substrates and dynamic mechanical stimula-
tion, have been successfully employed to guide cell sheet alignment during growth
or after maturation, in order to better approximate the arterial microstructure (Xing
et al. 2017; Rim et al. 2018). For instance, Isenberg et al. cultured smooth muscle
cells on gelatin-coated, micropatterned PDMS and produced cell sheets with align-
ment in the same direction as the pattern (Isenberg et al. 2012). Similarly, Gauvin et
al. reported that mechanical stimulation of 10% strain at a frequency of 1 Hz for
3 days significantly enhanced fibroblasts cell sheet alignment (Gauvin et al. 2011).

Other approaches have leveraged advances in polymer science to generate syn-
thetic, biodegradable scaffolds for direct implantation or ex-vivo cell seeding and
mechanical preconditioning (Roh et al. 2009; Dahl et al. 2011; Syedain et al. 2016).
The goal of these approaches is to rely upon cell-mediated synthesis of ECM, with a
number of strategies applied to control ECM composition, organization, and archi-
tecture. Successful strategies have included the use of perfusion bioreactors with
control over pulse rate and cyclic distension to increase production of structural
proteins (Solan et al. 2003; Syedain et al. 2008); culture medium supplementation
with organic and inorganic compounds that enhance matrix remodeling and
crosslinking (Neidert et al. 2002; Dahl et al. 2005); and controlled release of growth
factors and recombinant chemokines in order to modulate inflammation and promote
cellular migration (Wu et al. 2012; Yu et al. 2012). As an example, Huang et al.
discovered that biaxial preconditioning of SMC-seeded, polyglycolic acid (PGA)-
based scaffolds enhances the formation of mature elastin fiber and undulated colla-
gen fibrils (Huang et al. 2015, 2016). Similarly, Roh et al. reported that the release of
monocyte chemoattractant protein-1 (MCP-1) modulated monocyte recruitment,
promoted migration and proliferation of adjacent vascular wall cells, and overall
resulted in the in situ remodeling of poly(L-lactide-co-caprolactone) [PLCL] scaf-
folds (Roh et al. 2010).

Notwithstanding reports of promising results (McAllister et al. 2009; Syedain
et al. 2017; Kirkton et al. 2019), cell-based strategies remain limited by the absence
of protocols for the rapid and scalable production of patient-specific vascular wall
cells and need for decellularization before implantation (Wystrychowski et al.
2014; Lawson et al. 2016). More specifically, studies have revealed feasibility
challenges when using cells isolated from the intended patient population
(>65 years old), or allogeneic sources, including reduced proliferation and ECM
production due to telomere shortening (Poh et al. 2005), and immune rejection
associated with HLA mismatching. Recent reports have sought to address these
limitations by deriving SMCs and ECs from patient-specific human induced
pluripotent stem cells (hiPSCs), which have unlimited proliferation capacity
(Wang et al. 2014; Patsch et al. 2015; Gui et al. 2016; Luo et al. 2017). Similarly,
multiplex genome editing has been employed to selectively ablate HLA class I and
II molecules and introduce immunoregulatory factors in order to evade both the
adaptive and innate immune mechanisms of immune rejection (Deuse et al. 2019;
Xu et al. 2019; Han et al. 2019). However, the scalability and efficacy of these
approaches remains uncertain.
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3 Mechanical Considerations

The biomechanical characterization of engineered arterial substitutes has been
largely limited to evaluating burst pressure and suture retention, with the goal of
matching these discrete values to those reported for arteries or saphenous vein.
Although important metrics, these parameters provide relatively limited insight
into the biomechanical properties of the engineered conduit, which influence cellular
responses, tissue remodeling, and long-term conduit durability. In this section, we
will discuss (1) the mechanical behavior of native arteries and (2) unique mechanical
considerations in the design of an engineered living blood vessel that influence both
early and late performance characteristics of the conduit.

3.1 Hyperelasticity and Compliance

Arteries are constantly subject to cyclic mechanical stress and can compensate for
alterations in intravascular blood volume with minimal changes in pressure through
modulating vascular tone. Collagen and elastin, and their unique structural organi-
zation, are responsible for the nonlinear responses of arteries to loading forces
(Wagenseil and Mecham 2009). At low radial stretch, less than 10% of collagen
fibers are engaged and aligned with unfolding of elastic lamellae dictating mechan-
ical behavior. Large radial changes result in marginal increases in pressure. Beyond
the range of physiological pressure (80 to 120 mmHg), collagen bears the load with
the recruitment, circumferential alignment, and straightening of undulated fibers,
leading to marginal radius changes with increasing pressure (Fig. 3). Recent studies
have shown that elastic stretching and architecture, as well as collagen fibril recruit-
ment and straightening varies within the arterial wall, in order to compensate the

Fig. 3 Pressure-diameter
curves comparing murine
carotid artery and murine
inferior vena cava. Values
were recorded using pressure
myograph
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circumferential stretch experienced during radial distension (Zeinali-Davarani et al.
2015; Yu et al. 2018a, b).

When arteries are pressurized, they are subjected to distention in all directions.
Many constitutive models have been used to calculate the stress-strain response of
the arterial wall from pressure-diameter curves (Başar and Weichert 2000). The most
commonly used formulation is the hyperelasticity model in which the vessel is
treated as an orthotropic, cylindrical body in which all net strains are oriented
along the circumferential, longitudinal, and radial directions (Dorbin 1978; Gasser
et al. 2006). Longitudinal and circumferential stresses (σ) are calculated as:

σ ¼ Pλ
ALt

ð1Þ

where P is the inflation pressure, λ is the stretch, L is the initial length, t is the
thickness of the tissue, and A is the cross-sectional area of the cylinder. Similarly,
strain (E) can be defined by:

E ¼ 1

2
λ2 � 1
� � ð2Þ

Compliance mismatch is an important failure mode, which can be characterized
through the arterial pressure-diameter relationship. Compliance (c) represents the
percent change in diameter over a physiologic range of pressure and is calculated as:

c ¼ d120 � d80
d80 P120 � P80ð Þ � 104 ð3Þ

where d is diameter and P is inflation pressure (Robertson andWatton 2013). Arterial
compliance (%/100 mmHg) varies with vessel type and location, ranging from 8.0 to
17.0, 6.5 to 12.0, and 6.0 to 14.1%/100 mmHg, for coronary, internal thoracic, and
the femoral arteries, respectively (Kumar et al. 2011). Precise methodologies, such
as laser micrometry and pressure myography, should be employed to accurately
measure outer diameter and pressure and successfully quantify compliance in the 80
to 120 mmHg pressure range. Laser micrometry uses a laser to scan a field, and by
detecting the time during which the laser path is obstructed, the dimensions of any
sample can be calculated (Syedain et al. 2011). Pressure myography relies upon
recording changes in diameter using a high-resolution camera placed over a conduit
that is mounted onto small cannulae during the course of pressurization (Schjørring
et al. 2015).

The pressure-diameter, stress-strain, and compliance characteristics of a saphe-
nous vein are significantly different than those responses measured for arterial blood
vessels (Li 2018). Due to reduced elastin content and a lower number of elastic
lamellae, stiffening occurs at lower pressures (Fig. 3), with the saphenous vein
exhibiting a significantly lower compliance (0.7–2.6%/100 mmHg) (Lee et al.
2013). For this reason, when used as an arterial substitute, elevated arterial pressure
induces increased stress in the vein wall, promotes smooth muscle cell proliferation

12 D. Miranda-Nieves et al.



and matrix production, and, as a consequence, increases the risk of intimal hyper-
plasia (Li 2018).

3.2 Residual Stress

In the 1960s, Bergel performed an experiment in which he prepared cross-sectional
rings of excised, intact, unloaded arteries, and noted that when cut radially “an artery
will unroll itself” (Bergel 1960). This was the first report of stress in an artery even
when there is no distending pressure. The cut ring “opens” to minimize stored strain-
energy, as the inner wall is in compression and the outer wall in tension (Humphrey
2002). This residual stress is the result of differences in the waviness of the elastic
lamellae between the inner and outer wall (Yu et al. 2018a). Direct quantification of
residual stress (Λ) is not a simple task. Thus, surrogate measures of residual strain
have been employed, such as measurements of the opening angle after a radial cut
(Matsumoto et al. 2015).

Λ ¼ π R2
a � R2

i

� �

Θ r2a � r2i
� � ð4Þ

where R is the adventitial or intimal radius prior to cutting,Θ is the observed opening
angle, and r is the adventitial or intimal radius after cutting. Residual stress provides
an indirect measurement of arterial wall stress and the mechanical microenvironment
within the vessel wall.

3.3 Mechanical Considerations in Vascular Grafts

Reports of engineered arterial substitutes have focused almost entirely on optimizing
burst pressure and suture retention strength while lacking attention to many critical
biomechanical parameters discussed in this chapter. Nonetheless, some reports have
identified these limitations and proposed modified design strategies (Dahl et al.
2007). For instance, failure to match the hyperelastic behavior of native tissues
due to inferior collagen and elastin organization has been addressed by tuning initial
polymer concentration (Cummings et al. 2004; Lai et al. 2012) and establishing
fabrication protocols with increased control over ECM composition, organization,
and architecture (Hall et al. 2016; Xing et al. 2017; Yokoyama et al. 2017). In
particular, construct fabricated with pre-stretch, electrospun PLCL fibers at various
orientations recapitulated the nonlinear stress-strain behavior of native arteries (Niu
et al. 2019).

Variations in polymer composition, organization, and architecture, as well as
cyclic pre-conditioning, have proven tunable strategies for designing constructs
with control over compliance and residual stress (Niklason et al. 2001; Huang
et al. 2016; Niu et al. 2019). For example, McClure et al. reported that altering
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combinations of collagen, elastin, and synthetic polymers in electrospun grafts
allowed precise control over the compliance of the conduits (McClure et al. 2010).
Caves et al. employed a fabrication scheme in which a range of collagen fiber
orientation and volume fractions were investigated, and reported compliance from
2.8 to 8.4%/100 mmHg, matching values reported for major arteries of interest
(Caves et al. 2010a). Huang et al. fabricated constructs through biaxial pre-
conditioning of cell-seeded PGA scaffolds with increased conduit compliance due
to the formation of mature elastin fiber and crimped collagen fibrils (Huang et al.
2015, 2016).

Noteworthy, the capacity for biomechanical properties to vary post-implantation
has also been reported. In a clinical study, 25 patients were enrolled in an arteriove-
nous (A-V) shunt safety trial, and the compliance 6-month post-implantation
increased approximately threefold (L’Heureux et al. 2007; Konig et al. 2009),
suggesting that consideration should also be given to the role of in vivo remodeling
in the long-term performance of vascular grafts.

4 Biological Considerations

The biological characterization of engineered living arterial grafts has almost exclu-
sively been focused on evaluating cell infiltration and stem cell differentiation.
Limited insight has been obtained surrounding the phenotypic variations of cellular
components within vascular grafts. In this section, we will discuss (1) the key
phenotypic biomarkers of vascular smooth muscle cells, endothelial cells, and
adventitial fibroblasts and (2) biological considerations in the design of living
blood vessels.

4.1 Smooth Muscle Cell Phenotype

Smooth muscle cells are a highly specialized and differentiated cell. Under normal
conditions, SMCs are elongated, spindle-shaped, non-proliferative, metabolically
quiesced, and functionally contractile (Rensen et al. 2007). They are associated with
elevated expression of contractile apparatus proteins, such as α-smooth muscle actin
(α-SMA), calponin, smoothelin, and smooth muscle myosin heavy chain (SM-
MHC) (Owens 1995). However, SMCs are remarkably plastic and can shift pheno-
type in order to adapt to fluctuating environmental cues, physical stressors, and
biochemical alterations. In response to vessel injury, SMCs have been documented
to proliferate, migrate, and over-secrete EMC molecules, in particular fibronectin
(Gomez and Owens 2012). This de-differentiated synthetic state is associated with
loss of contractile proteins, a rhomboid morphology, and expression of proteolytic
enzymes and inflammatory cytokines, such as MCP-1 (Bennett et al. 2016). Overall,
human arteries may contain a heterogeneous mixture of contractile and synthetic
functions (Hao et al. 2003).
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4.2 Endothelial Cell Phenotype

Mechanical forces, soluble growth factors, and cytokines, as well as contact with
tissue-based cells and ECM protein, regulate endothelial cell phenotype. Under
normal conditions, ECs are quiescent, anticoagulant, anti-inflammatory, anti-oxida-
tive, and non-angiogenic with a low replicative capacity (Cines et al. 1998). Quies-
cent ECs exhibit cobblestone morphology and express markers such as VE-cadherin,
PECAM-1, CD34, and CD36 (Lin et al. 2000). However, in response to physical and
biological stressors, endothelial cells can de-differentiate into an activated, pro-
inflammatory state (Liao 2013). Activated ECs are associated with loss of vascular
integrity, causing efflux of fluid into the extravascular space; expression of leucocyte
adhesion molecules, such as selectins, ICAM-1, and VCAM-1; prothrombogenicity,
due to loss of surface expressed thrombomodulin; and increased cytokine produc-
tion, such as IL-6, IL-8, and MCP-1 (Hunt and Jurd 1998).

4.3 Adventitial Fibroblast Phenotype

The principal function of adventitial fibroblasts is the deposition of isotropic colla-
gen bundles that provide support and prevent overdistension. However, in response
to hormonal, inflammatory, and environmental stresses such as hypoxia, ischemia,
or hypertension, adventitial fibroblasts undergo phenotypic switching into
myofibroblasts, characterized by the expression of contractile proteins, in particular
α-SMA; secretion of pro-inflammatory cytokines, such as TGF- β; increased prolifer-
ation and synthetic activity; as well as enhanced migration and functional contractility
(Strauss and Rabinovitch 2000; Maiellaro and Taylor 2007). Adventitial fibroblast
activation significantly alters the vessel wall microstructure, with the over-
accumulation of ECM proteins, such as collagen, elastin, and fibronectin, influencing
vessel elasticity and flow dynamics (Desmoulière et al. 2005), and increased cell
migration associated with neointimal hyperplasia (Kalra et al. 2000; Misra et al. 2010).

4.4 Biological Considerations in Vascular Grafts

For most reports of tissue engineered vascular grafts, the extent of biological
characterization has been limited to identifying post-implant cell infiltration or
assessing stem cells differentiation in pre-seeded scaffolds (Koobatian et al. 2016;
Syedain et al. 2017; Kirkton et al. 2019). Although an indication of tissue
remodeling, such information provides relatively limited insight into the late perfor-
mance characteristics of vascular conduits. A recent viewpoint in the tissue engi-
neering of living blood vessels is that cellular phenotype should be a key
consideration when selecting design strategies. More specifically, fabrication
approaches should aim to generate constructs that induce contractile SMCs,
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quiescent ECs, and inactivated fibroblasts. As an example, Yokoyama et al. fabri-
cated arterial grafts by varying hydrostatic pressure and evaluated expression levels
of SMC markers, such as fibronectin, collagen, and elastin, to identify the ideal
conditions that resulted in a contractile phenotype (Yokoyama et al. 2017). Similarly,
iPSC-derived SMCs were examined for an array of biomarkers, including α-SMA,
calponin, smoothelin, SM-MHC, collagen, and elastin, in order to determine serum
and growth factor concentrations optimal for cell maturation (Wanjare et al. 2013,
2014).

5 Conclusions

Surgical revascularization of small diameter vessels remains a clinical challenge
given limited availability of suitable arterial conduits. Synthetic and autologous
grafts exhibit poor 1-year patency rates and are often constrained by availability
and length. These challenges have motivated the development of tissue-engineering
strategies. Preclinical and early clinical reports describe the use of vascular grafts
produced by cellular engineering or from a variety of natural and synthetic biode-
gradable scaffolds with the potential for ex vivo preconditioning or direct in vivo
implantation. Likewise, polymer- and cellular-based approaches have been explored
to better recapitulate properties of the arterial wall. However, the design of a durable
synthetic small-caliber bypass graft remains elusive.

A current perspective in blood vessel engineering suggests that an ideal living
arterial conduit should reproduce both the structure of a native artery and its related
biological and mechanical characteristics. In this chapter, we have summarized the
characteristics of native arteries and discussed approaches to engineer living blood
vessels that replicate these features. It has been noted that many published fabrica-
tion schemes lack a holistic view of the native artery as a unique structure that
dictates overall biomechanical properties and influences cellular responses, tissue
remodeling, and long-term conduit durability. For this reason, we conclude that
future design strategies should be informed by the structural, mechanical, and
biological considerations discussed herein.
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Abstract

Valve degeneration and dysfunction affect an increasing number of aging patients
in the developed countries, while congenital and rheumatic diseases affect youn-
ger patients worldwide. When possible, valvular disease is treated by valve repair;
however, severe pathologies require a surgical or transcatheter valve replacement
procedure. Nowadays, clinical-grade valvular prostheses consist of mechanical or
bioprosthetic valves, which still present serious disadvantages, such as
thrombogenicity and limited durability.

In this chapter, we describe how tissue-engineered heart valves (TEHVs) can
solve the shortcomings of current clinically adopted valvular replacements by
providing a prosthesis with potential regenerative and remodeling capabilities
and, hence, a lifelong durability. Different tissue engineering (TE) approaches,
such as in vitro, in vivo, and in situ are described, with particular focus on
preclinical and clinical validation of TEHVs. In this context, we will also discuss
in silico, in vitro, and in vivo models that can be used to manufacture TEHVs, test
their functionality, and predict their remodeling before moving to preclinical and
clinical settings. Finally, we address the scientific, regulatory, and clinical chal-
lenges that pace the safe clinical translation of TEHVs.

1 Introduction

The human heart functions as a pump, providing continuous blood flow through the
body, and has evolved from an initial tube-like structure to an organ consisting of
four chambers (right atrium, right ventricle (RV), left atrium, left ventricle
(LV) (Fig. 1a)). The right and left atriums act as blood reservoirs, while the RV
and LV act as pumps, responsible for the circulation of the blood in the pulmonary
and systemic circulation, respectively (Rehman and Rehman 2018) (Fig. 1b). Each
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chamber is delimited by specific cardiac valves: the atrioventricular valves (tricuspid
and mitral) located between atria and ventricles and the semilunar valves (pulmonary
and aortic) (Fig. 1b). The four heart valves act as important inlet and outlet
checkpoints during every cardiac cycle, opening and closing in response to different
pressure gradients, therefore allowing the unidirectional flow of blood.

An average adult human heart beats between 60 and 70 times per minute, which
leads the valves to open and close up to three billion times during a lifetime (Tao
et al. 2012). These high performances are enabled by the continuous remodeling and
turnover of heart valve cells and the extracellular matrix (ECM) surrounding them.

Fig. 1 Schematic representation of the heart anatomy and physiology. (a) The right atrium
(RA) and right ventricle (RV) are connected via the tricuspid valve. The RV is connected to the
pulmonary circulation via the pulmonary valve. The right heart works at low-pressure conditions
(0–25 mmHg). The left atrium (LA) and left ventricle (LV) are connected via the mitral valve. The
LV is connected to the systemic circulation via the aortic valve. The left heart operates at high-
pressure conditions (80–120 mmHg). (b) The blood cycle through the heart starts in the RA
(i) where deoxygenated blood from the systemic circulation is collected. (ii) The deoxygenated
blood flows into the RV, where the blood is then pumped into the pulmonary artery and the lung
circulation to get oxygenated. Then, the blood flows back to the heart in the LA in order to be
transferred into the LV. (iii) In the LV, the oxygenated blood is pumped in the systemic circulation
passing through the aortic valve and into the aorta to supply the organs with oxygen-rich blood.
(Images adapted from Servier Medical Art under a creative common attribution 3.0 unported
license)
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Both components allow the proper function and maintenance of the organ homeo-
static state in a variation of biomechanical and hemodynamic stimuli. However, it
should not be surprising that degenerative diseases may affect these organs in the
elderly, causing the valve leaflets to become thicker and stiffer due to fibrosis and
calcifications (Fishbein and Fishbein 2019). In addition, inflammatory and congen-
ital disease may impact on heart valve functionality in the young.

2 Cardiac Valve Anatomy and Functionality

Heart valves have a fundamental role in the cardiovascular system, by forcing the
blood flow in one direction through the heart and into the pulmonary or systemic
circulation. The mammalian heart comprises four different valves, which connect
either the atrium with the ventricle (i.e., atrioventricular valves) or the ventricle with
the artery that leaves the heart (i.e., semilunar valves). Function and morphology of
these valves depend on their location in the heart. The right heart (pulmonary
circulation) is a low-pressure system (0–25 mmHg) that comprises the atrioventric-
ular tricuspid valve, which controls the direction of the blood flow from the right
atrium to the RV, and the pulmonary valve, which leads the blood flow from the RV
into the pulmonary artery. The left heart (systemic circulation), on the other hand, is
a high-pressure system (80–120 mmHg) that is characterized by the atrioventricular
mitral valve, connecting the left atrium to the LV, and the semilunar aortic valve,
which controls blood flow direction from the LV to the aorta and the systemic
circulation. During the cardiac cycle, the pulmonary circulation delivers blood to
the lungs for an oxygen recharge and carbon dioxide discharge. The systemic
circulation delivers oxygenated nutrient-rich blood from the heart to the brain and
peripheral tissues.

Heart valve leaflets present a unique tri-layered structure that allows them to
withstand the specific mechanical environment caused by the differential blood
pressure and flow on each side such as pressure, shear stress, and stretch (Merryman
et al. 2006).

Valvular heart dysfunction is a disease status for which heart valves are insuffi-
cient or stenotic. Nowadays, these pathologies are considered a major societal
burden, with a higher incidence of structural diseases in western countries. To
understand such pathologies and find a competitive treatment strategy, it is therefore
important to comprehend valve anatomy, structure, and function.

2.1 Valve Anatomy and Functionality

2.1.1 Atrioventricular Valves
Both the mitral and the tricuspid valves enable the unidirectional blood flow from the
atria to the ventricles and prevent the retrograde blood flow from the ventricles back
to the atria. The atrioventricular valves are characterized and supported by a complex
network of collagen and elastic fibers attached to the leaflets, known as chordae
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tendineae. These structures connect the valve leaflets with the papillary muscles, a
series of muscles located within the ventricle that, when contract, prevent leaflet
prolapse during systole (Anderson et al. 2000; Schoen 2008).

The combination of papillary muscles, chordae tendineae, and leaflets forms a
functional unit that controls and ensures the opening and closure of the atrioventric-
ular valves during the cardiac cycle (Millington-Sanders et al. 1998; McCarthy et al.
2010). Despite the similar function, the anatomy of these valves is slightly different.

The mitral valve is composed of four complex structures known as annulus,
leaflets, chordae tendineae, and papillary muscles. The annulus designates the
opening part of the mitral valve and enables horizontal and vertical geometry
changes in the orifice area during cardiac cycle. The mitral valve possesses only
two leaflets, the anterior and the posterior, which come together at the two commis-
sures known as the anterolateral and posteromedial commissure (Misfeld and
Sievers 2007; Dal-Bianco and Levine 2013).

The tricuspid valve has three thin and translucent leaflets, known as anterior,
ventral, and posterior. The leaflets form a complex unit with the annulus, whose
structure is subject to dynamic changes during the cardiac cycle (Yacoub and Cohn
2004). Leaflet morphology varies among the three leaflets, with the anterior leaflet
being the largest, followed by the medial leaflet, and, finally, posterior leaflet which
is the smallest (Buzzatti et al. 2018).

2.1.2 Semilunar Valves
The semilunar valves (i.e., aortic and pulmonary) have the function of dividing the
ventricles from the main arteries and preventing retrograde flow into the ventricles
during diastole. Semilunar valves comprise three leaflets, which are attached in a
semilunar pattern to the annulus, with no external support from papillary muscles
and/or chordae tendineae. The basal point of attachment of every leaflet is charac-
terized by a fundamental anatomical feature, the sinuses of Valsalva, which repre-
sents the main load-bearing component of the cusps during diastole. The sinuses
collect the regurgitant blood during early diastolic phase, influencing the leaflet
closure dynamics, ensuring the blood washout, and, for the aortic valve, allowing
blood supply to the coronary arteries (Toninato et al. 2016). This specific geometry
allows the valves to be functional and to withstand hemodynamic forces throughout
a lifetime.

The aortic valve connects the LV with the aorta and the systemic circulation. Its
leaflets are anchored to the aortic root by a fibrous annulus, which supports the aortic
valve and has a key role in the proper functioning of the heart, by ensuring the
appropriate coronary perfusion and by maintaining the laminar flow in the vascular
system (Anderson 2000). The pulmonary valve connects the heart to the pulmonary
root thus to the pulmonary circulation. Similar to the aortic valve, the pulmonary
valve is composed of the annulus, the sinuses, and the leaflets (Bateman et al. 2013).

The commissures are the highest connection points of the leaflets to the arterial
wall and are located above the interleaflet triangles, where they define the
sinotubular junctions. The interleaflet triangles are of high importance for the
opening and closing motions of the valves.
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All the structures composing the aortic valve such as the annulus, the sinuses of
Valsalva, commissures, and the leaflets operate together to allow proper valve
function.

The three aortic valve leaflets are characterized by three fundamental anatomical
features: the sinuses of Valsalva, the lannula, and the noduli of Arantii. As previously
mentioned, the Valsalva sinuses correspond to the attachment point of the leaflets to
the annulus and transmit the stresses endured by the leaflets to the aortic wall.
Importantly, when the leaflets are in closed configuration, they reveal the coronary
artery ostia, the access point for perfusing the coronary arteries, which give the name
to the three aortic leaflets as left coronary, right coronary, and non-coronary (Under-
wood et al. 2000). The noduli of Arantii is located in the middle of the free edge of
the coapting surface. Next to each side of the nodulus, there is a thin semilunar-
shaped structure known as the lannula, which is linked to the aortic root wall close to
the commissures and which ensures valve coaptation.

2.2 Valve Cell and Tissue Composition

Heart valve leaflets are subject to three different stress states, bending, shear
stress, and stretch caused by blood pressure (Merryman et al. 2006). In order to
withstand those mechanical stresses and enable high flow rate with low resis-
tance, the valve leaflets evolved to form a complex microscopic tissue structure.
The semilunar valve leaflets have a highly organized three-layered ECM archi-
tecture (i.e., fibrosa, spongiosa, and ventricularis/atrialis) populated by valve
interstitial cells (VICs) and valve endothelial cells (VECs). This specific tissue
composition and structure allows the proper function of the valves, thus enabling
unidirectional flow of the blood (Balachandran et al. 2011; Hinton and Yutzey
2011).

2.2.1 Tissue Structure
The three layers that compose the leaflets allow them to withstand perpetual changes
of pressure during the cardiac cycle (Lincoln et al. 2006; Balachandran et al. 2011)
(Fig. 2, Table 1). The fibrosa layer is mainly composed of collagen fibers (types I and
III) and is restricted to the outflow surface (Schoen 2012; Schoen and Gotlieb 2016).
In order for the leaflet to have the necessary tensile strength during the opening phase
of the valve and to transmit the forces during the closing phase, the collagen fibers
position themselves circumferentially (Lincoln et al. 2006; Balachandran et al.
2011). The spongiosa is the intermediate layer characterized by sparse collagen
fibers and abundance of proteoglycans and glycosaminoglycans (GAGs). This
layer composition acts as a shock absorbent when the valve leaflets are closed, and
it confers the ability to compress when the valve is in closed configuration (Sacks
et al. 2009). The third and final layer, the ventricularis in the case of the semilunar
valves or atrialis in the case of the atrioventricular valves, is located at the inflow
surface. The ECM of the ventricularis/atrialis is mainly composed of elastin fibers
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(e.g., fibrillin and elastin) with radial orientation. The elastin fibers allow better
movement of the leaflet by extending and recoiling during the opening and closing
motions (Hinton and Yutzey 2011).

Fig. 2 Schematic representation of a semilunar heart valve leaflet structure and composition.
A cross-section of the heart valve leaflet, with the proximal portion of the valve connecting to the
myocardium and the distal portion connecting to the arterial wall. The leaflet connects at the hinge
region with the annulus and forms a sinus of Valsalva. A semilunar heart valve leaflet is character-
ized by three layers: the fibrosa, mainly consisting in circumferentially aligned collagen; the
spongiosa, rich in glycosaminoglycans (GAGs); and the ventricularis, with radially oriented elastin.
Valve interstitial cells (VICs) are distributed throughout the leaflet, while valve endothelial cells
(VECs) are covering the leaflet surfaces in contact with blood. (The image was inspired by the work
of Rutkovskiy et al. 2017, and re-created using images adapted from Servier Medical Art under a
creative common attribution 3.0 unported license)

Table 1 Valve leaflet composition. Localizations and function of the different cellular and
extracellular matrix (ECM) components characterizing a heart valve

Extracellular matrix (ECM) components

Location Function

Collagen Main ECM component of the fibrosa
layer

Strength during opening and closing motion

GAGs Main ECM component of the
spongiosa layer

Absorption of forces during diastole

Elastin Main ECM component of the
ventricularis/atrialis layer

Flexibility and recoiling of the leaflets

Cellular components

Location Function

VICs Resident tissue cells of the fibrosa,
spongiosa, and ventricularis/atrialis

ECM synthesis and remodeling

VECs Covering all the valve/leaflet
surfaces in contact with blood

Regulation of inflammation,
thromboresistance, maintenance of the
structure integrity
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2.2.2 Cell Composition
Being a living tissue, native valves are characterized by highly versatile cellular
components, such as the VICs and VECs (Fig. 2, Table 1). VICs and VECs ensure
tissue homeostasis by maintaining the leaflet layered structure. Importantly, both
VICs and VECs are sensitive to the mechanical environment and show great ability
to adapt to changes of hemodynamics and to remodel the layered connective tissue
of the valve leaflet. The VECs cover the leaflet surfaces in contact with blood and are
involved in the regulation process of thromboresistance, inflammation, and mainte-
nance of the valvular structure.

VICs are the most abundant resident cells of the leaflet ECM and are responsible
for the remodeling and repair of the leaflet by synthesizing ECM proteins and
metalloproteinases to regulate tissue formation and degradation (Liu et al. 2007).
In an adult heart, the majority of the VICs have a fibroblast-like phenotype and are in
a quiescent state (quiescent VICs). However, a small amount of cells (between 2%
and 5%) becomes activated in response to homeostatic changes in the environment
(Schoen 2008), and four more phenotypes have been described: (1) embryonic
progenitor VICs that act as an internal source, (2) activated VICs that are mostly
present during active ECM remodeling processes and tissue repair, (3) osteoblastic
VICs that are responsible for valve calcification (Liu et al. 2007), and
(4) mesenchymal VICs.

It is this balanced interaction between VECs and VICs that allows to maintain
valve tissue integrity throughout life (Butcher and Nerem 2006).

2.3 Cellular Mechanisms of Valvular Disease

Valvular heart diseases are usually progressive diseases, actively regulated by VECs
and VICs cellular interactions, that cause damages to the leaflet, disruption of the
hemodynamics, and/or inflammation (Gould et al. 2013; Mathieu et al. 2015). The
typical resulting inflammation process triggers the production of inflammatory
cytokines and chemokines, attracting cells from the immune system into the leaflet.
These events determine the continuous activation of VECs and VICs and can result
in chronic inflammation which leads to fibrotic thickening, followed by an extensive
calcification of the valve (Rutkovskiy et al. 2017; Schoen and Gotlieb 2016).

Leaflet calcification can occur in normal and in congenitally malformed valves,
such as bicuspid aortic valves (Roberts and Ko 2005; Rajamannan et al. 2011).
Briefly, due to progressive degeneration and/or fibrosis, changes in leaflet stiffness
progressively increase the risk of developing calcification. Calcium deposits onto the
leaflets reduce the effective orifice area of the valve (i.e., stenosis) and cause an
outflow obstruction by limiting leaflet mobility. The molecular and cellular pro-
cesses regulating calcific valve stenosis are not yet fully characterized. However,
VICs and VECs are responsible for the maintenance of valve homeostasis and leaflet
integrity by constantly renewing the leaflet ECM and by preserving the characteristic
layered composition. Calcific deposit on the valve leaflets are mediated by the
resident VICs that, upon pathological cues, can differentiate toward an activated
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myofibroblast-like and osteoblast-like phenotype (Demer and Tintut 2008; Yip et al.
2009). In addition, as a result of endothelial injury, the immune system has been
shown to be involved in VIC activation, causing ECM remodeling, and osteoblastic
differentiation, inducing progressive valve mineralization (Coté et al. 2013). More-
over, increased endothelium permeability allows the diffusion of different molecules
(i.e., cytokines, growth hormones, low-density lipoproteins) into the valve leaflets
that cause the recruitment of immune cells, generating a chronic inflammation and
subsequently initiating a phenotype switch of quiescent VICs toward an osteogenic
phenotype (Mohty et al. 2008; Mathieu et al. 2015; Schoen and Gotlieb 2016).

On the other hand, myxomatous degeneration is a noninflammatory progressive
disease, which is characterized by a disrupted leaflet structure caused by a defect in
the synthesis and/or remodeling of collagen. This results in heart valves showing
collagen fiber disorganization in the fibrosa layer, resulting in thickened leaflets, and
demonstrating thickening of the spongiosa layer due to excessive proteoglycan
deposition. These events, driven by improper ECM turnover from the VICs, signif-
icantly alter the structural integrity of the leaflet, leading to the mechanical weaken-
ing of the valve (Grande-Allen et al. 2003; Schoen and Gotlieb 2016) and causing
stretching and elongation (Vesely et al. 1988).

The activation of VICs and VECs on a cellular level results, therefore, in
morphological changes of the valve (e.g., leaflet thickening and stiffening) that
have a strong impact on valve functionality, causing pathologies such as valve
stenosis and valve insufficiency, as detailed in Sect. 3.

3 Heart Valve Pathology

Valvular heart disease constitutes an important clinical problem, causing approxi-
mately 25,000 deaths annually in the United States only (Schoen 2018) and contrib-
uting to an increased mortality rate (Benjamin et al. 2017), with aortic valve disease
accounting for more than half of the deaths (Coffey et al. 2016).

In industrialized countries, aging is the principal cause of the continuous rising of
valve disease incidence in patients over 65 years old (Schoen 2018). During an
average person lifetime, the valves will open and close up to 100,000 times each day.
Hence, it should not be surprising that degenerative diseases may affect these organs
in the elderly, causing the valve leaflets to become thicker and stiffer due to fibrosis
and calcifications (Fishbein and Fishbein 2019). In developing countries, on the
other hand, rheumatic fever (RF) is a leading cause of valvular pathologies and
remains a major cause of death and disability in children and young adults (Leal et al.
2019). Congenital heart disease (CHD), affecting up to 2% of the newborn, may also
lead to poor valve functionality either early in life (i.e., as in the case of unicuspid
aortic valve) or once adulthood is achieved (i.e., bicuspid aortic valve) (Fishbein and
Fishbein 2019). Current advancements in pediatric cardiac surgery have resulted in
an increasing number of adults with CHD that are followed up at later stages (Marelli
et al. 2007). Heart valve disease can affect all the heart valves and can be classified
into two categories by their impact on valve functionality: valve stenosis and valve
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insufficiency (Fig. 3). It is important to consider that most of the time, valve diseases
are a consequence of changes in the hemodynamics that impact valvular cell
phenotype and functionality.

3.1 Valve Stenosis

Valve stenosis is a condition characterized by obstruction of the blood flow due to
limited opening of the valve (Fig. 3a). The etiologies of valve stenosis can be
subdivided into age-related calcific and degenerative disease, CHD, and inflamma-
tory disease.

Age-related valve stenosis mostly affects the aortic valve, and it is caused by
stiffening and thickening of the valve cusps due to calcification and fibrosis. Aortic
valve stenosis is, therefore, becoming a prevalent pathology in developed countries,
due to aging of the population (Chong et al. 2019). Repeated clinical follow-ups are
fundamental to assess the progress of aortic stenosis in elderly patients and timely
plan a suitable valve replacement.

Congenital malformations are the most common cause of valvular stenosis in
pediatric and young adult patients. Aortic bicuspid or unicuspid valves (i.e., the
aortic valve is composed of only two cusps with similar size or of one single leaflet,
respectively) are prone to progressive degeneration and stenosis about 10–15 years
earlier than normal aortic valves. Hence, aortic bicuspid or unicuspid valves are
becoming the most common cause of aortic stenosis in patients age 50–70 years old
(Fishbein and Fishbein 2019) with an average rate reduction of the valve orifice area
that has been estimated to be�0.12 cm2/year. Pulmonary stenosis, on the other hand,
is less prevalent but can be caused by rare malformations that induce fusion of
adjacent leaflets due to CHD.

Inflammatory disease, such as RF and endocarditis (Fig. 2b), can affect multiple
valves and is the most prevalent cause of stenosis to affect the atrioventricular mitral
and tricuspid valves. Similar to degenerative stenosis, post-inflammatory stenosis is

Fig. 3 Schematic representations of the most common valvular diseases. (a) Valve stenosis, (b)
inflammatory disease such as endocarditis, (c) acute, and (d) chronic valve insufficiency
(or regurgitation). For representative purpose, the affected valve in the schematics is the mitral
valve; however, all the heart valves may be subjected to these diseases. (Images adapted from
Servier Medical Art under a creative common attribution 3.0 unported license)
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also characterized by cusp thickening, calcification, and fusion of adjacent leaflet at
the commissures (Fishbein and Fishbein 2019) that determine limited blood flow
through the valve orifice.

Since the progression of valve stenosis can vary significantly between patients,
clinical follow-ups are fundamental to assess the hemodynamic parameters and
grade the severity of the stenosis (Table 2) via spectral Doppler echocardiography.
The recommended primary values for grading aortic stenosis are reported in Table 2.

3.2 Valve Insufficiency

Valve insufficiency (also known as regurgitation or incompetence) refers to the
incomplete closure of the valve leaflets, thereby inducing reverse flow in the atrium
(when atrioventricular valves are affected) or in the ventricle (when semilunar valves
are regurgitant) (Fig. 3).

Compared to valvular stenosis, valve regurgitation is caused by a more extended
list of diseases (Fishbein and Fishbein 2019) that differs between acute and chronic
regurgitations (Table 3 and Fig. 3). Chronic regurgitation refers to valve damage that
determines a progressive increase in regurgitating blood volume over time, causing
dilatation of the atrium (when atrioventricular valves are affected) or of the ventricle
(when semilunar valves are affected). In contrast, acute aortic regurgitation may lead
to sudden elevation of left ventricular filling pressure, reduction in cardiac output,
and/or sudden death.

Table 2 Hemodynamic parameters used to evaluate the severity of aortic valve stenosis (Chong
et al. 2019) and insufficiency (Maurer 2006)

Aortic valve stenosis

Parameter/grade Mild Moderate Severe

Peak velocity (m/sec) 2.6–2.9 3.0–4.0 >4.0

Mean gradient (mmHg) <20 20–40 >40

Valve orifice area (cm2) >1.5 1.0–1.5 <1

Aortic valve insufficiency

Parameter/grade Mild Moderate Severe

Central jet width compared to LVOT (%) <25 25–65 >65

Regurgitation volume (ml/beat) <30 30–60 >60

Regurgitation fraction (%) <30 30–50 >50

Effective regurgitant orifice area (cm2) <0.10 0.10–0.30 >0.30

Table 3 Etiologies of acute and chronic aortic regurgitation

Aortic valve insufficiency

Acute Infective endocarditis, traumatic injuries, aortic dissection

Chronic Aortic root dilation, congenital bicuspid valve, calcific degeneration, rheumatic
disease, hypertension, Marfan syndrome, syphilitic aortitis, ventricular septal defect,
cusp prolapse
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Aortic valve regurgitation may be a consequence of valve leaflet or valve root
abnormalities due to congenital and/or degenerative disease, such as dilation of the
annulus, cusp prolapse, leaflet retraction, cusp perforation, or rupture. In addition, it
may be caused by a variety of other diseases, either inflammatory (i.e., syphilis,
endocarditis) or noninflammatory (connective tissue disease, i.e., Marfan syn-
drome), that usually determine a dilation of the valve root that prevents complete
leaflet coaptation. The principal tool to grade aortic valve insufficiency is color
Doppler echocardiography, a highly sensitive method to visualize the regurgitant jet
(Maurer 2006).

Pulmonary insufficiency is often a consequence of pulmonary hypertension,
rheumatic disease, and infective endocarditis. On the other hand, mitral regurgitation
is one of the most common forms of valvular disease, and it is often caused by
dysfunction of any of the mitral valve structures (i.e., annulus, papillary muscle,
chordae tendinae). Specifically, mitral valve prolapse (i.e., the displacement of a
mitral valve thickened leaflet into the left atrium during systole) is the most prevalent
cause of severe mitral regurgitation in both developed and developing countries
(Althunayyan et al. 2019).

4 Current Treatment Options for Valvular Disease

Currently, there is no lifelong medication for valvular disease, and the treatment
options and clinical outcome significantly depend on the valve involved, the devel-
opment of the disease, the overall heart functionality and compensatory mechanisms,
as well as the age of the patient.

Whenever possible, valvular repair is the first choice of treatment for a diseased
valve, because it comes with several conceptual advantages, such as reduced risk of
infection, reduced need for anticoagulants, preservation of valve anatomy, and
restoration of patient’s valve functionality, without the need for a prosthesis
(Girdauskas et al. 2018). However, the decision between valve repair and valve
replacement is evaluated by taking into consideration the severity of the disease, the
age of the patient, and whether there are other heart pathologies to correct or
comorbidities to consider.

4.1 Valve Repair

In the beginning of the nineteenth century and till the Second World War, approx-
imate techniques of valve repair, such as inserting a finger to free the fused leaflets of
a stenotic valve (Dr. Theodore Tuffier, 1912) (Ellis et al. 1996), were used to treat
valvular disease. In addition, during and after the Second World War and thanks to
the establishment of hypothermia procedures, novel techniques for valve repair were
developed as wounded soldiers were injured in the myocardium by explosions. With
the introduction of cardiopulmonary bypass in the 1950s and the increased
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knowledge of cardiac surgeons, heart valve-sparing procedures for semilunar and
atrioventricular valves had been constantly developing.

Pulmonary valve stenosis, caused by congenital anomalies that lead to thickening
and fusion of the valve leaflets and/or to a bicuspid pulmonary valve, can be
efficiently treated via valve-sparing procedures (Parikh et al. 2017). Many patients
with pulmonary stenosis are operated with a transannular patch to relieve the stenotic
outflow tract of the RV. Briefly, the arterial wall is incised, and a poly-
tetrafluorethylene (PTFE) patch is sutured to enlarge the outflow track (Parikh
et al. 2017). While this is an effective procedure to solve the stenosis, pulmonary
insufficiency post-intervention, caused by fibrotic tissue formation along the suture,
is still a common complication that causes regurgitation and leaflet prolapse (Said
et al. 2016). To correct valve insufficiency, an artificial leaflet, made of PTFE or
glutaraldehyde-fixed bovine pericardium, is transplanted to recreate a functional
three-leaflet pulmonary valve and to preserve the annulus size and the pressure
gradient of the outflow tract (Said et al. 2016).

To correct aortic insufficiency, valve repair focusing on ensuring full leaflet
coaptation in diastole is used in about 25% of low-risk patients, and it showed
good outcomes with low mortality rates even in elderly subjects (Bisleri 2016). As
described in, several are the causes of aortic insufficiency (e.g., leaflet retraction,
prolapse, calcifications, thickening, and valve annulus dilation). Leaflet retraction
and bicuspid aortic valve regurgitation can be corrected by suturing the commissure
points or by shortening the belly of the cusps with plicating sutures, also used to
solve valve leaflet enlargements, cuspid elevations, and Valsalva sinus remodeling
(Girdauskas et al. 2018). Finally, aortic root dilation, commonly observed in bicus-
pid aortic valves, was initially treated by reducing the perimeter of the aortic root.
However, this procedure caused re-dilation of the aortic root over time. To solve this
issue, current techniques focus on the placement of an external ring on the aortic root
to prevent re-dilation events (Bisleri 2016).

Valve repair is the optimal solution to treat degenerative mitral regurgitation.
Together with various surgical techniques, annuloplasty using PTFE rings are
typically used to minimize annulus size and, thereby, limit insufficiency (Grasso
et al. 2015). In cases of posterior mitral leaflet prolapse, instead, the mitral
chordae tendinae are replaced by PTFE- or glutaraldehyde-fixed bovine
pericardium-based implants (Shah and Jorde 2019). In elderly and otherwise
inoperable patients, valve insufficiency can nowadays also be solved by an
edge-to-edge repair of the mitral leaflets using the MitraClip or PASCAL trans-
catheter system (Mendirichaga et al. 2017). Recently, similar transcatheter strat-
egies have been also developed for the treatment of tricuspid regurgitation.
However, current transcatheter strategies for tricuspid regurgitation are still in
their early stages (Tabata et al. 2019).

Overall, valve repair is commonly preferred for young patients, because it allows
for somatic growth of developing hearts and do not require lifelong anticoagulation
treatment. However, valve repair techniques are not always sufficient for the treat-
ment of severe valvular dysfunction associated with degenerative or congenital
diseases.
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4.2 Valve Replacement

Heart valve repair options provide little improvement for severe conditions, and
patients often need a replacement procedure shortly after repair intervention (Gasser
et al. 2019). On the other hand, heart valve replacement methods, either surgical or
transcatheter, can provide long-term results with low risk of reoperation, in particular
for elderly patients (Baumgartner et al. 2017).

Currently, both surgical and transcatheter approaches are in routine clinical use in
developed countries, and the selection of one method over the other depends on the
pathology, patient age and specific anatomy, gender, and presence of comorbidities.

Surgical valve replacement (SVR) is the first treatment option to treat patients
affected by severe valvular disease, as it provides good perioperative and long-term
results (Baumgartner et al. 2017). SVR is based on an invasive open-heart surgery
that involves the use of temporary cardiac arrest and of cardiopulmonary bypass to
establish extracorporeal circulation and ventilation during the time required by the
surgeon to replace the valve. Considering the consequences of these techniques on
the recovery time, patients may be considered inoperable or at a high risk for surgery
due to comorbidities. Minimally invasive transcatheter valve replacement (TVR)
was developed in the early 2000s (Bonhoeffer et al. 2000; Cribier et al. 2002)
(Fig. 4), and, since then, it has revolutionized the treatment options for patients
affected by valvular disease. TVR was initially developed to treat patients consid-
ered inoperable or at high risk for SVR (Rodés-Cabau et al. 2012), because the
minimally invasive implantation procedure significantly reduces the hospital stay
and patient recovery and rehabilitation time (Chatterjee et al. 2019). Over the course
of two decades, great progresses have been made to deliver valves in a minimally
invasive fashion, with specific focus on the replacement of the aortic valve (Rodés-
Cabau et al. 2012). Transfemoral aortic valve replacement allows for a fully percu-
taneous implantation via the retrograde insertion of a long catheter through the
femoral artery. However, transfemoral TVR is not suitable to all patients because
of poor femoral access and presence of vascular complications (Fioretta et al. 2017).
Hence, other access routes have been investigated, such as the transapical (i.e., access
to the valve via ventricular apex (Ye et al. 2006)) and the transaortic (i.e., access to
the aortic valve from a mini-sternotomy and a puncturing of the aortic wall
(Bauernschmitt et al. 2009)) approaches. As of today, TVR has been approved to
intermediate- (Leon et al. 2016; Reardon et al. 2017) and low-risk (Mack et al. 2019;
Popma et al. 2019) patient cohorts, becoming therefore an available treatment option
for all patients affected by aortic stenosis.

4.3 Heart Valve Prostheses Options

4.3.1 Mechanical Valve Prostheses: A Durable Solution
After the first ball-in-cage mechanical valve replacement (Russo et al. 2017), major
progresses in heart valve prostheses design andmaterial selection have beenmade, until
the development of the first bi-leaflet tilting disc mechanical valve (Head et al. 2017)
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(Fig. 4). Mechanical valves, based on long-lasting metals such as titanium, are charac-
terized by a mechanical durability that lasts more than 20 years, deeming them as the
gold standard for the majority of the SVR procedures in younger patients. Despite the
remarkable long-term performances, mechanical valves are responsible for altered

Fig. 4 Evolution of clinical heart valve prostheses and replacement technique options.
Mechanical valves, only eligible for surgical valve replacement (SVR), are in a blue font color.
Bioprostheses, on the other hand, were firstly developed as SVR option to overcome the limitations
of mechanical valves and are here represented by the red color font. Starting in the 2000s, stented
bioprostheses compatible with minimally invasive transcatheter valve replacement (TVR) tech-
niques were developed and are here represented by the green color font
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hemodynamic conditions, turbulent and accelerated bloodflow that determine damages
to the red blood cells, which consequently cause platelet activation, thereby initiating
the blood coagulation cascade (Head et al. 2017). Hence, to prevent thrombus forma-
tion, lifelong anticoagulation therapy is recommended. However, blood-thinning med-
ication is not a viable option for a variety of patients (e.g., pregnant women, athletes,
patients affected by other comorbidities), because of the increased risk of uncontrolled
bleeding (Nishimura and Warnes 2015).

4.3.2 Homografts: A Promising Native-Like Alternative
Valvular homografts are defined as a section of a human donor aorta or pulmonary
artery which comprises the intact semilunar valve. Since their introduction (Ross
1962), homografts have been considered the most promising valvular replacements
because of their significant advantages when compared to mechanical prostheses
(Delmo Walter et al. 2012). In particular, by retaining the native valve anatomy,
homografts succeeded to achieve a physiological-like hemodynamics with low
thrombogenicity over the course of the patient’s lifespan (Lisy et al. 2017). For
these reasons, homografts were mostly used for severe CHD, such as the tetralogy of
Fallot (Meijer et al. 2019), where complex surgical reconstruction where required.
Long-term follow-ups have, however, highlighted the disadvantages of using this
particular valvular prosthesis for SVR. Firstly, homografts can only be implanted via
open-heart surgical technique, which complexity may influence the clinical outcome
(DelmoWalter et al. 2012). Secondly, homograft tissue quality was reported to differ
due to not donor-to-donor variability and to tissue banking methodologies. In
particular, differences in cryopreservation and thawing protocols may impact the
ECM structure of the homografts, thereby limiting its durability (Delmo Walter et al.
2012). Thirdly, long-term performance is compromised by chronic immunogenicity,
onset of calcifications, and valve degeneration over time (Delmo Walter et al. 2012;
Bonetti et al. 2019), causing only a third of the implanted graft to reach the 20-year
follow-up (Delmo Walter et al. 2012). Last, the limited availability of donor tissues
hinders the broader clinical application of these replacement options. Taken together,
these limitations significantly impact on the use of homografts for the treatment of
congenital and degenerative diseases in pediatric and young patients, where stenosis,
degeneration upon implantation, leaflet shortening, and leaflet thickening due to
calcifications and fibrosis were observed (Blum et al. 2018).

4.3.3 Xenogeneic Bioprosthetic Valves: An Alternative to Homografts
and Mechanical Valves

To overcome the limitations of mechanical and homograft prostheses, animal-derived
materials (i.e., tissues derived from bovine or porcine sources treated with glutaralde-
hyde to limit their immunogenicity) were introduced to manufacture valves with
improved hemodynamics and physiological-like tissue composition, based on collag-
enous ECM (Fig. 4, Table 4). Due to their native-like geometry, bioprostheses are
more hemocompatible, and they allow for a reduced need of anticoagulants (Manji
et al. 2015). Xenogenic tissues have been also used to manufacture stented
bioprostheses compatible with minimally invasive TVR techniques, demonstrating
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successful preoperational crimping and loading into the delivery catheter (Wiegerinck
et al. 2016; Arsalan and Walther 2016). After the promising outcome of recent clinical
trials, TVR indication has been recently extended to low-risk patient cohorts (Mack
et al. 2019; Popma et al. 2019). Hence, while previously designed to treat the elderly,
TVR compatible bioprostheses will be now used also in younger patients (Manji et al.
2015). Nevertheless, bioprostheses are prone to progressive degeneration and, thus,
require reoperation after 10–20 years (David 2010; Arsalan and Walther 2016). The
major causes of bioprosthesis failure are leaflet degeneration, stiffening, calcification,
and immunogenic reactions (Human and Zilla 2017; Fishbein and Fishbein 2019).
Importantly, these degenerative phenomena are more prone to occur in pediatric
patients, where the immune reaction to the xenogenic material causes severe inflam-
mation (Rabkin-Aikawa et al. 2005).

4.3.4 Non-resorbable Polymeric Valves: A Cost-Effective Solution
Non-resorbable polymers, such as silicon, polytetrafluoroethylene, and polyure-
thanes, were introduced from the late 1960s as an alternative material to achieve
valve prostheses with a physiological design and improved durability (Roe 1969;
Mackay et al. 1996). While some polymeric prostheses were successfully used as
pulmonary replacement for the treatment of congenital disease (Ando and Takahashi
2009), non-resorbable polymeric valves have shown major flaws, including limited
durability, impaired functionality, leaflet stiffening, and thrombogenicity (Hilbert
et al. 1987; Nistal et al. 1990; Daebritz et al. 2004). In addition, discrepancies in the
manufacturing methods and variability in the polymer batches have impeded their
broad clinical translation (Kheradvar et al. 2015). More recently, a siloxane

Table 4 Overview of the different clinically available bioprosthetic valve replacements

Bioprosthetic valve replacement options

Stented porcine
valves

A three-leaflet porcine valve replacement sutured onto artificial struts or
stents to provide support and retain a specific geometry. When balloon-
expandable or self-expandable stents are used, these valves are compatible
with minimally invasive transcatheter implantation procedures

Stentless porcine
valves

A replacement consisting of the porcine aorta portion comprising the
native valve root (i.e., the tissue below (proximal) and above (distal) the
valve). These prostheses are implanted via surgical valve replacement
procedure

Bovine pericardial
valves

A three-leaflet valve is manufactured by using bovine pericardium that is
then sutured onto artificial struts or stents to provide support and retain a
specific geometry. When balloon-expandable or self-expandable stents are
used, these valves are compatible with minimally invasive transcatheter
implantation procedures

Homografts A replacement consisting of the human aorta portion comprising the native
valve root. These prostheses are implanted via surgical valve replacement
procedure

Autografts A replacement consisting of valve and root excised from the patient and
re-implanted in the same patient to substitute a different valve. An example
of valve autograft is the Ross procedure
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poly-urethane urea polymeric valve has been shown to fully comply with the
International Organization for Standardization (ISO)-norm requirements for
in vitro testing and demonstrated good functionality with no evidence of calcification
or other degenerative phenomena in a preclinical animal model (Bezuidenhout et al.
2015). Next, another novel polymeric aortic valve has been granted permission for
clinical trials (ClinicalTrials.gov Identifier: NCT03851068). Ultimately, polymeric
valves could be the grounding foundations of cost-effective off-the-self solutions
for heart valve replacements using TVR approaches (Bezuidenhout et al. 2015;
Scherman et al. 2018). However, it remains a challenge to couple durability of
these valves with biocompatibility and proceed further to the clinical evaluation.

4.4 Clinical Impact and Burden on Society

In developed countries, the prevalence of heart valve disease is highest in patients
older than 75 years, reaching up to 13.3% (Huygens et al. 2018), and the number of
valve replacement procedure is expected to increase to 800,000 annually worldwide
by 2050 (Yacoub and Takkenberg 2005). The growing aging population affected by
degenerative aortic stenosis that requires a valve replacement procedure will con-
siderably impact on society, with healthcare costs reaching above 1 billion euro just
in European countries (Huygens et al. 2018).

TAVR has drastically changed the field of valve replacement over the past
20 years, with the introduction of minimally invasive techniques. Every year,
approximately 180,000 patients undergo TAVR in the European Union and Northern
America alone. This number is expected to rise up to 270,000 annually (Durko et al.
2018) as recent clinical trials proved non-inferiority of TAVR over SAVR also in
intermediate- (Leon et al. 2016; Reardon et al. 2017) and low-risk patients (Mack
et al. 2019; Popma et al. 2019). Following these promising results, TAVR valves
Sapien 3 and CoreValve Evolut have been approved also for low-risk patients by the
FDA (August 2019). This approval makes TAVR available for all patients with
severe, symptomatic aortic stenosis, significantly increasing the estimated number of
TAVR procedure in European and North American countries of almost 54%
(Table 5) (Durko et al. 2018).

Despite this tremendous technical evolution in the field of transcatheter tech-
niques, only little progress has been made on the bioprosthetic materials used for
TAVR. Currently available heart valve prostheses are still based on non-regenerative
materials (namely, glutaraldehyde-fixed xenogenic or allogenic tissues, titanium, or
carbon) that can cause several prostheses-associated problems upon implantation:
thrombogenicity, progressive degeneration, limited durability, and, most impor-
tantly, the inability to remodel and grow with the patient (Henaine et al. 2012;
Head et al. 2017). It should not be of surprise that the quality of life and life
expectancy of patients with a valvular replacement is significantly impacted and
healthcare costs are considerably higher in the first 3 years post-surgery compared to
age-matched healthy individuals (Table 6) (Huygens et al. 2018). To these early
costs, further expenses should be taken into account in particular for pediatric and
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young adult patients, that they will be more likely to undergo multiple reoperation to
substitute an outgrown or degenerated valve prosthesis.

Therefore, there is a clear need for new durable valve replacements compatible
with transcatheter procedures that are based on novel materials capable to regener-
ate, remodel, repair, and adjust to the functional and somatic growth of the patient.
This led to the development of multidisciplinary approaches, combining cell

Table 5 Estimated annual number of transcatheter aortic valve replacement (TAVR) procedures in
European and North American countries and the forecasted increase after the FDA approval of
TAVR for low-risk patients in 2018, as reported by Durko et al. (2018)

Country

Estimated TAVR
procedures as per 2017
guidelines

Estimated TAVR procedure as per 2018
guidelines (including low-risk patients)

Increase
in %

United
States

51,998 80,076 54.00

Canada 6826 10,516 54.06

Austria 1892 2919 54.28

Belgium 2431 3740 53.85

Bulgaria 1726 2642 53.07

Croatia 956 1468 53.56

Czech
Republic

2259 3465 53.39

Denmark 1261 1938 53.69

Estonia 293 456 55.63

Finland 1314 2006 52.66

France 14,632 22,607 54.50

Germany 20,466 31,596 54.38

Greece 2718 4190 54.16

Hungary 2108 3262 54.74

Ireland 717 1106 54.25

Italy 15,784 24,368 54.38

Latvia 460 709 54.13

Lithuania 655 1009 54.05

Netherlands 3614 5524 52.85

Norway 998 1537 54.01

Poland 7008 10,797 54.07

Portugal 2516 3892 54.69

Romania 4035 6224 54.25

Slovakia 906 1391 53.53

Slovenia 444 681 53.38

Spain 10,274 15,783 53.62

Sweden 2279 3526 54.72

Switzerland 1756 2696 53.53

United
Kingdom

13,787 21,133 53.28
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biology, engineering, and medicine to create tissue-engineered heart valves
(TEHVs), a novel concept of valvular prostheses that could remodel and even
grow with the patient.

5 Heart Valve Tissue Engineering

“The loss or failure of an organ or tissue is one of the most frequent, devastating, and
costly problems in human health care. A new field, tissue engineering, applies the
principles of biology and engineering to the development of functional substitutes
for damaged tissue,” with those exact words in 1993, Robert Langer and Joseph
P. Vacanti opened up a new era for the fields of medicine, biology, and engineering
(Langer and Vacanti 1993). The concept was easy and straightforward: generate a
new living tissue starting from cells directly isolated from the patient (autologous)
and placed on or within biodegradable scaffold matrices. The original in vitro tissue
engineering (TE) paradigm embraces the use of three components: (1) a 3D scaf-
folds; (2) autologous cells, seeded onto the scaffold; and (3) an in vitro bioreactor
system to induce ECM formation by simulating the physiological tissue conditions
(Langer and Vacanti 1993; Mayer et al. 1997). Once the new extracellular tissue is
formed, the living patient-specific organ substitute can be implanted in the patient
enabling the direct function of the prosthesis with further in vivo tissue growth and
remodeling. Few years before, an American surgeon pioneer in heart valve surgery
highlighted the essential features of the ideal heart valve substitute which included
the capacity to grow, self-repair, remodel, adjust to functional changes, be durable
over time, prevent thrombus formation, and resist to infections (Harken 1989).
Nowadays, the ideal heart valve prostheses which comprise these unique and
fundamental properties of native heart valves still do not exist. In this sense, TE
offers the possibility to create biodegradable and biocompatible living valve replace-
ments with regenerative capabilities which could potentially overcome the short-
comings of the current clinically used heart valve prostheses. Since the first
application of the in vitro TE traditional dogma, various alternative approaches

Table 6 Annual healthcare costs as reported by Huygens et al. (2018) during the first three post-
surgery (PS) years of surgical valve replacement. Costs are compared to age-matched healthy
subjects. The average fold increase of healthcare costs is calculated over 3 years

Age
category

Costs for patients with a heart
valve replacement (€)

Costs for control healthy
subjects age-matched (€) Average fold

increase over
3 years

1 year
PS

2 years
PS

3 years
PS

1 year
PS

2 years
PS

3 years
PS

Children 11,766 5495 5015 796 802 786 9.34

Young
adults

15,060 7596 6633 2944 2972 2955 3.31

Middle-
aged

16,104 7832 7764 4612 4679 4681 2.27

Elderly 18,255 10,478 10,701 9236 9273 9200 1.42
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have been developed to produce off-the-shelf available TEHV prostheses by reduc-
ing the production costs and time. This chapter deals with the different approaches,
requirements, and potential benefits that characterize TEHVs and the various exper-
imental and technological challenges that are being faced to achieve a broad use of
TE in clinics. Section 5 deals with the different technological concepts characteri-
zing TEHVs nowadays. Section 6 describes the multitude of cell sources and
scaffold types that are used for engineering heart valves in vitro, in vivo, and in
situ. To conclude, Sects. 7 and 8 provide an outlook on the current testing platforms
for TEHVs and on the next-in-line steps towards clinical translation of such
prostheses.

Given the extensive body of literature on the multiple approaches existing to
generate TEHVs, this chapter gives the reader a general overview of the main
concepts involved in heart valve TE field. Conceptually, we can distinguish three
main categories: (1) in vitro TE (the classical paradigm), (2) in vivo TE, and (3) in
situ TE.

5.1 In Vitro Heart Valve Tissue Engineering

The classic in vitro heart valve TE concept (Fig. 5) starts with the isolation and
expansion of autologous cells from the patient using in vitro cell culture techniques.
When in sufficient amount, cells are seeded onto a biodegradable, biocompatible
porous scaffold, either of synthetic or biological origin, which provides a temporary
structural support for the cells to produce their own ECM. This cell-scaffold
construct is then transferred and cultured into a bioreactor system over a pre-
determined period of time. Here, cells are exposed to different biomechanical
and/or biochemical cues to induce cell proliferation first and in a second time tissue
formation. The purpose of the bioreactor is to mimic the physiological environment
of native heart valves, which tissue organization is heavily influenced by the
hemodynamic loading of the cardiac cycle (Barron et al. 2003). Hence, mechanical
properties, pressure, and shear stresses are culturing conditions which have been
optimized in the years to enable the engineering of lab-grown valves that mimic their
native counterparts as best as possible.

Cells of various origin, such as adipose-derived stem cells, endothelial cells,
myofibroblasts, dermal fibroblasts, valve interstitial cells, bone marrow-derived
stem cells, blood progenitor cells, umbilical cord vascular cells, and/or amniotic
fluid cells, have been used for seeding TEHVs over the course of the years (Jana
et al. 2016). Vascular-derived myofibroblasts isolated from saphenous veins or
forearm vein have been extensively investigated as a relevant cell source
for autologous cardiovascular TE applications (Jana et al. 2016). These cells
have, indeed, good proliferation potential and can produce collagenous ECM
in vitro.

First attempt to generate TEHVs were first introduced in 1995 by Shinoka et al.
(1995), where polyglycolic acid (PGA) sheets were seeded with autologous
myofibroblasts and endothelial cells and used to reconstruct and replace the right
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posterior pulmonary heart valve leaflet in lambs. These first reports were then
followed by proof-of-concept studies showing the complete valve replacement via
in vitro engineered pulmonary heart valves in lambs (Dijkman et al. 2012a). Since
then, many approaches for the production of TEHVs were reported in literature and
reviewed elsewhere (Mol et al. 2009; Fioretta et al. 2017), and significant pro-
gresses have been made in the development of different scaffold materials and cell
sources for the development of in vitro TE. However, the long-term proof of such
concepts when applied to TEHVs is still pending. Indeed, latest studies investi-
gating TEHV performance and tissue remodeling into preclinical animal models
have been characterized by gradual loss of functionality within few months due to
adverse remodeling, which was caused by the development of leaflet retraction and
valvular incompetence (Flanagan et al. 2009; Gottlieb et al. 2010; Schmidt et al.
2010; Weber et al. 2013; Driessen-Mol et al. 2014; Syedain et al. 2015; Reimer
et al. 2017; Motta et al. 2018). Finally, from a translational perspective, in vitro
TE is recognized to be logistically complex, costly, and time-consuming, all
aspects that hinder the scalability and translatability into clinical trials and
commercialization.

Fig. 5 Schematic representation of in vitro heart valve tissue engineering. This approach aims
at the development of an autologous TEHV by isolating cells from the patient. After expansion, the
cells are seeded onto a bioresorbable scaffold, cultured in a bioreactor system to ensure nutrient
exchange and chemical and mechanical stimulation to favor ECM deposition. After a predetermined
culture time, the autologous TEHV is ready for implantation into the patient. (Images adapted from
Servier Medical Art under a creative common attribution 3.0 unported license)
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5.2 In-Body Heart Valve Tissue Engineering

In-body TE, also known as in vivo TE (Fioretta et al. 2017), is an additional research
line developed to exploit the foreign body reaction of the host upon subcutaneous
implantation of a non-degradable mold (Hayashida et al. 2007, 2008). The aim is to
generate a fibrotic collagen-rich tissue which is able to encapsulate and take the shape
of the implanted mold. The final TEHV product, which researcher in the field has
named biovalve, can be harvested and implanted as autologous non-immunogenic
replacement in the same host (Fig. 6). Several prototypes and different generations of
biovalves have been already tested in vitro and in vivo under pulmonary and aortic
conditions (Takewa et al. 2013; Funayama et al. 2015a, b; Sumikura et al. 2015), even
in combination to minimally invasive implantation techniques (Nakayama et al. 2015;
Funayama et al. 2015b; Sumikura et al. 2015). In addition, tools to noninvasively
monitor tissue formation have been developed to ensure complete tissue formation
around the mold over time (Funayama et al. 2015c).

Despite the early positive results demonstrated in both in vitro and in vivo studies,
even in vascular graft applications (Terazawa et al. 2019), the in-body manufacturing
of such matrices in humans is questionable: (1) the approach is highly invasive;
(2) the technique is expected to require at least 4 months to obtain a biovalve in
human; (3) foreign body response and fibrotic capsule formation are uncontrolled
phenomena that may lead to unpredictable tissue thickness over time; (4) tissue
durability may be limited by the lack of elastin in the construct (Hayashida et al.
2007, 2008); and (5) the regenerative potential of fibrotic tissues in human is limited.

Fig. 6 Schematic representation of in-body heart valve tissue engineering. This approach
creates an autologous TEHV by implanting subcutaneously a valvular mold into the patient. Due
to the host response, the mold is covered by fibrotic collagenous tissue and, after a predetermined
amount of time, is removed to obtain a TEHV. The valve is then implanted back into the patient
heart as valvular substitute. (Images adapted from Servier Medical Art under a creative common
attribution 3.0 unported license)
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5.3 In Situ Heart Valve Tissue Engineering

Also known as “the remodeling within the host,” in situ TE attempts to regenerate
implanted tissues by harnessing the natural regenerative potential of the human
body. This approach exploits the active or passive recruitment of endogenous cells
to the acellular implant to induce remodeling and regeneration of the new prosthesis
into a native-like tissue (Fioretta et al. 2017; Wissing et al. 2017) (Fig. 7). In this
regard, biomaterials might be designed to enhance cell infiltration and adhesion into
the scaffold, favor proliferation and overtime formation of new ECM, and reabsorb
and degrade gradually over time. After its initial role as mechanical support for
endogenous cells, the scaffold is slowly degraded by hydrolysis and replaced by
newly deposited ECM. These implants are designed to favor, guide, and control cell
recruitment and tissue remodeling to achieve a native-like functional substitute that
can last a lifetime. When compared to in vitro and in-body TE methods, in situ TE
approach represents a straightforward and less complex alternative to produce off-
the-shelf available prostheses that can be implanted in response to the specific
patient’s needs. Within the field of in situ heart valve TE, a multitude of scaffolds
have been tested, as described in Sect. 6.

6 Scaffolds for Heart Valve Tissue Engineering

The field of heart valve TE can count on a multitude of scaffold materials that are
suitable for either in vitro and in situ applications: (1) native tissue-derived scaffolds,
which are based on existing native tissues, either from human (allogenic) or animal
(xenogenic) origin; (2) tissue-engineered matrices (TEM), obtained by in vitro
culture of cells onto a scaffold and subsequent off-the-shelf treatments, such as

Fig. 7 Schematic representation of in situ heart valve tissue engineering. This approach
simplifies the logistical complexity and reduces the costs of the in vitro TE method. In situ TE
aims at the implantation of an off-the-shelf available, cell-free valve replacement directly into the
patient. Following the natural inflammatory response to the implanted material, the remodeling
cascade will be initiated, with host cell adhesion and differentiation and de novo ECM deposition,
while scaffold degradation will occur. TEHVs used for this approach can be based on different
scaffold materials: (a) a biodegradable polymers, (b) decellularized xenogenic tissue,
(c) decellularized allogenic tissue, or (d) in vitro manufactured tissue-engineered matrix. (Images
adapted from Servier Medical Art under a creative common attribution 3.0 unported license)
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decellularization; and (3) natural, synthetic, or hybrid polymers. In the following
paragraphs, we will focus on the scaffold materials used for in situ TEHV concepts,
referring the reader to other publications where more broad information about scaf-
folds for cardiovascular TE can be found (Fioretta et al. 2012; Generali et al. 2014;
Jana et al. 2014; Dijkman et al. 2016).

For in situ TEHVapplications, the scaffold of choice plays an important role as it
needs to provide sufficient strength to sustain in vivo valve functionality immedi-
ately upon implantation, by providing mechanical stability and durability over time.
At the same time, the scaffold should favor host cell infiltration and promote new
tissue formation and ECM remodeling.

6.1 Native Tissue-Derived Scaffolds

Native tissue-derived TEHVs, based on human or animal matrix depleted of cells,
aim to mimic the characteristics and function of native tissues by retaining the
physiological ECM composition and eliminating the immunogenic cellular compo-
nent via decellularization. Decellularization is a technique used to preserve the
complex structure and protein composition of the ECM by physical, chemical,
and/or enzymatic removal of the cellular and nuclear components (Crapo et al.
2011). When compared to cryopreservation or glutaraldehyde fixation techniques,
decellularization of allogenic and xenogenic matrices results in a more promising
concept where off-the-shelf tissues with remodeling potential are achieved and
immunogenicity and disease transmission risks are reduced.

6.1.1 Decellularized Homografts
Pioneering studies investigating the employment of decellularized homografts
(or allografts) date back to nearly two decades ago. Human heart valve homografts
still represent the most valid alternative as heart valve substitute due to characteris-
tics such as maintained anatomy and physiological-like hemodynamics, limited
immunological reactions, low infection risk, and low thromboembolic risks com-
pared to clinically available prostheses. For preclinical and clinical evaluation
(Table 7), homografts are firstly decellularized to reduce potential immunological
responses and then cryopreserved until further use. In this context, results have
showed reduced immune response, repopulation by endogenous cells, positive
remodeling, promising midterm functionality, and no signs of degeneration (Miller
et al. 2006; Dohmen et al. 2007). Additionally, midterm results of decellularized
homografts in young patients as pulmonary and aortic valve replacement demon-
strated good functionality and, in comparison to standard xenogeneic prostheses,
reduced reoperation rates (Cebotari et al. 2011; Sarikouch et al. 2016). However, a
recent 10-year study involving decellularized aortic homografts reported extensive
fibrosis, calcification, minimal recellularization, and degeneration, questioning the
safety of such prostheses on the longer term (Helder et al. 2016). Notwithstanding,
their potential, decellularized homografts present several disadvantages. First, there
is limited availability of human tissue donors that, combined with the increasing
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Table 7 Overview of the (A) clinical and (B) preclinical studies evaluating functionality and
remodeling potential of decellularized homograft-based TEHVs for in situ regeneration

(A) Clinical studies

Decellularized pulmonary valve homografts (DPVH) for surgical PVR

Ref. Control valve Main findings

2019
(Boethig
et al. 2019)

– DPH functionality was excellent and regurgitation
was trivial, with improved freedom from reoperation.
DPH proved to be safe and effective

2016
(Sarikouch
et al. 2016)

Cryopreserved
homograft
Bovine jugular vein

DPH showed good functionality and 100% freedom
from reoperation and endocarditis after 10 years

2011
(Cebotari
et al. 2011)

Bovine jugular vein After 5 years, DPH showed good functionality, with
low-pressure gradients, no dilation, no leaflet
thickening, and 100% freedom from reoperation.
Importantly, DPH also showed signs of adaptive
growth

2011
(Brown et al.
2011)

Cryopreserved
homograft

DPH demonstrated comparable outcome to
cryopreserved homografts, with good functionality,
and no need for reoperation

2010 (Burch
et al. 2010)

Cryopreserved
homograft

DPH showed comparable outcome in terms of valve
functionality and a slightly improved freedom from
reoperation to cryopreserved homografts

2003
(Hawkins
et al. 2003)

Cryopreserved
homograft

After 1 year, DPH demonstrated comparable
functionality and a significantly lower panel-reactive
antibody level for both class I and class II antibodies
compared to cryopreserved homografts

2019
(Bobylev
et al. 2019)

–
DPH proved to be a good alternative option for
young patients, with superior midterm results in
children and young adults for surgical PVR

Decellularized aortic valve homografts (DAVH) for surgical AVR

Ref. Control valve Main findings

2019
(Bobylev
et al. 2019)

–
Early functionality data on using DAH for surgical
AVR are promising, making DAH a new surgical
option for young patients

2016
(Tudorache
et al. 2016)

–
DAH can withstand the systemic circulation, with
good functionality (trivial regurgitation, no dilation)
and no calcification or degeneration

2016
(Helder et al.
2016)

Cryopreserved
homograft

DAH showed promising early functionality.
However, after 10 years, freedom from reoperation is
significantly better for cryopreserved homografts
compared to DAH

2010
(Da Costa
et al. 2010)

– DAH showed good functionality with only trivial to
mild regurgitation. Histological evaluation of
explanted DAH demonstrated low cellularization but
intact matrix structure. Low degree of calcification
was detected

(continued)
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number of valve replacement procedures, makes this approach a nonviable solution
for broad clinical adoption. Second, growth potential of this prosthesis is still
debated, with only one published study where signs of growth were reported
(Cebotari et al. 2011). Third, decellularized homografts can be only implanted via
high-risk open-heart SVR, and, because of the limited remodeling and growth in
human, multiple reoperations may be required during the course of the life, in
particular for younger patients, thereby reducing their life quality and increasing
risk of comorbidities.

6.1.2 Decellularized Xenografts
Decellularized heart valves based on xenogeneic-derived materials (e.g., bovine
pericardium, pig heart valves) have been investigated as a potential alternative to
glutaraldehyde-fixed bioprostheses in both preclinical and clinical studies
(Table 8). Similar to human homografts, decellularized xenografts preserve the
native valve ECM structure, providing a physiological-like template for the host
cells and good hemodynamic performance. Despite the first promising preclinical
results, which demonstrated complete cell infiltration, good hemodynamics, and
absence of calcifications (Table 8B), clinical experiences resulted in stenosis,
inflammation, pseudo-aneurysm, and dilation (Table 8A). Most importantly, the
implantation of xenograft-based TEHVs in pediatric patients resulted in severe
immune reactions, driven by an incomplete decellularization of the implant, which

Table 7 (continued)

(A) Clinical studies

2005 (Zehr
et al. 2005)

– After 1 year, DAH demonstrated comparable
functionality with low transvalvular gradients and
negative panel-reactive antibody level in 95% of
patients

(B) Preclinical studies

Decellularized pulmonary valve homografts (DPVH) for surgical PVR

Ref. Control valve Animal
model

Main findings

2018
(Goecke
et al. 2018)

Decellularized porcine
pulmonary valve

Sheep DPVH processed via freeze-drying
showed promising results in terms of
early hemodynamic performance and
cell infiltration. On the other hand,
decellularized porcine pulmonary valves
showed evidence of immunological
reaction

2013
(Hopkins
et al. 2013)

Decellularized human
and porcine pulmonary
valves

Baboon Decellularized human and baboon
pulmonary valves showed native-like
hemodynamics with limited antibody
response when compared to porcine
cryopreserved pulmonary valves

PVR pulmonary valve replacement, AVR aortic valve replacement, DAH decellularized aortic
homograft, DPH decellularized pulmonary homograft, ECM extracellular matrix
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unfortunately led to early fatal failure of the implanted prosthesis in three patients
(Simon et al. 2003). These results suggested that the use of cell-free xenografts is
not recommended in human applications because of the severe immune and
inflammatory response observed in multiple clinical studies, which lead to early
valve failure for stenosis and/or insufficiency, and a high incidence of reoperation
(Simon et al. 2003; Woo et al. 2016). However, improved decellularization pro-
tocols capable of eradicating any residual antigens of the xenogeneic valves may
give rise to improved xenogenic TEHVs with remodeling potential (Helder et al.
2017).

6.2 In Vitro-Derived TEM-Based Scaffolds

Tissue-engineered matrices (TEM) obtained via classic in vitro TE concept by using
non-autologous cell sources can be successfully decellularized to achieve an off-the-
shelf and ready-to-use constructs for in situ applications (Fig. 8).

Common cell sources for this approach are easily accessible cells, such as
umbilical cord vascular cells or dermal fibroblasts. Both these fibroblastic cells
have shown potential to generate dense and organized collagenous matrices for
vascular (Niklason et al. 1999; Syedain et al. 2014, 2016; Lawson et al. 2016;
Kirkton et al. 2019) and valvular applications (Syedain et al. 2015; Reimer et al.
2017; Motta et al. 2018, 2019; Lintas et al. 2018).

Decellularization of TEM-based TEHVs dates back to 2012, when it was firstly
introduced to simplify the manufacturing procedures of in vitro engineered valves
obtained with autologous cells. In addition, decellularization was able to prevent
the leaflet retraction observed immediately upon leaflet separation in in vitro
cultured TEHVs, with significant impact on in vivo valve functionality (Dijkman
et al. 2012b; Driessen-Mol et al. 2014). Since then, a multitude of studies have
shown the potential of using decellularized TEM-based TEHVs in preclinical
animal models, showing good functionality, host cell repopulation, and remodeling
over time in both pulmonary and aortic positions (Table 9). Remarkably,
TEM-based TEHVs proved to be competent and functional as aortic valve replace-
ment in sheep, with good functionality and almost complete cellular repopulation
6 months after implantation (Syedain et al. 2015). Remarkably, TEM-based
TEHVs were proved to even be compatible with transcatheter implantation tech-
niques in several preclinical studies as pulmonary (Weber et al. 2013; Driessen-
Mol et al. 2014; Emmert et al. 2018; Motta et al. 2018, 2019) and aortic (Lintas
et al. 2018) replacements.

Till 2018, the first cause of failure for all TEM-based TEHV was the development
of progressive insufficiency in vivo, most probably ascribable to leaflet thickening
and/or shortening and retraction (Flanagan et al. 2009; Gottlieb et al. 2010; Schmidt
et al. 2010; Weber et al. 2013; Driessen-Mol et al. 2014; Syedain et al. 2015; Reimer
et al. 2017; Motta et al. 2018).
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Table 8 Overview of the (A) clinical and (B) preclinical studies evaluating functionality and
remodeling potential of decellularized xenograft-based TEHVs for in situ regeneration

(A) Clinical studies

Porcine decellularized pulmonary valve xenografts (DPVX) for PVR

Ref. Commercial name Procedure Main findings

2014
(Backhoff
et al. 2014)

Matrix P Surgical Porcine DPX showed limited valve
performance with severe stenosis,
moderate regurgitation, hypertrophic
right ventricle, and aneurysms
formation. Inflammatory or foreign
body reactions were not observed

2014
(Breitenbach
et al. 2014)

Matrix P Plus Surgical Porcine DPX use is not recommended
in adults because of the massive
inflammation, tissue necrosis, and
conduit stenosis observed upon
implantation

2013 (Voges
et al. 2013)

Matrix P and
Matrix P Plus

Surgical and
transcatheter

More than half the patients needed a
redo surgery because of stenosis and
moderate insufficiency. Histological
evaluation showed severe foreign body
reaction, inflammation, wall
thickening, and lack of
endothelialization

2012 (Perri
et al. 2012)

Matrix P and
Matrix P Plus

Surgical 35.5% of the implanted porcine DPX
failed, with stenosis, pseudo-aneurysm,
or dilatation. Histological evaluation
showed lack of cell infiltration and
presence of inflammatory giant cells

2011 (Konertz
et al. 2011)

Matrix P and
Matrix P Plus

Surgical Porcine DPX used in patients with
congenital heart disease showed
unremarkable functionality and normal
morphology with lack of calcification

2010 (Rüffer
et al. 2010)

Matrix P Plus Surgical 10 months after implantation, 38% of
the implanted porcine DPX were
stenotic because of severe
inflammation and calcification

2005
(Konertz et al.
2005)

Matrix P Surgical In 50 patients, the porcine DPX showed
physiological-like hemodynamic and
low-pressure gradients

2003 (Simon
et al. 2003)

SynerGraft 500 and
700

Surgical Porcine DPX used in pediatric settings
showed good postoperative
functionality. However, structural valve
failure and degeneration caused the
sudden death of three patients.
Histological evaluation showed a
severe inflammatory response and
calcifications. Incomplete
decellularization of the original porcine
DPX was demonstrated

(continued)

Heart Valve Bioengineering 51



Table 8 (continued)

(A) Clinical studies

(B) Preclinical studies

Decellularized pulmonary valve xenografts (DPVX)

Ref. Xenograft and
control valves

Procedure
and animal
model

Main findings

2018 (Goecke
et al. 2018)

Porcine DPX
Ovine DPH

Surgical
PVR in
sheep

Porcine DPX processed with freeze-
drying showed immunological reaction
that did, however, not affect early
functionality or cell infiltration

2013
(Hopkins
et al. 2013)

Human DPX
Baboon DPH

Surgical
PVR in
baboon

Human DPX and baboon DPH showed
native-like hemodynamic with limited
inflammatory response

2005
(Dohmen
et al. 2005)

Porcine DPX Surgical
PVR in
sheep

Evaluation of explanted porcine DPX
showed good remodeling potential in
sheep, with smooth and pliable leaflets
covered by endothelial cells and
populated by fibroblasts. De novo ECM
was observed. No thrombosis and no
calcification were detected

2003 (Leyh
et al. 2003)

Porcine DPX
pre-seeded with
aVEC and aMFB

Surgical
PVR in
sheep

Porcine DPX contained endogenous
retrovirus DNA that was, however, not
transmitted to the host animal blood
samples. Remodeling potential was
confirmed after 6 months, as indicated
by the presence of host endothelial and
interstitial cells

2003
(Dohmen
et al. 2003)

Porcine DPX
pre-seeded with
aVECs

Surgical
PVR in
sheep

The explanted porcine DPX showed a
confluent endothelial cell monolayer
and an increasing number of
fibroblasts. No signs of calcification
were observed

Decellularized aortic valve xenografts (DAVX)

Ref. Xenograft and
control valves

Procedure
and animal
model

Main findings

2017
(Hennessy
et al. 2017)

Porcine DAX Surgical
PVR in
sheep

Porcine DAX showed sufficient
functionality as PVR in sheep.
Histological evaluation showed host
cell infiltration with myofibroblasts and
endothelial cells

2012
(Dohmen and
da Costa
2012)

Porcine DAX Surgical
AVR in
sheep

Porcine DAX showed good early
functionality as AVR in sheep, with no
regurgitation. At explantation, the
valve was presented with smooth and
pliable leaflets. Histological evaluation
showed leaflet cellularization with host
interstitial cells

(continued)
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To solve this long-standing problem, Emmert et al. introduced the use of com-
putational modeling tools to optimize the design of a TEM-based TEHV (Sanders
et al. 2016; Emmert et al. 2018) to control tissue remodeling and to ensure long-term
functionality upon implantation in vivo. As more thoroughly explained in Sect.
6.1.2, the simplified TEM-based valve geometry, lacking a belly region, used in
these studies lead to radial leaflet compression under physiological hemodynamics,
with consequent leaflet shortening (Loerakker et al. 2016). To prevent leaflet retrac-
tion, computational modeling suggested a new valve geometry that was achieved by
using a constraining bioreactor insert during TEHV culture (Sanders et al. 2016).
TEHVs manufactured with the novel geometry were then implanted in the pulmo-
nary position in the ovine model for up to 1 year, reporting excellent performance,
host cell repopulation, native-like remodeling, and sustained durability, without
leaflet thickening nor shortening (Emmert et al. 2018). In this regard, valve design,
hemodynamic loading, and cell contractile forces have been predicted to be crucial
in influencing the remodeling outcome under physiological conditions.

6.3 Bioresorbable Polymeric Scaffolds

Bioresorbable, natural, synthetic, or hybrid polymeric scaffolds are widely used in
the medical field due to their high versatility and associated low costs. The main

Table 8 (continued)

(A) Clinical studies

2007 (Iwai
et al. 2007)

Porcine DAX Surgical
PVR in dog

Porcine DAX were efficiently
decellularized and caused minimal
immune response and calcification.
Stable valve functionality was
observed, with no regurgitation.
Interstitial cell repopulation and
endothelialization occurred within
2 months

2005 (Ota
et al. 2005)

Porcine DAX with/
without Fn-HGF

Surgical
PVR in dog

Porcine DAX were functionalized with
Fn-HGF to favor endothelialization and
resulted in complete endothelial
coverage within 1 month. Host cell
infiltration was greater in the Fn-HGF
functionalized valve compared to the
control

1999
(O’Brien et al.
1999)

Porcine DAX Surgical
PVR in
sheep

Porcine DAX showed good
functionality as PVR in sheep, with no
signs of calcifications or leaflet
degeneration. Over time, DAX were
repopulated by host fibroblasts

PVR pulmonary valve replacement, AVR aortic valve replacement, aVEC, autologous vascular
endothelial cells, aMFB autologous myofibroblasts, Fn-HGF fibronectin-hepatocyte growth factor,
ECM extracellular matrix, DPVH decellularized pulmonary valve homografts
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advantage of using bioresorbable polymers for in situ TE applications is the possi-
bility to obtain a cell-free TEHV with tunable scaffold architecture, mechanical
properties, stability, and degradation rate, hence assuring reproducibility, unlimited
supply, and scalability in the production process. The polymeric valve has inherent
off-the-shelf availability and can be directly implanted into the patient when needed,
without the use of further expensive and complicated in vitro techniques (Fig. 8).
Natural polymers are mostly represented in the form of hydrogels and comprise
components of the native tissue composition (e.g., collagen, fibrin, chitosan, silk,
and keratin) as starting material (Jana et al. 2014). Such protein-based scaffolds are
fast degrading and nontoxic materials, with low immunogenicity and tunable archi-
tecture, degradation rate, and porosity. However, they are limited by the inherently
low mechanical properties of hydrogels, which make them unsuitable as starting
matrix for in situ TEHV applications.

6.3.1 Bioresorbable Synthetic Polymeric Scaffolds
Biodegradable synthetic polymers, such as polyglycolic acid, polylactic acid, poly-
caprolactone, and bisurea-modified polycarbonate, have been extensively used as
starting matrices for both in vitro and in situ TE applications because they can be
degraded and absorbed by the human body. Such polymers possess tunable mechan-
ical, chemical, and structural properties that can be tailored for the development of

Fig. 8 Schematic representation of in situ heart valve tissue engineering using a tissue-
engineered matrix (TEM). This method uses classic TE methodologies to obtain a scaffolds
consisting of in vitro grown ECM depleted of cells (i.e., tissue-engineered matrix (TEM)). Com-
pared to the autologous in vitro TE (Fig. 5), this approach uses allogenic cells to create the TEHV.
After culture, off-the-shelf availability and immunocompatibility are granted by the
decellularization process. The TEHV can be efficiently stored until implantation. (Images adapted
from Servier Medical Art under a creative common attribution 3.0 unported license)
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Table 9 Overview of the preclinical studies evaluating functionality and remodeling potential of
decellularized TEM-based TEHVs for in situ regeneration

Preclinical studies

Decellularized human cell-derived tissue-engineered matrix (hTEM)

Ref. TEM Procedure
and animal
model

Main findings

2019 (Motta
et al. 2019)

PGA/P4HB-
based hTEM

Transcatheter
PVR in sheep

TEHVs with integrated Valsalva sinuses
were manufactured using hTEM. Acute
feasibility testing was performed in sheep,
showing excellent valve functionality as
PVR

2018 (Lintas
et al. 2018)

PGA/P4HB-
based hTEM

Transcatheter
AVR in sheep

Principal feasibility of performing a TAVR
using an hTEM-based TEHV. Positioning
was good (i.e. no coronary obstruction) and
acute valve performance was promising (no
stenosis, no central nor paravalvular
regurgitation)

2013 (Weber
et al. 2013)

PGA/P4HB-
based hTEM

Transcatheter
PVR in
baboon

Good early post-procedural performance,
but mild to moderate regurgitation was
observed at 8 weeks post implantation.
Explant analyses showed thin and pliable
leaflets that, however, shortened overtime.
Histological evaluation confirmed the
remodeling potential of the hTEM with fast
cellular repopulation

Decellularized animal cell-derived tissue-engineered matrix (TEM)

Ref. TEM Procedure
and animal
model

Main findings

2018
(Emmert et al.
2018)

PGA/P4HB-
based ovine
TEM

Transcatheter
PVR in sheep

An optimized TEM-based TEHV design was
achieved using computational modeling
tools. The resulting valve showed excellent
in vivo performance (no regurgitation, no
stenosis, retained coaptation) for up to 1
year. Histological evaluation showed
profound tissue remodeling with complete
endothelialization and de novo collagen and
elastin synthesis towards native-like
remodeling characteristics, while
maladaptive remodeling phenomena were
absent

2018 (Motta
et al. 2018)

PGA/P4HB-
based ovine
TEM

Transcatheter
PVR in sheep

This TEM-based TEHV was integrated on a
customized nitinol stent to introduce
Valsalva sinuses. Acute valve performance
was promising, but leaflet shortening and
regurgitation were observed after 16 weeks.
Histological evaluation showed host cell
infiltration, endothelialization, and ECM
remodeling

(continued)
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TEHVs with long-term durability, gradual degradation rates, flexible and elastic
leaflets, and potential for further functionalization (Fioretta et al. 2012; Wissing
et al. 2017). Synthetic materials are attractive for their fast production, unlimited
availability, and lack of disease transmission. In light of these properties, numerous
preclinical large animal studies investigating such synthetic materials in the con-
text of TEHVs have been performed, even in combination to transcatheter implan-
tation techniques (Table 10). In this context, TEHVs based on bioresorbable
supramolecular elastomeric polymers (i.e., bisurea-modified poly(carbonate) and
2-ureido-4[1H]-pyrimidinone-modified polycaprolactone) were manufactured and
implanted with both surgical and transcatheter approaches, demonstrating reason-
able performance for up to 1 and 2 years as pulmonary valve replacement. In these
studies, ECM deposition, partial degradation, and endogenous cellularization were
observed. Following these results supramolecular polymer-based valve replace-
ments have advanced into clinical trials, with however heterogenous outcomes.
Hence, further chronic animal studies are required to further assess the long-term
durability and remodeling of such prostheses. Indeed, a recent study showed
important differences in tissue remodeling between valves but also in between
leaflets of the very same valve (Fioretta et al. 2019a). These latter results suggest
that a further investigation of polymer degradation mechanisms and tissue
remodeling pathways is needed to ensure safe clinical translation of this technol-
ogy into patients.

Table 9 (continued)

Preclinical studies

2017 (Reimer
et al. 2017)

Fibrin-based
ovine TEM

Surgical PVR
in sheep

While early valve functionality was
promising, regurgitation increased over time
due to leaflet shortening. Histological
evaluation indicated promising remodeling
with host cell infiltration and collagen and
elastin deposition

2015
(Syedain et al.
2015)

Fibrin-based
ovine TEM

Surgical AVR
in sheep

First evaluation of a TEM-based TEHV as
AVR in sheep for up to 6 months. Valve
functionality was good, with no stenosis.
Histological evaluation showed ECM
remodeling, collagen and elastin synthesis,
and host endothelial and interstitial cells

2014
(Driessen-
Mol et al.
2014)

PGA/P4HB-
based ovine
TEM

Transcatheter
PVR in sheep

While early valve functionality was
promising, mild regurgitation started at
8 weeks and progressed to moderate at
24 weeks due to a compromised leaflet
coaptation and shortening. Remodeling
potential of the TEM was confirmed by
quick cellular repopulation, new ECM
synthesis, and absence of calcifications

PVR pulmonary valve replacement, AVR aortic valve replacement, PGA polyglycolic acid, P4HB,
poly(4-hydroxybutyrate), ECM extracellular matrix
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6.3.2 Autologous Cell Pre-seeding onto Bioresorbable Polymeric
TEHVs

To favor early remodeling responses, researchers have also investigated the use of
autologous cell pre-seeding onto biodegradable scaffold materials. These on-the-fly
concepts proved to be attractive especially when combined with bone marrow-
derived mononuclear cells (BMMNCs) because they could be performed in a
one-step procedure prior implantation (Table 10) and where previously proved to
favor vascular graft remodeling in small animal models. In light of these results,
BMMNC were used to pre-seed synthetic scaffolds for both pulmonary and aortic
TVR procedures (Table 10). While most of these studies are proof of concept with an
acute or short-term follow-up (up to 4 weeks) (Weber et al. 2011; Emmert et al. 2011,
2012, 2014), a recent publication showed detrimental effects of BMMNC
pre-seeding onto bioresorbable supramolecular TEHVs, with loss of functionality
over time due to regurgitation, leaflet thickening, and calcifications (Fioretta et al.
2019a) within 16 weeks from implantation.

6.3.3 Hybrid Polymeric Scaffolds
Natural proteins (e.g., gelatin, alginate, hyaluronic acid) can be efficiently combined
to synthetic polymeric scaffolds to form hybrids, mainly manufactured via rotary jet
spinning, electrospinning, or 3D printing techniques. The advantages of applying
synthetic materials to create hybrid scaffolds are multiple and allow for tunable
mechanical properties, controlled biodegradation, off-the-shelf availability, scalabil-
ity, and reproducibility. Additionally, to further improve polymer biocompatibility
and reduce thrombogenicity, scaffolds can be functionalized using natural proteins.
In this regard, synthetic polymers are linked to natural proteins via physical absorp-
tion, chemical binding, or co-spinning (Rossi and Van Griensven 2014). Hence,
hybrid material organization should ideally mimic the physical properties and
structure of native tissues, thereby improving the cellular adhesion, distribution,
and proliferation. As an example, cell-free biomimetic TEHVs were recently
manufactured starting from a blend of synthetic polymer (i.e., poly
(4-hydroxybutyrate) and natural proteins (i.e., gelatin) processed via rotary jet
spinning (Capulli et al. 2017). These valves proved to be compatible with trans-
catheter pulmonary valve implantation techniques proving feasibility and function-
ality in an acute proof-of-concept study in sheep with early cellular adhesion and
infiltration (Capulli et al. 2017).

Beyond mechanical stability and scaffold architecture properties, hybrid and
synthetic scaffolds offer the possibility to include bioactive molecules and serve as
vehicles for the delivery of components such as peptides, growth factors, antibodies,
and drugs (Fioretta et al. 2012). This functionalization aims at improving scaffold
performance by favoring the recruitment of host cells, promoting tissue formation,
ensuring hemocompatibility, and controlling the early steps of the inflammatory
cascade (Roh et al. 2010). Additionally, the inflammatory response triggered by
those treatments might be modulated toward a positive and native-like tissue
remodeling (Muylaert et al. 2016).
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Table 10 Overview of the preclinical studies evaluating functionality and remodeling potential of
bioresorbable polymer-based TEHV and their combination with a one-step pre-seeding procedure
using autologous bone marrow mononuclear cells (BMMNCs)

Preclinical studies

Bioresorbable polymeric TEHVs

Ref. Polymer Procedure
and animal
model

Main findings

2019
(Coyan
et al.
2019)

Polycarbonate
urethane urea + AZ31
magnesium alloy stent

Surgical PVR
in pig

Acute feasibility test of a novel
bioresorbable valve combined with a
biodegradable stent. Normal leaflet
functionality was observed with no
signs of thrombosis, regurgitation, or
degradation

2019
(Fioretta
et al.
2019a)

Bisurea-polycarbonate
pre-seeded with
BMMNC

Transcatheter
PVR in sheep

BMMNC pre-seeding caused severe
regurgitation and calcification. Valve
remodeling was observed with
cellular repopulation, ECM synthesis,
and scaffold degradation.
Independently of pre-seeding,
differential valve and leaflet
remodeling were observed

2018
(Bennink
et al.
2018)

UPy-polyester-
urethanes

Surgical PVR
in sheep

The remodeling of this bioresorbable
polymeric valve was described as an
ongoing process characterized by
neointima formation and scaffold
degradation over the 12 months post-
implantation

2017
(Miyazaki
et al.
2017)

UPy-polyester-
urethanes (XPV)

Transcatheter
AVR in sheep

When used as transcatheter AVR, the
valves showed good early
functionality, comparable to
commercially available valves in
acute settings

2017
(Soliman
et al.
2017)

UPy-polyester-
urethanes (XPV)

Surgical PVR
in sheep

Valve performance as PVR in sheep is
promising, with no stenosis and no
severe regurgitation observed

2017
(Kluin
et al.
2017)

Bisurea-polycarbonate Surgical PVR
in sheep

Proof-of-concept study where a
bioresorbable polymeric TEHV was
implanted in sheep for 12 months.
The valve showed sustained
performance, polymer reabsorption
and de novo tissue deposition
(collagens, elastin) and cellular
repopulation

2017
(Capulli
et al.
2017)

P4HB-gelatin Transcatheter
PVR in sheep

Acute feasibility study where a hybrid
TEHV based on gelatin and P4HB
processed via jet spinning was
implanted as PVR in sheep. The valve
demonstrated appropriate acute
performance with retained leaflet
coaptation

(continued)
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7 Testing of Tissue-Engineered Heart Valves

Physiologically, heart valves open once every second, and, for each cardiac cycle, the
valve leaflets are exposed to complex deformation and hemodynamic forces. The
hemodynamics is a combination of mechanical forces that control blood flow and
blood pressure in the body. Non-physiological values of blood flow and/or pressure
are associated with changes in valvular structure and, therefore, play a significant role in
the etiology of valvular disease (Chandran 2010). However, there is a new general
consensus that these forces are also responsible for adaptive or maladaptive remodeling
of TEHVs (Emmert et al. 2018). Hence, it is important to validate a novel TEHV by
using an array of testing platform consisting of in silico models, in vitro models, and,
finally, in vivo preclinical animal models.

7.1 In Silico Models to Optimize Valve Design

In silico models are capable of simulating the complex hemodynamic environment
of a heart valve. Computational simulations are, therefore, becoming an important

Table 10 (continued)

Preclinical studies

2014
(Emmert
et al.
2014)

PGA/P4HB pre-seeded
with BMMNCs

Transcatheter
AVR in sheep

In this feasibility study, the
transcatheter AVR procedure was
combined with BMMNC pre-
seeding. Good valve performance
was demonstrated in the acute
settings, with correct positioning and
free coronary flow

2012
(Emmert
et al.
2012)

PGA/P4HB pre-seeded
with BMMNCs

Transcatheter
AVR in sheep

Short-term feasibility study (up tp 2
weeks) demonstrating adequate
leaflet mobility and valve
performance of the BMMNC pre-
seeded TEHV implanted as
transcatheter AVR. Explant analysis
showed intact leaflets, cell infiltration
and early signs of tissue remodeling

2011
(Emmert
et al.
2011)

PGA/P4HB pre-seeded
with BMMNCs

Transcatheter
AVR in sheep

Proof-of-concept study to assess the
possibility of combining minimally
invasive aortic replacement
techniques with tissue engineering
methods

2011
(Weber
et al.
2011)

PGA/P4HB pre-seeded
with BMMNCs

Transcatheter
PVR in
baboon

BMMNC pre-seeded TEHV showed
intact leaflets and sufficient valve
performance after 5 months in vivo.
Substantial cell infiltration and
implant remodeling was observed

PVR pulmonary valve replacement, AVR aortic valve replacement, PGA polyglycolic acid, P4HB
poly(4-hydroxybutyrate), UPy ureido-pyrimidinone, ECM extracellular matrix, BMMNCs bone
marrow mononuclear cells
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tool to improve our understanding of heart valve physiology and pathology, but also
to assess valve prosthesis functionality, and to improve surgical planning using
precision medicine tools.

The hemodynamics plays a key role in controlling the physiological or patholog-
ical remodeling of the native leaflet. By using computational modeling, the hemo-
dynamic forces on the valve can be simulated to understand structural and biological
changes in response to (non-)physiological stresses; as an example, higher values of
blood pressure can lead to increased leaflet deformation that, on a microscopic scale,
induces changes in the valvular interstitial and endothelial cells (Gould et al. 2013).
As explained in Sect. 2, this may result in VIC activation toward a fibrotic or
osteoblastic phenotype, setting the basis for fibrosis and calcification. Hence, under-
standing the distribution of stress and strain in the valve leaflets is fundamental to
predict the remodeling potential of TEHVs.

7.1.1 Design Optimization for Artificial Heart Valve Replacements
In silico models have significantly advanced in the past decades, and they are now a
valid tool to better understand the complexity of the valve hemodynamics: cusp
opening and closure pattern, flow pattern, and stress and strain distribution in the
leaflets (Chandran 2010). More importantly, computational simulations have been
used to assess the efficacy of novel heart valve prosthesis designs, significantly
reducing the number of prototype manufacturing, bench testing, and in vivo testing
(Morris et al. 2016).

Finite element analysis (FEA) is a modeling technique that focus on the
assessment of stress and strain distribution in a region of interest. FEA is used to
optimize valve design by implementing valve geometry and dimension into the
computational tool. Initially, FEAwas using simplified symmetric geometries and
valves in closed configuration (Cataloglu et al. 1977; Ghista and Reul 1977;
Sabbah et al. 1985). However, with the increased computational power of modern
computers, the dynamic opening and closure configuration of a heart valve can be
also modeled and combined to patient-specific geometries based on a detailed 3D
reconstruction of the valve via cardiac imaging techniques (Gnyaneshwar et al.
2002; Sripathi et al. 2004).

More recently, a proof-of-concept study developed machine learning techniques
to estimate stress and strain forces on transcatheter valves, starting with a set of
TAVI-compatible leaflet designs (Liang and Sun 2019). The results were promising,
with the model being able to accurately estimate the deformed leaflet geometries and
stress distribution within seconds, therefore considerably reducing the modeling and
simulation complexity of standard FEA techniques.

Computational fluid dynamics (CFD) is another method to provide a quantita-
tive description of flow characteristics. CFD is commonly used to calculate the
values of wall shear stress in a noninvasive manner, providing information on the
flow pattern characteristics (i.e., laminar or turbulent flow) (Jin et al. 2004). CFD is
also efficiently used to understand the flow pattern through a valve prosthesis,
providing crucial information to optimize valve design in order to limit thrombotic
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events (Kelly 2002; Yoganathan et al. 2005; Simon et al. 2010; Zakaria et al.
2017).

Finally, fluid-structure interaction (FSI) models focus on the interactions between
valve structures (i.e., leaflets) and blood flow. Specifically, FSI has been used in
combination to platelet activation models to assess the hemodynamics of valvular
replacement and to understand the interaction between blood cells and valve structures
(Borazjani 2015). FSI models can, for example, provide detailed information on
platelet distribution and accumulation and on blood flow patterns within a specific
valve design. Hence, FSI models provide important information on the thrombogenic
risk profile of the tested valve design and suggest where improvement is needed to
prevent thrombotic events (Piatti et al. 2015).

7.1.2 Design Optimization for Tissue-Engineered Heart Valves
Design optimization in silico is, therefore, a common application in artificial valves
to predict the consequences of changes in artificial valve design on the overall
outcome.

However, computational modeling has hardly been utilized to improve the
performance of TEHVs, nor has it been validated in clinically relevant in vivo
models (Soares et al. 2014a, b).

Recently, a multidisciplinary team of researchers showed the potential of using
computational modeling tools to optimize the design of a TEHV (Sanders et al.
2016; Emmert et al. 2018) to manufacture a TEM-based TEHV capable of control-
ling tissue remodeling to ensure long-term functionality upon implantation in vivo.
Indeed, most TEHVs based on TEM lose their functionality within a few months due
to uncontrolled (adverse) tissue remodeling phenomena which translate into leaflet
shortening, resulting in valve insufficiency (Flanagan et al. 2009; Schmidt et al.
2010; Weber et al. 2013; Driessen-Mol et al. 2014; Reimer et al. 2015, 2017; Schmitt
et al. 2016; Motta et al. 2018).

Computational simulations showed that the simplified valve geometry used in
most of these studies led to radial leaflet compression when exposed to physiological
pulmonary pressure and in the presence of contractile cells (Loerakker et al. 2016).
To counteract cusp tissue compaction, a new valve geometry was firstly computa-
tionally derived and then implemented in TEHVs by using a constraining bioreactor
insert during culture (Sanders et al. 2016). The novel valve geometry showed limited
radial tissue compression compared to previous designs, suggesting that these
TEHVs would be less prone to host cell-mediated tissue retraction upon
implantation.

To confirm this hypothesis, the researchers implanted such TEHVs minimally
invasively as pulmonary valve replacements in sheep. The results of this study were
outstanding, with preserved and good long-term in vivo performance for up to
1 year, as predicted by and consistent with our computational modeling. Addition-
ally, tissue remodeling was profound, with collagen and elastin deposition, polymer
reabsorption, and even the initial formation of sinuses of Valsalva in some of the
explants. This study indicated the high relevance of an integrated in silico, in vitro,
and in vivo bioengineering approach for developing functional TEHVs.
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7.2 In Vitro Models to Test Valve Functionality

Similar to artificial valve prostheses, TEHVs should be tested in vitro to characterize
valve performance by measuring parameters such as pressure difference, regurgita-
tion, and durability using hydrodynamic studies. Two systems are frequently used in
the characterization and in vitro validation of a valvular replacement: the pulse
duplicator system and the durability system. More recently, cardiac biosimulator
platform have been developed to assess valve performance inside a real heart. These
testing platforms are also regulated by the ISO 5840 (cardiovascular implants:
cardiac valve prostheses) that provides a series of requirements a valve prosthesis
should fulfil before clinical translation.

7.2.1 Pulse Duplicator Systems
Pulse duplicator systems (e.g., HDT-500 Heart Valve Pulse Duplicator System by
BDC Laboratories or the ViVitro Pulse Duplicator System by ViVitroLabs) (Fig. 9)
can be used to simulate left or right heart functionality and to measure forward and
backflow flow and pressure gradients along with an accurate visualization of the
valve’s opening and closing behavior from optical visualization ports. This system is
usually characterized by two chambers connected by a fixture where the valve
prosthesis is allocated for the testing. A pulsatile pump provides the desired pressure
and flow conditions to mimic the left or right heart, which are monitored real time
with pressure and flow sensors in the cardiac chambers. The system is finally
connected to a computer where a software provides you with the acquired informa-
tion on valve performance. The pulse duplicator systems can be used to simulate
physiological and non-physiological cardiac conditions by varying the resistance
and compliance of the system.

While initially developed to test mechanical and bioprosthetic valves, these
systems have been recently extended also for the testing of TEHVs by using
customized fixtures to allocate TEHVs with different stent designs (Sanders et al.
2016; Kluin et al. 2017; Emmert et al. 2018; Lintas et al. 2018; Motta et al. 2019) and
even biological valved conduits (Buse et al. 2016).

However, it is important to notice that considerable differences were observed in
the hydrodynamic performance (i.e., pressure gradient and backflow leakage) of a
single valve tested in different ISO 5840 compliant pulse duplicators (Retta et al.
2017). These results suggest the importance of using a known reference valve in
hydrodynamic performance testing to assess the individual measurement conditions
in the duplicator.

7.2.2 Durability Systems
Valve durability systems (e.g., VDT-3600i Heart Valve Durability System by BDC
Laboratories and DuraPulse Heart Valve Test Instrument, TA Instruments) (Fig. 9)
perform accelerated durability tests to assess the fatigue behavior of the valve (Black
et al. 1994; Sanders et al. 2016; Buse et al. 2016). The platform can consist of
multiple independent testing stations where different valves can be allocated and
tested independently at accelerated frequencies (up to 40 Hz) to simulate long-term
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in vivo performance. Despite the wide range of accelerated frequencies that can be
used to test the valve, it is important to ensure that even at high frequency, the valve
is subjected to a complete opening and closing cycle to prevent incorrect and/or
insufficient loading of the valve cusps that would affect valve durability (Sanders
et al. 2016).

The physiological environment can be further simulated by replicating blood
viscosity via the addition of xanthan gum or polyacrylamide to the water solution
(Pohl et al. 1996). This method will mimic the complex viscoelastic behavior of
blood and will improve the accuracy of the recorded leakage flow and leakage
volume.

ISO5840 provides guidelines to assess artificial valve prosthesis durability and
performance, suggesting that bioprostheses should sustain at least 200 million cycles
while mechanical valves 400 million cycles (corresponding to 5 and 10 years in vivo,
respectively). However, these norms have been specifically designed for artificial
non-regenerative valve prostheses and may not be applicable to TEHVs. Indeed,
TEHV functionality and durability are closely related to the in vivo remodeling
potential, and performing a durability test on TEHVs will most likely result in
underestimation of valve durability due to the lack of remodeling potential in the
in vitro settings. As an example, TEM-based TEHV durability in vitro was reported
to be the equivalent of 16 weeks (Sanders et al. 2016). However, upon implantation
in a preclinical sheep model, these valves showed good functionality for up to 1 year
(Emmert et al. 2018), thereby proving that upon remodeling, durability was
improved. Hence, there is a clear need to improve guidelines for the testing of
regenerative heart valves, in order to take into account their regenerative potential.

7.2.3 Cardiac Biosimulator and Beating Heart Platforms
Pulse duplicator and durability systems have the advantage of providing automatic
feedback control and independent test chambers to ensure that test conditions are
maintained throughout the test. However, assessing valve functionality inside a real
heart will provide even more insights on the efficacy and efficiency of the developed

Fig. 9 Representative images of in vitro valve testers. (a) A pulse duplicator system (HDT-500
Heart Valve Pulse Duplicator System by BDC Laboratories) and (b) a durability testing platform
(VDT-3600i Heart Valve Durability System by BDC Laboratories). (Pictures courtesy of Nikolaos
Poulis, Institute for Regenerative Medicine, University of Zurich, Switzerland)
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TEHV. A cardiac biosimulator platform (e.g., Cardiac Biosimulator Platform by
LifeTec Group) consists of a mock apparatus where a full (animal) heart is connected
to a pump that actuates the heart to simulate the hemodynamic environment in an
anatomical setting, thereby providing in vitro the most physiological-like environ-
ment to assess valve performance (Leopaldi et al. 2015). Modern imaging techniques
can be connected to the platform to obtain precise information on valve hemody-
namics and performance in the heart (Leopaldi et al. 2012). Compared to pulse
duplicator and durability systems, the cardiac biosimulator platform allows to test
the valve in a pressurized heart with physiological-like hydrodynamics and heart
wall movements, which will efficiently replicate the in vivo animal model in
assessing functionality and implantability of the valve, but with limited ethical
concerns.

Another interesting setup aimed at testing new cardiovascular products in a
relevant physiological environment is the beating heart platform (e.g., PhysioHeart
by LifeTec Group). Compared to the cardiac biosimulator, the heart used in this
platform is the actual pump that, by retained physiological contraction, provides
realistic physiological cardiac dynamic conditions analogous to an animal model.
However, it has the advantage of allowing endoscopy to study valve implantation,
efficacy, and performance over time (de Weger et al. 2010).

Both the cardiac biosimulator and the beating heart apparatus have been validated
with different mammalian hearts and have been successfully used to train cardiac
surgeon in novel surgical and transcatheter interventions (Leopaldi et al. 2018).

7.3 In Vivo Animal Models to Assess Remodeling

Heart valve functionality depends on a complex combination of mechanical, bio-
logical, and physical processes that are only partly replicated by in vitro models. In
vitro model systems are, therefore, not yet able of fully replicating the complexity of
a living being, in particular regarding remodeling and growth potential, fundamental
aspect of a tissue-engineered prosthesis (Fioretta et al. 2019b). Therefore, clinical
translation of valvular prostheses still relays on in vivo experiments. Research
aiming at understanding the basic mechanisms involved in heart organogenesis
can be performed in non-mammalian models, such as the zebrafish, because of
easy reproduction, external embryonic development, and transparency of the
embryos (Cesarovic et al. 2020).

Small mammalians, such as mice and rats, are, on the other hand, extremely
helpful in assessing the molecular mechanisms of heart physiology and pathophys-
iology, since they are genetically similar to humans, they have a four-chambered
heart that better represent the human anatomy compared to non-mammalian animal
models, and they can be genetically modified to express certain disease characteris-
tics (Cesarovic et al. 2020). In addition, they have been also extensively used to
assess functionality and host cell-mediated remodeling of tissue-engineered vascular
grafts (Roh et al. 2010; Hibino et al. 2011; Lee et al. 2014). However, due to size and
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hemodynamic differences, they do not provide a suitable animal model for the
assessment of heart valve replacements.

The ideal animal model to assess valve implantation and functionality should
closely resemble the human heart in size, anatomy, and hemodynamics. In addition,
similar coagulation cascade and immune response will be fundamental to better
interpret the remodeling potential of a TEHV. While guidelines are provided for the
in vivo preclinical validation of artificial valve prostheses (i.e., ISO5840) and to
design and execute animal experiments to evaluate medical devices (ISO10993),
there is not yet a standard protocol to test TEHV prostheses. TEHVs have been
tested in different large mammals, such as sheep, pig, and nonhuman primates,
which provide a comparable size, anatomy, functionality, and physiology to the
human heart. These similarities allow for the use of clinical-grade imaging and
diagnostic devices to determine feasibility of valve implantation procedure and to
assess valve functionality in clinical-like settings.

7.3.1 Nonhuman Primate Model
Nonhuman primates, such as baboons, are the animal model that is most similar to
human in terms of anatomy, physiology, and growth curve, making them an ideal
candidate for long-term chronic studies and growth assessment.

Only a handful of studies have tested TEHVs in baboons. Decellularized human
and baboon pulmonary valves have been implanted as pulmonary replacement in
baboon and the results compared to clinical-grade porcine valved conduits (Hopkins
et al. 2013). All animals showed excellent valve functionality upon implantation.
While decellularized valves remained functional over time, a reduction of effective
orifice area was detected for the porcine conduits, and it was associated with a more
intense inflammatory response. In another study, bioresorbable valves were
pre-seeded with autologous bone marrow mononuclear cells prior to implantation
and delivered as pulmonary valve replacement in baboon (Weber et al. 2011). Valve
functionality was adequate up to 4 weeks upon implantation, with substantial
remodeling and cellular infiltration. Finally, TEM-based TEHVs were implanted as
pulmonary replacement in baboons to assess functionality and remodeling (Weber
et al. 2013) and the results compared to decellularized human valves. The results
indicated better cellular infiltration for TEM-based TEHVs but leaflet shortening
over time associated with moderate regurgitation.

Nonhuman primates are, however, a strictly regulated and costly animal model,
which is also often prohibited for ethical and regulatory reasons (Rashid et al. 2004;
Cesarovic et al. 2020).

7.3.2 Swine Model
Swine heart anatomy and physiology closely resemble the human heart, making pigs
a good animal model for cardiovascular research (Suzuki et al. 2011), in particular
for the investigation of coronary artery disease and myocardial infarction (Patterson
and Kirk 1983). In addition, other biological processes, such as the immune systems,
the coagulation cascade, and the endothelialization potential, are similar to humans
(Gallo et al. 2017).
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Despite these advantages, pigs have a fast-growing curve that may determine size
mismatches with the implanted prosthesis during long-term follow-ups, thereby
affecting the chronic study outcome (Rashid et al. 2004; Kheradvar et al. 2017). In
the field of heart valve TE, pigs have been used to investigate feasibility of the
implantation procedure of novel fully bioresorbable stented prostheses in acute
studies (Coyan et al. 2019).

To limit size-related issues, the Vietnamese mini-pig has been used to investigate
functionality and remodeling of TEHVs based on decellularized porcine aortic roots
(Bottio et al. 2010; Gallo et al. 2016, 2017). This homologous replacement showed
promising results over a 15-month follow-up, with retained functionality, host cell
repopulation, tissue remodeling, and no calcification observed. Taken together, these
results suggest that pigs can be used for assessing TEHV performance and may become
a valid preclinical animal model in the future to evaluate regenerative replacements.

7.3.3 Ovine Model
The sheep is the FDA-approved and ISO-norm recommended animal model for the
in vivo preclinical validation of heart valve replacements, with similar heart anat-
omy, heart rate, pressure values, and, most importantly, heart valve sizes to human’s
(Kheradvar et al. 2017). In addition, the high calcium level in the lamb serum (up to
12 months old), makes this animal model “the worst-case scenario” (Taramasso et al.
2015) to investigate durability and susceptibility to calcification of an implanted
valve prosthesis (Barnhart et al. 1982). Finally, the growth curve of a sheep is
moderate compared to the swine model, making it a valid choice for the assessment
of regenerative tissue-engineered replacements with growth potential, as extensively
demonstrated in literature (Iop et al. 2014; Zafar et al. 2015; Quinn et al. 2016;
Reimer et al. 2017; Hennessy et al. 2017).

The sheep is, therefore, the gold standard animal model for assessing TEHV
functionality and remodeling when implanted as pulmonary or aortic valve replace-
ment, as well as for determining growth potential of TEHVs (Tables 6, 7, 8, and 9).

Although the heart anatomy is similar to the human’s, animal models still present
several limiting factors. Firstly, the orientation of the great arteries and of the heart
differs considerably in quadrupeds compared to humans, making it difficult to test
devices (e.g., transcatheter delivery systems) that are designed for the human
anatomy. In addition, large animal models do not acquire the same valvular disease
than human, and there is no animal model capable of replicating valve stenosis,
insufficiency, or calcification. Moreover, due to financial and ethical constraints,
long-term studies (>1 year) in large animal models are rare (Kheradvar et al. 2017;
Cesarovic et al. 2020).

8 Challenges Toward Clinical Translation

By simplifications of manufacturing methods to grant off-the-shelf availability and
scalability, TEHVs with in situ remodeling potential could potentially see a way to
commercialization in the near future. However, despite the promising outcomes in
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both preclinical and clinical trials, routinely application of TEHVs into clinics is to
date limited. From a scientific point of view, TEHVs need to provide proof of
successful acute feasibility, short- and long-term functionality, over time durability,
self-regeneration, and growth capabilities. However, several other aspects need to be
equally considered.

8.1 Regulatory Challenges

Following FDA guidelines, cardiac valve replacements are devices classified as
class III, according to their risk-based classification scheme. More specifically,
such devices belong to the group of “support or sustainment of human life, which
are of substantial importance in preventing impairment of human health or
present a potential, unreasonable risk of illness or injury.” However, the precise
classification of such TEHVs might be difficult due to the variety of manufactur-
ing approaches reported in literature and the heterogeneity in the international
guidelines of the different regulatory agencies (Ram-Liebig et al. 2015). For
instance, class III devices require a premarket approval (PMA), showing that
for this particular device, there is no approved/existing equivalent device and
demonstrating via research studies that the device is safe and effective. Preclin-
ical studies for the translation of TEHVs need to withstand additional technical
requirements in compliance to the guidelines ISO-5840 of the International
Organization for Standardization (ISO). However, ISO-5840 document was
developed for mechanical and bioprosthetic valves only, and therefore, current
standards and regulations must be adapted to determine preclinical safety and
efficacy of TEHVs.

8.2 Logistical Challenges

With the introduction in 1978 of the Good Laboratory Practice (GLP) concepts,
standardized premarket evaluation rules were established. Hence, the translation of
TEHV into clinics will only be effective when device production processes will also
follow good manufacturing practices (GMP). Both regulation systems help the
simplification and standardization of the clinical translation of TEHVs. Hence,
researchers need to collaborate with GMP-compliant facility and perform
GLP-compliant testing in order to further advance their prototypes into clinical
trials. However, these facilities are not usually broadly available, and renting of
special laboratories, such as clean rooms, is very expensive, thereby limiting the
possibilities for academic researchers. In this regard, foundations to help accelerate
the translation process are fundamental. These foundations may provide funding,
facilities, and/or expertise to ensure that academic research and scientific discoveries
are translated into clinical applications, even without the collaboration of industry
and investors.
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8.3 Clinical Requirements

The complete regeneration and repair of the implanted scaffold material is of utmost
importance for any in situ approach. However, the regenerative capabilities of the
host recipient play a pivotal role in the acceptance and remodeling of the implanted
engineered construct, hence directly influencing the quality and success rate of the
TEHVs. An in-depth clinical screening of the patient to determine his/her own
regenerative potential is one of the requirements to anticipate when translating
TEHVs into clinical practice and to ensure the best chance of remodeling upon
implantation. Specifically, some patient-specific risk factors (e.g., diabetes, age, and
smoke) are associated with impaired regenerative processes by the cells, hence
possibly affecting TEHV remodeling and, therefore, functionality and durability
on the long term. In addition, implant monitoring strategies using noninvasive
imaging techniques, such as echocardiography, CT scan, and/or MRI, will be
required to assess the status of the remodeling over time and ensure correct valve
functionality. Finally, emergency treatments and strategies to adopt in case of failure
should be considered and planned for safe clinical translation.

9 Conclusions

The prevalence of valvular diseases requiring a replacement is growing in light of
our aging population and the ability to correct congenital heart defects. There are
various treatment options for patients affected by valvular disease, such as valve
repair and surgical or transcatheter valve replacement techniques. However, current
clinically adopted valve replacements are a suboptimal solution, requiring the need
for multiple reoperations either to accommodate for patient’s growth or to substitute
a degenerated valve. In addition, after the recent FDA approval of TAVI for low-risk
case of aortic stenosis, the number of (younger) patients now eligible for TAVI has
significantly increased. There is, therefore, a clear need for novel valve replacement
solutions compatible with TVR techniques that could remodel and even grow upon
implantation, ensuring a lifelong durability even for younger patient cohorts. Off-
the-shelf available TEHVs with in situ regenerative and growth potential may
overcome the limitations of currently used heart valve replacements, providing a
novel durable option even compatible with transcatheter techniques. Clinical trans-
lation of decellularized homografts showed promising performance and
recellularization potential (Table 7). In contrast, decellularized xenografts failed
because of severe inflammation and stenosis (Table 8). Based on encouraging results
from a first clinical trial using tissue-engineered vascular grafts based on supramo-
lecular polymers (i.e., extracardiac total cavopulmonary connection to treat CHD)
(Bockeria et al. 2017), clinical pilot trials using bioresorbable supramolecular
polymer-based TEHVs are underway (trial number NCT02700100,
NCT03022708, and NCT03405636). Furthermore, it is expected that TEM-based
transcatheter TEHVs (Emmert et al. 2018; Lintas et al. 2018), will reach clinical
translation in the near future.
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By providing native-like remodeling, and long-term durability, TEHVs will be
also able to reduce the healthcare costs.
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Abstract

Recent studies have reported that the injection of isolated cells can improve
cardiac function in models of myocardial infarction. However, the loss of trans-
planted cells from the target site due to local hypoxia and cell washout remains
a major problem. To overcome these limitations, we have developed cell sheet-
based tissue engineering that allows the generation of confluent cultured cells,
stacked cell sheets, and three-dimensional (3D) cell-dense tissues. Cell sheet-
based patches can improve the function of damaged hearts in animal models.
Stacked cardiac cell sheets beat synchronously both in vitro and in vivo and have
the characteristic structure of native heart tissue. Upscaling of this technology
through multistep transplantation of triple-layered cell sheets allowed the
construction of functional cardiac tissue about 1 mm thick. Furthermore, we
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succeeded in bioengineering 3D cardiac tissue containing a vascular network
by in vitro perfusion culture of cell sheets stacked sequentially on a vascular bed
obtained from resected tissue. Since the vascular bed was excised with its artery
and vein intact, the bioengineered tissue could be transplanted by anastomosis of
its vessels with those of the host animal. Following the creation of cardiac patches
for direct implantation onto a damaged heart, the next challenge will be to
engineer organs with tubular or spherical structures that can function as pumps
to provide circulatory support. The goal for the future is to develop this technol-
ogy to create functional organ-like tissues with vascular networks that can be used
in patients as an alternative to conventional organ transplantation.

1 Introduction

Regenerative medicine is receiving great attention as a potential new therapy for
illnesses that cannot be completely cured by pharmacological or surgical methods.
Regenerative medicine also is a promising technique for creating transplantable
tissues that could substitute for conventional organ transplants in the future. To
date, the clinical application of regenerative medicine has mainly involved the
injection of autologous or allogeneic cell suspensions in order to regenerate defec-
tive tissue. However, ongoing research is further developing bioengineering tech-
niques with the aim of creating transplantable tissues using biodegradable scaffolds
made from synthetic or natural polymers. Tissue engineering technology has already
been applied clinically to tissues with a low cell density and low vascular require-
ment such as bone, cartilage, and skin.

Conventional tissue engineering techniques are limited with regard to the thick-
ness and function of the tissue that can be constructed because they rely on diffusion
for the supply of oxygen and nutrients and the removal of waste products. The
construction of complex and cell-dense tissues such as the heart, liver, and kidney
will require innovative technologies to realize a functional vascular network within
the engineered tissue.

In this chapter, we introduce three related technologies that have the potential to
be developed into novel regenerative therapies: cardiac cell sheet-based tissue
engineering for myocardial regeneration, creation of three-dimensional tissue with
a functional vascular network, and fabrication of a bioartificial pump for circulatory
support.

2 Myocardial Regenerative Therapy

Research on myocardial cell transplantation was initiated by Soonpaa et al. in
the early 1990s, who demonstrated that mouse fetal cardiomyocytes successfully
engrafted onto host myocardium after transplantation (Soonpaa et al. 1994).
Subsequently it was reported that the transplantation of suspensions of various cell
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types, including cardiomyocytes, was able to help restore cardiac function
(Laflamme and Murry 2005). Skeletal muscle myoblasts are considered relatively
resistant to ischemia and have been used in place of cardiac cells for myocardial
regeneration. The MAGIC II trial in 2003 reported that cardiac function was
improved by the injection of myoblasts collected from the patient’s own skeletal
muscle in combination with coronary artery bypass surgery (Menasche et al. 2003,
2008). However, because there were some cases of arrhythmia and death, the
combined use of antiarrhythmic drugs and implantable defibrillators was considered
essential when this technique was utilized.

In recent years, embryonic stem (ES) cells and induced pluripotent stem (iPS)
cells have been actively studied as a source of cells with a high ability to proliferate
and differentiate into cardiomyocytes. A method for inducing the differentiation of
human stem cells into cardiomyocytes has also been established. Differentiated
cardiomyocytes have been shown to engraft onto a host heart and recover cardiac
function in animal models of heart failure (Caspi et al. 2007; Nelson et al. 2009;
Shiba et al. 2016). Since iPS cells circumvent the moral and ethical issues associated
with the use of ES cells, including the destruction of human embryos, it is anticipated
that allogeneic transplantation based on cell banks will be realized in the future
(Wilmut et al. 2015).

3 Scaffold-Based Engineering of Cardiac Tissue

The concept of tissue engineering was first proposed by Prof. Robert Langer at the
Massachusetts Institute of Technology and Prof. Joseph Vacanti at Harvard Univer-
sity in the late 1980s. Tissue engineering is an interdisciplinary study born from the
fusion of medicine and engineering that aims to reproduce the tissue structures of the
body in vivo or in vitro. The generation of tissue requires an extracellular matrix
(ECM) that acts a scaffold for the cells and the growth factors that promote cell
differentiation and proliferation. In this method, cells are seeded on a three-
dimensional biodegradable scaffold, cultured and then transplanted into the body.
The scaffold is typically a biodegradable material composed of polyglycolic acid
(PGA) or poly-L-lactic acid (PLLA) and its copolymer. Since the scaffold is slowly
degraded and absorbed in the body and replaced with ECM produced by the cells,
tissue structures similar to native tissues can be regenerated (Langer and Vacanti
1993). A major advantage of tissue engineering techniques is the ability to overcome
the loss of cells due to the washout and necrosis that inevitably occur with cell
infusion-based therapy. In addition, tissue engineering potentially allows the treat-
ment of defective structures, such as those associated with congenital heart disease,
which cannot be corrected by cell infusion- or cytokine-based therapy (Zandonella
2003). Gelatin, alginic acid, and PGA porous sponges have all been used
as a scaffold for cell seeding (Fig. 1a) (Bursac et al. 1999; Li et al. 1999; Leor
et al. 2000). In addition, three-dimensional myocardial tissue has been constructed
by mixing a collagen solution with cardiac cells and culturing in a mold (Fig. 1b)
(Zimmermann et al. 2006). Moreover, the imposition of a stretching load in vitro was
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shown to impart orientation to the myocardial tissue and enlarge the cardiomyocytes
(Zimmermann et al. 2006). An intermediate approach between cell injection-based
therapy and tissue engineering, which reduced the problem of cell loss, was also
reported in which cells were mixed with fibrin glue or a collagen-containing solution
and then injected into failing myocardium (Fig. 1c) (Christman and Lee 2006).

Various studies have investigated the transplantation of bioengineered cardiac
tissue in animal models of heart failure. Li et al. created a graft by seeding rat fetal
cardiac cells on a degradable gelatin mesh, and transplantation of this graft onto scar
tissue in a cryoinjured rat heart resulted in an improvement in left ventricular systolic
pressure when compared with the transplantation of gelatin mesh without cardiac
cells (Li et al. 1999). Leor et al. seeded rat fetal cardiac cells onto a porous alginate
scaffold and transplanted the resulting construct onto myocardial scar tissue in rats
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Fig. 1 Various type of tissue engineering approach for myocardial tissue reconstruction
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with experimental myocardial infarction. Although there was no improvement in left
ventricular contractility, transplantation was found to suppress left ventricular dila-
tation due to myocardial remodeling (Leor et al. 2000). Zimmermann et al. generated
three-dimensional myocardial tissue by mixing rat neonatal cardiomyocytes with
collagen solution and culturing in a silicone mold. After transplantation into rats with
experimentally induced myocardial infarction, the engineered heart tissue was
observed to couple electrically with the host heart, improve left ventricular contrac-
tility, and inhibit left ventricular dilatation (Zimmermann et al. 2006).

4 Cell Sheet-Based Tissue Engineering for the Generation
of Cardiac Tissue

One of the limitations of using a scaffold as a cellular foothold during tissue
construction is that it can be difficult to seed a sufficient number of cells within
the scaffold, resulting in a construct with a small cellular component and a large
amount of connective tissue. Although scaffold-based techniques are suitable for the
production of tissues that are sparsely populated by cells, such as heart valves and
cartilage, alternative methods are needed to create cell-dense tissues with complex
structures and functions such as the heart, kidney, and liver. Therefore, we developed
an original technology known as cell sheet-based tissue engineering that permits the
generation of tissue without the use of a scaffold. Cell sheet-based tissue engineering
relies on the controlled use of temperature changes to regulate the attachment and
detachment of cells from the surface of a culture dish. Poly(N-isopropylacrylamide)
(PIPAAm) is a thermoresponsive polymer with a critical solution temperature of
32 �C in water. When this polymer is immobilized covalently by an electron beam,
it becomes hydrophobic at 37 �C, which enables cells to adhere to it. However, the
polymer surface becomes hydrophilic when the temperature is lowered to 32 �C,
resulting in the detachment of cells from it (Yamada et al. 1990; Okano et al. 1993).
Conventionally, a protease such as trypsin is used to harvest cultured cells, but this
method degrades not only the proteins that adhere the cells to the surface of the
culture dish but also other proteins on the cell membrane. Thus, a major advantage
of using a temperature-responsive culture dish is that a simple lowering of the
temperature allows cells to be recovered as a sheet without any disruption of cell-
cell adhesion or the structure and function of the ECM (Fig. 2) (Kushida et al. 1999).
Furthermore, three-dimensional tissues can be constructed by laminating multiple
cell sheets (Fig. 1d). Since a tissue constructed by lamination consists only of cells
and the small amount of ECM that they produce, this technique avoids the problems
associated with the use of scaffolds (Yang et al. 2005).

When two neonatal rat cardiac cell sheets prepared using a temperature-
responsive culture dish were stacked together in vitro, morphological and electrical
connections were established between the pair of cardiac cell sheets within several
tens of minutes. Furthermore, synchronously beating myocardial tissue was created
successfully by the lamination of cardiac cell sheets (Shimizu et al. 2002; Haraguchi
et al. 2006). When layered cardiac cell sheets were transplanted onto the dorsal
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subcutaneous tissue of a rat, the transplanted myocardial graft exhibited pulsations
visible to the naked eye and generated unique electrical potentials that were
detected by electrography. Notably, the transplanted cardiac tissue was observed
to contain newly formed capillary networks and structures characteristic of native
myocardial tissue such as sarcomeres, gap junctions, and desmosomes (Shimizu
et al. 2002). It was also shown that this transplanted myocardial tissue continued to
engraft for a further 2 years while maintaining its spontaneous beating (Shimizu
et al. 2006a).

5 Transplantation of Cardiac Patches onto Ischemic Hearts

When engineered myocardial tissue is transplanted onto an ischemic heart, it is
essential that the graft connects electrically and synchronizes with the host heart
to enable it to support cardiac function. To evaluate whether our bioengineered
construct would possess this ability, we transplanted a stratified cardiac cell sheet
onto the heart of an animal with ectopically produced myocardial infarction and
evaluated whether electrical connections were formed between the host heart and
graft. Morphological analysis demonstrated cell-cell junctions between the cardio-
myocytes of the graft and those of the host non-infarcted tissue 1 week after graft
transplantation. Immunohistochemistry experiments and transmission electron
microscopy (TEM) confirmed the expression of connexin-43 and the presence of
intervening plate between host cells and graft cells. In addition, it was shown that
a low molecular weight fluorescent dye was able to migrate between connected cells.
Immunohistochemistry also revealed the dedifferentiation of epicardial mesothelial
cells that were sandwiched between the host and graft. Based on the above results,
it was concluded that the transplantation of a multilayered cardiac cell sheet onto
the ischemic region of a host heart resulted in the loss of mesothelial cell function
and the formation of gap junctions between the cells of the graft and those of the
non-infarcted myocardial tissue. This raised the possibility that the function of an
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Fig. 2 Cell sheet technology using temperature-responsive culture dish
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ischemic heart could be improved by a graft beating synchronously with normal
myocardium (Sekine et al. 2006a).

The implantation of various cell sheets has been shown to restore cardiac
function in small animal models of severe heart failure. The main mechanisms
underlying the improvement in cardiac function are thought to be the promotion of
angiogenesis by various cytokines secreted from the transplanted cell sheets as
well as the suppression of fibrosis, apoptosis, and left ventricular remodeling
(Memon et al. 2005; Miyagawa et al. 2005, 2010; Hata et al. 2006; Kondoh
et al. 2006; Miyahara et al. 2006). Nevertheless, echocardiography has demon-
strated a reduction in left ventricular end systolic dimension and an increase in
fractional shortening ratio after the transplantation of cardiac cell sheets, implying
that the improvement in host heart function by cardiac cell sheets involves not only
the effects of cytokines but also an enhancement of cardiomyocyte contractility
(Miyagawa et al. 2005; Sekine et al. 2011). This latter effect is thought to be related
to the formation of gap junctions between graft and host cells and the synchroni-
zation of contractile function between the transplanted cardiac cell sheet and host
myocardium (Sekine et al. 2006a). When we evaluated our cardiac cell sheet in an
animal model of cardiac injury, the survival of transplanted cells (evaluated by
in vivo luminescence imaging and immunohistochemistry) and the improvement
in host cardiac function (assessed by echocardiography) were significantly greater
following the transplantation of cardiac cell sheets than after the injection of a cell
suspension (Sekine et al. 2011). This suggests that the enhancement of cardiac
performance is dependent on the survival of the transplanted cells. Treatments
based on the injection of cell suspensions are limited by the loss of cells that occurs
due to necrosis and outflow from the transplantation site. Zhang et al. utilized
quantitative TUNEL analysis to determine the rate of necrosis and showed that
most cardiomyocytes become necrotic several days after their transplantation as a
cell suspension (Zhang et al. 2001). Studies have also examined the technical
issues involved in the outflow of cells from the transplantation site. Terrovitis et al.
found that only 17% of cardiac-derived stem cells were retained 1 h after their
transplantation into a normal rat heart, but the engraftment rate was improved if the
host heart was temporarily stopped while the cells were injected (Terrovitis et al.
2009). Hudson et al. performed intramyocardial injections of fluorescent micro-
spheres rather than cells in a porcine cardiopulmonary bypass model and deter-
mined the retention rate to be only 10% irrespective of whether the heart was
temporarily arrested (Hudson et al. 2007). The above findings indicate that cell
transplantation by injection is associated with a low retention rate. Hofmann et al.
carried out transcoronary grafting of a suspension of bone marrow-derived cells,
and analysis by positron emission tomography revealed that only 1–3% of cells
engrafted onto the heart, with many cells flowing to the liver and pancreas
(Hofmann et al. 2005). Subsequently, Kutschka et al. demonstrated that the efflux
of cells from the transplantation site was lower for cells mixed with collagen than
for a cell suspension (Kutschka et al. 2007). This showed that it might be possible
to reduce cell loss following the transplantation of a cell suspension. Nonetheless,
cell survival is better for transplanted cell sheets than for injected cell suspensions
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(Sekine et al. 2011), suggesting that the use of cell sheets can maximize the
potential of transplanted cells.

The layering of cardiac cell sheets generates three-dimensional myocardial tissue
with a high density of cells because the tissue consists only of cells and the ECM
that they produce. An additional advantage of this construct is that it can be readily
engrafted onto host tissue because ECM is present on the lower aspect of the cell
sheet. For adherent cells like cardiomyocytes, adhesion to the ECM is an essential
function for survival and proliferation. Consistent with this, many TUNEL-positive
apoptotic cells are detected 24 h after the transplantation of a cell suspension.
Apoptosis caused by defective cell adhesion is referred to as anoikis (Michel
2003). Adherent cells bind to a certain substrate via integrins, but when the adhesion
is broken, the cells become suspended and initiate a signal to induce anoikis. The
apoptotic signal is transmitted to the nucleus through several kinases (intracellular
signaling molecules) such as focal adhesion kinase (FAK). Cells transplanted as
a suspension are usually harvested from a culture dish using a protease to degrade
proteins on the surface of the ECM or cell membrane. Therefore, the cells in
a suspension are in a state in which their adhesion to the ECM has been disrupted.
By contrast, a cell sheet used for transplantation is collected from a temperature-
responsive culture dish as an intact sheet without any disruption of cell adhesion to
the ECM. Since anoikis would be induced more easily in cell suspensions than in cell
sheets, this would explain why significantly more TUNEL-positive apoptotic cells
are evident in transplanted cell suspensions than in transplanted cell sheets.

Previous studies have demonstrated that cardiac cell sheets co-cultured with
endothelial cells form a network of vascular endothelial cells that promote angio-
genesis after transplantation (Sekiya et al. 2006). Twenty-four hours after transplan-
tation onto an ischemic heart, cell sheets co-cultured with endothelial cells exhibit
mature blood vessels surrounded by pericytes and luminalized endothelial cells,
whereas cell suspensions show no evidence of mature blood vessels (Sekine et al.
2011). It is thought that the presence of a network of endothelial cells within the
cell sheet facilitates the early maturation of blood vessels after transplantation.
Furthermore, transplanted cell sheets show a dense arrangement of capillaries,
whereas transplanted cell suspensions contain only a small number of sparsely
distributed microvessels. Interestingly, new blood vessels in the graft are remodeled
from both graft- and host-derived endothelial cells, and the graft-derived endothelial
cells migrate to ischemic regions in the host myocardium to contribute to the
development of blood vessel walls. The above results show that the inclusion of
vascular cells within a cell sheet before transplantation can help to engineer tissue
with a strong ability to promote angiogenesis and improve cardiac function (Sekine
et al. 2008).

Based on these findings, in 2007 we set up a collaborative clinical research
project with the Department of Cardiovascular and Respiratory Surgery at Osaka
University to evaluate whether the transplantation of autologous skeletal myoblast
sheets could be used as a therapy for severe dilated cardiomyopathy. Patients who
had been fitted with a left ventricular assist device prior to treatment showed
sufficient improvement in cardiac function 3 months after cell sheet transplantation

88 H. Sekine et al.



to allow removal of the assist device and discharge from hospital (Sawa et al. 2012).
In view of the promising results obtained in the above study, Terumo Co., Ltd.
initiated a clinical trial in 2012 to evaluate the potential use of cell sheet transplan-
tation in the treatment of ischemic heart disease, and regenerative therapy has been
carried out in more than 35 cases to date.

6 Effects of Cell Sheet Transplantation in Infant Ischemic
Hearts

Cell sheet-based therapy for severe heart failure in adults has achieved a certain
degree of success in clinical trials. However, there have been no reports regarding the
effects of cell sheet-based treatment on myocardial damage in infants. Therefore, we
utilized a rat model of myocardial infarction to compare the therapeutic effects of cell
sheet transplantation between infant and adult animals (Homma et al. 2017). Briefly,
experimental myocardial infarction was induced in infant rats (2 weeks old) and
adult rats (12 weeks old), triple-layered rat myoblast sheets were transplanted 1 week
later, and the response to therapy was evaluated 2 weeks after transplantation.
Cardiac catheterization studies demonstrated better improvement of cardiac function
after cell sheet transplantation in infant rats than in adult rats. Moreover, histological
evaluation showed that the hearts of infant rats exhibited greater wall thickness, less
fibrosis, a higher number of dividing cardiomyocytes, and more neovascularization
of the infarcted region than those of adult rats. The above results indicate that infant
hearts have a greater regenerative ability than adult hearts and that this regenerative
ability is stimulated by the implantation of cell sheets. It is thought that cardiomyo-
cyte mitogenesis is one of the mechanisms contributing to the effects of cell sheet
transplantation on infarcted hearts in infants, whereas this has not been reported in
adult hearts. This implies that myocardial regeneration therapy might be particularly
effective during infancy.

7 Vascularization of Engineered Myocardial Tissue
for Scaling-Up of Tissue Size

Tissues constructed by conventional bioengineering techniques lack functional
vascular networks, which results in oxygen and nutrient deficiency and accumula-
tion of waste products. The development of technologies to generate a blood vessel
network within a bioengineered construct has become an important focus of tissue
engineering research, and various approaches have been attempted. A widely used
method is to administer an angiogenesis-promoting growth factor either at the time
of transplantation or more gradually by elution from a scaffold (Richardson et al.
2001). Although this technique can promote angiogenesis at the initial stage of
transplantation, it generally does not sustain angiogenesis for a sufficiently long
period of time to prevent necrosis of the inner region of the transplanted tissue due
to ischemia. As a result, such use of angiogenesis-promoting growth factors is
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not suitable for the generation of thick tissues. Co-culturing with a cell type that is
a constituent of blood vessels has received increasing attention in recent years as
a method to promote the formation of a vascular network. As described above, we
have shown that an endothelial cell network can be generated within a cell sheet
containing co-cultured vascular endothelial cells and that this speeds up the devel-
opment of a vascular network after transplantation (Sekiya et al. 2006). Although the
co-cultured vascular cells directly contribute to blood vessel formation in the tissue
after transplantation, they do not form continuous structures with lumens before
transplantation. As a result, the thickness of the bioengineered three-dimensional
tissue is still initially limited by ischemia after transplantation. Several methods have
been advocated to overcome this limitation. We have developed a bioreactor system
that initiates the formation of capillaries through the artificial construction of blood
vessel-like structures in vitro that are perfused via their lumens. This technique
involves the advance preparation of minute flow channels within a scaffold using
microfabrication technology, which enables culture medium to be perfused through
these channels during tissue culture (Fig. 3a) (Chouinard et al. 2009). An alternative
approach utilizes a scaffold that imitates the three-dimensional structure of the
microcirculation (“angiochip”), which is seeded with vascular endothelial cells
from the luminal side to enable the construction of a vascular network during
perfusion culture (Fig. 3b) (Zhang et al. 2016). Other studies have attempted to
create vascularized tissues by decellularizing a living tissue or organ, seeding
vascular endothelial cells within the original blood vessels, and performing perfu-
sion culture (Fig. 3c) (Ott et al. 2008; Song et al. 2013; Ren et al. 2015).
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Fig. 3 Bioreactor system for application of vascular network fabrication
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An important aim of our research into regenerative therapy is to upscale
the stacking of cell sheets to generate thick tissues. In order to achieve high-
performance, the bioengineered tissue needs to be provided with a vascular network
to improve the delivery of oxygen and nutrients and the removal of waste products.
As a way of realizing this aim, we have devised a procedure that allows cardiac cell
sheets to be sequentially transplanted every 24 h, which provides enough time for
sufficient angiogenesis to occur from the host side of the layered cardiac cell sheets.
Using this method, it was possible to create myocardial tissue with a thickness of
about 1 mm that generated contractile force in vivo (Shimizu et al. 2006a). Follow-
ing the success of the above experiments, we then tried to generate thick myocardial
tissue by adding a vascular network to the construct in vitro (Fig. 4) (Sekine et al.
2013). First, we developed a vascular bed that would promote vascularization of the
bioengineered tissue and a bioreactor for tissue perfusion, and we evaluated the
formation of capillaries within cardiac cell sheets that were stacked on the vascular
bed (Fig. 3d). The vascular bed was made from rat femoral muscle: the femoral
muscle tissue was partially resected, reset to the original position, and then incubated
in the host body for 1 week before complete resection with the femoral artery and
vein. Cell sheets comprising cardiomyocytes co-cultured with endothelial cells were
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Fig. 4 Tissue perfusion using a bioreactor and stacking of cell sheets on a vascular bed
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layered on the vascular bed, and tissue perfusion culture was performed using
a solution supplemented with basic fibroblast growth factor (b-FGF), with inflow
via the vascular bed artery and outflow via the vein. Connection of capillaries within
the myocardial tissue to blood vessels of the vascular bed was confirmed after 3 days
of perfusion culture, and the sequential stacking of triple-layered cell sheets on four
occasions enabled the construction of myocardial tissue with a thickness of about
200 μm. Furthermore, when vascularized myocardial tissue prepared by the stepwise
layering of cell sheets was transplanted into a rat and its vessels anastomosed to the
cervical artery and vein of the host, the transplanted tissue was shown to engraft and
retain its cellular function 2 weeks after transplantation.

In another study, cell sheets composed of cardiomyocytes co-cultured with
endothelial cells were perfused via an artificial vascular bed consisting of a collagen
gel containing microchannels. It was found that capillaries were constructed by the
proliferation and migration of vascular endothelial cells within the microchannels
and cell sheets (Sakaguchi et al. 2013).

8 Organ-Like Tissue Fabrication

Heart transplantation remains the best treatment for patients with severe cardiac
failure due to ischemic heart disease. However, the shortage of donor organs
worldwide substantially limits the number of heart transplants that can be performed.
In addition, artificial cardiac systems such as temporary mechanical circulatory
support or left ventricular assist devices have specific problems associated with
thromboembolism, infection, gastrointestinal bleeding, and limited endurance.
Therefore, regenerative therapy is being pursued as an alternative approach that
offers new possibilities for the repair of damaged myocardium. In myocardial tissue
engineering, the ultimate goal is the creation of a functional myocardial compart-
ment that can generate significant independent pressure from its own spontaneous
contraction. Following on from the creation of cardiac patches for direct implanta-
tion into a failing heart, the next challenge is to design organ-like tissues such as
tubular or spherical structures that can function as pumps. In the following section,
we introduce the bioengineering of organ-like tissues that can function as cardiac
pumps and potentially provide circulatory support.

9 Scaffold-Based Cardiac Pumps

Several research groups have attempted to create organ-like structures using cultured
cardiomyocytes. Evans et al. developed tubular heart tissue using rat embryonic
heart cells containing type I collagen. A tube of aligned collagen fibers was formed
using two counter-rotating cones and a polymerization chamber. Tube-cultured
cardiomyocytes exhibited a level of differentiation that was higher than that of
planar cultured cells and similar to that of neonatal ventricular myocytes in vivo
(Evans et al. 2003). Yost et al. created a three-dimensional tubular collagen scaffold
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with a varying fibril angle from the inside to the outside and seeded it with neonatal
rat cardiac cells on both the luminal and outer surfaces at weekly intervals (Yost et al.
2004; Franchini et al. 2007). Mechanical studies demonstrated that stiffness and
viscosity were significantly increased in collagen tubes seeded with cardiac cells
(Yost et al. 2004; Franchini et al. 2007). Birla et al. used a biodegradable hydrogel to
produce a cell-based tubular cardiac structure that was capable of generating pres-
sure. The constructs were made by culturing neonatal rat heart cells in a fibrin gel
and then wrapping this around a silicon tube. The tubular structure was composed of
layers of aligned cells and exhibited contractile function that generated an internal
pressure of approximately 0.08 mmHg (Birla et al. 2008). Lee et al. described a
cardiac organoid chamber prepared by mixing neonatal rat heart cells with a mixture
of type I collagen and matrigel. The chamber construct exhibited structural and
mechanical properties similar to those of a cardiac ventricle and generated an internal
pressure of about 2 mmH2O. The cardiac organoid also showed local variations
in contractile function following cryoinjury, suggesting that it could be used as an
in vitro model of myocardial infarction (Lee et al. 2008). Yildrim et al. developed
bag-like heart tissue by mixing neonatal rat heart cells with type I collagen and
matrigel in a globular mold. The sac-shaped heart tissue had structural and contrac-
tile properties comparable to those of natural myocardium. Two weeks after trans-
plantation, an artificial graft covering the entire surface of the heart was shown to be
in functional communication with the host myocardium (Yildirim et al. 2007). Ott
et al. attempted to create a working heart through a process of decellularization
followed by recellularization. First, detergent was perfused through the coronary
arteries of a rat heart in order to decellularize it while preserving its extracellular
matrix and vascular architecture. Then, this construct was recellularized with neo-
natal rat cardiac cells or rat aortic endothelial cells. The resulting bioengineered
heart was capable of contracting and generating a left ventricular pressure of up to
2.4 mmHg after 8 days of culture. This use of such an approach could potentially
solve the challenge of providing a blood supply to engrafted cells by maintaining
the natural structure of the heart and inducing the formation of blood vessels (Ott
et al. 2008).

10 Cell Sheet-Based Cardiac Pump

As an alternative to scaffold-based heart pumps, we have utilized a temperature-
responsive culture dish to create beating cardiac tubes in vitro that could be used to
provide circulatory support (Fig. 5). Three neonatal rat cardiac cell sheets were
harvested from temperature-responsive culture surfaces, layered and then wrapped
around a fibrin tube. The cardiac tube created in vitro exhibited spontaneous and
synchronized pulsations at the macroscopic level and generated a measurable change
in internal pressure in response to spontaneous contraction, with a mean internal
pressure gradient of 0.11 mmHg. We also confirmed an inotropic effect of increased
elevated extracellular Ca2+ concentration in the cardiac tube (Kubo et al. 2007).
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Subsequently, we created an implantable tubular myocardial structure by wrapping
a neonatal rat cardiac cell sheet around a segment of thoracic aorta resected from a rat
(Sekine et al. 2006a). Four weeks after transplantation of this construct into the
abdominal aorta of an athymic rat, the artificial myocardial tube exhibited spontaneous
and synchronous pulsations. The spontaneous contractile activity was confirmed by
electrography to be independent of the host’s heartbeat and generated a pressure within
the graft of 5.9 mmHg. Histological examination and TEM showed that the myocar-
dial tube was composed of tissue resembling that of the normal heart. The artificial
tube was densely populated with stratified cells that stained positively for troponin T,
indicating that they were cardiac cells. In addition, diffuse localization of connexin-43
throughout the graft tissue suggested that gap junctions had formed between the cells.
TEM identified well-differentiated myocardial tissue with numerous mitochondria as
well as myofilaments with sarcomeres. TEM also confirmed that functional micro-
vessels containing red blood cells were present throughout the graft. When compared
with a graft that was transplanted into the abdominal cavity of an animal, the
myocardial tube used for aortic replacement contained significantly thicker tissue
and higher expression levels of brain natriuretic peptide, alpha-myosin heavy chain,
and beta-myosin heavy chain. These findings suggest that pulsatile blood flow through
the lumen of the myocardial tube had stimulated the growth and hypertrophy of its
cardiomyocytes. Previous studies have demonstrated that mechanical stress has the
ability to induce myocardial hypertrophy during development and under pathological
conditions. This phenomenon has been exploited in myocardial tissue engineering
through the use of mechanical stretching to promote cardiomyocyte hypertrophy.
Therefore, the application of mechanical loading, either in vitro or in vivo, appears
to be an essential element in the generation of functional cardiac tissue.

Wrapping of cardiac sheets

Tube like tissue

Blood vessel replacement

Fig. 5 Cell sheet-based myocardial tube for circulatory support
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We have also established that human tubular cardiac structures can improve
hemodynamics after implantation in the rat inferior vena cava (Seta et al. 2017).
Specifically, a triple-layered human cardiac cell sheet was wound around the rat
inferior vena cava to form a tubular cardiac structure. Ultrasonography 4 weeks after
transplantation demonstrated that the fabricated tubular cardiac structure was beat-
ing. Furthermore, catheterization and measurement of internal pressure revealed that
the tubular myocardium generated a pulse pressure of 6.3 � 1.6 mmHg at 4 weeks
and 9.1 � 3.2 mmHg at 8 weeks after transplantation. In addition, histological
analysis confirmed that the transplanted human cardiac cell sheet had developed
mature myofibrils and a rich vascular network. The creation of this cardiac tube
represents the next step in myocardial tissue construction and a transition stage
toward the production of an independently functioning structure with the potential
to act as a bioengineered cardiac assist device.

11 Future Perspectives

The next exciting challenge in the field of regenerative therapy will be the design
of organ-like tissues. Although the creation of organ-like tissues has only been
implemented on a small scale, future solutions to current problems concerning cell
sources and upscaling will facilitate the development of tissue-engineered cardiac
assist devices or even replacement organs. The major obstacle in myocardial tissue
engineering remains the poor delivery of oxygen to a three-dimensional structure,
which limits the thickness of a construct to about 100 μm. Therefore, the production
of thicker and more functional cardiac pumps will require new technologies to
control blood vessel growth. Future attempts to promote vascular network growth
and formation, using techniques such as growth factor administration, gene transfer,
and co-culture with vascular progenitor cells, may contribute to the production
of thicker tissues. Overcoming the limitations of passive diffusion should make it
possible to create a powerful cardiac pump.

One possible technique for improving the contractile force of artificial cardiac
pumps is to ensure the correct orientation of cardiomyocytes. Therefore, controlling
cell orientation is also considered to be an essential element in the generation of
a tissue-engineered pump with improved cardiac-like properties.

12 Conclusions

This chapter has described the advances made in regenerative medicine using cell
sheets and outlined further possibilities. Regenerative medicine is expected to become
a new therapeutic option for refractory diseases that are currently difficult to treat, and
various approaches have been adopted in the development of potential therapeutic
solutions. Cell sheets created using temperature-responsive culture dishes have several
advantages over other currently available methods, including more efficient transplan-
tation, the construction of tissues that are impossible to make with preexisting
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technology, and realization of cell stratification. In addition, cell sheet-based therapies
have achieved highly promising results in human clinical trials.

To construct tissues and organs that can regulate the blood circulatory system,
it will be necessary to overcome numerous challenges such as the development
of cardiomyocytes that can be transplanted into humans and the upscaling of
constructed tissues. It is anticipated that bioengineered cardiac structures will
become an important treatment for diseases that cause severe heart failure, including
congenital heart disease in children. We believe that this can be achieved through
future research efforts and an interdisciplinary approach to technological
development.
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Abstract

Tissue engineering offers huge potential as a novel strategy to treat complex
congenital and acquired conditions of both the trachea and the esophagus where
standard therapy has failed or current options for organ replacement fall short.
Existing approaches have involved the use of scaffolds, cells, or a combination of
both to reconstruct damaged organs, however increasing evidence suggests that
hybrid techniques with exogenous cell delivery enhances tissue regeneration
while reducing inflammation. While many cell lines have been used, increasing
focus on the use of stem cells of mesenchymal origin holds promise, although the
mechanism through which remodeling occurs remains unclear.

In vivo animal models have provided real insights into the use of these
techniques for human therapy. While initial success in partial-thickness and
patch defects models has been translated into clinical studies in humans, repair
of circumferential defects remains altogether more challenging due to difficulties
with stenosis, luminal collapse, and anastomotic leak. More work is required to
establish safe and standardized methods for circumferential organ transplantation
in this field prior to advancement to human candidates with open reporting of
outcomes. Here, we review current approaches, evaluate the existing evidence,
and discuss the future of tissue engineering of the trachea and esophagus.

1 Introduction

In the past decade, translation of tissue-engineered organs into clinical practice is
more promising than ever owing to rapid progress in research focusing on cell
biology and tissue regeneration. The major goal of bioengineering is to fabricate a
biocompatible organ as a viable substitute for transplantation into patients in whom
no other treatment options exist. This novel strategy has huge potential to save and
improve the quality of life of patients suffering from either congenital or acquired
disease. Simultaneously, however, it can pose ethical and economical concerns,
particularly in clinical trials developed on a compassionate basis. In this chapter,
we describe developing research on bioengineering of the trachea and the esophagus.

2 Tracheal Bioengineering

2.1 Introduction

The trachea is a vital organ which cannot be replaced by any other. Its dysfunction
results in difficulty breathing, which is directly associated with mortality. A lack of
alternative treatment for end-stage tracheal failure raises demands for novel
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treatment strategies, such as tracheal bioengineering. In adults, the most frequent
cause of losing a healthy trachea is cancer treatment requiring bulk resection due to
massive tumor invasion emerging from the esophagus or lung. If the length of
resected trachea is greater than 50%, it is considered impossible to reconstruct by
end-to-end anastomosis (Chiang et al. 2016). In children, the most significant
indication for tracheal reconstruction is congenital tracheal malformation. This
includes tracheal agenesis, tracheal stenosis, and severe tracheomalacia, all of
which require intensive treatment immediately after birth and can result in devas-
tating consequences despite painstaking medical efforts. Over the past decade, slide
tracheoplasty has become the most reliable surgical treatment for tracheal stenosis,
but despite significant improvement in mortality compared to other options it is
technically demanding and can result in postoperative bronchomalacia, which is
occasionally lethal (Butler et al. 2014). In addition, accidental events such as
foreign body ingestion, especially of lithium button battery, and swallowing of
caustic substances can devastate tracheal function. Due to the severity and urgency
of these scenarios, compassionate application of innovative therapy is more likely
to be adopted in the emergency setting than in chronic disease. Clinical trials in
tracheal tissue engineering have been performed on a compassionate basis and have
significantly contributed to the progress of this field. The first tracheal reconstruc-
tion was introduced in 1950 (Belsey 1950). A large defect in the trachea due to
massive tumor resection was restored by the combination of steel wire scaffold and
a free fascial graft from the thigh. Although eventual outcomes were not satisfac-
tory, with collapse of the structure and granulation in the lumen, respiratory
function was temporally maintained and epithelization on the luminal surface was
observed. Current literature suggests that tracheal reconstruction using
bioengineered grafts is complicated and potentially risky but not impossible if
adequate tissue regeneration is induced by a biocompatible method (Delaere and
Van Raemdonck 2016).

In the following sections, we discuss the fundamental knowledge, which is a
prerequisite to formulating a bioengineering strategy, and the current achievements
in clinical translation of the tissue-engineered trachea.

2.2 Anatomy and Embryology

The size of the trachea in an adult human is approximately 12–15 cm in length and
2–3 cm in diameter. The lumen is covered with a mucous membrane layer, composed
of pseudostratified columnar epithelia resting on the basal lamina. The tracheal
epithelium bears cilia on its apical surface, 0.25 nm hair-like projections which
expel external particles through a polarized beating movement. Scattered throughout
the cilia are mucus secreting goblet cells which help maintain the humidity in the
airway and trap microorganisms. There are numerous blood and lymphatic vessels
running throughout the lamina propria between the mucosa and the tracheal wall.
The function of the vessels includes supply of oxygen and nutrition, control of
intraluminal heat and removal of harmful substances trapped by epithelia. The wall
of the tracheal tube is composed of elastic and collagen fibers, supported by
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horseshoe-shaped cartilages, which contributes to the contractility and stability. The
tracheal cartilages cover only the ventral and lateral side of the trachea, leaving the
dorsal side open, which allows the esophagus to bulge as food passes through.
Muscle fibers running alongside the cartilage control air flow to the lungs by
changing the length and the diameter of the trachea in synchronization with respi-
ration. These muscles are controlled by the coordination of the specific autonomic
nerves, namely, sympathetic fibers from the thoracic sympathetic trunk and para-
sympathetic fibers from the vagus nerves and their recurrent laryngeal branches.
Furthermore, the muscle fibers also function as a barrier against harmful particles by
triggering strong constriction when such substances are inhaled or aspirated,
resulting in coughing.

Understanding normal embryonic development is important to establish a strat-
egy for organ bioengineering. The development of airway begins in the fourth week
of gestation in humans, where a laryngotracheal diverticulum emerges from the
foregut endoderm just caudal to the level of the fourth pharyngeal pouches. The
laryngotracheal diverticulum is a pouch-like structure located at the ventral side of
the foregut, from which the respiratory bud sprouts and elongates caudally, giving
rise to primordial lungs. Subsequently, the trachea becomes a distinctive structure
from the original foregut tube, but the mechanism of separating the trachea from the
esophagus is not well understood. There have been roughly two contrasting theories
for explaining this process. One theory suggests that the respiratory system develops
as a result of rapid outgrowth of the laryngotracheal diverticulum. This theory
considers the tracheal primordium buds as a separate structure from the foregut
during the subsequent stages of development. An alternative theory hypothesizes the
growth of mesenchymal ridges, which appear between the laryngotracheal divertic-
ulum and the foregut. Fusion of the ridges creates the tracheoesophageal septum
which divides the foregut into the ventral and dorsal part, differentiating the trachea
and the esophagus. Several studies using animal models have attempted to resolve
the controversy and it is likely that the physical separation of the foregut tube plays a
key role in the organogenesis, but this assumption is yet to be proven. After
separation from the foregut, the tracheal primordium starts formulating the func-
tional airway. The endodermal cells lining the tracheal lumen differentiate to the
epithelium and the glands, while the mesodermal cells give rise to cartilage, con-
nective tissue, and muscle.

2.3 Strategy for Tissue Engineering

The main role of the trachea is to allow filtered air to pass into the lungs while
trapping and clearing harmful particles. This unique function is achieved by the
characteristic cell layer covering the luminal surface of the tube. As such, the
fundamental idea of tracheal bioengineering is to generate a conduit lined with
ciliated mucosa capable of mucus secretion and ciliary movement. In addition, the
graft needs to be airtight to prevent air leakage and robust enough to maintain its
structure in the mediastinum. These requirements raise two major questions; how to
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create a three-dimensional (3D) tube-shaped scaffold and how to populate it with
cells.

In order to facilitate clinical translation, biocompatibility of the graft is essential.
Due to its function as a barrier between external airflow into the internal environment
of body, the trachea is constantly exposed to foreign substances. As such, the
immune system is more active than in other organs, making allogenic tracheal
transplantation complicated; severe immune rejection frequently occurs, leading to
a poor success rates. Any graft therefore needs to be immune tolerant, while
retaining the immunological barrier function. The other crucial factor for successful
graft implantation is adequate vascularization, especially if the graft covers a cir-
cumferential defect. Unlike lung, liver, or intestine, the trachea does not have a
truncal blood supply, with a segmental vascular network providing nutritional and
immune capabilities. This lack of major vessel connecting the trachea would not
allow a graft to draw sufficient blood by vascular anastomosis. Therefore, techniques
to promote vascularization, such as a pericardial patch, muscular patch, or pre-
vascularization in vivo, is likely to be mandatory for preventing necrosis and
collapse of the graft.

In summary, tracheal bioengineering for clinical application consists of three
parts; obtaining biocompatible scaffolds, populating this with cells able to generate
a functional mucosal layer, and establishing a proper blood supply.

2.4 Scaffolds

The major role of scaffolds is to provide a footing where cells can adhere and
colonize. The scaffold must be mechanically robust to maintain structural integrity
in order to resist extrinsic pressure induced by neck flexion and negative pressure
during inspiration. Conversely, it needs to be flexible enough to fit in the narrow
space without damaging neighboring vulnerable structures, such as the esophagus
and aorta. Currently, materials commonly chosen as potential sources can be cate-
gorized into two types, synthetic and biologically derived scaffolds.

The advantage of synthetic scaffolds is the adjustability of the size according
to recipient need and prompt availability when required. In early attempts, solid
prostheses were directly used to reconstruct the trachea but this resulted in
unacceptably high mortality associated with severe stenosis and fistula formation
(Neville 1982; Toomes et al. 1985). These complications were secondary to
severe inflammatory reactions of adjacent tissues causing granuloma and ero-
sions. As such, solid prostheses are no longer used for clinical trials and many
researchers began to use porous constructs, which can facilitate ingrowth and
migration of indigenous cells. However, reconstruction using porous tubes has
achieved limited success in the proximal airway while incidence of erosion and
fistula formation remains high in the distal trachea (Maziak et al. 1996). Based on
these results, the focus has shifted to biodegradable polymers, which gradually
degrade in vivo, accommodating the surrounding environment. Biodegradable
materials may especially benefit pediatric patients, allowing tissue growth beyond
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the initial size of the graft once this has completely degraded. Traditionally, Poly
(glycolic acid) (PGA), poly(lactic acid) (PLA), Poly(lactic-co-glycolic acid)
(PLGA), and polydioxanone (PDS) have been used as biodegradable scaffolds.
PGA is the simplest linear polyester, with a high melting point, high solubility in
water, and low solubility in organic solvents. Due to its hydrophilic nature,
constructs made of PGA quickly uptake water and lose their mechanical strength.
PLA has less hydrolytic properties than PGA and thus its degradation is slow.
This characteristic is advantageous in terms of sustainability of mechanical
strength, but can be problematic by remaining too long after implantation.
PLGA is hybrid polymer of PGA and PLA, which enables tuning of the degra-
dation parameters according to the ratio of glycolic acid and lactic acid. PDS is a
unique material commonly used as a surgical suture. The tensile strength of PDS
is lower than other synthetic materials; however it is more durable with a
significantly slower degradability. All these materials have the advantage of
being FDA-approved and are already in use as surgical sutures and implants,
making their use in clinical translation straightforward. The major limitation of
polymer structures is their hydrophobic nature and smooth surface, which may
prevent adherence of cells to the scaffold. Recently, 3D printing technology
combined with electro spinning methods enables nano-level surface modification
of synthetic materials. In this state-of-the-art technique, polycaprolactone (PCL)
has been the preferred choice due to its strength and long absorption time despite
a low porosity (Jang et al. 2014; Park et al. 2019). Nevertheless, synthetic
materials should be adopted only following thorough evaluation of their safety
and biocompatibility in preclinical studies.

Biologically derived polymeric materials, such as collagen, fibrin, and hyaluronic
acid sponges, have been used in a number of preclinical studies for partially
repairing tracheal defects. However, grafts solely made from these materials lack
the durability to maintain the mechanical strength required when implanted into a
circumferential tracheal defect. Recently, scaffolds derived from natural organs by
decellularization, in which indigenous cells are removed through perfusion or
circulation of detergent and enzymatic solutions, have emerged as promising alter-
native (Conconi et al. 2005). By removing native cells, the expression of the major
histocompatibility complex (MHC) becomes almost null, significantly decreasing
immunoreactivity of non-autologous tissues. This technique, which is applicable to
either donated human cadavers or size-matched animals, can convert xenogenic
organs into natural scaffolds without the need for immunosuppression.
Decellularized organs conserve structured extracellular matrix (ECM), which argu-
ably retains cytokines and growth factors containing essential information for cell
growth and maturation. Composition of the ECM is generally organ-specific, thus,
using a decellularized trachea is likely the most efficient to establish proper differ-
entiation of seeded cells. It is also reported that decellularized scaffolds tolerate
cryopreservation for prolonged periods, indicating the possibility of an off-the-shelf
availability, which is important for universal clinical translation and potential com-
mercial distribution (Urbani et al. 2017). The downside of decellularized scaffolds is
the inability to modify the mechanical properties. Donor organs tend to become less
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durable after decellularization; over-treatment should therefore be avoided as scaf-
folds lose mechanical strength with degradation of the ECM resulting in technical
difficulty at anastomosis. Residual chemical reagents are also harmful, suppressing
cell ingrowth and even causing cell death, necessitating vigorous washout during the
procedure. Consequently, the decellularization protocol for the trachea tends to take
long time (Aoki et al. 2019; Butler et al. 2017; Conconi et al. 2005). Conversely,
however, insufficient treatment can leave native cells in scaffolds as tracheal
chondrocytes are relatively stable and cartilage is hard to perfuse due to its density
which could result in immune rejection on implantation. Therefore, optimization of
the protocol as well as careful quality control is crucial to make decellularized
scaffold to be satisfactory for clinical use.

2.5 Cells

In order to enhance biocompatibility, it is important to achieve sufficient growth
of cells on the graft prior to transplantation. Use of recipient autologous cells is
undoubtedly advantageous with potential to make the graft immune-tolerant. The
dominant cell types in the native trachea are epithelial cells lining the luminal
aspect and chondrocytes inside the cartilaginous matrices. If possible, cons-
tructing a muscle and nerve network is desirable to establish the physiological
function of controlling air flow and the defense reaction to noxious aspiration. It
is however challenging, because it not only demands a population of smooth
muscle and nerve cells, but also connection of this with the autonomous nervous
system.

Types of cells used in previous studies vary from mature cells to stem cells.
Mature cell lineages, such as epithelial cells, chondrocytes, and skeletal muscle
cells, have an advantage of already being differentiated and functional, whereas
stem cells, such as mesenchymal stromal/stem cells (MSCs) and induced pluripotent
stem cells (iPSCs), retain a high proliferative potential and the ability to differentiate
into different types of cells. Although there is no consensus on the most efficient
combination of cell types to be seeded, recapitulating the epithelial–mesenchymal
interaction observed in embryonic development by co-seeding both endoderm- and
mesoderm-derived cells is conceivably valuable. However, there is a lack of reliable
method to appraise colonization of cells after seeding. Neocartilage formation,
which is an area of persistent chondrocytes surrounded by remodeled ECM, is
often reported as an index of fresh colonization of chondrocytes, but its association
with functionality is hard to determine (Maughan et al. 2017; Park et al. 2019; Zhu et
al. 2016).

The source of epithelial cells can be from biopsy of either nasal or bronchial
mucosa. Owing to the good availability of autologous epithelial cells, seeding
epithelial cells on the tracheal lumen has already been performed in several studies,
demonstrating prevention of mucus plugging and distal airway infection. However,
it is unclear whether seeded cells can survive long-term or just temporarily cover the
surface of airway until recruited endogenous cells overlay the lumen. Clinical cases
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report that the engrafted bioengineered trachea eventually obtains a functional mucosal
layer, but the process is slow and takes months to complete (Elliott et al. 2012).
This suggests that the ultimate epithelial coverage was gained by migration of the
recipient’s native cells rather than ingrowth of seeded cells.

Chondrocytes, the other principal cell type, play an important role in maintaining
integrity and elasticity of the graft by generating cartilage. Considering native
tracheal cartilage is composed of hyaline cartilage, it is reasonable to isolate cells
from body parts enriched with hyaline cartilage, such as the trachea itself, ribs,
knees, and nasal septum. The ear contains elastic cartilage that has also been shown
to be possible source of chondrocytes, which can ultimately produce hyaline carti-
lage (Fuchs et al. 2002). Obtaining a specimen from these anatomical sites, however,
requires invasive procedures, which represents a significant hurdle for clinical
translation. In an effort to overcome this problem, researchers have recently shifted
to focus on pluripotent cells as a cell source of chondrocytes.

MSCs are widely used for tissue engineering, as they have the potential to
differentiate into various mesenchymal lineages, including osteoblasts,
chondroblasts, and myoblasts. Ease of accessibility is a significant advantage, as
isolation is possible from adipose tissue, bone marrow, and amniotic fluid, which
can be obtained without highly invasive procedures. In addition, many preclinical
and clinical trials have demonstrated the safety of using MSCs in in vivo exper-
iments. Furthermore, MSCs are not only useful as a source of chondrocytes, but
also appear to be promotors of engraftment by interaction with the endogenous
immune system (Elliott et al. 2017; Seguin et al. 2013). The variability of
chondrogenic potential depending on the source of MSCs is, however, an ongoing
issue, and how MSCs contribute to tissue regeneration is yet to be fully understood
(Diekman et al. 2010).

There is increasing interest in the implication of patient-derived iPSC in bioen-
gineering, which have the potential to be expanded indefinitely in an
undifferentiated state retaining the pluripotency. Studies demonstrate differentia-
tion of iPSCs into epithelial cells and chondrocytes in response to tissue-specific
culture conditions, successfully generating hyaline cartilage in animal models
(Diekman et al. 2012; Zhu et al. 2016). One of the major limitations of the use
of iPSC is the time required to obtain pluripotency and to induce proper differen-
tiation, which could be a practical problem on translation to clinical applications.
For antenatally diagnosed congenital tracheal malformations, utilization of cells
derived from amniotic fluid is likely to be a promising alternative. Amniotic fluid
contains abundant cells including stem cells (AFSCs), which have been shown to
differentiate into multiple cell lineages, and can be easily obtained from amnio-
centesis between prenatal diagnosis and delivery, allowing enough time for cell
growth and preparation of a graft.

In addition to choice of cell, the technical method for seeding cells on the scaffold
is important, as well as the maturation period prior to in vivo transplantation. Wide
variation in seeding techniques has been reported ranging from superficial delivery
to micro injection. The number of cells to be seeded is a further variable which may
impact outcome. It is generally acknowledged that at least 1 x 106 cells/cm2

108 S. Shibuya et al.



epithelial cells are required to cover the intraluminal area of the scaffold. Neverthe-
less, the type of the scaffold may impact cell proliferation and colonization, so this
must be optimized according to individual protocol (Butler et al. 2017). Some
researchers have developed tailored bioreactors which can generate a continuous
flow of culture media, which may facilitate cells to grow in vitro. Populated grafts
are generally kept in a static condition before entering a dynamic culture for the
purpose of allowing cells to adhere on the scaffold.

2.6 Animal Models

Bioengineered grafts are thought to contribute to organ restoration in two separate
fashions. One is through direct colonization of implanted, exogenous cells, which
remodel surrounding native tissues, and the other is through a paracrine effect via
cytokines secreted by seeded cells or preserved in natural scaffolds, recruiting
endogenous cells to the implanted site. The paracrine effect also potentially pro-
motes remodeling and vascularization of the graft by stimulating immune cells in
vivo. Animal studies have been performed attempting to understand how each
mechanism contributes to tissue repair, ultimately aiming to maximize the effect of
tissue-engineered grafts on tissue remodeling.

The first in vivo transplantation of a tissue-engineered trachea in an animal model
was reported by Vacanti et al. (Vacanti et al. 1994). Seeding of chondrocytes
obtained from the shoulder of newborn calves on a sheet of nonwoven PGA mesh
produced cylindrical cartilages. After subcutaneous implantation in a mouse for
4 weeks, the grafts were used to substitute a circumferential defect created in
immune deficient rats. Death of all animals from respiratory distress was assumed
to be secondary to an inability to clear secretions, highlighting the necessity of
functional epithelium. A fetal lamb model where the trachea was augmented by a
tissue-engineered cartilage patch was subsequently developed as a possible fetal
approach for congenital tracheal stenosis (Fuchs et al. 2002). In this model,
chondrocytes were derived from either fetal ear or tracheal ring and seeded on
PGA sheet, followed by in vitro maturation in bioreactors for 6–8 weeks. This had
promising results, with fetal survival, engraftment of the patch, and epithelialization
on the luminal side.

Partial tracheal resection models in rabbits have been widely utilized to evaluate
the biocompatibility of newly invented materials (Grimmer et al. 2004; Shin et al.
2015). Advantages of this model include simplicity of the surgical technique and
higher survival rate compared to rodent models. Park et al. fabricated a multilay-
ered implant containing epithelial cells derived from nasal mucosa on the inner
layer and chondrocytes derived from auricular cartilage on the outer layer by
utilizing a 3D printing technique (Park et al. 2019). They repaired a semi-
circumferential defect created in the rabbit trachea with the artificial patch and
obtained a trachea-like ciliated epithelial layer 6 months after surgery. However,
cartilage formation was limited even after 12 months, suggesting the patency of the
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airway was maintained by the original trachea rather than the patched neo-
cartilage.

Pig models are useful for assessing the feasibility of circumferential transplanta-
tion prior to human clinical translation due to their robustness and anatomical
comparability to humans. Go et al. compared outcomes of tracheal implantation in
pigs using decellularized homologous tracheas with bone marrow-derived MSC
(BM-MSC) and epithelial cell seeding (Go et al. 2010). Maintained graft integrity
was seen in the cell-seeded group. The graft without MSCs resulted in severe
luminal collapse and the graft without epithelium was significantly contaminated
with bacterium and fungus, suggesting the importance of repopulation with both
chondrocytes and epithelial cells.

2.7 Clinical Trials

Several clinical trials for substituting a severely impaired trachea with an engineered
graft have been reported. Failing to achieve appropriate tissue regeneration results in
stricture and collapse of the graft. Initially, pioneers struggled to overcome the period
immediately after transplantation during which the graft is vulnerable to cell ische-
mia and external pressure. Pre-vascularization of grafts in a rich vascular environ-
ment, such as the omentum and pericardial membrane, has been shown to be an
effective option to improve adaptation of grafts. Delaere et al. revascularized a
cadaver allograft in the recipient’s forearm using the radial artery and successfully
transplanted this into a 4.5 cm tracheal defect with vascular anastomosis (Delaere
et al. 2010). However, the time taken to obtain a sufficient blood supply means this
process may not be feasible in emergency settings. In such cases, interposition of a
pedicled wrap is likely to be the solution to shorten the pre-vascularization period. In
terms of prevention of early disintegration, securing the lumen by placing a stent is
arguably essential until tissue remodeling progresses and the structure of the graft
becomes strong enough. Despite a number of trials, the best procedure to accomplish
this goal is yet to be validated.

The first case of circumferential replacement of the proximal airway with a
tissue-engineered graft was performed on an adult patient affected with severe
bronchial stenosis and malacia due to post-tuberculous chronic bronchitis
(Macchiarini et al. 2008). The scaffold was obtained by decellularization of the
trachea retrieved from a human cadaver and repopulated with nasal epithelial
cells and MSC-derived chondrocytes. The stenotic left main bronchus was
replaced with the graft and vascularization promoted by interposition of an
omental wrap. In this patient, signs of an establishing vascular supply were
observed 4 days after implantation with subsequent restoration of the mucosal
layer.

The first clinical application in a pediatric patient was led by a group in the UK in
an 11-year-old-boy with long-segment congenital tracheal stenosis. This was ini-
tially repaired by an autologous patch tracheoplasty, but scarring of the patch and
severe bronchomalacia required a stent placement, which resulted in creation of an
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aortotracheal fistula at 3 years old. Repair by implantation of a homologous graft was
successful, but required ongoing stents for recurrent stenosis, which eventually lead
to an acute hemorrhage due to stent erosion. Repeated failure of treatment and the
devastating condition of the patient rendered him a candidate for tissue-engineering
therapy. The scaffold was obtained by decellularization of the cadaveric trachea from
a 30-year-old donor, matched to the recipient’s trachea size. Because of the urgent
clinical need, repopulation of the graft was performed during the surgery with
hematopoietic stem cells derived from bone marrow aspiration. Human recombinant
erythropoietin (hrEPO), G-CSF, and transforming growth factor β (TGF-β) were
injected into the graft to promote angiogenesis, indigenous MSC recruitment, and
chondrocyte differentiation. The omentum was mobilized and interposed between
the transplanted trachea and the heart to prevent perforation and increase the
vascularity of the graft. Bleeding from the luminal mucosa of the graft was observed
1 week postoperatively, suggesting an established blood supply to the mucosa.
Although the intratracheal stent was periodically replaced after surgery, the graft
eventually became stable allowing him to be stent free (Elliott et al. 2012; Hamilton
et al. 2015). After some minor alterations, this resulted in a good manufacturing
practice (GMP) compliant method to produce a decellularized tracheal scaffold with
cell-seeding (Elliott et al. 2017). Sadly, however, the subsequent application of this
method in a 15-year old girl with congenital tracheal stenosis resulted in a lethal
acute airway obstruction postoperatively. The lack of a stent was deemed pivotal,
and based on their experiences prolonged stenting posttransplantation is now advo-
cated. This case emphasizes the requirement of a significant evidence base before
further clinical use and full disclosure of negative as well as positive clinical
outcomes.

2.8 Conclusion

For many decades, surgeons and scientists have striven for a solution to devastat-
ing tracheal disorders. Significant progress in cell biology and scaffold manufac-
ture has realized clinical translation with long-term reports demonstrating adequate
epithelialization and stabilization of grafts. These primary successes seemed a
promising novel alternative for patients with limited other treatment options.
Unfortunately, however, not all cases have been successful. This has led
researchers back to the laboratory to find the solution; a deeper understanding of
the mechanism of tissue regeneration will be key to help refine and improve
existing techniques. Clinical lessons from these early successes and failures must
also be harnessed. As the trachea is a truly vital organ, luminal collapse and
occlusion debilitates the patient’s condition immediately. As such, close monitor-
ing for signs of stricture and blockage is crucial to prevent graft failure during the
precarious postoperative period. Finally, trials of novel tissue-engineered therapies
in humans must not be rushed and multidisciplinary discussion and ethical com-
mittees are essential prior to planning surgery, even when limited or no alternatives
are available.
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3 Esophageal Bioengineering

3.1 Introduction

Complex congenital and acquired esophageal pathologies may require esophageal
substitution to restore anatomical continuity. This continues to present a significant
challenge to both pediatric and adult surgeons as traditional surgical techniques carry
significant morbidity. Tissue engineering techniques offer a promising alternative to
treat these conditions, with different strategies required depending on the nature and
depth of damage caused to the esophagus.

In the pediatric population, the primary indication for esophageal replacement is
esophageal atresia. Faulty embryonic separation of the esophagus and trachea results
in an abnormal connection between the two organs. In the majority of cases this
results in a tracheoesophageal fistula (TEF) in which a primary anastomosis is
usually possible. In approximately 10% of patients, however, limited distal esoph-
agus exists (van der Zee et al. 2017). In this circumstance, primary anastomosis may
not be feasible due to a large tissue deficit, resulting in the requirement for an
esophageal substitute. Even patients undergoing primary anastomosis may require
an esophageal substitute regardless in the eventuality of recurrent anastomotic leak
or recurrent fistula, albeit infrequently. Although less common, severe esophageal
strictures refractory to endoscopic intervention may also require consideration of
esophageal replacement, secondary to caustic injury, significant gastro-esophageal
reflux, ischemia, radiation exposure or anastomotic stricture.

Despite the advent of organ transplantation in the 1950s, current techniques for
esophageal allografts are limited entirely by the segmental vascular supply to the
esophagus from multiple arteries, rendering this extremely technically challenging in
adults and impossible in neonates. The combination of this and other transplant-
associated issues such as scarcity of organ availability, need for immunosuppression
and infection risk precludes orthotopic donor transplantation from being a viable
treatment option for esophageal replacement. The concept of esophageal replace-
ment is long standing and initial attempts in children began in the first half of the
twentieth century with jejunal, colonic, and gastric constructs. Over the last 50 years,
while refinements have been made and outcomes have improved, techniques for
surgical replacement remain essentially unchanged. All three techniques have
respective weaknesses; gastric pull-ups are associated with worse reflux, colonic
transpositions have a higher risk of redundancy and delayed emptying with an
unknown malignancy risk, and jejunal interpositions have a significant risk of
anastomotic leak and graft loss (Gallo et al. 2012). Additionally, in rare situations,
failure of these replacements with no appropriate esophageal substitute precludes
further reconstruction and renders the patient unable to feed orally.

While esophageal malignancy in children is extremely rare, esophageal cancer is
the seventh most common cancer worldwide in adults with over 500,000 new cases
in 2018 (World Cancer Research Fund; https://www.wcrf.org/dietandcancer/cancer-
trends/esophageal-cancer-statistics). Where resection is possible, the standardized
surgical option is esophagectomy with reconstruction. Gastric tubularization remains
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the primary reconstructive technique due to technical ease and safety, although
colonic transpositions or free or pedicalized jejunal grafts are also used when use
of the stomach is not possible. Regardless of technique, this is a major undertaking;
even with the introduction of minimally invasive techniques, in a meta-analysis of
over 14,000 patients, in-hospital-mortality was 4%. This reflects both the underlying
health status of this population and gravity of the operation (Zhou et al. 2015). As
such, overall and disease-free survival have been the primary aims with less focus on
long-term functional outcomes despite over 70% of patients reporting long-term
dysphagia in a recent a systematic review, with additional troublesome symptoms of
reflux, dumping syndrome, and delayed gastric emptying (Irino et al. 2017). With
ongoing improvements in oncological treatments and minimally invasive tech-
niques, however, adult patients can expect to live longer with their esophageal
substitute, meaning long-term functional results are increasingly as important as
short-term outcomes.

Esophageal tissue engineering has huge potential to provide an alternative
approach, critically without the loss of function of another gastrointestinal organ.
Huge advances in this field have allowed for successful replacements of partial
thickness esophageal defects in humans. While whole organ replacement is far from
possible at present, animal models show increasing promise for imminent imple-
mentation of full thickness patch and circumferential replacements which could
change the face of esophageal pathology.

3.2 Anatomy, Physiology, and Development

Bioengineering of the esophagus presents distinct challenges from that of the
trachea. In adults, the esophagus is approximately 20–25 cm in length,
corresponding to 8–10 cm in a neonate. It crosses three anatomical planes during
its course to the gastro-esophageal junction; the neck, thorax, and abdomen. As such,
it is intimately related to key mediastinal structures including the trachea, aorta,
recurrent laryngeal, and vagus nerves, making approaches operatively challenging
with high morbidity. Due to its length, the esophageal blood and lymphatic supply is
segmental with the upper, middle, and lower thirds supplied by differing branches of
regional vasculature.

While also acting primarily as a conduit, unlike the trachea the motility of the
esophagus is essential. Gravity alone is insufficient to propel a food bolus from the
oropharynx to the stomach and it is the complex interplay of neural and muscular
mechanisms which enables coordinated peristalsis and enteral autonomy. To facili-
tate this, the esophageal wall is composed of four main layers; the mucosa, submu-
cosa, muscularis externa, and adventitia. The mucosa comprises of three distinct
regions. On the luminal aspect is stratified non-keratinized squamous epithelium.
The presence of a highly proliferative basal epithelial layer can readily replenish the
well-differentiated, flattened superficial layer when injury occurs, protecting the
esophagus from both mechanical and chemical injury during passage of food.
Deep to this, the lamina propria is composed of loose connective tissue, vessels,
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and sensory nerves with numerous cell types including fibroblasts, endothelial, and
smooth muscle cells. Finally, the muscularis mucosae bestows the overall mucosal
shape and contracts to move the luminal folds during the passage of food. The
submucosa is composed of a dense layer of loose connective tissue, rich in collagen
and elastin. The orientation of ECM fibers in this layer allow for the high circum-
ferential distensibility of the esophagus without compromising longitudinal strength
(Bonavina et al. 1995). Glands secrete mucous directly into the lumen via trans-
mucosal ducts, allowing for lubrication of food. The submucosal nerve plexus
regulates the secretion of these ducts, in addition to contraction of the muscularis
mucosa. The orientation of inner circular and outer longitudinal layers of muscle in
the muscularis externa gives rise to radial contractions and longitudinal shortening
resulting in peristalsis and is coordinated by the myenteric nerve plexus, which lies
between the two muscular layers. In the human esophagus, this changes from striated
skeletal muscle to smooth muscle at approximately one third of the cranial to caudal
distance. Peristalsis is therefore under voluntary control in the proximal one third,
and autonomic control distally, however this distance is variable among species.
Below the diaphragm, the musculature specializes to produce a physiological rather
than anatomical lower esophageal sphincter at the gastro-esophageal junction. This
reduces reflux of gastric contents due to a higher intrinsic spontaneous tone than that
found in the musculature of the esophageal body, which relaxes on swallowing. The
diaphragmatic crural muscle fibers surround the lower esophageal sphincter to act as
a pinchcock, supplementing this anti-reflux mechanism.

3.3 Strategy and Challenges for Esophageal Tissue Engineering

Esophageal tissue engineering has traditionally involved three approaches; scaffold
alone, cells alone, or a combination of scaffold and cells. The use of these techniques
is dependent on clinical need; mucosal defects may only require epithelial cells for
reconstruction whereas full thickness defects clearly require all layers of the esoph-
ageal wall. The location and size of the defect may also have implications for
replacement requirements depending on the anatomy and function of that region.
For example, a more proximal replacement should be skeletal rather than smooth
muscle with less requirement for the epithelium to be reflux resistant. Similarly
innervation, and therefore peristalsis of an esophageal patch, does not appear to be
integral to global function whereas in a circumferential replacement this may be
vital.

Evidence now suggests that successful full thickness esophageal tissue engineer-
ing requires three key components; a biocompatible scaffold, cells able to differen-
tiate into epithelial and muscular tissues, and a vascular supply. The presence of
these components alone, however, is not sufficient and organization to resemble a
multi-striated tube is key for function. Significant challenges include avoiding
stricture and coordinating peristalsis, with the absence of either resulting in dyspha-
gia, regurgitation, or aspiration. Coordinated peristalsis requires communication of
the enteric nervous system with a continuous bi-directional muscular layer. The
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biomechanical and elastic properties of the native esophagus must also be replicated
to withstand the pressure of passage of a food bolus without perforation, for which
appropriate choice of scaffold is essential. Finally, the ability to be resistant to
chemical or mechanical injury from the passage of food and gastric acid requires
an epithelial barrier, which also appears to be integral to protection against stricture.

The other main challenge for clinical translation is vascularization. The use of
bioreactors prior to transplantation ensures transport of oxygen and nutrients to the
scaffold to promote cell adherence, proliferation and migration, tissue maturation,
and angiogenesis. Various “natural” bioreactors have been used including the greater
omentum, latissimus dorsi, or thyroid gland flaps and results in animal models have
been promising. Pre-vascularization with omental wrapping or in vitro bioreactor
time clearly had a beneficial effect on tissue regeneration in circumferential cervical
esophageal replacements with cellularized hybrid scaffolds compared to controls in a
rat model (Kim et al. 2019). However, the effect of duration of pre-transplantation
maturation still needs to be addressed with regard to mechanical strength and cell
survival. Luc et al. attempted to identify the optimal duration of omental in vivo
maturation with seeded and unseeded decellularized matrices in a murine model.
While vascularization was present at 2 weeks, this was at the expense of a marked
inflammatory infiltrate of mononuclear cells, suggesting this time period is too short.
By 4 weeks, vascularization persisted with weaning of inflammatory infiltrate;
however some degradation of the scaffold was seen and by 8 weeks, more than
half of the matrix had degraded with no discernable layers (Luc et al. 2018). Omental
maturation does not come without risks; it requires two operations rather than
one and this has been reflected in lower weight gain in animal models with pre-
vascularization compared to controls in porcine models (Luc et al. 2018). In addi-
tion, several studies found that epithelial cells specifically did not survive short
omental pre-implantation periods (Nakase et al. 2008; Poghosyan et al. 2015).
Further studies are required to understand whether there is a clinical advantage in
pre-vascularization.

3.4 Scaffold

Minimum requirements for clinical translation require a scaffold to be biocompati-
ble, non-immunogenic, and nontoxic. It must be porous enough to allow cell
delivery, adherence, migration, and differentiation, while facilitating permeability
of nutrients prior to neovascularization. Finally, it must retain elasticity while being
mechanically robust. In addition to this, desirable qualities include biodegradability
to prevent mismatch with patient growth and low inflammatory potential. The ideal
scaffold would also be replicable, easy to store, and readily available in a variety of
sizes.

Currently, as with the trachea, both synthetic and biologically derived scaffolds
have been utilized for esophageal tissue engineering, in combination with, or
without, cellular seeding. More recently, advances in hybrid or “intelligent matrices”
may be a promising future alternative.
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3.4.1 Synthetic Scaffolds
Nonabsorbable synthetic scaffolds have been used for esophageal replacement for
over a century with initial unsuccessful attempts using materials including ivory,
metal, rubber, and plastic tubes. Regeneration of full-thickness cervical esophageal
defects in dogs was compared with one of the three materials; lyophilized dura mater
(biological), polytetrafluoroethylene (PTFE), and polyethylene terephthalate
(Dacron), both non-absorbable synthetic materials. While anastomotic leak was
high in all three groups, significantly increased rates of foreign body reactions,
delayed epithelialization, and circumferential stenoses were seen in the synthetic
material group (Freud et al. 1999). Formulation of muscle generation was also
absent, suggesting that while they provide mechanical support, they are unable to
promote tissue regeneration. Results such as these paved the way for development of
biodegradable synthetic polymers as absorbable scaffolds, which degrade in situ
with absorption of by-products, leaving an entirely new biological layer. As with the
trachea, similar materials have been used including PLGA, PLA, PCL, and PLLA,
either in isolation or in combination with a protein coating.

The main advantages of absorbable synthetic scaffolds are the ability to custom-
ize them to the requirements of the patient with respect to size and biomechanical
strength, with an “off-the-shelf” availability. The main limitation, however, remains
biocompatibility; close attention must also be paid to the fine balance between early
degradation resulting in loss of mechanical stability versus delayed degradation
inhibiting tissue remodeling. Some studies have suggested acidic microenviron-
ments on degradation of biodegradable scaffolds may result in a locally toxic
environment, resulting in poorer cell adherence and contributing to a high stricture
incidence (Ceonzo et al. 2006; Kohn et al. 2002). The final criticism of absorbable
scaffolds for esophageal reconstruction is that they are predominantly used to
“bridge the gap,” rather than to reconstruct the complex native esophageal layers.
One group attempted to address this issue with an electrospun polycarbonate poly-
urethane polymer (PCU) multilayered scaffold with broad pore layers on the luminal
and exterior surface with an intervening small pore layer. This prevented mixing of
different seeded cell populations while allowing for diffusion of nutrients and
oxygen with promising results (Soliman et al. 2019). While this technology is still
in proof of concept phase, other groups have shifted their focus to both natural and,
more recently, hybrid alternatives, which are increasing in popularity.

3.4.2 Natural Scaffolds
For organ-specific tissue engineering, decellularized xenogenic matrices offer an
attractive prospect; a ready-made, multilayered, three-dimensional scaffold with in
situ polysaccharides, proteins encouraging cell repopulation, and tissue-appropriate
cytokines to guide regeneration. Decellularized tissues commonly used for esopha-
geal tissue engineering include small intestinal submucosa (SIS), urinary bladder
(UBM), and esophageal matrices. Decellularized porcine esophagus appears to be a
logical choice. It has similar anatomical dimensions to the human esophagus and a
precedent exists for use of porcine decellularized matrix in humans with cardiac
valves. In addition, using the organ-specific matrix may have advantages for
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effective tissue-specific recellularization as previously shown in the liver (Faulk
et al. 2015). A reproducible technique for clinical grade porcine decellularized
matrices for esophageal replacement has shown the scaffold remains structurally
intact, with similar transverse tensile strength to that found in the native esophagus
(Arakelian et al. 2019). While longitudinal strength appeared to be stiffer in
decellularized specimens, this remained easily suturable in vivo, findings echoed
by Luc et al. in 40 decellularizations of porcine esophagus (Luc et al. 2018).

3.4.3 Composite/Hybrid Scaffolds
The relative weaknesses of both biological and synthetic scaffolds have led to
increased investigation into a combined approach with composite or “hybrid” scaf-
folds. Synthetic scaffolds can be coated with biological compounds to improve
biocompatibility and cell adherence or biological scaffolds can be reinforced with
synthetic materials to improve strength. PLGA scaffolds grafted with collagen and
fibronectin demonstrated significant improvements in smooth muscle proliferation
and epithelial regeneration, respectively, with no difference in the tensile strength of
the scaffolds (Zhu et al. 2005; Zhu et al. 2007). Similarly, reinforcing a tubular SIS
construct with electrospun PLGA nanofibers led to improved mechanical properties
compared to SIS alone. This was also found to improve muscle cell alignment with
limited inflammation in a subcutaneous rat model and allowed for delivery of
implanted bioactive molecules of vascular endothelial growth factor (VEGF),
which improved angiogenesis (Syed et al. 2014).

Nanoparticles will likely have an increasing role in the future of “intelligent
matrices,” either by delivering bioactive molecules to promote tissue regeneration
as above or to improve structural integrity. When compared to decellularized
esophagi alone, those conjugated with silver nanoparticles had improved structural
stability and biocompatibility with reduced host immune response in a subcutaneous
mouse model (Saleh et al. 2019). The addition of copper, known for its angiogenic
properties, to SIS scaffolds promoted reepithelialization, revascularization, and
muscular regeneration compared to SIS alone in a cervical patch esophagoplasty
model (Tan et al. 2014). Finally, 3D printing represents an exciting development in
the field of “scaffold-free” esophageal replacements. Takeoka et al. described a
technique of multicellular spheroid culture, with subsequent harvesting and arrange-
ment into a tubular formation by a 3D printer and fusion into a continuous layer after
1 week in a bioreactor. While questionable evidence of muscle development was
seen and tensile strength was not comparable to native esophagus, this model was
able to withstand esophago-gastric bypass transplantation in rats with no perforation
at 30 days (Takeoka et al. 2019). Clearly more work is needed but this field may
represent a promising alternative to current tissue engineering techniques.

3.5 Cells

While the precise role of exogenous cell delivery on tissue remodeling is as yet
unknown, it appears to be beneficial. Whether biological or synthetic in nature,
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acellular scaffolds perform poorly in vivo compared to their cellularized counterparts
with increased stricture rates and less muscle and epithelial regeneration (Nakase et
al. 2008). Mature cells, stem cells, and muscle cell progenitors from mesenchymal
and endodermal lineages have all been used to tackle scaffold cellularization.
Autologous cells are preferential as these do not carry a risk of bacterial or viral
transmission and do not require immunosuppression. Cells must be easy to harvest
with minimal donor site morbidity and ideally have excellent proliferation and
differentiation capacity once seeded. Cell selection is also dependent on the clinical
need of the construct; partial thickness injury may only require one cell type for
repair; for prevention of stricture formation after mucosectomy, for example, epi-
thelial cells alone are required to regenerate the mucosa. When circumferential
esophageal replacement is required, however, a combination of cells may be more
effective for inducing regeneration in all layers.

3.5.1 Epithelial Cells
Epithelial cells are required as a physical barrier from mechanical stress, infection,
and gastric acid. Regardless of scaffold type or presence of cells, ingrowth of
endogenous epithelium appears to occur by 3 months; however this response appears
to be slower and less comprehensive than in those with epithelial cell seeding (Wei et
al. 2009). Interestingly, some studies have suggested decellularized scaffolds allow
for a more mature, stratified epithelium than that seen on synthetic scaffolds
(Beckstead et al. 2005).

Epithelial cells may be sourced from either buccal mucosal biopsy or endoscopic
esophageal biopsy giving rise to oral muscosal epithelial cells (OMEC) or esopha-
geal epithelial cells (EEC), respectively. Newer techniques for epithelial cell delivery
include use of organoid units (Grikscheit et al. 2003; Spurrier et al. 2015) or
epithelial cell sheets; culture of cells on thermo-responsive polymers allows the
polymer to convert from a hydrophobic to hydrophilic state on temperature reduc-
tion, resulting in epithelial cell detachment without compromise to cell morphology
or function (Yamato et al. 2001). This has now been extensively used with OMECs
and is in clinical use for stricture prevention after submucosal dissection.

Smooth and Skeletal Muscle Progenitors
Attempts to repopulate the muscularis externa have included combinations of several
different types of cell seeding. Autologous delivery of cells likely provides paracrine
signals and growth factors, lowering the inflammatory response and inducing migra-
tion of host muscle cells from the edges of the implant. Saxena et al. obtained
unidirectional, smooth-muscle-actin positive muscle fibers after seeding rat smooth
muscle cells on collagen scaffolds in vitro (Saxena et al. 2009). In a canine model,
esophageal decellularized matrix seeded with mature smooth muscle cells had
muscular regeneration and significantly less inflammatory infiltrate at 3 weeks
than unseeded controls (Marzaro et al. 2006). Main limitation of adult smooth
muscle cells is their origin as they are obtained from either the vasculature or
esophagus. In addition, they demonstrate slower expansion than other cell lines
used for muscular replacement.
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Skeletal muscle progenitor cells including myoblasts are easily obtained from
skeletal muscle biopsies. Cultured human and porcine myoblasts on SIS produced
multinucleated, desmin-positive skeletal muscle fibers with upregulation of late
skeletal muscle markers including MyoD. When adapted for circumferential, full
thickness use in a porcine model, evidence of circular muscle morphology was seen
at 9 months (Poghosyan et al. 2016).

Mesoangioblasts (MABs)
Mesoangioblasts (MABs) are pericytes which are easy to culture, have prior
approval for clinical use and have smooth and skeletal muscle differentiation
potential. Seeding of MABs, fibroblasts, and neural crest cells on decellularized rat
esophagi with omental maturation and subsequent EEC seeding resulted in an
organized esophageal construct with a multi-stratified epithelium and mature smooth
muscle layer (Urbani et al. 2018). Co-seeding with fibroblasts clearly improved the
migratory potential of the MABs and cell distribution throughout the scaffold. The
synergistic effect of co-seeding with fibroblasts does not appear to be a phenomenon
exclusive to muscle progenitors; when EEC were co-seeded with fibroblasts, supe-
rior epithelial layer generation was seen compared to EEC alone (Miki et al. 1999).

Mesenchymal Stem/Stromal Cells (MSCs)
MSCs derived from bone marrow, adipose tissue, and amniotic fluid have all been
used in in vivo esophageal models (Jensen et al. 2018; Luc et al. 2018; Tan et al. 2013;
Wang et al. 2018). SIS seeded with BM-MSCs was compared to unseeded SIS in a
canine patch esophagoplasty model; the presence of MSCs enhanced both epithelial-
ization and muscularization with faster and more comprehensive generation of muco-
sal and muscular layers. Significant neovascularization and reduced inflammation in
the BM MSC-group also suggests MSCs promote angiogenesis and tissue healing
while reducing inflammation, properties previously affiliated with the role of MSCs in
tissue repair (Tan et al. 2013). Pluripotency, ease of harvesting, and immunomodula-
tory effects continue to make MSCs an attractive option for cellular seeding.

3.5.2 Neural Progenitors
Cellular approaches have primarily focused on regeneration of epithelial or muscular
layers; however neuronal structures are also required for esophageal function; the
enteric nervous system is necessary for coordinated peristalsis and release of neuro-
peptides. Use of enteric nervous system progenitors has demonstrated promising
results. When seeded with MABs and fibroblasts, neural crest cells distributed
throughout the scaffold in a ring-like formation similar to that seen in the native
esophagus. Subsequent differentiation into neurons and glial cells and connections
with MABs represents promising evidence that this approach may result in func-
tional neuromusculature when adapted in vivo (Urbani et al. 2018). Whether this
seeding is required, however, remains to be seen. The presence of neural markers
(S100B) was found in regenerated tissue despite the absence of neural cell seeding in
in vivo models (Algarrahi et al. 2018; Jensen et al. 2018). Additionally, despite the
absence of peristalsis on barium swallow or limited muscular regeneration on
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histology, some animal models were able to grow and feed normally (Urita et al.
2007; Yamamoto et al. 1999). Therefore, although ideal, peristalsis may not be
essential for short segment circumferential esophageal replacements.

3.6 Clinical Trials

While strategies for mucosal replacement are well underway with some success in
human studies, attempts at full thickness replacements are currently in early stages.
Animal models have provided real insights into future techniques; however any
potential construct for human use requires rigorous evaluation, particularly with regard
to implant integration, immune response, survivability, and long-term functionality of
the graft. This is especially critical when considering use in pediatric patients who
require the replacement to provide a life-long, good functional outcome.

3.6.1 Partial Thickness Defects
Partial thickness defects of the esophagus are predominantly iatrogenic. Endoscopic
mucosal resection and submucosal dissection (EMR/ESD) to treat superficial esoph-
ageal cancers reduces the need for esophagectomy. Unfortunately, however, they are
associated with high stricture rates due to inflammation and scarring. Strictures
significantly affect quality of life, requiring treatments such as dilatation, stenting,
and application of steroids. In an animal model of mucosal loss by EMR, ulcer
formation, inflammatory cell invasion, and collagen hyperplasia were observed in
the first week with fibrosis of the submucosa by day 28. Recommendations to reduce
stricturing included reduction of the inflammatory response, promotion of epithelial
regeneration, and prevention of damage to the intrinsic muscle layer (Honda et al.
2011). Regenerative medicine approaches have attempted to address these via cell or
scaffold delivery to areas of mucosal loss (Table 1).

Endoscopic injection of autologous cell suspensions has been used in animal
models with success. Direct injection is simple and quick, however limited by the
cell number isolated from the tissue and the viability rate posttransplantation.
Various cell types have been used in EMR animal models. Autologous OMECs
harvested from oral mucosal biopsy induced reepithelialization by 2 weeks com-
pared to no regeneration in controls without injection (Sakurai et al. 2007). Injected
adipose tissue-derived stromal cells showed a similar result in a canine model;
improved dysphagia scores, reduced mucosal contraction, and improved angiogen-
esis were seen in the seeded group compared to controls at 8 weeks (Honda et al.
2011). Finally, injection of autologous keratinocytes from a split skin graft in a sheep
model showed no evidence of stricture at 6 months (Zuercher et al. 2013). The
contribution of the exogenous cells is unclear. While labeled OMECs were still
present in the defect at 2 weeks in Sakurai’s model, this is too early to determine if
they contribute to long-term tissue remodeling and the rapid turnover of esophageal
epithelium negates effective tracing over longer time periods. What appears clear,
however, is that delivery of cells directly after EMR appears to promote early
reepithelialization and prevent inflammation and fibrosis.
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Endoscopically deployed acellular ECM grafts post EMR have had mixed results.
Endoscopic placement of porcine UBM resulted in development of a stratified
epithelium and weight gain compared to 100% stricture in controls in a dog model
(Nieponice et al. 2009); however this initial success has not been replicated in
subsequent models. A similar trial in humans using SIS with stent had poor results
with strictures in all patients (Badylak et al. 2011). Median stricture-free survival
was significantly better in a porcine model of human amniotic membrane (HAM)
and stent compared to controls with no ECM or stent delivery after ESD. The lack of
difference in survival between the “HAM/stent” and a “stent only” group, however,
suggests that stricture reduction may be due to the presence of a stent, rather than the
contribution of the acellular ECM graft (Barret et al. 2014). More recently, acellular
dermal matrix (ADM) was applied with surgical clips in a porcine model and
compared to a control group with no intervention. Despite the absence of stents in
the study, the ADM group had less stenosis, a more complete reepithelialization and
reduced inflammatory infiltrate compared to controls (Han et al. 2017). This suggests
that ECM grafts alone may have a role; however the full extent of potential clinical
application is yet to be seen.

Perhaps the most promising results for translational use have been with cell sheet
technology. In 2006, tissue-engineered autologous OMEC sheets were transplanted
in a canine model immediately after ESD. Those transplanted with OMEC sheets
had significantly better results compared to controls with no OMEC; a stratified,
mature epithelium resembling the native esophageal surface was seen in the OMEC
group at 4 weeks compared with patchy, immature epithelium with ulcerated areas in
all controls. Marking of cell sheets indicated that the epithelial cells were entirely
derived from the exogenous OMECs, suggesting exogenous cells can contribute to
tissue remodeling (Ohki et al. 2006). These results have been replicated with
different cell types. Transplantation of allogenic adipose tissue-derived stromal cell
sheets post-ESD had a lower stricture rate and fibrosis in a porcine model compared
to controls (Perrod et al. 2016) and autologous epidermal sheets were as effective as
OMEC sheets in preventing esophageal stricture after ESD in porcine models (Kanai
et al. 2012). Proposed mechanisms for reduced stricture rate include provision of an
epithelial barrier protecting the underlying submucosa and muscularis from mechan-
ical damage and secretion of growth factors and cytokines to recruit host epithelial
cells to proliferate and migrate into the wound.

Human feasibility and safety studies have now shown cell-sheet technology to be
a reproducible and safe measure to promote early reepithelialization in ESD. The
first transplantation of autologous OMEC sheets in humans had a median wound
healing time of 3.5 weeks, with the exception of one case transecting the gastro-
esophageal junction, which took significantly longer and developed a refractory
stricture (Kanai et al. 2012). A study of ten patients over 2 years demonstrated a 40%
stricture rate with requirement for 1.5 median balloon dilatations and no significant
complications or adverse reactions reported (Yamaguchi et al. 2017). Jonas et al.
reported a similar time to reepithelialization, however a 60% stricture rate in five
patients undergoing a similar technique. Possible explanations included a more distal
esophageal ESD in patients with known reflux and fewer numbers of cell sheets used
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to cover the defect (Jonas et al. 2016). The lack of control arms in these human
studies makes effectiveness compared to current standard treatments difficult to
ascertain. This has paved the way for a multicenter, prospective, phase III clinical
trial for which recruitment has now been completed.

Full Thickness Defects – Patch
Patch esophagoplasty, whereby a full-thickness patch of esophagus is replaced, may
be a treatment option for localized perforation. Conservative management requires
prolonged hospital stay, has a high failure rate, and often results in stricture forma-
tion as a sequelae of the healing process. Therapeutic endoscopic interventions
including clipping, suturing, and stenting have high success rates in acute cases,
however this is much lower in anastomotic leaks or chronic fistulae (Dasari et al.
2014; Mennigen et al. 2014). Where these techniques are not possible, due to failure
or the size or complexity of the defect, surgery is required. Current surgical alterna-
tives for esophageal reconstruction involve either a pedicled or free tissue flap
requiring microvascular anastomoses with high morbidity (Lin et al. 2017; Sa et
al. 2013). Surgical reconstruction of recalcitrant strictures refractory to endoscopic
intervention is also increasingly used. In these circumstances, tissue-engineered
patch esophagoplasty has the potential to allow preservation of the native esophagus
and avoid complex esophageal reconstruction.

Natural scaffolds as models for patch esophagoplasty have had universally good
results. When 50% patch defects were repaired with acellular SIS in dogs, survival
was up to 15 months. While no evidence of stricture was seen in the patch group, all
four dogs with circumferential replacements developed stricture (Badylak et al.
2000). A rat model had similar results; patch and circumferential defects were
replaced with acellular SIS with survival of all animals in the patch group compared
to none in the circumferential group due to obstruction, stricture, or leak (Lopes et al.
2006). Epithelialization was seen by 4 weeks with organized skeletal muscle bundles
and neoinnervation in both models. Interestingly, in a patch esophagoplasty rat
model with gastric acellular matrix, survival until 18 months was reported despite
no evidence of muscle regeneration, suggesting peristalsis is not critical for esoph-
ageal function or survival in patch repair (Urita et al. 2007).

Despite evidence of tissue regeneration and good clinical outcomes in these
models, the cell-seeded ECM approach has increased in popularity and with good
reason. Cellularized patch defects appear to heal quicker compared to ECM patch
esophagoplasty alone. Improved reepithelialization and skeletal muscle regeneration
was seen in OMEC-seeded SIS compared to SIS alone in patch defects in a canine
model, with a faster clinical recovery and better weight gain (Wei et al. 2009). This is
not a result exclusive to epithelial cell seeding; smooth muscle and BM-MSC seeded
ECM scaffolds also demonstrate earlier epithelialization and improved muscular
regeneration compared to controls in patch esophagoplasty models (Marzaro et al.
2006; Tan et al. 2013).

Patch models on biodegradable synthetic scaffolds have had varied results.
Unseeded poly-e-caprolactone (PCL) mesh used for abdominal esophageal patch
replacement had a 25% 1-month mortality in 20 rabbits, with stricture in 13% of the

Bioengineering of Trachea and Esophagus 123



surviving animals and pseudodiverticula in 60% (Diemer et al. 2015). This implies
degradation of the mesh was too fast to allow for proper ingrowth of new tissue, a
result previously found in vicryl mesh rabbit model with an 80% anastomotic leak
rate (Jansen et al. 2004). Park et al. performed the only in vivo cell-seeded patch
model using a synthetic scaffold in a rabbit model. At 3 weeks, the BM-MSC seeded
fibrin-coated PCL group had epithelial and smooth muscle development compared
to no regeneration in unseeded PCL controls, suggesting that cell seeding has the
same effect of enhancing regeneration in synthetic scaffolds as in natural scaffolds
(Park et al. 2016). In addition, no strictures or pseudodiverticulae were seen, albeit at
a short end point. As such, the cell-seeded synthetic scaffold approach has now been
adopted into circumferential defect models.

Novel synthetic scaffolds have included subcutaneous implantation of a silicone
mould for 8 weeks to create a “biotube” of collagen-based tissue. After cervical
transplantation, all animals survived until 12 weeks with normal epithelial covering
and some evidence of organized skeletal muscular bundles on histology (Okuyama
et al. 2018). However, success in this model must not be overstated as the defect was
small (1� 2 cm) and the true stricture rate is unknown due to short follow-up period.
Algarrahi pioneered the use of bilayer silk fibroin grafts; a biodegradable scaffold
with a porous foam compartment for host tissue integration and a buttressing film
layer preventing leakage of luminal contents (Algarrahi et al. 2015). Superior
muscular and neural regeneration compared to SIS in a rat patch esophagoplasty
model resulted in its use in a subsequent porcine thoracic defect model. All animals
survived to 3 months with peristalsis on fluoroscopy and no strictures observed.
Although underdeveloped in comparison to native esophageal tissue, organized
circular and longitudinal layers of muscularis externa were reported, perhaps
representing the best evidence of muscular regeneration in a patch model to date.
In addition, submucosal glands were observed and the presence of synaptophysin
positive boutons and CD31+ endothelial cells confirmed the presence of neo-
innervation and vascularization similar to native tissue (Algarrahi et al. 2018).

What is clear from animal studies is that patch defects are less susceptible to
stricture formation than circumferential models, despite the use of natural or biolog-
ical scaffolds, or cellular or acellular constructs (Table 2). Relatively good clinical
outcomes despite a lack of comprehensive muscular regeneration also suggests that
peristalsis in patch models may not be critical to outcome. Direct extrapolation of the
success of these models into human studies must be done with caution as often
defects were small, definitions of stricture and muscle generation varied, and follow-
up relatively short. Additionally, limited data exists for the use of patch
esophagoplasty in the thoracic or abdominal esophagus where the blood supply is
not as well developed. A single series of four patients with esophageal strictures has
been reported whereby conventional treatments had failed. Porcine UBM was used
to repair three cervical and one distal defect of varying diameters. Despite being a
heterogeneous group, this study had remarkable results; only one of four patients
developed a postoperative stricture, allowing all patients to recover functionality and
preserve their esophagus up to 16 months postoperatively (Nieponice et al. 2014).
Clearly, tissue engineering represents a promising area for the rare situation where a
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patch esophagoplasty is required; however significant further investigation needs to
be undertaken prior to further clinical use.

Full Thickness Defects – Circumferential
For conditions that require circumferential, full-thickness esophageal regeneration,
the challenge is even more complex (Table 3). Initial attempts from a Japanese group
using acellular natural scaffolds in canine models appeared positive. Cervical esoph-
ageal defects were replaced with double-layered collagen sponges with stent
removal at 2, 3, and 4 weeks. Stent removal prior to 4 weeks resulted in stricture
universally with no muscular regeneration by 6 months. In contrast, where the stent
remained in situ for 4 weeks, epithelialization was established prior to stent removal,
longitudinal and circular muscle regeneration was reported from the edges of the
defect, and no strictures were seen by 12 months (Takimoto et al. 1998). The same
group adapted this technique to an intrathoracic model with 4-week stent removal.
While 89% survived until their defined end point, a degree of stenosis was present in
all animals and muscle regeneration was less advanced; immature skeletal muscle
myotubes were present, however they did not extend to the middle of the regenerated
esophagus by 24 months (Yamamoto et al. 1999). They reflected that the difference
in results between the cervical and thoracic esophagus may be due to the poor blood
supply in the thoracic region. To address this, a final experiment with omental
wrapping of the thoracic replacement was performed with stent for 8 weeks com-
pared to controls with no wrap and 4-week stents. Surprisingly, those with omental
wrapping performed worse than controls; delayed epithelial regeneration was seen
with prolonged stent duration, and only 20% survived to their defined end point
compared to 100% in controls (Yamamoto et al. 2000).

Subsequent circumferential reconstruction of the esophagus without cell seeding
has invariably led to stricture formation and the absence of tissue remodeling.
A collagen sponge scaffold with split-skin graft and latissimus dorsi muscle flap in
a cervical rabbit model resulted in death of all 12 rabbits by day 16 due to aspiration
(Saito et al. 2000) and SIS replacement in a cervical porcine model resulted in
stricture in all but one of 14 animals by 24 days requiring early sacrifice (Doede et al.
2009). More recently, reconstruction with decellularized esophagus in a porcine 0%
abdominal model also had high complication rates; 60% anastomotic leak and 40%
stricture at 5 weeks. Although epithelialization was seen, there was little or no
muscle regeneration with significant fibrosis and mononuclear infiltrate (Luc et al.
2018). The unifying feature in these experiments was the lack of stent, which had
been used in earlier studies. Despite the use of silicone stents in an SIS intrathoracic
piglet model, however, all six animals developed recurrent, symptomatic stricture
post removal of stent at 4 weeks (Jönsson et al. 2011). Multiple lessons can be learnt
from these early experiences. Both the presence of a stent and its duration in situ
appear to be critical. Stricture is universal in both natural and synthetic acellular
scaffolds after stent removal regardless of intact epithelium. This suggests the
process is secondary to processes deeper in esophageal wall and it may be a stent
is required until underlying muscular remodeling has occurred.
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Table 3 Summary of papers which describes replacement of a circumferential esophagus

Year Scaffolds Cells Model n ¼ x Control Location

Acellular

Takimoto
et al.

1998 Collagen
sponge
+silicone

Nil Canine 16 27 (early
stent
removal)

Cervical

Yamamoto
et al.

1999 Collagen
sponge
+silicone

Nil Canine 9 0 Thoracic

Yamamoto
et al.

2000 Collagen
sponge
+silicone

Nil Canine 5 9 Thoracic

Badylak et al. 2000 Porcine
SIS/UBM

Nil Canine 4 0 Cervical

Saito et al. 2000 Collgen
sponge +
STS

Nil Rabbit 12 0 Cervical

Badylak et al. 2005 Porcine
UBM

Nil Canine 5 0 Cervical

Doede et al. 2009 SIS Nil Porcine
(neonatal)

14 0 Cervical

Jönsson et al. 2011 SIS Nil Porcine
(neonatal)

6 0 Thoracic

Luc et al. 2018 DEM Nil Porcine 3 3 no
bioreactor

Abdominal

Cellular

Nakase et al. 2008 Ham
+PGA

Keratinocytes
+ fibroblasts

Canine 6 6
(acellular)

Thoracic

Poghosyan
et al.

2015 SIS +
HAM

Myoblasts +
OMEC

Porcine 6 12
(acellular)

Cervical

Dua et al. 2016 Dermal
matrix

PRP Human 1 0 Cervical

Catry et al. 2017 SIS BM-MSC Mini-pig 10 10
(acellular)

Abdominal

Barron et al. 2018 PU OMEC Porcine 2 1
(acellular)

Thoracic

La Francesca
et al.

2018 PU a-MSC Porcine 8 0 Thoracic



Stent Bioreactor
Anastomotic
Leak Stricture Epithelium Muscle

Survival
to
endpoint

Maximum
Follow-up

Silicone Nil 0% 0% vs 81% +++ ++ 100% vs
26%

12 months

Silicone Nil 0% 100% (13-
54%
stenosis)

+++ + 89% 24 months

Silicone Omental 20% Not
reported

++ Nil 20% 3 months

Nil Nil 0% 100% + + 0% 15 months

Nil Lat dorsi 0% Insufficient
survival

� � 0% 16 days

Nil Nil 0% 100% � � 0% 19 days

Nil Nil 14% 93% + � 7% 4 weeks

Silicone Nil 0% 100% ++ + 100% 17 weeks

Nil Omental 60% 40% + � 83% 5 weeks

Nil Omental 0% 33% vs
100%

+++ + 67% vs
0%

60 weeks

Polyflex Omental 0% vs 42%% 67% vs
100%

+++ + 83% vs
8%

12 months

4 years Nil 0% 100% +++ Not
available

100% 4 years

Polyflex Omental 0% 100% +++
(earlier in
MSC)

+ (MSC
only)

No
difference
between
groups

3 months

Wallflex Nil 0% 0% +++ ++ No
defined
endpoint

29 days

Wallflex Nil 12.5%% 25% (no
stent)

+++ ++ No
defined
endpoint

19 months

(continued)
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Table 3 (continued)

Year Scaffolds Cells Model n ¼ x Control Location

Jensen et al. 2018 PU AF-MSC/
EEC

Porcine -
MSC,

1
(unseeded)

Thoracic

Kim et al. 2019 PU + PCL a-MSC Rat 21 14
(unseeded)

Cervical

Split thickness skin (STS); Human Amniotic Membrane (HAM); Polyglycolic Acid (PGA);
Platelet-Rich Plasma (PRP); Polyurethane (PU); Adipose-derived mesenchymal stem cells (a-MSC);
Amniotic fluid-derived mesenchymal stem cells (AF-MSC); Esophageal epithelial cells (EEC)



Stent Bioreactor
Anastomotic
Leak Stricture Epithelium Muscle

Survival
to
endpoint

Maximum
Follow-up

Biliary
stent

Nil 0% 33% +++ ++ (AF
> EEC
> un
seeded)

100% 6 months

Nil Thyroid
gland flap
vs
omental

Not
quantified

Not
quantified

++ + 0% 15 days
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In parallel with results seen in patch defects, the approach in recent years has
shifted to the use of pre-seeded scaffolds, which appear to result in lower stricture
rates, enhanced epithelial and muscular regeneration, and a reduced inflammatory
response. After 3 weeks of omental maturation, thoracic implantation of un-stented
hybrid scaffolds seeded with OMEC and fibroblasts were compared to acellular
controls. Within 3 weeks, stratified epithelialization was complete with polarized
smooth muscle-like regeneration in contrast to acellular controls with incomplete
epithelialization, significant inflammation, and complete stenosis. Stricture occurred
in only one third of the cellular group, interestingly in the two animals with
desquamation of the epithelial layer noted after bioreactor maturation (Nakase et
al. 2008). Despite the absence of a stent, epithelial cell seeding was in some way
protective of stricture formation. Both stents and epithelial cells are therefore
potentially key components to stricture reduction and further work is required to
understand if this effect is synergistic. While unable to show a difference in stricture
rate or survival, BM-MSC on SIS also promoted epithelial regeneration compared to
SIS alone in a porcine abdominal model. Mature epithelium was seen at 45 com-
pared to 95 days in the unseeded control, with early initiation of muscle cell
colonization, which was never found in the unseeded model (Catry et al. 2017).
This suggests that, as in patch models, cell seeding of scaffolds accelerates both
epithelial and muscle regeneration regardless of cell type. The effect of stenting on
stricture rate in cell-seeded constructs also appears to be positive; all un-stented
controls developed stricture compared to 50% of the stented group in a porcine cell-
seeded biological scaffold cervical model. In addition, the un-stented group had a
high anastomotic leak rate of 83% not seen in the stented group, highlighting
additional clinical benefits of stenting (Poghosyan et al. 2015).

An alternative approach is the use of synthetic scaffolds as temporary templates to
guide esophageal tissue regrowth rather than integration and degradation. Polyure-
thane electro-spun scaffolds seeded with autologous adipose-derived MSC were
used to replace the thoracic esophagus in eight pigs. The extruded graft was removed
at 3 weeks with stent exchange and platelet-rich plasma and MSC application.
Subsequent stent exchange occurred every 3 weeks until 6 months. Epithelialization
and organized smooth muscle were reported with symptom-free survival of two pigs
at 18 and 19 months. The frequency of stent exchange in this model represents a
major limitation if this approach were to be translated to humans (La Francesca et al.
2018). The same model was used to determine whether seeding with epithelial or
mesenchymal cells resulted in better tissue regeneration, although numbers were
small (n ¼ 4). Scaffolds seeded with amniotic fluid-derived MSCs had improved
muscular regeneration compared to EEC scaffolds with a bidirectional muscularis
externa, however both groups were spatially disorganized. The unseeded control had
incomplete epithelium at 6 months, no muscular regeneration, and significantly
higher inflammatory infiltrate. Interestingly, no stricture was seen, although a stent
was used for the duration of the study (Jensen et al. 2018).

Human experience is extremely limited due to the availability of alternative
surgical options rather than the use of radical experimental techniques. A single
case of a full thickness circumferential replacement was reported in 2016 on
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compassionate grounds after extensive esophageal injury failed all conventional
treatment in a 24-year old patient. The 5-cm defect in the cervical esophagus was
repaired using a self-expanding metal stent covered with Alloderm, an acellular
dermal matrix, coated with autologous platelet-rich plasma adhesive gel. After initial
issues with stent migration and embedding, the stent remained in situ for 3 years.
One-year post removal, no evidence of stricture or fistula was seen. Biopsy-con-
firmed squamous epithelium, endoscopic ultrasonography confirmed “normal archi-
tecture” and high resolution manometry confirmed peristaltic contractile motility in
the neo-esophagus (Dua et al. 2016). Most importantly, the patient had achieved oral
enteral autonomy. With a lack of histology confirming contribution of muscular
regeneration in this patient, it is difficult to know the tissue remodeling processes
underlying this clinically successful outcome. These results do suggest, however,
that exogenous cells are not essential for full thickness regeneration in the presence
of a long-term stent.

3.7 Conclusions

Esophageal replacement remains a major challenge in both children and adults.
Although replacement techniques exist, all have associated morbidity and none are
able to fully replicate the function of the native esophagus. There is, therefore, a
tangible clinical need for a tissue-engineered esophageal construct. Huge advances
in tissue engineering over the last two decades have resulted in a number of viable
options for replacement of partial thickness defects using regenerative medicine
techniques. The complex anatomy and physiology of the esophagus means full
thickness defects present a significantly more complex reconstructive challenge
with stricture prevention, a bi-directional muscular layer and coordination of peri-
stalsis the main obstacles.

While full esophageal replacement post-esophagectomy is a distant prospect,
short circumferential defects as required in esophageal atresia are a very real
possibility in the near future. Current evidence from animal models offers promising
results with relative success of both natural and synthetic scaffolds. It is clear that
cellularization of scaffolds enhances muscular and epithelial regeneration and
reduces inflammation. Future approaches should focus on these techniques. How-
ever, further work to identify optimal cell combinations is required, with cell-
labeling potentially offering a more thorough understanding of the contribution of
exogenous cell delivery on tissue remodeling. Stents also appear to be essential to
reducing stricture formation and improving clinical outcomes, however duration
must be carefully considered for optimal results. Finally, increased work using
intrathoracic rather than cervical animal models, with a particular focus on the merits
of bioreactors and pre-vascularization, must be undertaken.

Animal models have provided real insights into future techniques for human
therapies and demonstrate the huge potential therapeutic possibilities offered by
regenerative medicine. Although further work is clearly needed prior to translation in
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humans, the implications of tissue engineering for both benign and malignant
conditions of the esophagus is enormous.

4 Final Considerations

Recent innovation in both science and technology has encouraged the development
of trailblazing research in the field of regenerative medicine, creating novel treat-
ments for diseases in which limited or no alternative solutions exist. The promise of
this cannot be underestimated; however, despite the significant progress achieved,
there remains a long way to go to establish standardized and safe methods for
bioengineered organ transplantation.

Research in regenerative medicine is often plagued with ethical controversy.
Proof of biological mechanisms from preclinical studies is therefore imperative
prior to proceeding with novel treatments in patients. Open reporting and standard-
ization of definitions and outcomes between groups is key. The creation of an
international register for preclinical trials with mandatory registration prior to pub-
lication of both positive and negative outcomes may also go some way to addressing
this.

Compassionate clinical trials in patients should only be performed when all
treatment options are exhausted and open discussions with both patients and ethical
committees conclude the merit of the trial, particularly where the treatment may
result in lethal adverse effects. Building valuable international collaborations, gath-
ering expertise from varied specialties, and increasing the role of clinical scientists
facilitating bench-to-bedside translation are crucial for the advancement of regener-
ative medicine techniques into viable and successful options for patients in the
future.
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Abstract

Up to date, liver transplantation is the only definitive cure for patients with end-
stage liver disease. However, donor organs are limited, and several patients
succumb to liver failure before a suitable donor is found. Liver tissue engineering
and regenerative medicine are promising new technologies that can help reduce
the burden of liver shortage by increasing the number of organs available for
transplantation. In this chapter, we focus on various aspects of liver bioengineer-
ing, describing current liver diseases and the most relevant liver models used in
liver tissue engineering, with particular attention to liver decellularization and
recellularization processes. Also, we highlight the importance of bioreactor
systems to allow a dynamic growth of all the cells seeded in liver scaffolds.
Furthermore, we describe new cell culture systems that help us to pave the way
from the bench to the bedside, as well as the regulatory and technological
challenges related to liver bioengineering.

1 Introduction

The liver is the second largest organ in the human body. With an approximate weight
of 1.2–1.5 kg in an adult human, the liver constitutes the most significant gland of the
organism.

It is involved in many vital functions like the regulation of the energetic metabo-
lism, processing all the nutrients; in the synthesis of essential proteins and enzymes
needed during the digestion and normal organism behavior; in the maintenance of
hormone balance; and in the detoxification and elimination of compounds for a correct
incorporation of amino acids, carbohydrates, lipids and vitamins, and their storage.

The liver is considered a metabolic organ and an exocrine gland, too, because of its
role in metabolic and bloodstream secretion functions. Furthermore, because
of its capacity for bile production and secretion, it is also considered as an exocrine
gland.
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This organ has the particularity of receiving a double blood contribution: 80%
enters through the portal vein, with low oxygenation and providing the liver with all
the substances drained from the abdominal organs. The remaining 20% enters
through the hepatic artery, carrying well-oxygenated blood. Arterial and venous
blood converge both at the hepatic sinusoid, which allows the transvascular inter-
change between the blood and parenchymal cells.

It is anatomically divided into eight independent segments, and its functional
morphologic unit is the hepatic lobule, organized surrounding the central vein (CV).
Hepatic cords and hepatic sinusoids are surrounding this CV. In the apex of the
hepatic lobule is located the portal trial, formed by a hepatic artery, a portal vein, and
a bile duct. Repetitions of this functional unit form the hepatic tissue.

Furthermore, many types of cells coexist in the liver tissue: the parenchymal
cells, which are the hepatocytes, constitute 80% of the tissue. Non-parenchymal cells
constitute the remaining 20% and include liver sinusoidal endothelial cells (LSEC),
ductular cells (DC), Kupffer cells (KC), stellate cells (HSC), and Pit cells.

1.1 Brief Description of Acute, Inborn Errors of Metabolism and
End-Stage Liver Disease Worldwide

Liver diseases are any conditions that lead to liver inflammation or damage, affecting
thus its normal function. Many factors like infections, exposure to drugs or toxic
compounds, autoimmune processes, or genetic malignancies can cause these. The
effects include inflammation, scarring, blood clotting, bile duct obstructions, and
liver failure. The following table (Table 1) summarizes most liver diseases:

Liver disease causes approximately two million deaths per year worldwide: one
million originated by cirrhosis complications and the remaining million because of
viral hepatitis or hepatocellular carcinoma (Mokdad et al. 2014). Cirrhosis is the 11th
most common cause of death worldwide, with 1.16 million global deaths per year.
Liver cancer represents the 16th most common cause of death, with 788,000 global
deaths (Asrani et al. 2019).

Some global data analyzed from 1990 to 2010 suggest that Latin America, the
Caribbean, Middle East, and North Africa have the highest percentage of deaths
because of liver disease. Egypt, Moldova, and Mongolia have the highest cirrhosis
mortality rate in the world. India represents an 18,3% of cirrhosis death in the world,
followed by China with 11%. Central Asia, the Russian Federation, and Europe’s
mortality are increasing.

Almost any chronic liver disease leads to cirrhosis. Globally, the leading causes
are hepatitis B and C virus and alcohol. Other causes can be immune liver diseases,
drugs, cholestatic disease, among others. The causes vary between different coun-
tries: in Western and industrialized countries, alcohol and nonalcoholic fatty liver
disease are the leading causes, whereas hepatitis B is the main cause in developing
countries (Asrani et al. 2019; Lim and Kim 2008; Lozano et al. 2012).

Acute liver failure (ALF) is a rare disorder with a high mortality rate (Bernal et al.
2010). It can be produced by viral causes, predominantly in developed countries; in
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the USA and Western Europe, drug-induced injury is the leading cause, and there are
many other cases with no clear origin. ALF can be associated with multiorgan
failure.

Nonalcoholic fatty liver disease (NAFLD) is an increasing health problem asso-
ciated with diabetes and obesity that affects one-third of adults in developed
countries (Cohen et al. 2011).

This clinicopathological condition comprises a broad spectrum of liver damage,
ranging from simple steatosis to steatohepatitis, fibrosis, and cirrhosis in patients
who do not abuse alcohol. This illness starts with an abnormal accumulation of
triglyceride droplets within the hepatocytes, leading to hepatic steatosis. This stage is
usually self-limited, but it can progress to nonalcoholic steatohepatitis (NASH) due
to hepatic injury because of hepatocyte death due to ballooning, inflammatory
infiltrate, or collagen deposition (fibrosis). NASH can then develop a cirrhotic
stage, where hepatocytes are replaced by scar tissue, decreasing hepatic function
and altering blood flow. There are several degrees of fibrosis, being the last step the
progression of the cirrhotic stage to hepatocellular carcinoma (HCC).

Hepatocellular carcinoma is usually the result of a complication of liver diseases,
commonly liver cirrhosis (Fattovich et al. 2004). The WHO estimates that in the 2000,
primary liver cancer is supposed the fifth most prevalent illness in men and the ninth in
women, representing about the 5,6% of all human cancers (Parkin et al. 2001), with
564,000 new cases per year and expected to increase by 2020 (Bosch et al. 2004).

The Barcelona-Clínic Liver Cancer (BCLC) has classified HCC in liver cirrhotic
patients into five different stages: stage 0 (very early stage), stage A (early stage),
stage B (intermediate stage), stage C (advanced stage), and stage D (terminal stage),
and nowadays it is utilized by many centers.

Table 1 Characteristics and causing agents of different hepatic diseases. (Source: Adapted from
(AACC 2019))

Liver disease Characteristics Causing agents

Acute liver
failure

A rapid decrease in liver function Drugs, toxins, liver diseases

Alcoholic liver
disease

Liver damage which can lead to fatty liver,
alcoholic hepatitis, or cirrhosis

Abusive alcohol intakes

Autoimmune
liver disease

Body’s immune system attacks liver cells Primary biliary cirrhosis,
autoimmune hepatitis

Biliary
obstruction

Bile duct blocking Trauma, tumors,
inflammation

Cirrhosis Liver scarring Chronic hepatitis, alcoholism,
chronic bile duct obstruction

Genetic
diseases

Gene mutation Hemochromatosis, Wilson
disease

Hepatitis Acute or chronic liver inflammation Virus, alcohol, drugs, toxins

Infections Can originate liver damage and/or bile duct
blockage

Virus, parasites

Liver cancer Abnormal growth of liver cells Cirrhosis, chronic hepatitis,
virus
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1.2 Liver Transplant Worldwide

According to the data published in the Newsletter Transplant, handled by the NTO
(National Transplant Organization) in collaboration with the World Health Organi-
zation, Spain revalidates its world leadership for the 26 consecutive years, with a rate
of 47 donors per million population (p.m.p). This country provides 19,2% of organ
donations in the EU and 6,4% of the registrations worldwide (34,096). Spain also
maintains the leadership in transplants, with 113,4 p.m.p, above the USA, which has
109,7 p.m.p. In 2018, there were 135,860 organs transplanted worldwide. This
number means an increase of 7,2% to the previous year (which was 126,670).
From these, 89,823 were kidney transplants, 30,352 liver transplants, 7,626 heart
transplants, 5,497 lung transplants, 2,342 where pancreas transplants, and 220
intestine transplants. By the end of 2018, there were 56,399 European people on
the waiting list. According to these data, ten patients died per day waiting for an
available organ in the EU.

The donation rate has increased in the last years worldwide: there are 31,7 donors
p.m.p in the USA; Australia reached 20,8 p.m.p and Canada 21,9 p.m.p. Russia
figures its rate in only 4 donors p.m.p, and Latin America reached 9,5 donors p.m.p.

The following table (Table 2) recapitulates data from a liver transplant in 2017
(data obtained from the Newsletter Transplant):

Table 3 summarizes the number of patients in the waiting list (WL) for a liver
transplant and the number of patients who died in 2017 (data obtained from the
Newsletter Transplant):

1.3 Bottlenecks and Limitations

As mentioned above, liver transplantation means the only effective treatment option
for patients suffering from end-stage liver disease, acute hepatic failure, and hepa-
tocellular carcinoma. Although short-term graft and recipient survival outcomes
have improved, thanks to advancements in the surgical technique, perioperative
management, and immunosuppressive therapy, there are still two main limitations
in liver transplantation: the first one and the most important is organ shortage. That is

Table 2 Number of liver transplant worldwide

Country Number of transplanted livers

Australia 282

Canada 585

European Union 7.984

Latin America 3.288

New Zealand 55

Russian Federation 438

Saudi Arabia 226

USA 8.082
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why significant efforts are being developed to increase the existing scarce donor
pool. This effort has derived in the use of liver allografts from donors after cardiac
death in combination with extended criteria donors. The goal is to get a better
selection of donors, selecting not only the adequate ones but has also helped in the
development of mechanical perfusion strategies (Jadlowiec and Taner 2016). The
second limitation is the long-term recipient’s complications after liver transplanta-
tion. Infections, allograft failure, cardiovascular events, or renal failure are the most
common causes of later mortality after liver transplantation, which derive from long-
term immunosuppression (Watt et al. 2010). Substantial efforts are being developed
to improve the recipient’s long-term outcomes.

1.4 Solutions Developed Throughout the Years to Increase Organ
Availability

Due to organ shortage, it became necessary to find alternative therapies to treat liver
failure. Extracorporeal liver support systems for patients suffering from liver failure
consist of temporary relief developed to speed up liver recovery from injury or as a
bridge to transplantation. There are two types of devices for temporal support:
artificial livers (AL), which use nonliving components to remove toxins accumulated
in the blood or plasma due to liver failure, using membrane separation associated
with columns or sorbents. On the other hand, bioartificial liver (BAL) provides not
only liver detoxification but also synthetic functions by combining chemical pro-
cedures and bioreactors containing cells to maintain the liver function (Carpentier
et al. 2009). Appropriate cell choice for BAL devices is still under investigation.

Primary human hepatocytes represent the ideal source for replacing liver func-
tion, but they still are difficult to maintain in vitro. Primary porcine hepatocytes, on
the contrary, enable the availability of large quantities of cells but with the immu-
nologic and infectious problems that they carry. This is the reason why human or
human-derived cells are more desirable than animal cells. Other cell types investi-
gated are immortalized cells [like C8-B (Cai et al. 2000), HepZ (Werner et al. 2000),
HH25 (Kono et al. 1995). . .], which are easily cultivated in vitro and maintain liver-

Table 3 The number of patients waiting for a liver transplant and exitus number of total patients in
2017 across the world

Country Number of patients in the WL Exitus number

Australia 482 11

Canada – 74

European Union 16.064 990

Latin America 8.112 1.087

New Zealand – –

Russian Federation 1.666 141

Saudi Arabia 658 –

USA 24.178 1306
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specific functions. Their problem still resides in their potential transmission of
oncogenic substances to the patient (Allen et al. 2001; Carpentier et al. 2009). Up
to date, BAL is still under investigation. Although some of them have FDA
authorization for clinical development (like HepaMate, ELAD, or Excorp Medical),
there is still a lot to do regarding their capacity to provide and replace liver functions.
Significant issues have to be overcome, like cost, cell availability, or maintenance of
cell viability that have delayed their appearance on the clinic.

Split livers represent another choice. This technique means a way to increase the
number of cadaveric donor organs for children and adults: it provides a left lateral (to
be transplanted into a child) and a right-extended liver graft (to be transplanted into
one adult). Furthermore, the outcomes showed comparable results as those in whole
organ liver transplantation (Broering et al. 2004). Nevertheless, the main problem
with split livers resides in that it is a sophisticated variant of liver transplantation that
requires a very high level of technical and logistical skills and an extensive knowl-
edge of possible anatomic variations. It also needs a reliable judgment on graft
quality and also an optimal graft-recipient size match (in order to avoid the small-
size liver syndrome). However, in the latest years, new technologies like organ and
tissue engineering have emerged not in order to maintain liver function while injury
but for the creation of new organs in vitro able to be transplanted.

Another potential alternative to liver transplantation is allogeneic hepatocyte
transplantation (Iansante et al. 2018; Laconi et al. 1998) to restore hepatic function
once engrafted in the recipient’s liver. Hepatocytes can be isolated from different
sources: whole donor livers unsuitable for transplant, from liver segments after
split liver transplantation, or from neonatal and fetal livers (which could provide
very high hepatocyte quality). The advantages of these techniques include the fact
that it is less invasive and less expensive than surgery, and it can be performed
repeatedly if necessary. Cryopreserved cells are also available when necessary, and
because this procedure requires few cell quantities, different recipients could
beneficiate from the same donor organ. On the contrary, the limitations reside in
the difficulty of isolating and maintaining high-quality hepatocytes (Ibars et al.
2016; Stephenne et al. 2007). Liver cell engraftment is usually poor (approxi-
mately 0,1–0,3%) (Wang et al. 2002), and allogeneic rejection may be the leading
cause of failure in cell graft function.

Mesenchymal stem cells (MSC) are another important source to consider. They
are an attractive source due to their capacity to proliferate and differentiate in vitro
and their anti-inflammatory and immune status (Iansante et al. 2018). Furthermore,
there are several tissues containing hMSC: bone marrow, adipose tissue, and umbil-
ical cord. Some authors have recently isolated MSCs from the liver, called liver-
derived human MSCs, which can be transdifferentiated toward hepatocyte-like cells
(Najimi et al. 2007). However, their role is still under investigation in liver-recipient
repopulation and providing satisfactory hepatic function.

Tissue-engineered whole livers are becoming very promising too. By combining
tissue engineering techniques and biology, autologous livers might be able to be
created in vitro and transplanted, eliminating thus the problem of an organ donor,
waiting list, and rejection.
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2 Tissue Engineering

2.1 First Approaches Used for Liver Tissue Engineering

Tissue engineering is one of the most promising fields in regenerative medicine. As
described in 1993 by Robert Langer and Joseph Vacanti, it is the conjugation of
biomaterials (synthetic or naturally derived) with cells, in order to generate tissue
constructs that can be implanted into patients to substitute a lost function and
maintain or gain new functions (Langer and Vacanti 1993). The current paradigm
is suitable for the engineering of thin constructs like the bladder, skin, or blood
vessels. In the specific case of the liver, the 3D architecture and dense cellular mass
require novel tissue engineering approaches and the development of vascularized
biomaterials, in order to support thick tissue masses and be readily transplantable.
Additionally, to the vascular support for large tissue masses, hepatocyte function
maintenance represents the ultimate aim in any organ engineering or regenerative
medicine strategy for liver disease. Hepatocytes are known to be attachment-depen-
dent cells and lose rather quickly their specific functions without optimal media and
ECM (extracellular matrix) composition and cell-cell contacts. Also, the function
and differentiation of liver cells are influenced by the 3D organ architecture (Mooney
et al. 1992).

In the last two decades, multiple strategies for the culture of adult hepatocytes in
combination with several types of 3D, highly porous polymeric matrices, have been
attempted (Fiegel et al. 2008; Kim et al. 2000b; Lin et al. 2004; Linke et al. 2007;
Tong et al. 1990). However, in the absence of vasculature, restriction in cell growth
and function is joint due to the limitations in nutrient and oxygen diffusion. Some of
these problems are being now partially overcome with the development of
bioreactors that provide continuous perfusion of culture media and gases, allowing
a 3D culture configuration and hepatocyte function maintenance (Gerlach et al.
1994; Torok et al. 2001, 2006).

The tissue engineering concept has several advantages over the injection of cell
suspensions into solid organs. The matrices provide sufficient volume for the
transplantation of an adequate cell mass up to whole-organ equivalents. Transplan-
tation efficiency could readily be improved by optimizing the microarchitecture and
composition of the matrices, as well as by attaching growth factors and extracellular
matrix molecules to the polymeric scaffold, helping to recreate the hepatic micro-
environment (Mooney et al. 1992). The use of naturally derived matrices has also
proved to be very helpful in hepatocyte culture (Lin et al. 2004). These matrices,
besides preserving some of the microarchitecture features of the tissues that they are
derived from, also retain bioactive signals (e.g., cell-adhesion peptides and growth
factors) required for the retention of tissue-specific gene expression (Kim et al.
2000a; Voytik-Harbin et al. 1997). Additionally, cell transplantation into polymeric
matrices is, in contrast to cell injection into tissues and organs, a reversible procedure
since the cell-matrix constructs may be removed if necessary.

Finally, heterotopic hepatocyte transplantation in matrices has already been
demonstrated in long-term studies (Johnson et al. 1994; Kaufmann et al. 1999).
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Nonetheless, initial engraftment rates are suboptimal. One of the reasons for this is
the absolute requirement of the transplanted hepatocytes for hepatotrophic factors
that the liver regularly receives through its portal circulation (Starzl et al. 1973).
Thus, the development of a tissue-engineered liver construct capable of being
orthotopically transplanted is essential.

2.2 Whole-Liver Scaffolds (Decellularization)

One other alternative is based on the decellularization process to generate a whole-
organ scaffold. These have to be later recellularized using different cell types to get a
functional bioengineered organ to be transplanted into recipient animals (Fig. 1). The
strategy of decellularization of extracellular matrices has induced the development of
other disciplines such as cell biology, tissue engineering, and regenerative medicine
further than the implementation of more simple naturally derived biomaterials.
The resultant scaffolds can be considered to be cell-derived matrices, which are
a compound of natural proteins, macromolecules, and other components such as
associated growth factors. They can recapitulate the native ECM, thanks to the
conservation of its organization and composition. As these scaffolds are derived
from the ECM, they provide biological and mechanical support, and above all, a
template of the organ, so that cells can migrate, attach, proliferate, organize, and

Fig. 1 Components of liver bioengineering. The process needs two components: cells, which are
isolated and long-scale in vitro expanded (a), and a scaffold, which is decellularized (b) and
recellularized with the isolated cells assembled in a bioreactor system, in combination with growth
factors and different pressure conditions (c). The goal is the creation of a whole human
bioengineered liver able to be transplanted into patients who require a new organ (d)
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differentiate at the same time that it provides paracrine factor production (Robb et al.
2018).

Currently, decellularized tissues have some applications in the clinic in different
areas. It is the case of orthopedics, dentistry, surgery, and even in the cardiovascular
field (Parmaksiz et al. 2016). Nonetheless, the replacement of solid organs as the
liver is not a clinical reality, yet as they are considerably larger than thinner tissues,
their three-dimensional structure is much more complex, and they need a robust
vascular network so that it can stay functional. In the field of whole-liver engineer-
ing, human, rat, and pig livers have been used as the primary sources to obtain
scaffolds. However, some studies show that the spleen can also be used (Xiang et al.
2015). The generation of bioengineered livers able to replicate its native function has
some limitations, including the formation of a patent vascular network and the vast
expansion of cells to get the required number so that a minimal degree of function
can be achieved. The first one is needed so that the blood flow becomes normal
because the ECM without cellular components stimulates the formation of blood
clots since it is considerably thrombogenic. However, the advances that have been
made in the recellularization process give rise to an increase in vascular patency.
Although this technology is expected to be used in the long term to treat patients
suffering from end-stage liver failure, in recent years, some advances have been
made in the field of whole-liver engineering. Researches have described different
protocols that can be used to decellularize an organ in order to obtain a specific
tissue-derived matrix. The strategies used are based on physical, chemical, mechan-
ical, or enzymatic methods and even on a combination of them to maximize the
efficacy of the process. The most common approximation is based on the use of
detergent solutions to be perfused through the portal vein using peristaltic pumps so
that the cellular content is removed.

At the same time, the extracellular matrix and the vascular tree are preserved,
becoming one of the main advantages of this technology. It has been reported that the
ultrastructure and composition are conserved, as well as the bile duct system
(Baptista et al. 2011; Fukumitsu et al. 2011). At the same time, the microarchitecture
and essential bioactive signals are maintained, which are considered complex to be
replicated in vitro. This fact is quite relevant, taking into account that they are
essential for cells to be viable, functional, and to differentiate. Two detergent
solutions have been widely used: sodium dodecyl sulfate (SDS) (Buhler et al.
2015) and Triton X-100 (Baptista et al. 2011; Barakat et al. 2012; Crapo et al.
2011). However, there are also other agents such as enzymes, proteases, or acids that
can be used. For the latter, the most widely used ones are peracetic acid, ethylene-
diaminetetraacetic acid, or deoxycholic acid, but alkaline solutions can also be
perfused, such as sodium hydroxide. They may be used alongside with enzymes
as DNase I or trypsin and physical agents as pressure and temperature.

On the one hand, for the first one, high hydrostatic pressure can be used or even
supercritical CO2. On the other hand, when the temperature is used, freeze-thaw
cycles may be implemented. In the protocols published so far, the reagents men-
tioned above are used in multiple concentrations and even in different combinations
(Faulk et al. 2015; Wang et al. 2017). Researchers have also reported the existence of
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diverse strategies to perfuse the detergent solutions including the use of the portal
vein (Buhler et al. 2015), the portal vein together with the hepatic artery (Baptista
et al. 2011; Barakat et al. 2012; Ko et al. 2015), and even the inferior venae cavae
(Shupe et al. 2010). At the same time, both the hepatic artery and the portal vein are
used in the recellularization procedure (Faulk et al. 2015; Wang et al. 2017).

Uygun and his co-workers have been able to decellularize ischemic rat livers
implementing the perfusion of SDS through the portal vein using different concen-
trations (0.01%, 0.1%, and 1%) for 24 h each of them (Uygun et al. 2010). As a
result, they obtained a scaffold without cells characterized by being translucent and
by maintaining the main physical structure of the organ. On the other hand, Baptista
and colleagues have reported the use of a protocol that depends on the size of the
liver and its structure (Baptista et al. 2011). In this case, different animal models have
been studied, including mice, rabbits, and pigs. In this case, SDS is not used, but it is
based on the perfusion of a detergent solution together with other agents. Briefly, the
authors identified high efficacy when 1% Triton X-100 with 0.1% ammonium
hydroxide was perfused through the portal vein after perfusing a volume of
deionized water equal to 40 times the liver. The authors reported that the matrices
obtained were transparent, with the vascular tree visible. Finally, other authors, as De
Kock et al., have described protocols in which both detergent solutions are used.
They were able to decellularize a rat liver in just an hour using first 1% Triton-X 100
half of the time and 1% SDS during the second half an hour, with perfusion through
the portal vein. This strategy gave rise to translucent liver scaffolds with no cellular
component and able to endure fluid flows, thanks to the preservation of its architec-
ture (De Kock et al. 2011).

2.3 Cellular Components, Their Source, and Role in Generating
Hepatic Tissue

Once the decellularization procedure has been performed, to obtain a functional
organ, it is necessary to seed different types of cells in the generated scaffold. To do
so, they have to be sterilized and incorporated into a designed bioreactor system to
be recellularized. As it was mentioned before, obtaining the required number of cells
from each required type is one of the main limitations of this strategy.

As in the case of decellularization, there are different protocols reported and
already available for the recellularization. Soto-Gutiérrez and collaborators com-
pared three of them by studying direct parenchymal injection, multistep infusion,
and continuous perfusion (Soto-Gutierrez et al. 2011). The first one, as its name
indicates, is based on injecting the cells directly into the hepatic lobes of the scaffold,
while the continuous perfusion strategy requires perfusing the obtained cells in
suspension together with the culture medium using a bioreactor system to control
its flow rate across the liver scaffold. Both the multistep infusion and the continuous
perfusion involve delivering cells in small but multiple batches separated by inter-
vals of time equally separated. The conclusion of this study indicated that the best

Liver Tissue Engineering 153



results were achieved when the multistep infusion strategy was used as seeding
conditions.

On the other hand, cell number is another critical parameter to be taken into
account (Fukumitsu et al. 2011). In order to mimic liver functionality and morphol-
ogy, its spatial distribution has to be recreated with the appropriate concentration and
cellular type. Different cells can be used in the field of tissue engineering and
regenerative medicine, including primary hepatocytes, which can be human or
porcine, human hepatic cell lines, and immortalized hepatocytes, as well as plurip-
otent stem cells or fetal progenitors.

Regarding the cell types that have to be used to generate relevant hepatic tissue in
vitro, the gold standard is primary human liver cells, isolated from liver tissue or
whole livers that did not fulfill the conditions to be used in transplantation. Their
relevance comes from their source, the human liver, and because consequently, they
give rise to the functionality of this organ in vivo. Thus, in the toxicological and
pharmacological research, their use can provide predictive results. However, multi-
ple donors are required what causes differences in the characteristics of the cells
used, such as the age, sex, or liver damage of each one of them. These variations give
rise to some deviations in the experimental results that make it difficult to standardize
the generated models. Indeed, the mentioned differences determine the success of
the isolation process, as well as other factors as cell isolation conditions or
intraoperative factors. During the mentioned procedure, enzymatic digestion may
be performed, requiring the use of collagenase and other enzymes, and plastic
culture dishes are often used. However, these conditions change some characteristics
of these cells, like morphology or gene expression, due to a process known as
dedifferentiation that represents a practical limitation. Some studies have been
carried out to identify the best strategy to overcome it improving the survival of
these cells and their functionality. The alternatives evaluated include the modifica-
tion of the signals from the microenvironment by including soluble factors in the
culture medium. The cell media can be modified with hormones, growth factors, or
vitamins, in order to modulate the functionality of hepatocytes (Guillouzo 1998;
Kidambi et al. 2009; Miyazaki et al. 1985).

The similarities between pigs and humans make it possible to use primary porcine
hepatocytes as the availability of human sources is limited. Conversely, some
disadvantages need to be considered. The xenogeneic character of these cells
makes it possible to transfer zoonotic diseases and to identify an incompatibility
between proteins. Subsequently, more appropriate cell sources have to be identified.
To overcome the limitations mentioned above, human hepatocyte cell lines have
been considered as an alternative. They have been immortalized using different
approximations as transfection using simian virus 40 T antigen (Li et al. 2005).
However, the potential to give rise to tumorigenic effects has not been assessed
sufficiently in these studies. The immortalized cell lines derived from the liver that
are more widely used include the HepaRG, HepG2, and Hep3B, among others
(Guguen-Guillouzo et al. 2010). The first one, derived from a human hepatoma,
conserves the expression of liver-specific functions, membrane transporters, and
nuclear receptors (Aninat et al. 2006), presenting a stable karyotype and high
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proliferative capacity. Even more critical, this cell line has revealed that it can
provide consistent and reproducible data as a result of different experiments.
Still, its expression of liver-specific functions is lower than the one that can be
identified for primary hepatocytes (Marion et al. 2010).

Another approximation that has been evaluated is the co-culture of primary
human hepatocytes with non-parenchymal cells, such as Kupffer cells, liver endo-
thelial cells, and hepatic stellate cells. The reason to do so is that researchers have
identified that these cells have a critical role for liver function and in processes like
acute inflammation or chronic liver diseases. As an example, some investigations
have tried to obtain co-cultures with Kupffer cells to evaluate the reaction of
hepatocytes in a pro-inflammatory environment (Nguyen et al. 2015).

Stem cells have also been considered to generate hepatic tissue as, in theory, they
represent an unlimited cell source. Autologous liver stem cells are the leading type of
cells used, but others are also being studied, such as induced pluripotent stem cells
(iPSCs), mesenchymal stem cells, and humanized hepatocytes (Agmon and
Christman 2016). The main advantage of iPSCs is their autologous character and
that they are considered to be limitless being able to repopulate a scaffold with the
appropriate size. Furthermore, these cells reduce the limitation that can be identified
when others are used, such as ethical considerations when embryonic stem cells are
used. Hepatocyte-like cells can also be obtained over-expressing transcription fac-
tors (Huang et al. 2011) specific from the hepatocyte lineage, starting with adult cells
giving rise to induced hepatocyte-like cells or iHep. Further research is required to
improve this technology, but the results obtained so far are promising.

Other cell sources have also been used, such as umbilical vein endothelial cells,
both from a human and porcine source. In 2017, Mao and his co-workers were able
to achieve complete coverage of the vascular network with appropriate patency in a
porcine model using these cells (Mao 2017).

The number of cells that need to be used to generate functional hepatic tissue is
not the only important factor. The cellular type is also a crucial parameter as it
determines the flow-seeding conditions that have to be used. Then, the most appro-
priate speed has to be identified to optimize cellular engraftment. Hence, there are
still relevant issues to be addressed to obtain functional organs before it becomes a
clinical reality.

2.4 Bioreactors for Liver Tissue Engineering

Bioreactors are extensively used in tissue engineering for the development of tissue-
engineered constructs. A bioreactor represents the central essence of any biochem-
ical process in which plant, microbial, enzymes, or mammalian cell systems are used
for the manufacture of a broad range of biological products. The primary function of
a bioreactor is to provide a controlled in vitro environment for tissue generation and
growth while mimicking the mechanochemical regulation that cells and tissues
experience in vivo in their native environment. Ideally, and in the context of tissue
engineering, bioreactors serve as a system able to allow the uniform seeding of
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cells to a scaffold, control the physiological conditions in the cell culture medium
(i.e., nutrients, oxygen levels, temperature, pH), supply sufficient metabolites, and
provide physiologically relevant signals in the form of mechanical loads (Altman
et al. 2002; Freed and Vunjak-Novakovic 2000). Bioreactors are broadly used almost
at any step of the generation of a tissue-engineered liver construct. Before their large-
scale expansion or seeding in a scaffold, primary cells are isolated from autologous
or allogeneic liver tissue or whole organ and cultured under static conditions in
T-flasks or Petri dishes to let them recover from the isolation and purification stress
and to obtain the adequate large mass of cells required for the creation of the final
desired bioproduct.

An appropriate design of the bioreactor system is crucial to create better tissue-
engineered products, such as artificial organs for transplantation. Each decision
made in the design of the bioreactor may strongly impact the overall process
performance. Theoretically, any bioreactor useful for tissue engineering purposes
has to be robust enough to maintain the cultured cells or tissues for long periods,
structured to deliver nutrients, growth factors, peptides, and gases into the culture
system in order to encounter and sustain the needs of the cultured cells or tissues,
easily cleanable, and operator friendly. From the performance point of view, the most
inescapable hindrance regarding the biological design of a liver bioreactor is meeting
the basic metabolic requirements of the cells or tissue.

Oxygen tension is finely controlled in the liver, varying along the sinusoid from
85 μM periportal to approximately 45 μM pericentral. Hepatocytes consume
oxygen at 10- to 100-fold the rates of most cells, so there is a desperate need to
balance oxygen consumption with oxygen delivery to guarantee an optimal hepa-
tocellular function (Ebrahimkhani et al. 2014). Each hepatocyte contains over
1500 mitochondria, which consume oxygen at a rate of 0.3–0.9 nmol/sec/million
cells (Nahmias et al. 2007), while an average rate of oxygen utilization by
many other cells is about 2–40 picomol/sec/million cells (Wagner et al. 2011).
This issue represents a considerable challenge in 3D cultures, as the oxygen
gradient across a layer of five cell diameters, which represents a distance of approx-
imately 120 μm, ranges in the liver from normoxic to hypoxic (Ebrahimkhani et al.
2014).

Another crucial step in the development of liver constructs for liver replacement
is represented by the seeding of a vast amount of liver cells uniformly on or
throughout a scaffold. Furthermore, the adherent cells require appropriate amounts
of nutrients, oxygen, peptides, and growth factors to survive and proliferate and
adequate chemo/physical signals to organize and differentiate and to generate
cellular structures and metabolic zonation resembling that of the liver. On the one
hand, a high initial cell seeding might favor tissue formation (Dvir-Ginzberg et al.
2003), but on the other hand, it would require a high amount of organ tissue for the
isolation of the cells and more time to obtain an adequate number of cells to seed.
Moreover, a uniform initial cell distribution on the scaffold is needed to avoid spatial
variation in nutrients, oxygen, and metabolite concentrations that would condition
the survival and metabolism of cells at different positions in the scaffold (Catapano
and Gerlach 2007).
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When designing a bioreactor for liver engineering, it is imperative to consider the
diffusion distance existing between cells and the blood. Indeed, liver cells are
sensitive to waste metabolites and have essential nutrient requirements that need a
small diffusion distance (i.e., within a few hundred microns in the sinusoids)
(Catapano and Gerlach 2007). It is an enormous challenge to provide a system to
supply essential substrates (e.g., oxygen, glucose, and amino acids) or clear waste
metabolites (e.g., CO2, ammonia, urea, lactate) from liver cells in large 3D constructs
and a central prerequisite to promote cell growth, differentiation, and long-term
survival (Catapano 1996; Martin et al. 2004; Martin and Vermette 2005).

Plenty of efforts have been made to develop bioreactor designs adapted for liver
cell culture. Hollow fiber cell culture bioreactors have been developed in the 1970s
and used until today for the generation of high concentration of cell-derived prod-
ucts, such as monoclonal antibodies, recombinant proteins, growth factors, viruses,
and virus-like particles. Nowadays, these reactors include control of pH, oxygen,
fluid dynamics, and medium exchange, allowing the production of high numbers of
bioproducts. The traditional hollow fiber bioreactor is a three-dimensional cell-
culturing system based on small, semipermeable capillary membranes arranged in
a parallel array. These membranes are bundled and housed within tubular polycar-
bonate shells to create the bioreactor cartridges containing two compartments:
the intracapillary space (IC) within the hollow fibers and the extracapillary space
(EC) surrounding the IC. The culture medium is pumped through the IC space
outside the fibers while delivers molecular components with the cells cultured and
expanded into the EC space. Here, the exchanges occur in a manner resembling
some features of capillary blood-tissue exchanges in vivo, being the membranes the
core of the bioreactor itself. As these membranes are permeable, it is possible to
control the molecular exchange properties between the nutrient fed and tissue
compartment through the selection of membrane permeability properties. These
bioreactors have been applied to liver cell culture, practically from the beginning.
Wolf C. et al. firstly describe that a rat hepatoma cell line could carry out bilirubin
conjugation in hollow fiber culture with either 10 kDa or 50 kDa cutoff membranes
(Wolf and Munkelt 1975), with speculation that the rates of conjugation may be
limited by the transport of the bilirubin carrier protein albumin across the membrane.
Next, Jauregui H. et al. found that primary rat cells cultured up to 45 days in a 7-cm-
long hollow fiber reactor with 520–0.3 mm diameter fibers maintained almost half
the diazepam-metabolizing capacity after 10 days provided the perfusion medium
was equilibrated with 30% oxygen atmosphere (Jauregui et al. 1994). Due to the
similarity between hollow fiber cell culture bioreactors and blood dialysis units, liver
culture in hollow fiber bioreactors appeared as a potentially promising approach for
extracorporeal liver support to provide metabolic capacity in synthesis of urea and
metabolism of toxic metabolites like bilirubin (Demetriou et al. 2004; Jauregui et al.
1994; Rozga et al. 1993, 1994; Struecker et al. 2014).

Stirred-tank bioreactors have mainly been used in the large-scale culture of mam-
malian cells to create a suitable microenvironment, where variables are tightly con-
trolled, such as pH and oxygen levels. With the appropriate design of impellers, the
fluid mechanic microenvironment in these systems can provide relatively uniform

Liver Tissue Engineering 157



low-shear mixing, and the commercial availability of reactor systems makes them
accessible for general use (Morini et al. 2018). When a stirred-tank bioreactor is used
for growing adherent cells, specific microcarriers are used as a supporting surface for
cell attachment. Alternatively, adherent cells are grown as aggregates in suspension.

The ability of hepatocytes to form aggregates when seeded on low-adhesive
surfaces, and for aggregates to maintain liver-specific function better compared to
cells in monolayer cultures, has been described and demonstrated (Powers 1997). The
utility of stirred-tank bioreactors for efficient formation of relatively uniform, func-
tional spheroidal aggregates of primary rat hepatocytes that exhibit polarization of bile
canaliculi was already illustrated over 20 years ago (Wu et al. 1996). Recently, Alves
and colleagues established and tested a perfused bioreactor system for the long-term
maintenance of primary cultures of human hepatocyte spheroids from three different
donors. They found that using this method, the generated hepatocyte spheroids
reproducibly recapitulated in vivo hepatic functions and structure, despite inter-
donor variability. They hypothesized that these reproducible time-course profiles
were made possible because of the tight control of critical environmental variables
at physiological values. Moreover, they observed that the spheroid’s inner structure
resembled the liver architecture, with functional bile canaliculi-like structures
and liver-specific markers (such as CYP450 expression and phase II and III drug-
metabolizing enzyme gene expression and transport activity). This system constitutes
an ideal long-term culture platform for analyzing hepatic function for drug develop-
ment tests (Tostoes et al. 2012).

Commercially available microcarriers with different sizes and composition can
also be used for large-scale cell culture for many different anchorage-dependent cell
types. Microcarriers differ in their porosity, specific gravity, optical properties,
presence of animal components, and surface chemistry and can be made of different
materials (i.e., glass, polystyrene plastic, collagen, alginate, dextran) which can
influence cellular behavior, phenotype, morphology, and proliferation. The main
advantages of microcarrier technology reside in providing a larger surface-area-to-
volume ratio for the growth of anchorage-dependent cells in a suspension culture
system, ease of scale-up, and the ability to monitor and control various physiological
conditions when used in a bioreactor. Several attempts have been made to take
advantage of microcarrier technology for liver tissue engineering purposes. Gao Y.
et al. used Cytodex-3 microcarriers to cultivate high-density human liver cell line Cl-
1 to improve the cultivation efficiency and yield and evaluated specific functions of
liver cells periodically. They observed that the human liver cell line Cl-1 can be
cultivated to a high density on these microcarriers and has better biological func-
tions, such as albumin and urea synthesis and diazepam transformation, along with
the prolonging of the cultivation (Gao et al. 1999). Zhang L. and colleagues reported
that rat hepatocytes cultivated on chitosan microcarriers cross-linked by oxidized
lactose retained the spherical shape as they have in vivo. Moreover, liver-specific
functions such as albumin secretion and glucose metabolism were stably maintained
for 7 days in culture, and the metabolic activity of hepatocytes cultured on these
specific microcarriers was higher than those of hepatocytes cultured on chitosan
microcarriers cross-linked by glutaraldehyde and on Cytodex-3 (Zhang et al. 2003).
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2.5 In Vivo Results of Liver Tissue-Engineered Constructs

Hepatic tissue engineering using primary hepatocytes has been considered a
new exciting approach for the treatment of different classes of liver diseases.
Hepatocyte-based therapies have been experimentally and clinically explored and
generate new interest in the bioengineering of alternative liver systems in vivo based
on the manipulation of in vitro-modified hepatocyte cultures (Griffith and Naughton
2002; Ohashi et al. 2001; Strom and Fisher 2003). Ohashi and co-workers developed
a method to engineer a uniformly continuous sheet of hepatic tissue using isolated
primary hepatocytes cultured on temperature-responsive surfaces. Sheets of hepatic
tissue transplanted into the subcutaneous space resulted in efficient engraftment to
the surrounding cells, with the formation of two-dimensional hepatic tissues that
stably persisted for longer than 200 days. The engineered tissues also showed several
characteristics of liver-specific functionality. They described this technology as
simple, minimally invasive, and free of potentially immunogenic biodegradable
scaffolds (Ohashi et al. 2007).

Clinical trials on hepatocyte transplantation have demonstrated long-term safety,
but donor hepatocyte engraftment and restoration of failing host livers have not been
adequate to reduce the need for organ transplantation (Dhawan et al. 2010). One
alternative could be represented by the use of hydrogels reproducing the biochem-
istry of tissue-specific ECM proteins. ECM hydrogels were derived from
decellularized rat livers and employed for both 2D-plate coatings and in vivo
hepatocyte transplantation. Primary rat hepatocytes cultured on a liver ECM hydro-
gel-coated substrate exhibited higher viability and improved hepatic functions
compared to cells cultured on a non-coated or collagen type I-coated substrate.
Besides, liver ECM hydrogels engineered with rat hepatocytes maintained the
hepatic phenotype and function after in vivo transplantation (Lee et al. 2014).

3 Future Perspectives

In the last years, the advances and improvements regarding the technology of liver
bioengineering have been used to understand the hepatic regeneration mechanism
better, and it has facilitated the development of different in vitro models near-physi-
ological ex vivo culture system. In this section, different in vitro models showing a
more precise control over the liver cell microenvironment will be discussed.

3.1 Liver Organoids

In the middle of the last century, different authors began to use the term “organoids”
(Vendrely 1950), and this nomenclature started to appear in various publications in
the 1960s. The advances in the organoid field over the last decade are the conse-
quence of years of work to understand more profoundly the role of progenitor cells,
self-organization of dissociated tissues, and ECM biology.
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Usually, the term organoids are used to refer to a range of 3D culture systems that
resemble the modeled organ to varying extents (Prior et al. 2019). Specifically, an
organoid is an in vitro 3D cellular cluster derived from tissue-resident stem/progen-
itor cells, embryonic stem cells (ESCs), or induced pluripotent stem cells (iPSCs)
capable of self-renewal and self-organization that recapitulate the functionality of the
tissue of origin (Huch and Koo 2015; Lancaster and Knoblich 2014; Prior et al.
2019). Considering this definition, the organoid culture requires the isolation of
stem/progenitor cells, either pluripotent stem cells or tissue-resident cells from
embryonic stages of adult tissues, which are cultured by using specific medium
supplemented with growth factors that recreate the signals to give rise to the specific
tissue. Also, the organoid cultures require a specialized physical environment, and it
usually involves culturing cells in suspension, on an air-liquid interface, or embed-
ded in a suitable ECM such as Matrigel. Thus, when the isolated cells are cultured
with the correct growth medium and a specific physical environment, they can
follow intrinsic developmental or homeostatic/repair programs to proliferate and
self-organize into 3D organoid structures, allowing the use of these models in
different areas of knowledge. For example, the use of organoids has high relevance
in disease modeling, as alpha-1 antitrypsin (A1AT) deficiency, an example of a
monogenic liver disease that affects the liver parenchyma. Recently, the group led by
Hans Clever showed that organoids derived from adult liver tissue from patients with
A1AT deficiency had been successfully developed and recapitulated critical aspects
of this disease: accumulation of protein aggregates and reduced ability to block
elastase activity. They also showed signs of ER stress, such as phosphorylation of
eIF2α, among other aspects, showing similar characteristics to what had been
observed in the original biopsy from patients. Thus, organoids from A1AT-defi-
ciency patients can be expanded in vitro and mimic the in vivo pathology recapit-
ulating critical features of the disease in vitro and enabling further understanding of
the disease processes (Huch et al. 2015). Another area of interest where liver
organoids have been exploited is for personalized medicine use, as HCC.

Nuciforo et al. reported the generation of long-term organoid cultures from tumor
needle biopsies of HCC patients with various etiologies and tumor stages. These
HCC organoids showed a preserved morphology, as well as the expression pattern of
HCC tumor markers, and preserved the genetic heterogeneity of the originating
tumors. This study showed that liver cancer organoids could be used to test sensi-
tivity to sorafenib, providing a tool for developing tailored therapies (Nuciforo et al.
2018).

After the examples described above, it is easy to understand the relevance of liver
organoids. It is focused on its applications since this type of culture shows an
improved understanding of hepatic regenerative pathways and the development of
in vitro systems to mimic both the expansion and differentiation of hepatocytes. As a
consequence of the relevance in its applications, the organoids were named “Method
of the year 2017” by Nature Methods showing the interest and promise of this
rapidly expanding field to provide new experimentally tractable and physiologically
relevant models of organ development, human pathologies, and paving the way for
therapeutic applications (Methods 2018; Prior et al. 2019).
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3.2 Liver Buds

Cell-based therapy has been proposed as a useful alternative to orthotopic liver
transplantation. Organ bud progenitor cells play essential roles in organ
development. These cells have a remarkable capacity for rapid cell growth and
differentiation into multi-lineage cells.

A liver bud is defined as the primordial cellular diverticulum of the embryonic
foregut endoderm that gives rise to the parenchyma of the liver. Hepatic progenitor
cells (HPCs), or liver bud progenitors, are specified from foregut endoderm at
embryonic day (E)9.5 in mice. These is followed by a massive HPC expansion
with a 10,000-fold increase in population, doubling from E9.5 to E13.5 in mice
(Koike et al. 2014; Takebe et al. 2013). This tremendous growth is regulated by
signals secreted from neighboring mesenchyme such as hepatocyte growth factors
(Matsumoto et al. 2001), bone morphogenetic proteins (Rossi et al. 2001), and
fibroblast growth factors (Serls et al. 2005) and by transcriptional networks that
act intrinsically in the HPCs, such as Tbx3 (Suzuki et al. 2008), Smad2/3 (Weinstein
et al. 2001), and beta-catenin (Micsenyi et al. 2004). However, the mechanism
regulating this intensive and transient amplification in developing liver bud is mainly
unknown.

Organoid technology represents a revolutionary paradigm toward therapy but is
not yet applied in humans, due to lack of reproducibility and scalability. Several
attempts have been made to overcome these limitations. Takebe and colleagues
created a scalable organ bud production platform from human-induced pluripotent
stem cells (iPSC). First of all, they identified three progenitor populations that can
effectively generate liver buds in a highly reproducible manner: hepatic endoderm,
endothelium, and septum mesenchyme. Furthermore, they achieved human
scalability by developing an Omni-well-array culture platform for mass-producing
homogeneous and miniaturized liver buds on a clinically relevant large scale.
Vascularized and functional liver tissues generated entirely from iPSCs significantly
improved subsequent hepatic functionalization potentiated by stage-matched devel-
opmental progenitor interactions, enabling functional rescue against acute liver
failure via transplantation (Takebe et al. 2017).

Yanagi and co-workers have made another attempt. They reported a novel
transplantation method for liver buds that were grown in vivo involving orthotopic
transplantation on the transected parenchyma of the liver, which showed prolonged
engraftment and marked growth in comparison with heterotopic transplantation.
Furthermore, they demonstrated a method for rapidly fabricating scalable liver-like
tissue fusing hundreds of liver bud-like spheroids using a 3D bioprinter. The ex vivo-
fabricated human liver-like tissue exhibited self-tissue organization and engraftment
on the liver of nude rats (Yanagi et al. 2017).

At the moment, no one succeeded in assembling human liver buds containing
HSCs and LSECs. Recently, Li J. et al. described a reproducible, easy-to-follow, and
comprehensive self-assembly protocol to generate 3D human liver buds from naïve
MSCs, MSC-derived hepatocytes, and HSC- and LSEC-like cells. By optimizing the
ratio between these different cell lineages, the cell mixture self-assembled into 3D
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human liver buds within 72 h in vitro and exhibited similar characteristics with early
stage murine liver buds. In a murine model of acute liver failure, the mesenteric
transplantation of self-assembled human liver buds effectively rescued animal death
and triggered hepatic amelioration effects that were better than the ones observed
after splenic transplantation of human hepatocytes or naïve MSCs. Besides, trans-
planted human liver buds underwent maturation during injury alleviation, after
which they exhibited a gene expression profile signature similar to one of adult
human livers (Li et al. 2018).

3.3 3D Bioprinting

Three-dimensional bioprinting is an innovative technology based on the successive
addition of small quantities of biomaterials and cells which are deposited layer by
layer. It comprises different technologies to obtain artificial constructs with a high
precision level (Murphy and Atala 2014).

The biomaterials used can be natural polymers such as collagen and fibrin,
synthetic polymers, and even decellularized matrices. Indeed, two different
approaches can be followed when 3D bioprinting technology is used
(Tiruvannamalai-Annamalai et al. 2014). On the one hand, the traditional approach
of top down, which is based on seeding the cells into a porous scaffold to promote
cell proliferation and scaffold degradation, gives rise to the engineered tissue. The
other modular approach, or bottom-up, cells, together with biomaterials, are printed
using the tridimensional technology to obtain the engineered tissue. The first one has
different limitations that are solved in the second one, such as diffusion limitations
and slow vascularization. However, most purists consider that just the modular
approach represents three-dimensional bioprinting. The number of applications of
3D printing in medicine has increased over the past years. It can be used today to
obtain customized implants, pre-surgery models, prostheses, exoskeletons, and even
in drug discovery, delivery, and dosage forms (Klein et al. 2013). Hence, the uses of
this technology belong to two different categories: the production of tissues and
organs and research in the pharmaceutical area. For the latter, 3D bioprinting has
been used to determine if a particular drug could work as a treatment for a specific
patient as a screening technology (Banks 2013). Some strategies can be used to
overcome some of the limitations of the process itself. For example, cells can also be
printed using liver spheroids to protect them from the effect of shear stress as it can
be generated along with the procedure (Bhise et al. 2016).

Currently, 3D bioprinting has the potential to produce complex organs, such as
the liver, with a high density of cells (Zhang et al. 2017). Nevertheless, there are
some limitations still to be solved. It is the case of achieving the appropriate vascular
network. However, it can considerably simplify the process compared with tradi-
tional approaches. Due to the described characteristics of this technology, some
companies have decided to invest in it, like OrganovoTM.

They have been able to generate 3D vascularized liver constructs using different
types of cells, including HSC, LSEC, and hepatocytes. They have identified high
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cellular viability, as well as robustness for drug metabolism, resembling native
hepatic lobules. At the end of 2016, this company announced that it would investi-
gate the use of 3D bioprinting technology to obtain human liver tissue that could be
transplanted directly to human patients (Delivery 2016). Their plan was focused on
obtaining a clinical solution for acute-on-chronic liver failure and pediatric errors in
metabolism. The preclinical studies that have been carried out demonstrated that
after 60 days of implantation, there was sufficient vascularization, as well as
engraftment and functionality. The next step was to test this approach to humans.
However, due to the difficulty of a long-term function of non-vascularized bioprinted
tissues after transplantation in larger animal models, the company investors declared
that they would not proceed further, and the company stopped its research activities
in May 2019.

4 Regulatory Landscape for Tissue-Engineered Livers

In legal terms, the regulatory landscape of liver tissue engineering and regenerative
medicine, in general, is uninterruptedly moving toward a more favorable situation,
allowing the creation and commercialization of new innovative products that can
improve the quality of life of patients in need. These types of products are challeng-
ing due to the novelty, complexity, and technical specificity, so it is essential to
understand the regulations that guarantee the quality and safety of these novel
products. Next, three different regulatory agencies will be described: the Food and
Drug Administration (FDA) in the USA, the European Medicines Agency (EMA) in
Europe, and the Ministry of Health, Labour, and Welfare (MHLW) in Japan. All
these organizations have similar objectives, but their systems of operation are
different, and the approval of one of them does not imply the endorsement by the
other (Bertram et al. 2013).

4.1 Food and Drug Administration (FDA)

In the USA, the FDA’s Center for Biologics Evaluation and Research is the
regulatory agency responsible for guaranteeing the safety, purity, potency, and
effectiveness of many biologically derived products. All these functions are
performed by the six centers and the several offices in which the FDA is divided.

The field of tissue engineering is englobed under the term “tissue-engineered
medical products” (TEMP). This new terminology was defined in a standard docu-
ment of the American Society for Testing and Materials, and it was included in the
FDA-recognized consensus standards database (ASTM F2312-11). The term TEMP
can consist of a variety of different constituents as cells, scaffolds, device, or any
combination of these, and the FDA classifies these products as combination prod-
ucts. The US Congress recognized the existence of combination products when it
enacted the Safe Medical Device Act of 1990, and it was defined in the 21 Code of
Federal Regulation 1271 Part C 210/211/820 (CFR; FDA). The offices involved in
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the evaluation of TEMPs include the Office of Combination Products (OCP), the
Office of Regulatory Affairs (ORA), and the Office of Orphan Products (OOP).
Notably, the Office of Combination Products (OCP) determines the primary mode of
action (PMOA). PMOA establishes its regulatory and product development frame-
work and assigns it to the proper center to lead the review of that product, with the
other two centers providing input (Montagne et al. 2011). The PMOA is such an
essential concept that the FDA published a docket in August 2005 entitled Definition
of Primary Mode of Action of a Combination Product. The PMOA is defined as “the
single model of action of a combination product that provides the most important
therapeutic effect of the combination product” (Food and Drug Administration
2005).

4.2 European Medicines Agency (EMA)

The EMA is the agency of the European Union in charge of the evaluation and
supervision of medicinal products.

Under the term, advanced therapy medicinal products (ATMP) are englobed in
the field of liver tissue engineering. ATMP is defined as being a somatic cell therapy
medicinal product (SCTMP), a tissue-engineered product (TEP), a gene therapy
medicinal product (GTMP), or a combined ATPM (EMA 2018).

Considering the progress of liver tissue engineering in particular and regenerative
medicine in general, in 2007, the European Parliament and Council of the European
Union (EU) issued an amendment to Directive 2001/83/EC and Regulation No. 776/
2004 to include regulatory provisions for ATMPs defined in Regulation EC No
1394/2007. This regulation established that when a product contained viable cells or
tissues, the pharmacological, immunological, or metabolic action of those cells or
tissues has to be considered as the principal mode of action of the product (EPC
2007). To offer high-level expertise to assess the quality, safety, and efficacy of
ATMPs, the EMA established a multidisciplinary committee called the committee
for advanced therapies (CAT). This committee is responsible for reviewing applica-
tions for marketing authorization for advanced therapy medicinal products (EMA
2017). The application for the authorization of an ATMP is supervised down in
Article 6 of Regulation No 726/2004 (EMA 2004), and among other requirement,
the application should also include the description of the product design method by
the Annex 1 to Directive 2001/83/EC (EPC 2001).

4.3 Ministry of Health, Labour, and Welfare (MHLW)

The Ministry of Health, Labour, and Welfare (MHLW) is the regulatory body that
oversees food and drugs in Japan, which includes creating and implementing safety
standards for medical devices and drugs (JPMA 2015).

Japan established that liver tissue engineering under a regulatory landscape
is considered as cellular and tissue-based product. In Japan, the approved
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cell/tissue-engineered products were regulated as medical devices by adapting
existing legislation under clause 2 of the Pharmaceutical Affairs Law (PAL) (Yano
et al. 2015). These types of products are intended to be used for reconstruction,
repair, or formulation of a structure or function of the body and treatment or
prevention of disease or to be inducted into human cells for gene therapy. The
underlying technical requirements to assure the quality and safety of these cellular
and tissue-based products are specified in Notification No. 0912006 of the PFSB
dated September 12, 2008.

In conjunction with the MHLW, the Pharmaceuticals and Medical Device Agency
(PMDA) is an independent agency that is responsible for the in-country representa-
tion, certification processes, licensing, and quality assurance systems (Jokura et al.
2018). The PMDA consist of 25 offices, and the office of cellular and tissue-based
products is the one in charge to confirm clinical trial notifications and adverse drug
reactions, and it also conducts reviews required for approval, reexaminations, and
reevaluations of regenerative medical products (cellular and tissue-based products
and gene therapy products), preliminary reviews for approval or verification based
on the Cartagena Protocol, and quality review of antibody preparations (JPMA
2017).

5 Conclusions

This chapter is focused on state-of-the-art strategies for liver tissue engineering.
Through the different sections, it has been explained the current need of available
organs for human liver transplantation, emphasizing the importance of achieving an
optimal method of liver decellularization and recellularization to create new organs,
as well as the development of innovative and efficient models for the study of the
liver trying to recreate the physiological aspects found in vivo. The regulatory
landscape is also discussed to have a global idea concerning the creation and
commercialization of tissue-engineered products that can improve the quality of
life of patients in need.

Even though regenerative medicine has exponentially increased in the last years,
giving new hopes to the development of effective treatments for liver diseases,
further work has to be performed in order to obtain functional therapies and models
that represent the liver to its fullest. Critical components to consider in the liver tissue
engineering field include the proper technology to obtain a high-quality scaffold
after decellularization, as well as the identification, selection, and large-scale pro-
duction of the most suitable cell sources for the most effective scaffold seeding.

Optimal recellularization is also a crucial step to generate a clinically functional
organ. To accomplish this goal, bioreactors are an excellent tool to control all the
process parameters. Nevertheless, their configuration is critical for the control of
vital parameters such as oxygen, nutrient supply to cells, the control of biochemical
concentrations, and gradients. However, it is essential to highlight that large scaf-
folds are complex and highly depend on cell metabolism and bioreactor
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configurations. Up to date, a complete recellularization using all the necessary liver
cell types and the generation of a fully functional liver has not been accomplished.

In the last years, the technological advances in liver bioengineering have
been used to understand the hepatic regeneration mechanism better, and it has
facilitated the development of different in vitro models and ex vivo culture
systems. Through this chapter, we have described relevant sophisticated engi-
neering tools, as liver organoids, liver buds, and 3D bioprinting technology. All
these in vitro models show a more precise control over the liver cell microen-
vironment, and they allow us to enhance our knowledge of disease develop-
ment and progression, demonstrating faithful recapitulation of disease
pathways in vitro.

The rapid advances and improvements achieved in tissue engineering require
rigorous control over the laws and regulations of each country. For these reasons, the
regulatory landscape of some regulatory agencies as the FDA, EMA, and MHLW
has been intensely discussed.

In conclusion, liver tissue bioengineering requires a multidisciplinary approach,
with biologists, clinicians, and bioengineers working closely to understand further
how liver cells can self-organize to build the liver, one of the most complex organs in
our body, in order to get a transplantable liver for those in need.
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Abstract

The generation of three-dimensional (3D) organoids can allow researchers to
resemble in vitro distinct types of cellular compartments within specific organs,
including exocrine glands. The development of salivary gland organoids can
entail the use of biomaterial substrates (usually hydrogel- or Matrigel-based) or
can be substrate-free to allow cells to produce their own extracellular matrix
molecules. Our research strategies focus on the latter and use innovative
biofabrication platforms via 3D bioassembly of salivary gland primary cells or
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oral stem cells using magnetic nanoparticles. These magnetic nanoparticles can
tag these cells and spatially arrange these either at the bottom of a culture well
(magnetic 3D bioprinting) or at the air-media interface (magnetic 3D levitation)
with specific magnetic fields. In this chapter, we discuss how epithelial compart-
ments can be formed within these organoids with different 3D culture platforms
and the importance of the presence of a neuronal network to make them achieve a
functional status. A neuronal network that responds to parasympathetic and
sympathetic neurotransmitters is crucial for testing saliva secretion arising from
the epithelia compartment. These neuroepithelial organoids will support the
discovery and cytotoxicity screening of novel drugs for dry mouth syndrome or
xerostomia. The advantages and limitations of both magnetic bioassembly plat-
forms will be discussed to optimize these salivary gland-like organoids.

1 Introduction

Exocrine glands, such as mammary, prostate, thyroid, pancreas, lacrimal, and sali-
vary glands, are organs frequently targeted by cancer or autoimmune disorders
(Stewart and Wild 2018; Lombaert et al. 2017). Functional damage in these glands
usually occurs after conventional cancer therapies are delivered, thereby impairing
the health of patients. In the salivary gland (SG), following radiotherapy for head and
neck cancers, up to 60% of the secretory epithelia can be irreversibly damaged, and
saliva secretion is severely compromised in those cases. No pharmacological or
medical interventions exist to fully rescue the saliva production in these cancer
patients. Immunosuppression-free gland transplants are currently not available for
gland replacement. Organoid bioprinting has been emerging as a promising 3D
biofabrication strategy toward (1) the development an in vitro and “off-the-shelf”
gland transplant from patient’s own cryopreserved cells (Mironov et al. 2009a; Groll
et al. 2016); or (2) the discovery of new saliva stimulants (sialogogues) or drugs in in
vitro organoid platforms (Adine et al. 2018; Ferreira et al. 2019). To avoid immu-
nological incompatibilities and potential cytotoxicity from scaffold biomaterials in
the long-term, our group generated a scaffold-free culture platform to promptly
produce 3D functional salivary gland-like organoids using magnetic nanoparticles
(Adine et al. 2018; Ferreira et al. 2019). This biofabrication process induces cellular
spatial arrangement in 3D and scalable organoid production within 24h. In addition,
this process facilitates organoid handling and transfer as well as high-throughput
analysis and imaging. A magnetic nanoparticle solution, consisting of gold, iron
oxide, and poly-L-lysine, is used in this 3D bioassembly process. These nano-
particles support cell proliferation and metabolism, without increasing deleterious
processes such as inflammation and oxidative stress (Tseng et al. 2015). In addition,
negligible immune response after transplantation is reported in animal models (Lin
et al. 2016).

Thus, in this chapter, we will discuss the development secretory neuroepithelial
organoids similar to the native SG using stem cells and two 3D bioassembly
platforms in vitro. The overall objective was to generate a scalable SG organoid
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with innervation and bio-functional properties upon neurostimulation to overcome
current limitations in stem cell therapies for dry mouth or xerostomia.

2 Organotypic Three-Dimensional (3D) Cell Culture System

2.1 Overview of 3D Cell Culture Systems

In this last decade, the organotypic three-dimensional (3D) cell culture system has
been utilized as a promising strategy for the ex vivo generation of robust 3D
organoids or miniature glands for transplantation in patients suffering from
xerostomia (Ferreira et al. 2016). Also, 3D cell culture models serve as an auspicious
and feasible model for the study of the molecular and cellular mechanisms underly-
ing diseases as well as for drug discovery (Langhans 2018; Hagemann et al. 2017).

The 3D cell culture system is rapidly prevailing over the two-dimensional (2D)
culture system and in vivo models, because better mimics physiologic conditions
and maintains the cellular and tissue function by establishing appropriate cell-
signaling pathways and extracellular matrix interactions (Campbell and Watson
2009). These unique properties enable it to overcome many of the shortcomings
associated with both in vivo animal experimentation and two-dimensional (2D)
tissue culture. In vivo transgenic animal models, while undoubtedly representing
the gold standard for basic molecular studies and diagnostic work, are expensive to
produce and are subject to stringent regulation, resulting in studies utilizing low
replicate numbers, with consequences for scientific rigor (Campbell and Watson
2009).

2.2 Spheroid 3D Culture Systems

Scaffold-based tissue engineering faces some challenges including (i) immunoge-
nicity, (ii) acute and long-term inflammatory response resulting from the host
response to the scaffold and its biodegradation products, (iii) mechanical mismatch
with the surrounding tissue, (iv) difficulties in incorporating high numbers of cells
uniformly distributed within the scaffold, and (v) limitations in introducing multiple
cell types with positional specificity (Jakab et al. 2010). In contrast, in scaffold-free
spheroids culture, cellular cross talk proceeds naturally (Jakab et al. 2010).

Table 1 summarizes the most common 3D spheroid culture techniques currently
employed. All these techniques have their own advantages and challenges (Lombaert
et al. 2017; Ferreira et al. 2016; Achilli et al. 2012; Fennema et al. 2013). A few of 3D
bioengineering systems have effectively shown the capability of primary SG epithelial
cells to self-assemble and display polarization properties on engineered scaffolds
incorporating SG basement membrane molecules such as Matrigel as well as other
natural polymers (chitosan) and synthetic polymers (PEG, PLGA). However, some of
these matrices (Matrigel) contain xenogeneic materials and thus limit its application in
vivo (Ferreira et al. 2016). Other polymers may degrade too fast before epithelial cells
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self-assemble and tight junctions can form (Sfakis et al. 2018). In contrast, scaffold-
free bioengineered platforms can facilitate a rapid cell clustering in 3D as well as cell-
cell interactions to allow the generation of a tightly packed epithelium to finally
become a functional organ. Scaffold-free or spheroid culture can be efficiently pro-
duced through seeding cells in nonadherent surfaces and suspension culture. However,
these methods will form nonuniform spheroids, and the size of the spheroids cannot be
controlled for proper mass transfer and nutrition (Ferreira et al. 2016; Achilli et al.
2012; Fennema et al. 2013).

Table 1 Advantages and challenges of 3D spheroid culture systems. HTS: high-throughput
screening

Techniques Advantages Limitations

Hanging drop Compatible with HTS
Requires a few step

Cell aggregation depends on cell
seeding numbers and cell line
Spheroid size not uniform for
particular cell lines
Sample handling
Slow spheroid formation (>24 h)

Nonadherent
surface methods

User-friendly in 1-step
Allow HTS
Able to scale up

Nonuniform spheroid size
Spheroid formation depends on cell
seeding numbers
Slow spheroid formation

Suspension culture

Spinner flask Enable massive production Shear forces can modify cell
function
Nonuniform spheroid size

Bioreactor Reduces shear force on cells Nonuniform spheroid size
Requires specialized equipment

Scaffolds-based

Natural
biomaterials

The maximum resemblance to the
in vivo conditions

May contain xenogeneic substrates
Batch-to-batch variation

Hydrogels
(synthetic/
granular)

Reproducible mechanical and
physical properties
Comprises micron-sized pores
Microinvasive injectability

Unable to generate larger, clinically
viable tissue or organ replacement

3D bioassembly
(magnetic
bioprinting)

Rapid spheroid formation (24 h)
Spheroids form intrinsic ECM
Millimeter size range spheroid

Potentially increases oxidative stress
with high concentration of magnetic
particles

3D Bioprinting

Scaffold-
assisted
Spheroid-
based

Enabling the reproduction of
complex in vivo structures
Useful for disease modeling and
drug screening

Requires specialized equipment
Cost, cell density capacity, cell
viability
Increased resolution, printing speed,
biocompatibility, and scaling-up
Regulatory and safety issues
Lacks an universal bioink

Microfluidic and
microchip
methods

Control of the fluid shear stresses
and the concentration of soluble
factors

Requires specialized equipment
Difficulty collecting cells for
analysis
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In contrast, cell patterning techniques offer uniformly formed spheroids. Cell
patterning arranges cells into desired patterns mimicking the real tissue by applied
external guiding or manipulation. In general, cell patterning can be classified as
passively and actively direct cell patterning. Passive cell patterning requires a cell-
adhesive ECM protein-coated onto regions defined by photoresistance or applied by
a micro-fabricated stamp, leaving other uncoated regions unfavorable for cell adhe-
sion. The seeded cells attach and occupy ECM-coated regions and hence form a
clean-cut pattern (Fukuda et al. 2006; Fu et al. 2011).

Despite promising results, the effectiveness of passive cell patterning is limited by
the natural cell adhesion process, which is slow, irregular, and divergent from cell
type to cell type. In contrast, active cell patterning employs techniques that apply
force to actively direct cells to desired positions (Table 1).

Similar to the in vivo environment, cells in a 3D spheroid are free to assemble
without constraint. They establish 3D gradients of nutrients, metabolites, and cell
signals as well as barriers to the transport of molecules (Achilli et al. 2012). In
addition to gradients, spheroids create an in vivo-like microenvironment by
forming more complex cell-to-cell interactions and cell-to-ECM adhesions. They
maximize cell-to-cell contact, form numerous adhesions between surface adhesion
molecules, and even form direct cell couplings such as gap junctions (Fennema
et al. 2013).

Thus, spheroids from adult stem cells bioprinted onto the 3D printed scaffold are
a fascinating approach for future clinical trials, since they can form larger, complex,
and functional autologous tissues and mini-organs (Fennema et al. 2013).

In summary, there are several advantages of using spheroids as building blocks
for organoid development (Achilli et al. 2012; Fennema et al. 2013; Parfenov
et al. 2018a; Mironov et al. 2009b). First, spheroids have the highest theoretically
possible cell density equivalent to native tissue. Second, spheroids have a com-
pact rounded shape, which is ideally suitable for their handling, manipulation,
transfer, processing, and bioprinting. Third, they have a complex internal struc-
ture, multicellular composition and lumens and can be pre-vascularized. Finally,
when the spheroids are closely placed and touching each other, they inherently
begin to fuse and producing complex 3D tissue constructs. This phenomenon
was found during fetal development and organogenesis, and it is a funda-
mental principle of bioprinting and biofabrication technologies (Mironov et al.
2009b).

2.3 Potential Cell Sources for Salivary Gland Tissue Engineering

The ideal cell source for SG tissue engineering should entail cell types such as
primary, progenitor, or stem cells isolated from autologous tissue (Lombaert et al.
2017). These cells can be isolated from the patient’s SG prior to radiotherapy (RT),
grown and expanded in the laboratory, and transplanted into the gland after RT has
been completed. Autologous SG cells would be accepted by the host with no risk of
immune rejection. Although studies on SG epithelial transplants from digested tissue
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have demonstrated potential, most reveal a partial capability of transplanted cells to
restore SG function. Isolated primary SG cells rapidly dedifferentiate and undergo
structural changes as a result of the loss of extracellular and intercellular communi-
cations (Nelson et al. 2013). Unfortunately, harvesting such cells generally causes
great patient discomfort and morbidity, and thus such cell lines are not widely
available. Furthermore, these cells do not grow efficiently in vitro (Nelson et al.
2013) as they become apoptotic when dissociated into single-cell suspensions and
difficult to achieve acinar formation (Szlavik et al. 2008). Differentiation of human
submandibular gland (HSG) intercalated duct-like cell lines toward the acinar
phenotype is possible on a substrate containing laminin-1 or Matrigel (Nelson
et al. 2013). However, the lack of tight junctions (TJs) crucial for the development
of polarized epithelia and unidirectional secretion has become a major limitation of
this cell line. Moreover, transfection of tight junction proteins did not improve HSG
polarity and form weak epithelial resistance (Aframian et al. 2002). Therefore, this
cell line is not suitable for tissue engineering of SG epithelia. Currently, no primary
cell line fully recapitulates the morphological and functional features of the native
salivary acinar cells (Hegde et al. 2014).

Other potential cell sources are embryonic stem cells (ESC) and induced plurip-
otent stem cells (iPSC). These are considered pluripotent stem cells because they can
differentiate into all cell types from all three germinal layers. A few studies have
differentiated ESC into SG tissues. Mouse ESC was shown to successfully differ-
entiate into SG-like cells through direct co-culture with human SG cells (Kawakami
et al. 2013) or in the presence of mouse fetal rudiments by induction of Sox9 and
Foxc1 transcription factors (Tanaka et al. 2018). However, the translation of these
ESC mouse studies into human ESC is still far for becoming a reality due to the
tumorigenicity of these cells lines and rudiments. Moreover, multiple studies have
reported the generation of iPSC from various dental tissues, but very few targeted the
SG (Hynes et al. 2015). In the scarce literature, mouse iPSC has been shown to
support SG differentiation (Ono et al. 2015) and is capable to partially regenerate
damaged SG (Alaa El-Din et al. 2018). iPSC differentiation into SG-like cells still
warrants further investigation. Despite the preliminary promising results, both stem
cells (ESC, iPSC) have technical and moral obstacles. In addition, these cells are not
easy to control, due to their genomic instability and propensity to form tumor (Hynes
et al. 2015).

In contrast, adult stem cells become a very attractive cell source because they
are widely available and have multi-lineage differentiation capacity. Adult stem
cells (somatic stem cells) are undifferentiated cells in the body after a multiplica-
tion process during its development when the cells will eventually cease to exist or
are damaged. Stem cells are generally considered to be more “primitive” and are
the precursors of progenitor cells, which are more lineage-committed, have less
capacity to self-renew, and maybe organ-specific. Multiple groups have been
evaluating the potential of different stem cell sources for SG repair or regeneration
which will be discussed in the following section. Furthermore, there are four
clinical trials evaluating the effectiveness of adult stem cells to alleviate
xerostomia, listed in Table 2.
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2.3.1 Salivary Gland Stem/Progenitor Cells
As stem cells might be organ-specific, it is therefore obvious to explore the potential
of stem cells derived from the SG to repair or regenerate the damaged gland. Earlier
on, the SG organ was thought to have a slow cellular turnover, and therefore the
presence of stem cells was seen unlikely. However, ductal ligation experiments in rat
parotid and submandibular glands identified proliferating cells with regenerative
capabilities. These cells emerged upon deligation and were labeled stem/progenitor
cells, and gland atrophy was reversed with the appearance of new acinar cells
(Burford-Mason et al. 1993; Takahashi et al. 2004). These and other studies have
shown that SG stem/progenitors cells are present among the differentiated cells, and
therefore, it is necessary to have an effective isolation methodology to test their
regenerative potential.

Nanduri et al. (Nanduri et al. 2013a) have shown that isolation with the c-Kit
marker was enough to restore morphology and functionality of irradiated salivary
glands. Salisphere derived c-Kit+ cells expressing CD24 and/or CD49f markers,
successfully restored tissue homeostasis in the submandibular gland of irradiated
mice. However, the population of c-Kit+ is very limited (<1%) in the human SG and
greatly diminishes in aging patients (Pringle et al. 2016).

Furthermore, Jeong et al. (Jeong et al. 2013) develop a method to efficiently isolate
SG progenitor without cell surface marker selection but repeated subculturing over
five passages. These cells exhibited MSC-like characteristics and successfully differ-
entiated into amylase-secreting cells in vitro. More importantly, these cells were able to
ameliorate hyposalivation and rescued SG morphology in irradiated rat SG.

In addition, an interesting study by Mishima et al. (Mishima et al. 2012) has
identified and isolated side population (SP) cells from mouse SG via cell sorting.
This cell population was able to recover the radiotherapy-induced hypofunction of
salivary and lacrimal glands, although cell reconstitution was not observed in vivo.

Table 3 summarizes studies of SG-derived stem/progenitor cells (SGSC) isolation
and evaluation of their regenerative capacity, especially for radiotherapy-induced
xerostomia. Although studies have shown that origin-specific stem cells are favorable
for treatment of the tissue origin, SGSC has its own limitations. The treatment is heavily
dependent on residual endogenous acinar cell, and therefore it is not suitable for severe
cases. Hence it is worthwhile to explore the use of other sources of adult stem cells.

2.3.2 Bone Marrow-Derived Mesenchymal Stem Cells (BM-MSC)
Several groups have reported the potential of bone marrow-derived cells (BMC) for
salivary gland regeneration (Sumita et al. 2011; Lombaert et al. 2006; Lin et al.

Table 2 Types of stem cells used in NIH-reported clinical trials for xerostomia conditions

MSC location Origin Xerostomia condition Clinical trial

Bone marrow Autologous Radiotherapy-induced NCT03743155

Adipose Autologous Radiotherapy-induced NCT02513238

Umbilical cord Allogeneic Sjögren’s syndrome NCT00953485

Lip and cheek Autologous Sjögren’s syndrome NCT00023491
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Table 3 Studies on SG-derived stem cells/progenitor (SGSC) in vitro culture systems with in vivo
SG regenerative outcomes

Refs.
Cell
source

Selected cell
population SG markers

Culture
system

In vivo
methods/
outcomes

Lombaert
et al.
(2008a)

C57BL/
6
mouse

c-Kit+ Sca-1
c-Kit
Musashi-1

Salisphere IG: 300
cells*
"SFR, GW,
AC, Amy
"proliferation

Nanduri
et al.
(2011)

CD133+ c-Kit
CD133
CD24
CD29
CD49f

Salisphere IG: 1x104

cells*
"SFR, GW,
AC, Amy
"proliferation

Nanduri
et al.
(2014)

CD24hi/CD49fhi

Old vs. young
– Salisphere IG: 5000

cells*
"SFR, AC

Nanduri
et al.
(2013b)

c-Kit+/
CD24+/
CD49f+

– Salisphere IG: 400
cells*
"SFR, AC
#fibrosis

Xiao et al.
(2014)

Lin�/CD24+/
c-Kit+/Sca1+

c-Kit
KRT5
KRT14
Vimentin

Salisphere IG: 300–
1000 cells*
"SFR, AC

Maimets
et al.
(2016)

Wnt3a+
R-spondin 1
stimulation

Ductal
epithelia
EpCam+

Salisphere IG: 10-1x104

cells*
"SFR, AC

Mishima
et al.
(2012)

C57BL/
6
mouse

SP (FACS) clusterin
stimulation

CD31 2D IG: 1x104

cells
"SFR

Jeong et al.
(2013)

Human Long-term culture in
collagen type I
substrate

CD44
CD49f
CD90
CD105

2D IG: 5x105

cells
"SFR, GW,
AC
#apoptosis

Yi et al.
(2016)

Human Modified
subfractionation
culture method

LGR5
MSC-like
markers

2D IG: 1x105

cells
"SFR, Amy,
engraft

Pringle
et al.
(2016)

Human c-Kit+ SG-like
markers

Salisphere IG: 1200
cells*
"SFR

SP, side population; FACS, fluorescence-activated cell sorting; MSC, mesenchymal stem cells;
RIX, radiotherapy-induced xerostomia; IG, intraglandular injection, SFR; salivary flow rate, GW;
gland weight, AC; acinar cells, SAC; saliva secreting acinar cells, # in vivo rescue in the secondary
recipient. NA, not applicable. *cells dissociated from salisphere
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2011). These studies used very heterogeneous stem cell populations, which may
produce different functional effects when transplanted in vivo. In order to address
this, Lim et al. utilized a subfractionation culturing method to obtain highly homog-
enous MSC cell lines (Lim et al. 2013a). The intraglandular injection of these MSC
restored the morphology and function of the submandibular gland after radiation
injury. The paracrine effect appears to induce functional restoration through the
survival of epithelial secretory cells, mobilization of host progenitor cells, and
vascularization.

To further investigate this matter, Tran et al. (Tran et al. 2013) evaluated the
paracrine effect of BM-MSC. These researchers extracted and lysed the crude bone
marrow cells and its soluble intracellular content (termed BM soup) and then
injected into irradiated mice. Injection of BM soup was as effective as the trans-
plantation of BM cells in restoring the function of irradiated salivary glands,
highlighting the importance of paracrine effects in salivary gland regeneration.
The utilization of cell extract treatment strategies can definitely overcome the issues
related to immune rejection after allogeneic transplantation of MSC or other adult
stem/progenitor cells.

Table 4 displays the studies evaluating BMC and BM-MSC for SG regeneration.
Multiple research groups have also identified several reprogramming factors that

can lead to transdifferentiation to SG-like epithelial cell types and/or SG regenera-
tion. These reprogramming factors include ankyrin repeat domain-containing pro-
tein 56 (ANKRD56), high mobility group protein 20B (HMG20B), transcription
factor E2a (TCF3), pancreas-specific transcription factor 1a (PTF1α), muscle, intes-
tine, and stomach expression-1 (MIST-1), achaete-scute complex homolog 3
(ASCL3), bone morphogenetic protein 6 (BMP-6), interleukin-6 (IL-6), and/or
CCAAT enhancer-binding protein beta (CEBPB).

2.3.3 Adipose-Derived Stem Cells
Although BM-derived cells hold a relevant potential for SG tissue regeneration,
autologous or allogeneic cell harvesting from BM or transplantation may not be
possible for a variety of reasons (compromised immunity, abnormal hematopoiesis,
hip morbidity, lack of patient acceptance, etc.). Alternatively, researchers explored
other sources of mesenchymal stem cells (MSC). Studies have shown that one can
have a high yield of MSC from adult adipose tissues, and fat tissue biopsies are
easier to perform when compared to bone marrow biopsies and produce less
morbidity (Konno et al. 2013).

Therefore, several studies using adipose-derived stem cells are currently regis-
tered in clinical trial databases (Table 2). Direct administration of adipose-derived
stromal cells into the SG can improve saliva production by stimulating vasculariza-
tion within salivary gland tissues, since transplanted ASC differentiate into endo-
thelial cells as well as ductal epithelial cells (Kojima et al. 2011). However, the
secretory acinar compartment did not display prominent signs of regeneration. Later,
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Lim et al. (Lim et al. 2013b) administered systemically human adipose-derived MSC
(hAd-MSC) to subdue radiotherapy-induced SG damage. This strategy improved
salivary gland function and epithelial proliferation, and suppressed cellular apopto-
sis. Furthermore, like BM-MSC studies, a limited number of adipose-derived MSC
transdifferentiate into epithelial secretory cells. These findings may suggest that
MSC, regardless of their source, have a paracrine effect rather than a trans-
differentiation effect.

A phase 1/2 clinical trial evaluating the safety and efficacy of autologous hAd-
MSC in 15 subjects with radiotherapy-induced xerostomia was recently reported
(NCT02513238) (Gronhoj et al. 2018). At 4 months, this clinical trial reported 50%
improvement in saliva secretion and no major adverse events. Thus, ASC treatment
was safe and exhibited promising efficacy in a short-term follow-up on both objec-
tive and patient-reported outcomes. It would be interesting to assess if these clinical
outcomes can be maintained or improved beyond 4 months.

Table 4 Studies evaluating the therapeutic potential of bone marrow-derived cell transplantation
for xerostomia

Refs.
Cell
type Disease model Transplantation method In vivo outcomes

Lombaert et al.
(2006)

BMC RIX IV: Cells+G-CSF "GW, AC

Lombaert et al.
(2008b)

BMC RIX IV: 3x106 cells +
Flt-3 L/SCF/G-CSF

"VA, proliferation

Yuan et al.
(2013)

BMC RIX Tail vein: 5x106 cells "AQP5, KRT19,
αSMA

Sumita et al.
(2011)

BMC RIX Tail vein: 1x � 107 cells,
2x/wk. for 6 wks

"GW, AC, VA,
proliferation
#apoptosis

Lim et al.
(2013a)

BM-
MSCa

RIX IG: 1x105 cells "AC, VA,
proliferation
#apoptosis

Lin et al. (2011) BM-
MSCb

RIX IG: 1x106 cells "GW, AC, Amy

Elsaadany et al.
(2017)

BM-
MSC

RIX Tail vein: 1x107 cells "VA
#apoptosis,
mucositis

Xu et al. (2012) BM-
MSC

SS Tail vein: 1x105 cells "SFR
#inflammation

Khalili et al.
(2010, 2012,
2014)

BM-
MSC

SS Tail vein: 1 � 107 cells,
2x/wk. for 2 or 6 wks

"SFR
#inflammation

Almansoori et al.
(2019)

BM-
MSC

Allogeneic
transplantation

Marginal ear vein: 2x106

cells/kg wt
#atrophy
"SG survival rate

Legend: apurified
bBM-MSC is labeled with iron oxide. BMC, bone marrow-derived cells; BM-MSC, bone marrow
mesenchymal stem cell; SCID, Severe Combined Immunodeficiency’ RIX, radiotherapy-induced
xerostomia; SS, Sjögren’s syndrome; IG, intraglandular; GW, gland weight; AC, acinar cells; SFR,
saliva flow rates; VA, vascularization; NA, SFR was not evaluated
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2.3.4 Dental Pulp Stem Cells
Dental pulp stem cells (DPSC) arise from the neural crest-derived mesenchyme
surrounding the oral primitive ectoderm during craniofacial morphogenesis. These
cells possess several MSC-like markers and share a common mesenchymal embry-
onic origin with the salivary gland stroma (Adine et al. 2018). Therefore, DPSC can
be part of regeneration strategies for the SG epithelia (severely damaged in radio-
therapy-induced xerostomia), the stroma compartment, and the neuronal network
(neurons are derived from neural crest mesenchymal lineages).

In 2D cultures, Janebodin et al. (Janebodin and Reyes 2012) co-cultured DPSC
with a human submandibular gland cell line (HSG) in Matrigel which increased the
number of secretory epithelial cells in vitro. In vivo subcutaneous co-transplantation
of HSG and DPSC with hyaluronic acid (HA) substrate led to an increase of SG
epithelial tissue, innervation, and vascularization. Yamamura et al. (Yamamura et al.
2013) successfully differentiated DPSC into endothelial cells (DPECs) and demon-
strated that radiotherapy-induced SG hypofunction was partially reverted following
in vivo transplantation of DPECs.

Recently, our laboratory was able to differentiate human DPSC in 3D culture
platform toward SG-like cells that express epithelial acinar and ductal markers as
well as neuronal markers in the presence of FGF10 (Adine et al. 2018). This 3D
cellular assembly created the first innervated SG epithelial organoid via 3D
bioprinting.

3 Incorporating Different Biomaterials for Salivary Gland
Bioengineering

A recent advancement in SG regenerative medicine showed that a bioengineered
gland made from embryonic epithelium and mesenchyme can be transplanted into an
adult mouse to produce a whole functional SG (Ogawa et al. 2013). This
bioengineered SG was composed of a variety of progenitor and stem cells, including
cell from epithelial, mesenchymal, endothelial, and neuronal origins. More interest-
ingly, the SG reconnected with the existing ductal system and possessed functional
activity. The new SG was able to secrete saliva, protect the oral cavity from bacteria,
and restore swallowing functions.

Hence, future research may translate these bioengineering strategies to animal
models with salivary glands that have more morphological and functional similar-
ities to the human SG. Further studies may also focus on the usage of stem cells or
adult salivary progenitors with high expansion capabilities in 3D scaffolds in order
to form a bioengineered construct that grows into a functional gland in the adult
microenvironment.

Salivary gland tissue engineering requires three essential components: (1) the
stem/progenitor cells that retain epithelial progenitor biomarkers typical of the native
salivary gland (SG); (2) the extracellular matrix (ECM) proteins that can orchestrate
the differentiation of progenitor cells into functional structures; and (3) a biocom-
patible and biodegradable three-dimensional (3D) scaffold that can hold these
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components together to recreate the microenvironment found in the native SG
(Aframian and Palmon 2008).

Since dynamic cell-ECM interactions are essential in processes such as epithelial
ductal formation/branching, a recent strategy has been to engineer scaffolds that
structurally and functionally resemble native ECM architecture. Three-dimensional
(3D) collagen matrices have been used for homing salisphere stem/progenitor cells
which form epithelial ductal structures with mucin-positive acini, indicating their
capability to differentiate in response to the ECM environment (Nanduri et al. 2014).
Various biomaterials such as collagen type I, Matrigel, and other animal-derived
products have been showing promising results in the differentiation and organization
of human SG cells (Nanduri et al. 2014; Maria et al. 2011; Pradhan et al. 2009);
nevertheless, these biomaterials are not human-compatible. Thus, tissue engineer-
ing-based research is gearing toward the creation of xeno-free biomaterials, which
can eventually be transplanted into humans.

In 2010, researchers have started to utilize the soft hyaluronic acid (HA)
hydrogels, which are human-compatible, as biocompatible substrates for SG tissue
engineering (Pradhan et al. 2010). When encapsulated in HA hydrogels, human SG
cells can grow into organized spheroid structures that merge and proliferate to form
larger acini-like structures with a central lumen and are maintained for long-term in
these gels in vitro (Pradhan et al. 2010). These in vitro 3D acini-like structures also
secrete α-amylase, express β-adrenergic and muscarinic receptors that activate
protein transport, and induce calcium oscillations upon treatment with cholinergic
stimulants. Furthermore, these 3D spheroids continue to secrete α-amylase when
hydrogels were implanted in vivo in an athymic rat model (Pradhan-Bhatt et al.
2013). However, these latter 3D structures have reversed polarity suggesting that
further environmental cues from the ECM and the myoepithelial cells may be needed
to reverse inside out acini and correct the polarity. Culture of salivary gland
progenitor cells on human perlecan domain IV peptide has been shown to support
the formation of 3D acini-like salivary units that express α-amylase (Pradhan et al.
2009). It will be useful to incorporate the perlecan IV domain peptide into bioma-
terial scaffolds to mediate differentiation, correct polarity, and directional secretion
of the 3D salivary gland cell cultures in the future.

Other research groups have used poly(lactic)-co-glycolic acid (PLGA), an FDA
approved constituent in implantable dental and orthopedic devices, as a synthetic
material to show that it can support the attachment, proliferation, and survival of
salivary gland epithelial cells (Jean-Gilles et al. 2010). The same group further
shows that nanofiber PLGA scaffolds can support development and morphogenesis
of intact fetal SMG organ cultures and promote natural self-organization of dissoci-
ated SMG cells into branched SG-like structures (Sequeira et al. 2012). However,
adult SG cells grown on flat polymeric substrates fail to form a complex 3D
branching structure and are unable to assemble tight junctions that are needed for
unidirectional flow of saliva. To overcome this, recent studies generated lithograph-
ically based micropatterning curved “craters” that mimic the physical structure of the
basement membrane, which have increased both the surface area and allowed
apicobasal polarization and differentiation of salivary gland epithelial cells
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(Soscia et al. 2013). An increase in aquaporin-5, a water channel protein marking
acinar differentiation, was also detected in SG cells cultured on higher curvature
scaffolds. Further studies with PLGA nanofibers coupled with laminin-111 and
chitosan showed that laminin-111 promotes the formation of mature epithelial
tight junctions and apicobasal polarization, and, on the other hand, the chitosan
antagonizes this phenomenon (Pradhan-Bhatt et al. 2013).

Taken together, current cell-based therapies and tissue engineering studies have
provided a promising outlook to regenerate SG and restore the saliva secretory
function. However, in order to test these techniques in humans, several hurdles
need to be surpassed. To overcome these hurdles, further research steps should
include (1) the elimination of xenogeneic elements from transplants for feasible
human use to comply with good manufacturing practices; (2) a thorough assessment
of histocompatibility barriers; (3) an evaluation of long-term transplant survival and
saliva secretion in larger animal models with a better SG human resemblance (i.e.,
pigs); and (4) an assessment of tumor sensitivity to bioengineered transplants in SG
cancer models.

4 3D Bioprinting

One of the major challenges for tissue engineering is to produce a large volume of
tissues or organs and to scale them up for clinical applications. The use of 3D
bioprinting in regenerative medicine is to address this need for tissues and organs
suitable for transplantation. Bioprinting and bioassembly constitute the two major
biofabrication setups. Bioprinting allows the precise spatial organization (patterning)
of living cells, biomaterials, and bioactive molecules layer by layer, whereas
bioassembly facilitates the automated assembly of cell-containing building blocks
via cell-driven self-organization or through the preparation of hybrid cell-material
building blocks (Moroni et al. 2018).

Only magnetic-based bioprinting and bioassembly have been recently tested for
the generation of secretory epithelia in salivary glands (Adine et al. 2018; Ferreira
et al. 2019).

4.1 Magnetic-Based Bioprinting

There are two technologies for bioprinting utilizing magnetic forces. The first mode
involved suspending cells in paramagnetic liquid via the addition of gadolinium
(Gd3+)-based solution which termed as a label-free approach (Turker and Arslan-
Yildiz 2018; Abdel Fattah et al. 2016). When a magnetic field is applied, the
magnetized fluid is attracted to regions of high-magnetic field gradient, displacing
the cells toward regions with a low gradient, a process called as diamagnetophoresis
(Abdel Fattah et al. 2016). Since cell patterning through diamagnetophoresis can be
controlled and it is nozzle-free, this technique is convenient to rapidly print multi-
cellular spheroids. The technology has been reported to assemble epithelial breast
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cancer cell lines and can be modified to print multiple cell types (Turker and Arslan-
Yildiz 2018). Despite promising results, the major concern over this technology
relates to the usage of cytotoxic paramagnetic suspending media. The high concen-
trations of Gd3+ could be potentially toxic for tissue spheroids, and a certain risk
exists for osmotic pressure imbalance due to excessive use of ions in the paramag-
netic medium (Parfenov et al. 2018b). Further, this label-free levitation magnetic
assembly technology is currently only able to fabricate soft small living blocks due
to the size of the magnets underneath each well. Therefore, it is necessary to use
either superconducting magnets or apply a higher concentration of the paramagnetic
solution to fabricate a larger size of tissue-engineered constructs (Parfenov et al.
2018b).

The second magnetic-based bioprinting technology requires cell labeling with
magnetic nanoparticles. Souza et al. (Souza et al. 2010) developed a magnetizing
solution consisting of poly-L-lysine, iron oxide, and gold nanoparticles named
NanoShuttle™ for 3D cell culture formation (Souza et al. 2010; Tseng et al. 2013;
Haisler et al. 2013; Timm et al. 2013). Upon magnetic nanoparticle (MNPs) uptake,
the cells can be easily directed using mild magnetic forces. Spatial patterning of the
3D cell assembly into the desired morphology is controlled through varying the
shape or configuration of the magnetic field. Furthermore, the culture platform can
consistently control the size of the spheroids by tuning the following variables:
MNP’s concentration, number of cells, and the magnet size. Upon removal of the
magnetic field, spheroids rapidly contract in size due to cell rearrangement to reach
an equilibrium size and simultaneously produce their own extracellular matrix. This
system has already been validated in various cell lines (Souza et al. 2010; Tseng et al.
2013; Haisler et al. 2013; Timm et al. 2013). Furthermore, the developed magnetic
3D cell culture platform has been used in disease modeling of epithelial tissues such
as breast cancer (Jaganathan et al. 2014). Given the spheroids contrast with media
due to their brown color imparted by the MNPs, the change in size can be imaged at
programmed intervals using a mobile device (Timm et al. 2013). As a result,
spheroids can be imaged simultaneously in a multi-well plate, thereby improving
imaging throughput and efficiency. Due to magnetized spheroids, adding and
removing solutions is made easy by the use of magnetic forces to hold down
spheroids during aspiration, limiting spheroid loss. Spheroids can also be picked
up and transferred between vessels using magnetic tools such as the MagPen™.
NanoShuttle™ and magnetic field have been shown to have no compromising effect
on cell proliferation, viability, and metabolism as reported in previous publications.
Therefore, this technology offers reproducible spheroid formation, scalable, ease of
imaging, no specialized equipment or media required, biocompatible, and ready for
automation (Timm et al. 2013).

Epithelial cells from the salivary gland are known tightly become packed in the
presence of tight junction proteins and exhibit polarization properties (Varghese
et al. 2019). However, the majority of the bioengineering studies do not support the
development of a neuronal network within the epithelial tissues. Innervation is
deemed crucial to maintain and repair SG epithelial cells after radiotherapy
damage (Knox et al. 2010). In collaboration with Souza and colleagues, our
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research team has recently produced innervated and bio-functional SG-like epi-
thelial organoids using the NanoShuttle™ MNPs and its magnetic 3D bioprinting
(M3DB) platform (Fig. 1) (Adine et al. 2018). Our first study indicated that M3DB
supported the metabolic activity of human dental pulp stem cells (hDPSC) and did
not inflicted any cytotoxicity to the cells. Further, M3DB was capable of
maintaining hDPSC stemness during a 3-day expansion culture to assemble the
cells. Next, our team showed that retinoic acid and FGF10 induced SG epithelial
differentiation and created a neuronal network in 11 days of culture. The final 3D
bioprinted tissue had not only amylase-secreting secretory epithelia but also
functional and responsive neurons in vitro, mimicking the normal SG. Such
innervated secretory epithelia secreted salivary amylase and were responsive to
both cholinergic (parasympathetic) and β-adrenergic (sympathetic) neurotransmit-
ters. Furthermore, our study showed the bioengineered organoids exhibited tight
junction and transepithelial resistance, required for unidirectional saliva flow. This
3D tissue was therefore termed as SG-like organoid as per the above SG features.
To determine the regenerative potential, an injured mouse SG model was
established after RT damage was induced. SG-like organoids were able to restore
branching morphogenesis following transplantation into damaged SG, and neuron
integration was established with the native SG neuronal network (Adine et al.
2018). The millimeter-level organoids generated in our study are remarkable but
can pose technical challenges in terms of nutrient and oxygen diffusion and upon
analyzing or imaging biological mechanisms as a 3D SG in vitro model. Confocal
and multiphoton microscopy with multiple detector systems through the spheroid
allowed us to provide more biological assessments into the inner cellular core of
the organoid. Several proliferative cell compartments were present in both the
center and periphery of SG-like organoids after transplantation. With about 1 to 1.2
millimeter in size, vascularization in the organoid is necessary for nutrient and
oxygen exchange. Despite this, an apicobasal polarization was challenging to
determine due to tightly packed epithelial cells, and vascularization was limited
in the developed epithelial organoids. We reported that our organoids have a
limited vascular network partially because of the low hematopoietic population
of DPSC capable of generating CD31+ cells.

Moreover, our work showed that neurons, as well as SOX2+ cells, are also
diminished in the irradiated SG, suggesting that tissue degeneration is due to loss
of progenitors and their regulators (Adine et al. 2018). Emmerson et al. (Emmerson
et al. 2018) also found that SOX2+ stem cell population is essential for acinar cell
maintenance and is capable of replenishing acini after radiotherapy-induced damage.
The maintenance of parasympathetic nerves was required to host the SOX2+
population. In our study, SG-like organoid exhibited significant increase in the
SOX2+ population in mice ex vivo submandibular glands (Adine et al. 2018).
Therefore, we hypothesize that the rescue of epithelial bud growth was due to the
survival of SOX2+ cells and the presence of a neuronal (parasympathetic) network
in the organoid. In future clinical studies, autologous human DPSC may be isolated
from the patient’s impacted tooth, differentiated into SG-like organoids in vitro, and
transplanted back to regenerate or repair the damaged SG.
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Fig. 1 Flow diagram with the methodological steps to generate epithelial-like SG organoids with
magnetic-based bioprinting
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4.2 Magnetic Levitation and 3D Bioassembly

Starting in 2016, our research team developed a user-friendly and reproducible
magnetic-based levitation methodology (M3DL) with NanoShuttle™ MNPs for
the generation of organoids mimicking native SG cellular compartments and the
neuroepithelial communication and secretory function (Ferreira et al. 2019). The
M3DL platform used porcine SG primary cells, which supported the formation of
epithelial tissue spheres from 24 hours up to 7 days with viable and proliferating
cells at both the center and periphery. A 200–250 μm diameter aggregate can be
developed after 7 days with a consistent sphere-like shape. More importantly,
M3DL-formed organoids did exhibit SG-like secretory functions upon muscarinic
stimulation because intracellular calcium activity and salivary amylase secretion
were swiftly amplified. This rapid stimulation of the organoid’s secretory activity
is an advantage because it is crucial to obtain a clinically relevant saliva secretion in
the shortest time possible in patients with dry mouth (Ferreira et al. 2019). These
functional mini-glands can potentially be translated to humanized models and be
applied in the repair or regeneration of damaged secretory SG epithelia in hypo-
salivation and dry mouth medical conditions. There is also ongoing works to use
these mini-glands as an early in vitro screening tool for drug toxicity or to create in
vitro dry mouth models induced by radiotherapy.

In addition, future magnetic levitation studies may need to address phenotypic
differences between porcine and human primary cells extracted using various SG
cell isolation methodologies, as well as evaluate the effectiveness of these cells in
generating functional organoids.

4.3 Scaffold-Assisted Bioprinting

Despite promising progresses, scaffold-assisted bioprinting faces several chal-
lenges when laying biomaterials together with cells in a 3D spatial arrangement.
This technology is biomaterial-dependent and energy-intensive, making it poorly
compatible with some of the intended biological applications. The biomaterial
needs to be supportive of both cells and the challenges of the bioprinting process.
Thus, a universal biomaterial is required because often each cell type needs to be
embedded in a different hydrogel (Kang et al. 2016). More importantly, the
common printing methods are intrinsically stressful to live cells, by exposing
them to high shear stress, overheating, and/or toxic compounds generated even
from initially cell-friendly materials (Nair et al. 2009). If the printing process slows
down, then printing large amount of cells may become time-consuming. Also,
when epithelial cells from exocrine glands are encapsulated within the bioink, the
cells need to both dissolve their biomaterial scaffold and to proliferate to the point
where they must contact and produce tight junctions for epithelial polarization and
proper fluid secretion. These are among the reasons and challenges of using
scaffold-assisted bioprinting techniques in SG epithelial regeneration and organoid
development.
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At the moment, the future of SG biofabrication may benefit more from the use of a
scaffold-free 3D bioprinting or bioassembly approaches until better bioinks are devel-
oped to promote epithelial viability and proper epithelial spatial arrangement and
polarization. The ideal properties for a SG epithelial-supportive bioink would include
printability (viscosity, gelation method, rheology), biocompatibility and material
biomimicry, fast degradation kinetics, and nontoxic byproducts, with mechanical/struc-
tural properties similar to SG basement membrane molecules (e.g., perlecan). The other
important desirable features of a bioink include industrial scalability, availability, short
post-printing time for maturation, permeability to oxygen and nutrient transport, and
ability to eliminate metabolic waste generated by cells. Hopefully, the emerging 4D
bioprinting strategies may be able to overcome the challenges related with the lack of a
universal bioink compatible with epithelial organs like the SG.

5 Conclusions

The use of tissue engineering and bioprinting approaches of human tissues or organs
for transplantation has developed substantially over the past decade. Many studies
have demonstrated promising in vitro and in vivo results to overcome the challenges of
achieving innervation, vascularization, and functionalization in bioprinted tissues or
organs. Bioengineering the epithelia of the salivary gland is now possible with
scaffold-free or with different proteoglycans/hydrogels (e.g., hyaluronic acid, perlecan
domain IV, hyaluronic acid, etc.), and innervation can be achieved with a combination
of specific cell lines, growth factors (e.g., FGF10, Neurturin, etc.), and bioprinting
techniques. However, bioprinted tissues are still restricted to millimeter size constructs
with only immature vascular networks. Combining different bioprinting techniques
can potentially facilitate the biofabrication of vascularized tissues together with the
support of endothelial cells, novel biomaterials, and growth factors. The pathway from
organ bioprinting to implantation into a human must be performed within a reasonable
amount of time; thus standardized protocols involving patient-specific design, fabri-
cation techniques, maturation processes, surgical operations, and postoperative care
are essential for customized functional organ fabrication.
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Abstract

Impaired thymus function due to aging or other clinical conditions may have a
number of consequences for the immune system such as an enhanced predispo-
sition to infection and autoimmunity, slow response to vaccines with age, and
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possible risk of cancer development. Current approaches for exogenous thymus
regeneration focus on the modulation of growth factors and hormones secreted by
thymic epithelial cells. Bioengineering approach to create and use transplantable
thymus tissue can offer effective regenerative strategy. This chapter aims to
describe the cellular architecture and function of primary lymphoid organ thymus
and discuss the current and potential bioengineering approaches to regenerate the
thymus. Continued research to understand the mechanisms that regulate thymic
recovery after injuries and strategies that can boost its endogenous repair is
essential for furthering current and developing new promising regenerative
technologies.

1 Introduction

Throughout our lives, we need an internal system to fight off infections. Our immune
system protects us from pathogens and abnormal cells such as cancer cells using a
specialized type of white blood cell, the T cell, which is produced in the thymus. The
thymus is a primary lymphoid organ located in the mediastinum (the midline above
the heart) and is composed of two identical lobes (Fig. 1a; Safieddine and Keshavjee
2011). During the neonatal and pre-adolescent periods, the thymus is at its largest
and most active phase, after which it gradually decreases in size and function

Fig. 1 (a) Schematic representation of human thymus anatomy. (b) Histology of adult human
thymus stained with hematoxylin and eosin. Thymus is enclosed by a thin connective tissue capsule.
Numerous septa extend into the thymus subdividing the two lobes; two lobes divided into numerous
lobules (about 0.5–2 mm in diameter). Blood vessels enter and leave the thymus via the connective
tissue septa. Each lobulus is divided into thymus cortex – a darker peripheral zone – and thymus
medulla, a lighter central zone. Medullary tissue is continuous from lobule to lobule throughout
each lobe. After puberty much of the parenchyma of the thymus is replaced by adipose tissue
(adipocytes), particularly cortical lymphoid tissue. This process is called involution which is under
the control of both sexual hormones and stress hormones. (Figure 1a is reprinted from Safieddine
and Keshavjee (2011), with permission from Elsevier)

196 G. Kulkarni and J. D. Jackson



(von Gaudecker 1991) and is replaced by fat (Fig. 1b; Jackson et al. unpublished).
The thymus is responsible for the production of all the T cells which is involved in
cellular immunity (Pearse 2006). The epithelial cells of the thymus support the
proliferation and maturation of T cells as well as smaller numbers of other lymphoid
cells. The specificity of T cells that are released into the systemic circulation is also
under thymic control.

Early phases of thymus development are characterized by rapid growth. The
thymus is one of the first organs to degenerate postnatally, beginning early in life.
This process called thymus involution (Steinmann et al. 1985) significantly impacts
the immune system and diminished its capacity through a reduced output of naive T
cells (Rudd et al. 2011). Structural changes that happen within the thymus include
loss of tissue structure, fibro-adipogenetic transformation, and decline of naive T-cell
export. The consequential changes in the peripheral T-cell compartment are believed
to be the clinical signs of immunosenescence. Thymus involution differs from the
normal aging process in other organs because of its early initiation of atrophy that
continues during the life of the individual. Furthermore, the involution process also
impairs the ability of the thymus to regenerate from acute damage. Analysis of
thymus from various vertebrates including avian, amphibian, and teleost reveals that
it undergoes age-associated involution, suggesting that this process is an evolution-
ary conserved event which appears to occur early in life (Shanley et al. 2009). One
evolution theory called the disposable soma theory which is based on the allocation
of resources by an organism between maintenance and repair and other functions to
maximize Darwinian fitness appears to be the most compatible with regression of the
thymus (Kirkwood 1977).

The thymus is particularly sensitive to endogenous and exogenous insults such as
infection, chemotherapies or radiation therapies, shock, sex steroids, and graft-
versus-host disease (GVHD). Of prime concern are chemotherapy and radiation
therapy. For example, the process of hematopoietic stem cell transplantation (HSCT)
can acutely damage the thymus through the treatment of tumors via chemotherapy,
radiotherapy, or antibody therapy. While the early thymus has a remarkable capacity
for endogenous regeneration, this capacity declines considerably with age. Age-
related thymic involution may not represent a problem in healthy individuals;
however, it becomes a significant clinical issue for sustaining immune competence
after insult or injury that leads to immune depletion. For example, insufficient
recovery of thymic activity has been directly linked to adverse clinical outcome
and opportunistic infections in recipients of allo-HSCT therapy (Wils et al. 2011). In
some circumstances, such as a genetic condition called DiGeorge syndrome, the
thymus is either very small or absent altogether. This leads to severe immunodefi-
ciency and autoimmune diseases (Davies 2013).

The adult thymus has a limited capacity for regeneration (endogenous thymus
regeneration). This endogenous repair may not be sufficient to fully restore the
function of the thymus, particularly in the face of injuries or age-related degenera-
tion. In such cases, exogenous interventions will be required to regenerate or even
replace lost thymic function. Such strategies include use of hormonal modulation
such as sex steroid inhibition or growth hormone administration; use of cytokines
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(IL-7 and IL-22); and growth factors (like keratinocyte growth factor (KGF))
(Chaudhry et al. 2016), Other novel approaches being tested include use of precursor
T cells (Dudakov and van den Brink 2011). Regenerative medicine is showing great
promise in repair of a variety of tissues and organs in the body. Bioengineering of the
thymus is one of them. This is an exciting intersection of regenerative medicine,
tissue engineering, and immune biology, which may be beneficial in the treatment
for disorders of the immune system, such as DiGeorge syndrome and age-related
immunodeficiency. This chapter will describe the current state of bioengineering of
the thymus.

2 Structure and Function of the Thymus

2.1 Structure and Histology

The thymus is an epithelial organ. The mammalian thymus is located in the pericar-
dial mediastinum, anterior to the major vessels of the heart, and ventral to the base of
the heart and aortic arch, with variable extension of one or both lobes into the
cervical region in the rat (Haley 2003). In the guinea pig, it is located in the neck
region (Dijkstra and Sminia 1990). The thymus consists of two distinct lobes
connected by a connective tissue isthmus (Fig. 1a; Safieddine and Keshavjee
2011). It is also histologically consistent across different species. Each lobe of the
bi-lobed thymus can be divided into morphologically distinct regions referred to as
the cortex and the medulla, both of which are separated by an intermediate cortico-
medullary zone (von Gaudecker 1991). In adults, thymus gets involuted due to
invasion of excessive adipose tissue (Fig. 1b).

Capsule: The capsule is a thin connective tissue layer that surrounds each lobe.
The capsule can further be divided into an outer and inner layer of collagen and
reticular fibers, between which occasional clusters of lymphocytes can be found. The
inner capsule layer gives rise to interlobular septum that partially subdivides the
thymus into inter-connecting lobules of variable size and orientation. Fine trabeculae
also extend from the capsule or the septum into the center of the lobules.

Epithelial Stroma: A network of epithelial reticular cells form the bulk of the
supporting framework in the thymus (Banks 1993), while epithelium-free areas
(known as EFAs or holes) present in the sub-capsular area extending deep into the
cortex (Bruijntjes et al. 1993; Elmore 2006). Epithelial cells in the sub-capsular
region form a layer one or two cells deep. The cell morphology is usually thin and
sheet-like (also in the outer cortex and areas surrounding blood vessels), but
elsewhere, they assume a stellate appearance. These epithelial cells form an open
framework that predominantly has T lymphocytes, but smaller populations of
plasma cells, B lymphocytes, and other cells such as neuroendocrine cells can also
be seen.

Epithelium-Free Area (EFA): The epithelium-free areas (EFAs) in the thymus are
lymphocyte-rich regions, devoid of stromal elements, non-vascularized, and with
unknown function (Bruijntjes et al. 1993). It is postulated that they may be
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lymphocyte reservoirs (Van Ewijk 1984), proliferation sites of lymphocytes
(Duijvestijn et al. 1981), or a specific intra-thymic pathway for T lymphocytes
(Bruijntjes et al. 1993). These EFAs are located in the sub-capsular region, and
serial sections show that they run from the sub-capsular area to deep in the cortex,
often bordering the medulla (Bruijntjes et al. 1993).

It is hypothesized that the “EFAs” offer T lymphocytes a separate intra-thymic
pathway where immature lymphocytes can move between the cortex and medulla
and avoid contact with the stromal elements that are associated with selection
(Bruijntjes et al. 1993; Elmore 2006).

Cortex: The cortex region mostly contains small, immature, and densely packed
thymocytes, in addition to a transient bone marrow-derived population of predom-
inantly phagocytic macrophages. Mitotically active thymocytes can be found in the
sub-capsular cortex. Also seen from the outer cortex to the cortico-medullary
junction are a gradient of small, less mitotically active cells. In the sub-capsular
region and cortex region, large apoptotic bodies can also be seen. These apoptotic
bodies are derived from short-lived, rapidly dividing lymphocytes that undergo
apoptosis. The developing thymocytes are in contact with cortical epithelial cells
that direct their growth and maturation.

Medulla: The medulla forms a significant portion of the thymus and can form
small buds that reach deep into the cortex or even to the capsule in some places. It
has a more elaborate cellular composition, consisting of mature T cells, epithelial
cells, B lymphocytes, dendritic cells (bone marrow-derived, non-phagocytic cells),
Hassall’s corpuscles (mainly in primates and humans), and mixed macrophages. The
medullary T lymphocytes are larger, paler-staining and have more cytoplasm than
cortical lymphocytes. Hassall’s corpuscles are rare in rodent species when compared
with humans and primates. Component cells are polygonal with a large nucleus and
pale, occasionally granular cytoplasm with variable cystic degeneration and dystro-
phic calcification (Pearse 2006). Neuroendocrine cells occur in low numbers. Their
physiological function is not understood, but they can give rise to carcinoid tumors.
Mast cells and eosinophils are also variably present.

Cortico-medullary Junction: The cortico-medullary junction is the region
between the cortex and the medulla and is characterized by presence of abundant
blood vessels. Mature and immature T lymphocytes are present, along with variable
numbers of plasma cells and perivascular B lymphocytes. The number of plasma and
B lymphocytes increases with increasing age of the individual.

2.2 Function

The thymus functions as a primary lymphoid organ. T-cell precursors (hematopoietic
precursors) enter the thymus at the cortico-medullary junction and then undergo
stages of highly ordered differentiation. During intra-thymic migration, the thymo-
cytes (developing T cells) proliferate and differentiate and also express interleukin
receptors and differentiation antigens (Van Ewijk et al. 1988). This process occurs in
four different subdivisions of the thymus cortex, referred to as regions 1–4 (Fig. 2).
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Fig. 2 The process of formation of functional T cells from hematopoietic precursors within the
thymus. Circulating T-lymphoid progenitor cells migrate into the thymic parenchyma through
the vasculatures around the cortico-medullary junction in the sub-capsular region of postnatal
thymus. T-cell differentiation is characterized by ordered expression of various CD surface
molecules. Cells bearing a T-cell receptor that recognizes self MHC are positively selected in
the cortex and pass into the cortico-medullary junction. Here, T cells that react with self-
antigens undergo apoptosis by the process of negative selection. Double-positive
(CD4+CED8+) thymocytes differentiate into single-positive cells either CD4+CD8� or
CD4�CD8+ and exit the thymus into the blood and lymphoid tissues. (Image sourced from
Parkin and Cohen 2001)
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Region 1 is the cortico-medullary junction, which contains the T-cell precursors,
called CD4�CD8� double-negative 1 (DN1) cells at this stage. In region 2, these
cells differentiate to the double-negative 2 (DN2) stage and undergo a proliferative
expansion. In region 3, they transform into double-negative 3 (DN3) cells, where
T-cell lineage commitment occurs, and the cells undergo T-cell receptor (TCR)
β-chain rearrangement. The transition from double-negative to double-positive
(DP) CD4+CD8+ status happens in region 4. The DP cells migrate through the
cortex and into the medulla where they now differentiate into either CD4+ or CD8+
single-positive (SP) cells. During the cortico-medullary transition, these cells are
also subjected to positive and negative selection. While positive selection happens
mainly in the cortex and involves cortical TECs, negative selection occurs mainly in
the medulla, where thymic dendritic cells (DCs) and medullary TECs mediate this
process. Finally, after the differentiation and maturation within the thymic microen-
vironment, the mature SP cells are released into the circulation as functional naive T
cells (Abbas 2004; Brown et al. 2002; Tizard 2004) (Fig. 2).

The thymic epithelial cells (TECs) are involved in positive and negative selection,
while the dendritic cells (DC) are more efficient than epithelial cells in mediating
negative selection. Thymic nurse cells, which are specialized epithelial cells present
in the sub-capsular region, are important in early T-cell differentiation. Sub-capsular
and medullary epithelial cells produce the thymic hormones, such as Thymosin that
is involved in T-cell maturation. Other factors such as thymic humoral factor, serum
thymic factor, and thymopoietin are also produced in the thymus which enhance
lymphocyte responsiveness (Banks 1993).

3 Embryology and Development

In mammals, the endoderm of the third and fourth pharangeal pouches and sur-
rounding mesenchyme give rise to the thymus (Dijkstra and Sminia 1990). As
development progresses, the thymus (along with the parathyroid and thyroid)
migrates caudally. They separate around day 15 when the thymus migrates into the
thorax. After migration is complete, the epithelial cells organize into a loose
meshwork separated by the developing vasculature. Lymphocyte precursors from
developing hematopoietic populate the developing thymus, which now is a lympho-
epithelial organ. Immediately after birth, the thymus grows considerably in response
to stimulation from postnatal antigen and the demand for large numbers of mature
T cells. It is now known that genetic factors can also influence its age of onset, rate of
development, and the magnitude of immunological function. In a newborn child, the
thymus is more of a tri-lobular structure than bi-lobular, whereas with advancement
of age, the shape and then relative size of the thymus decrease progressively
compared to the surrounding tissues (Fig. 1b).

The epithelial microenvironment of the thymus develops from endodermal cells
of the third pharyngeal pouch, which is located in close apposition to the parathy-
roid primordium. The establishment of the thymic fate of the pharyngeal
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epithelium is believed to be controlled by the FOXN1 gene expression (Bleul et al.
2006; Garfin et al. 2013). The mechanisms by which FOXN1 expression is initially
induced in the pharyngeal endoderm are not clear, but are thought to involve
interaction between multiple signaling and growth factors, including sonic hedge-
hog (SHH), bone morphogenetic proteins (BMPs), and the WNT signaling path-
ways (Osada et al. 2006; Rodewald 2008; Manley and Condie 2010). Bipotent
thymic epithelial cell (TEC) progenitors develop from the endoderm of the third
pharyngeal pouch and express the transcription factor FOXN1. Based on func-
tional studies, there is evidence for the presence of bipotent progenitors that gives
rise to cortical TECs (cTECs) and medullary TECs (mTECs) through compart-
ment-specific intermediate precursor cells (Rodewald et al. 2001; Bleul et al. 2006;
Rossi et al. 2006) (Fig. 3). There have been attempts to derive this cell type using
the in vitro differentiation of embryonic stem and induced pluripotent stem (iPS)
cells. Cortical TECs-like environments have been generated in vivo and in vitro by
transgenic reprogramming using specific factors, such as CXC chemokine ligand
12 (CXCL12), Delta-like ligand 4 (DLL4), and Notch ligand 1.

The thymus generates and supplies native T cells and a broad TCR repertoire to
the body. The process of T-cell development is tightly regulated and involves a bi-
directional crosstalk between the developing thymocytes and the thymus stroma
(Takahama 2006). Within the thymus stroma, the thymic epithelial cells (TECs),
fibroblasts, endothelial cells, and dendritic cells guide the differentiation of bone
marrow-derived T-cell progenitors that ultimately lead to the formation of mature T
cells (CD4+ or CD8+) expressing an MHC-restricted, antigen-specific TCR. The
events that occur during this process involve the following: (i) immature thymocytes
derived from blood-borne progenitor cells accumulate beneath the thymus capsule
and then move inward through the cortex and the cortico-medullary junction (CMJ)
and finally toward the medulla; (ii) thymocytes undergo multiple rounds of

Fig. 3 Developmental lineage of thymic epithelial cell (TEC). Third pharyngeal pouch gives rise to
bipotent thymic epithelial cell (TEC) progenitors that express the transcription factor forkhead box
protein N1 (FOXN1). These progenitors generate mature cortical TECs (cTECs) and medullary
TECs (mTECs) via compartment-specific progenitor cells
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proliferation and differentiation as they progressively encounter a variety of special-
ized stromal cells along this pathway; and finally (iii) the thymocytes mature into
T lymphocytes. The differential expression of chemokines and chemokine receptors
on the surface of stromal cells and thymocytes, respectively, are now known to be
involved in the trafficking of thymocytes (Norment and Bevan 2000). The mature
T cells are attracted to the endothelium of blood vessels in the CMJ and medullary
areas, from where the self-tolerant, MHC-restricted T cells are finally exported into
the circulation (Rossi and Zlotnik 2000; Ueno et al. 2002).

4 Thymus Dysfunction and Damage

The thymus is extremely sensitive to insults such as toxins, stress hormones, and
drugs and can be easily damaged. It can regenerate on its own to a certain extent, but
this ability is severely reduced with increasing age. The functional capacity of the
thymus is gradually reduced due to age-related degeneration, referred to as thymus
involution. Damage to the thymus can result from inborn conditions, infection, or
cytoablative therapies or because of graft-versus-host disease following allogeneic
transplantation. Some of these conditions are discussed here with the aim to under-
stand the molecules, cells, and processes that can be targeted for repair and regen-
eration of thymus structure and function.

4.1 Thymus Involution

Unlike other tissues or organs of the body, the thymus exhibits a unique pattern of
aging. First, thymus involution starts much earlier, beginning in early childhood and
accelerating at puberty (Steinmann et al. 1985). It is estimated that after the initial
phase, approximately 3% of the thymus tissue is lost per year until middle age and
approximately 1% per year subsequently. This process is called thymus involution.
In addition to individual variations, a sexual dimorphism in the rate of involution
exists, and it is found to be greater in males than in females (Gui et al. 2012). Some
of the etiological factors that can affect the pattern of involution include genetic
polymorphisms and hormones (sex steroids such as androgens) (Hsu et al. 2003; Gui
et al. 2012). The greatest rate of age-related thymus involution is observed at
puberty, and a decline in growth hormone (GH) concentration with age has been
shown to play a role in thymus involution (Boehm et al. 2013; Griffith et al. 2012).
Another factor playing a key role in aging of the thymus is damage from oxygen free
radicals, particularly accumulated damage later in life. This is supported by studies
showing that reducing metabolic activity (through caloric restriction or modulation
of IGF signaling) can reduce involution of the thymus (Yang et al. 2009; Vallejo et al.
2009). Other evidence that supports free radical-related damage is the lack of
enzyme catalase in thymus stromal cells, making these cells more sensitive to
damage by oxidative by-products (Griffith et al. 2015).
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Immunosenescence is a term used to describe the array of defects seen in adaptive
and innate immunity with advancing age (Goronzy and Weyand 2013). This impairs
the aging body’s ability to respond to vaccinations and pathogens, resulting in higher
mortality from diseases in comparison to younger individuals. Immunosenescence
can also lead to a loss of tumor immune surveillance and higher incidence of
autoimmune disease in the elderly. Involution of the thymus is a part of immunose-
nescence where a decrease in cellularity and a loss of tissue organization lead to
profound age-related defects in both quality and quantity of T cell produced (lynch et
al. 2009). The involution of the thymus due to aging is a major reason for the
decreased production of naive T cells and reduced immunity. Changes in the thymus
microenvironment here include the loss of thymic epithelial cell (TEC) numbers and
function, fibro-adipogenetic transformation, and a decline in crosstalk between
developing thymocytes and thymic stromal cells. This crosstalk is very important
for thymus homeostasis. This communication is however disrupted during aging,
resulting in depletion of cells both in epithelial and lymphoid compartments.

The process of fibro-adipogenesis transformation needs a special mention with
respect to thymus involution. In an aging thymus, the TECs decline, while the thymic
adipocyte and fibroblast numbers increase. An expansion of lipid-bearing cells within
the thymic medulla follows the adipocyte accumulation, while further adipocyte
infiltration is observed in several regions such as the capsular region, sub-capsular
cortex, and the perivascular space (Fig. 1b) (Yang et al. 2009; Dixit 2010). Dediffer-
entiation of thymic epithelial cells triggers EMT (epithelial to mesenchymal transition)
first, and then the resulting fibroblast cells undergo the conventional route of differ-
entiation program toward adipocyte lineage (Yang et al. 2009; Youm et al. 2009). This
loss of TECs and rise of TEC-derived adipocytes and fibroblasts directly compromises
thymopoiesis (differentiation of thymocytes into mature T lymphocytes) during aging.
Also, the age-related decrease in cellular communications within the cortical and
medullary thymic microenvironments results in the decreased T-cell receptor
rearrangement, failure of the selection processes, and loss of self versus non-self
recognition (Aspinall 1997). From a clinical perspective, elderly individuals (or
individuals with highly reduced thymus function) will not only show decreased
immune responsiveness but will also have severely delayed immune recovery follow-
ing cytoablative treatments that can lead to increased morbidity and mortality because
of opportunistic infections (Mackall et al. 1995). Additionally, age-induced alterations
in the bonemarrow (BM) and intrinsic defects in BM-derived hematopoietic stem cells
(HSCs) can affect their capacity to generate functional lymphoid progenitors. This can
further contribute to the thymus involution.

One consequence of thymus involution is the development of autoimmune
disease in elderly individuals. As the T-cell negative selection is lost with age, the
ability to mediate self-tolerance is impaired, and the chances of auto-reactive T cells
being released into the periphery become greater (Prelog 2006; Coder et al. 2015).
However, it is important to note that despite this degenerative process, some residual
thymus function does persist into old age. This residual function suggests that
instead of becoming a vestigial organ later in life, the thymus continues to function
at a lower efficiency. This lower function can easily be lost in the face of the acute
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insults that are more common in the elderly population. This compounded by the
reduced ability of the aged thymus to endogenously regenerate presents several
clinical challenges. Therefore, strategies to bioengineer or regenerate the thymus
are particularly relevant to the elderly population.

4.2 Infection

The thymus was previously thought to be an immune-privileged organ. However,
increasing scientific evidence over the past decade has shown that like other organs,
the thymus can get infected by bacteria, fungi, parasites, and viruses (Savino 2006).
Damage to the thymus can be caused either directly by the pathogen infecting the organ
or by the systemic effects that result from an infection. In a direction infection scenario,
lympho-stromal disruption can negatively affect the export of newly generated naive
T cells, which can further impair the immune responses against the pathogen (Nunes-
Alves et al. 2013). Additionally, infection of the thymus can accelerate its involution.
The thymus can be directly infected by pathogens. The human immunodeficiency virus
(HIV) infection is a classic example, where the virus infects the T-cell progenitors and
thymocytes (CD4+ SP) and induces apoptosis of uninfected thymocytes through secre-
tion of viral products (Douek et al. 1998; Dion et al. 2004; Fang et al. 2008). The HIV
also infects dendritic cells and TECs, leading to degradation of the thymus microenvi-
ronment (Stanley et al. 1993; Rozmyslowicz et al. 2010). Similarly, infection of the
thymus by cytomegalovirus (CMV) and parasites such as Trypanosoma cruzi disrupts
its environment by increasing deposition of laminin and fibronectin and increases
expression of chemokine ligands (such as CCL4 and CXCL12) by stromal cells. Such
changes also promote premature release of DP thymocytes from the thymus and further
enhance thymic involution (Mendes-da-Cruz et al. 2006).

Factors produced by the systemic pathogens can also damage the thymus. One
such notable factor is the bacterial lipopolysaccharide (LPS), which is released from
bacteria such as Escherichia coli. Acute thymic atrophy can be seen due to LPS,
which can lead to loss of DP thymocytes (Hick et al. 2006). Stress response caused
by other infections can trigger a surge in glucocorticoid levels, which can in turn lead
to apoptosis of thymocytes (Gruver and Sempowski 2008). Damage to the thymus
via depletion of the DP population can happen due to other inflammatory mediators
that are produced during infection. Such mediators include interferon-γ released by
Salmonella infection (Deobagkar-Lele et al. 2013) and tumor necrosis factor-α
(TNF-α) released by Trypanosoma cruzi (Pérez et al. 2007). Thymus atrophy seen
across a broad range of pathogen infections might be a virulence strategy employed
by pathogens to survive within the host by deliberately destabilizing the immune
responses. In contrast, studies from mycobacterial infection of the thymus suggest
that infection in the absence of atrophy can result in generation of naive T cells that
are tolerant to the pathogen (Nobrega et al. 2010). Taken together, it seems that the
thymic atrophy seen as a result of infection could be a deliberate strategy employed
by the host so that generation of an immune repertoire tolerant to certain pathogens
can be avoided. Further investigation in this direction will be necessary not only to
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understand this phenomenon but to also develop potential therapies that can rejuve-
nate a damaged thymus.

4.3 Cytoablative Therapies

Cytoablative therapies (including chemotherapies and radiation therapies) that are
primarily directed against malignant cells in a patient can also target the hematopoi-
etic system (Mackall 1999). Alkylating agents (such as cyclophosphamide) have
been shown to deplete all thymocyte subsets within the thymus (Goldberg et al.
2010), while chemotherapy or radiation can also damage the thymic stroma (Fletcher
et al. 2009). Thymic epithelial cells (TECs) located within the medulla (mTECs) are
particularly vulnerable to the effects of chemotherapy (Fletcher et al. 2009). Since
these cells are known to play a key role in negative selection, it is possible that this
depletion of mTECs can have profound negative implications for development of
tolerance to self-antigens following such treatments. Following chemotherapy,
recovery of thymic function in younger patients can be augmented by peripheral
expansion of T cells; however, similar recovery can take years in older patients
(Storek et al. 1995). Similar to chemotherapy, radiation treatment can cause acute
thymic damage, and the double-positive (DP) thymocyte population are particularly
sensitive to this damage (Williams et al. 2009; Gentil Dit Maurin et al. 2015).
Considerable reduction in TEC numbers is also seen due to stromal damage, while
notably, innate lymphoid cells (ILCs) and endothelial cells have been found to be
relatively resistant to radiation exposure (Dudakov et al. 2012; Zhang et al. 2014).
These two cell types play an important role in endogenous thymus regeneration.

During the postnatal development of the thymus, increased levels of steroid
hormones such as the glucocorticoids induce apoptosis of double-positive (DP)
thymocytes that leads to thymus involution (Dooley and Liston 2012). Interest-
ingly, some glucocorticoids are also produced by the thymus epithelium itself
(Vacchio et al. 1994), which can inhibit T-cell receptor (TCR)-mediated deletion
of DP thymocytes. This modulates positive or negative selection of T-cell reper-
toire (Mittelstadt et al. 2012). Sex steroid hormones such as estrogen, progester-
one, and testosterone also affect the state of the thymus. They can reduce the
lymphocyte pool within the thymus and directly induce apoptosis of thymocytes
(Patiño et al. 2000). Increased levels of these hormones result in thymus involu-
tion, primarily through their effects on non-hematopoietic stromal cells (Olsen
et al. 1991). The rate of thymus involution increases rapidly during puberty
(Steinmann et al. 1985), and acute transient involution of the thymus can also be
seen during pregnancy (Dixit et al. 2003). Thymic epithelial cells (TECs), which
express a functional androgen receptor, are important targets of androgens.
Recently it has been shown that androgens directly inhibit thymopoietic factors
in TECs (Williams et al. 2008; Velardi et al. 2014), while other sex steroids show
their effect on HSCs and the bone marrow microenvironment. Other effects of sex
steroids on thymus include reduction in the number of available T-cell progenitors
and decreased lymphoid differentiation (Dudakov et al. 2009).
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4.4 Graft-Versus-Host Disease

The graft-versus-host disease (GVHD) arises as a complication of allogeneic hema-
topoietic stem cell transplantation (HSCT). There are three distinct phases of this
disease that include damage to the tissue resulting from conditioning therapy,
allo-reactive donor T-cell activation by host antigen-presenting cells, and soluble
effectors-mediated target tissue damage (Ferrara et al. 2009; Blazar et al. 2012).
Traditionally, GVHD has been viewed as a disease of the skin, liver, and gut.
However, recent studies have provided evidence that it also targets the thymus via
allo-reactive T cells (Krenger et al. 2000; Krenger and Holländer 2008). In the
thymus, GVHD-related changes to both the stromal and lymphocyte compartments
can lead to acute involution. Adverse effects include loss of TECs, loss of cortical
and medullary thymocytes, and disruption of the gland architecture. This leads to
distorted TCR repertoire and, consequently, decreased output of naive T cells (Lapp
et al. 1985; Przybylski et al. 2007). Recent studies using mouse models have shown
that TECs are not only direct targets for allo-reactive T cells, but these cells can also
act as antigen-presenting cells to prime allo-reactive T cells (Hauri-Hohl et al. 2007).
Other events that happen during this process include impairment of thymocyte
negative selection and Treg development, which not only results in thymic damage
but also the development of chronic GVHD and autoimmunity (Hollander et al.
2010; Wu et al. 2013; Dertschnig et al. 2015). It is likely that during sub-clinical
GVHD, the damage to the thymus has already started, which may not be detected in
the clinical setting. However, it can begin to have detrimental consequences for
T-cell reconstitution. Further complicating this situation could be the use of cortico-
steroids to treat GVHD. Corticosteroids are popular first line of treatment for GVHD
and are also known to induce thymic involution (Blazar et al. 2012). Therefore,
alternate therapeutic approaches will be required to treat GVHD of the thymus.

5 Endogenous Thymus Regeneration

It was previously thought that the thymus, once damaged, does not have the capacity
to regenerate itself (endogenous regeneration). However, now it is known that this is
not the case. Endogenous thymus regeneration is actually a crucial function that
allows for renewal of immune competence after the efficiency of the immune system
is affected due to disease, infection, stress, chemotherapy/radiation therapy, etc.
While most of these insults target the CD4+CD8+ DP thymocytes (T-cell progeni-
tors), TECs are also targets of chemotherapy and irradiation therapy. The number of
TECs in the thymus also shows variation during the lifetime of an individual, where
they initially increase and then gradually decrease over time. At the molecular level,
downregulation of transforming growth factor-β receptor 2 (TGFβR2) and increased
expression of forkhead box protein N1 (FOXN1) contribute to the life-long regula-
tion of TEC numbers. The TEC numbers decline after an insult to the thymus,
followed by recovery where endogenous regeneration induces an increase of TEC
progenitors. During this stage, a premature depletion of the progenitor cell pool can
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also happen where the TEC numbers fall more rapidly than normal, and the recovery
is probably transient. Therapeutic interventions, such as fibroblast growth factor 7
(FGF7) treatment, sex hormone ablation, etc., can lead to a boost in thymic function.
However, long-term studies will be needed to determine if this boost is due to
increased TEC progenitors or increase in the rate of progenitor cell differentiation.

The thymus has a remarkable capacity to regenerate itself after injury. While the
mechanisms underlying this regeneration remain poorly understood, studies in the
past few years have revealed several pathways. One of the first studies that identified
a potential pathway of endogenous thymus regeneration used mouse models, where
fibroblast growth factor 7 (FGF7) was found to be crucial for regeneration after total
body irradiation (TBI) injury (Alpdogan et al. 2006). Another study identified a
second pathway of endogenous thymus regeneration that involved innate lymphoid
cells (ILCs) in the thymus (Dudakov et al. 2012). Here, it was found that production
of IL-22 by intra-thymic ILCs directly leads to survival and proliferation of TECs,
which in turn supports thymopoiesis (differentiation of thymocytes into mature T
lymphocytes) through regeneration of the supporting microenvironment. Another
study showed a correlation between increased expressions of Foxn1 (a molecule
important for thymic maintenance and regeneration) and increased expression of IL-
22 after damage (Pan et al. 2014). Therefore, activation of Foxn1 after damage could
represent another potent pathway of endogenous thymus regeneration. Other mole-
cules that might be involved in endogenous thymus regeneration are those that also
play important roles in steady-state thymopoiesis. These include CCL25, CXCL12,
DLL4, Notch ligand, IL-7, SCF, and VEGF.

In addition to the acute damage, thymus involution drastically reduces the
regenerative capacity of the thymus. Endogenous regeneration is a critical process
to maintain immune competence following insults. However, chronic infection and
repeated rounds of chemotherapy or radiation therapy, compounded by age-related
involution, can be a significant clinical challenge that can lead to decreased capacity
for immune surveillance, reduced response to vaccines, and increase in opportunistic
infections. According to some studies, BMP4 has been found to drive thymic
regeneration after injury (Tsai et al. 2003). This happens primarily through the
upregulation of FOXN1 (the key TEC transcription factor) and its downstream
targets. It is now known that in addition to TEC maintenance, FOXN1 likely
contributes to age-related thymic involution when its expression declines (Chen
et al. 2009; Nowell et al. 2011; Rode et al. 2015). The regulation of the Notch ligand
DLL4 has also been shown to be relevant for steady-state thymus function and also
for T-cell development and thymus size (Velardi et al. 2014).

6 Exogenous Thymus Regeneration

Regeneration of the immune function remains a prominent unmet need in many
clinical situations. Intense research to understand the mechanisms that regulate
thymic recovery after injuries and strategies that can boost its endogenous repair
have resulted in advancement of knowledge that will help further exogenous
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regeneration strategies. At present, thymus transplantation is used as a therapeutic
intervention conditions where the thymus is either absent (as in DiGeorge syndrome)
or non-functional. Thymus transplantation in other types of patients is risky because
the implant would be attacked by the patient’s own T cells. For transplantation,
thymus fragments from very young patients that are obtained as a by-product of heart
surgery are generally used.

6.1 Use of Cytokines and Growth Factors

Exogenous regeneration strategies for thymus regeneration include application of
cytokines and growth factors such as interleukin-7 (IL-7), interleukin-22 (IL-22),
growth hormones (GH), insulin-like growth factor-1 (IGF-1), keratinocyte growth
factor (KGF), and sex steroid inhibitors (SSI). In the thymus, IL-7 is primarily
produced by cTECs and to a lesser extent by fibroblasts. In the thymus, stimulation
of the IL-7 receptor (IL-7R) promotes proliferation, differentiation, and survival of
the developing thymocytes. Due to its critical role in promoting pro-survival signals
to peripheral lymphocytes and in thymopoiesis, IL-7 has been extensively studied
for its potential to enhance recovery after immune insults (Mackall et al. 2011).
Studies have also shown that exogenous administration of IL-7 enhances
thymopoiesis and increases the proliferation of mature peripheral T cells (Alpdogan
and van den Brink 2005; van Lent et al. 2009). A phase I clinical trial involving the
use of recombinant human IL-7 (hIL-7) in patients that had allogeneic hematopoietic
stem cell transplantation (HSCT) post-T-cell depletion showed increased CD3, CD4,
and CD8 counts after hIL-7 treatment, along with a broader TCR beta repertoire
diversity compared to untreated patients (Perales et al. 2012; clinical trial No.
NCT00684008).

IL-22 has a role in mediating endogenous recovery of thymus function after acute
damage (Dudakov et al. 2012). In mice studies where the animals were subjected to
sub-lethal irradiation, exogenous administration of IL-22 promoted accelerated
thymic recovery. It is now known that IL-22 can act directly on TECs, promoting
their proliferation and survival, which ultimately leads to the rejuvenation of
thymopoiesis. These findings suggest that exogenous application of IL-22 represents
a novel therapeutic strategy for thymus regeneration and immune function recovery.
Currently, clinical trials are being conducted to evaluate the safety and pharmaco-
kinetic profile of IL-22 treatment in healthy volunteers, as well as a phase IIa study
where the safety of human recombinant IL-22 (hrIL-22) in combination with
systemic corticosteroids is being evaluated in the treatment of gastrointestinal
acute GVHD in patients receiving HSCT (Study No. NCT02406651). If there are
positive outcomes from such studies, IL-22 may be part of an immune-boosting
therapy approach.

Several neuroendocrine hormones have been shown to have important effects on
the immune system. This includes growth hormone (GH) and insulin-like growth
factor-1 (IGF-1). Using GH-deficient mice (having defects in T-cell development),
the effects of GH on thymus function have been extensively investigated. Also, in
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pre-clinical studies using mouse models, exogenous administration of recombinant
GH was shown to promote thymus regrowth (Murphy et al. 1992). Results from
other studies show that use of GH can increase TCR diversity, promote better thymic
cellularity, and improve recovery of the hematopoietic compartment in aged and
immune-compromised animals (Chen et al. 2003; Redelman et al. 2008). The mode
of action of GH with respect to thymus regeneration includes enhanced proliferation
of TECs and trafficking of common lymphoid progenitors (CLPs) into the thymus
(Knyszynski et al. 1992; Tsuji et al. 1994). Insulin-like growth factor-1 (IGF-1) is
known as a principal mediator of the biological effects of GH (Montecino-Rodriguez
et al. 1998; Alpdogan et al. 2003). In the thymus, IGF-1 has been implicated as a
positive thymic regulator based on early observations that age-related declines in
thymic function paralleled declines in plasma concentrations of IGF-1. IGF-1
receptor (IGF-1R) is expressed on thymocytes and peripheral T cells (Chu et al.
2008). Since, GH and IGF-1 are connected through the same pathway (Chu et al.
2008), it is expected that using IGF-1 for exogenous thymus regeneration may have
similar effects as that for GH.

Keratinocyte growth factor (KGF) is another growth hormone that is being used
for exogenous thymus regeneration. In the thymus, a splice variant of the fibroblast
growth factor receptor 2 (FgfR2-IIIb) expressed on TECs is known to bind KGF.
Considering this association, exogenous administration of recombinant KGF has
been tested for enhancing thymus regeneration, particularly with reference to HSCT.
Results from such studies show that KGF can protect TECs from different types of
thymic injuries (Min et al. 2002; Rossi et al. 2002). TEC proliferation leading to an
increase in thymocyte expansion and enhanced T-cell export was also observed. Pre-
clinical studies in non-human primates have been conducted, including one where
KGF treatment after an autologous HSCT in adult rhesus macaques improved
thymopoiesis, enhanced naive T-cell recovery, and also accelerated hematopoietic
recovery after the transplant (Wils et al. 2012). However, more studies in non-human
primates and human subjects will be needed to determine the therapeutic efficacy
and safety of this approach. Palifermin (recombinant human keratinocyte growth
factor) is an FDA-approved drug that is used for the prevention of mucositis in
recipients of high-dose chemotherapy. However, more clinical studies will be needed
to evaluate the efficacy of KGF in directly enhancing T-cell reconstitution and
restoring thymus function in immune-compromised patients (Min et al. 2002).

Sex steroid inhibition (SSI) using chemical or surgical approach is a well-
described method to promote thymus growth (Sutherland et al. 2005; Hince et al.
2008). Using mouse models, several studies have demonstrated thymus enlargement
and accelerated thymic recovery after immune insults (Sutherland et al. 2008;
Goldberg et al. 2009, 2010). In the past years, several pharmacological treatments
that have been developed to suppress the release of androgens from the gonads or
block the androgen receptor on the target cells are now being investigated for their
potential to reversibly inhibit sex steroid hormones and promote thymic regrowth and
immune reconstitution. The exact mechanisms underlying SSI-based thymus regen-
erative effects are still not completely understood. Recent studies have shown that
SSI can directly promote the expression of Notch ligand DLL4 (Velardi et al. 2014)
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and CCL25 (Williams et al. 2008). The function of hematopoietic stem and
progenitor cells is also promoted using this treatment (Khong et al. 2015). Since,
transient ablation of sex steroids represents a promising regenerative strategy for
the immune system, further work will be needed to understand the different
effector mechanisms so that clinically relevant therapies can be developed. Cur-
rently, two ongoing clinical trials are testing the effects of leuprolide acetate
(an LHRH agonist) with palifermin (recombinant KGF) in promoting immune
recovery after allogenic HSCT transplants in human patients (Study No.
NCT01746849 and NCT01338987).

Another molecule that can have a key role in exogenous thymus regeneration is
the RANK ligand. The RANK ligand is a TNF family member, which has emerged
as an important regulator of epithelial cell growth and differentiation in different
tissues (Duheron et al. 2011). It has been shown that ex vivo administration of
RANKL substantially enhances the cellularity of cTEC and mTEC subsets within
the thymus. It also supports T-cell progenitor homing, TEC recovery, and de novo
thymopoiesis and thus represents a new therapeutic strategy to boost thymic regen-
eration. More importantly, RANKL administration was also shown to be efficient for
T-cell regeneration and TEC recovery in older individuals with highly diminished
thymic function due to natural involution (Gray et al. 2006; Tomimori et al. 2009;
Chinn et al. 2012).

6.2 Use of Stem Cells, Progenitor Cells, and Induced Pluripotent
Stem Cells

Stem cells and progenitor cells are considered as a promising therapeutic option for
thymus repair and regeneration. Regeneration of a functional thymus was demon-
strated when thymus stem or progenitor cells from a donor mouse were transplanted
into a recipient mouse that lacked a thymus (Fan et al. 2015). Although, this
approach is very promising, many challenges still remain that include growing
these cells in the lab, expanding enough cells for transplantation, and studying
their regenerative capacity in humans. These challenges will have to be overcome
if thymic stem or progenitor cells are being considered for clinical use. Use of
pluripotent stem cells (such as the induced pluripotent stem cells or iPSCs) is another
promising avenue for exogenous thymus regeneration. Researchers have success-
fully created thymus-like cells from mouse and human pluripotent cells (Lai and Jin
2009; Sun et al. 2013). In order to overcome the challenge of immune rejection and
create de novo human thymus tissue for transplantation, use of patient’s own cells to
create iPSCs is a practical option.

The generation of thymus-derived T cells can take several months after hemato-
poietic stem cell transplantation (HSCT), and this process can be delayed even
further by situations such as aging and GVHD (Bosch et al. 2012). The use of
precursor T (pre-T) cell infusion during HSCT is one of the therapeutic approaches
to accelerate immune recovery in these immune-compromised patients. For cell
therapy, pre-T cells can be generated using ex vivo co-culture of HSCs with OP9
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cells that have been ectopically transduced with two critical factors required for
thymocyte proliferation, commitment, and differentiation, such as Delta-like 1 (Dll1)
and Delta-like 4 (Dll4) (De Smedt et al. 2004; La Motte-Mohs et al. 2005; Holmes
and Zúñiga-Pflücker 2009). The OP9-DL1 cells are a bone marrow-derived stromal
cell line that ectopically expresses the Notch ligand, Delta-like 1 (Dll1). This simple
and efficient culture system for ensuring proliferation, differentiation, and commit-
ment of T-lineage cells from different sources of stem cells is promising. It can be
used to shorten the duration of immunodeficiency in patients that have a dysfunc-
tional thymus. The mechanism by which pre-T cells support immune system recov-
ery is also being explored. Studies have shown that pre-T cells help T-cell
reconstitution by providing a ready source of T-cell progenitors. A recently study
also reported that the pre-T cells can also have a secondary effect, where through
crosstalk with other cellular components, the pre-T cells can enhance thymic stromal
function long after these transplanted cells have transited through the thymus
(Awong et al. 2013). Another advantage of using pre-T cells is that they can be
used as an “off-the-shelf” therapeutic strategy that can be administered across MHC
barriers. They can also be used as vehicles for chimeric antigen receptors during
immunotherapy.

Pluripotent stem cells hold great promise in the field of regenerative medicine.
The selective generation of thymic epithelial progenitor cells (TEPCs) from ESCs or
iPSCs in vitro for transplantation may have important implications for treatment of
T-cell immune deficiencies in clinical settings. When TEPCs that have been derived
from mESC were placed in vivo, they are self-renewed, develop into TECs, and
reconstitute the normal thymic architecture. After bone marrow transplantation,
these mESC-derived TEPCs caused an increase in the number of functional naive
T cells and enhanced thymocyte regeneration (Sun et al. 2013). In a different study,
transplantation of mESC-derived TEPCs resulted in the efficient generation of naive
T cells in both young and old recipients following allogeneic BM transplantation
(Lai et al. 2011). Hence, in a clinical setting, use of autologous pluripotent stem cell-
derived TEPC grafts may lead to broad applications for restoring immune damage
resulting from dysfunction of the thymus.

6.3 Targeting Cellular Pathways Within the Thymus

Understanding and exploiting the pathways underlying endogenous thymic regen-
eration can help us develop novel therapeutic strategies for exogenous thymus
regeneration. One such insight can be obtained from study of endothelial cells
(ECs). It is now known that ECs can have an active role in tissue repair via
production of angiocrine factors (Rafii et al. 2016). Angiocrine growth factors are
molecules produced by tissue-/organ-specific blood vessel endothelial cells that can
stimulate organ-specific repair activities in diseased or damaged tissue/organs. In
one study regeneration within the thymus was observed using Akt-activated ex vivo
propagated ECs (Zhang et al. 2004). While it is clear that ECs can promote TEC
function and regeneration after damage, further studies will be required to
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investigate the role that TECs play in guiding EC function with respect to thymus
regeneration.

FoxN1 is a transcription factor mainly expressed in the thymic epithelium and
skin. FOXN1 plays a critical role in the maturation of the thymus and skin epithelial
cells essential for its development (Nehls et al. 1994). In human patients, mutations
in the FoxN1 gene result in an athymic condition where thymopoiesis is completely
blocked, leading to severe primary T-cell immune deficiency (Frank et al. 1999).
This severe immune deficiency can often lead to death in early childhood because of
severe infections. Studies have shown that expression of FoxN1 can drive differen-
tiation of the whole TEC network from TEPC and also lead to successful coloniza-
tion of thymic rudiment by bone marrow-derived precursors (Nowell et al. 2011).
This knowledge can be used to develop therapeutic interventions using FoxN1
expression as a driving force for thymus regeneration.

Age-induced thymic involution is multifactorial. Therefore, targeting thymus
regeneration using isolated pathways would be transitory and incomplete. One
approach to achieve sustained rejuvenation of the thymus would be to target both
TECs and lymphoid cells, along with other means such as activating endogenous
thymic epithelial progenitor cells (TEPCs), sustained expression of forkhead box N1
(a critical TEC transcription factor), and generating TEPCs from pluripotent stem
cells. Thymus epithelial stem/progenitor cells from early embryonic thymus are able
to differentiate into the full range of thymic epithelial subsets (Rossi et al. 2006; Baik
et al. 2013). Recently, an adult thymic epithelial progenitor population within the
TEC subset has also been identified and characterized with respect to their self-
renewal, colony-forming potential and generation of mature cTEC and mTEC
(Wong et al. 2014). This may allow for the development of new therapies targeting
thymus rejuvenation (Ventevogel et al. 2013).

Multiple strategies have been proposed and evaluated to boost thymus regener-
ation. However, many of these have failed to generate compelling effectiveness in
clinical studies. The reason for this can be attributed to the fact that thymus requires a
reciprocal cellular communication between the hematopoietic and stromal compart-
ments for its development, maintenance, and function. This fact needs to be incor-
porated when designing and administering therapies aimed at thymus rejuvenation
and regeneration. One approach would be a combination strategy such as adminis-
tering KGF along with pre-T cells to have a synergistic effect (Zakrzewski et al.
2006) or combining sex steroid ablation (SSA) with p53 inhibition (Kelly et al.
2008).

6.4 External Modulation of T-Cell Response Within the Thymus

The role of the thymus in the establishment of the T-cell receptor repertoire is
considered as an important area of intervention related to thymus regeneration.
Also, a long-pursued goal in the field of transplantation has been to develop
strategies to induce immune tolerance through the direct introduction of antigens
into the thymus (Posselt et al. 1990). Intra-thymic injection of antigens using
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lentiviral vectors is one of the methods being used to modulate specific T-cell
responses exogenously (Gottrand et al. 2012). Even though a majority of such
studies about external modulation of T-cell response have been conducted in
mouse models, there is an immense translational potential in the context of organ
transplantation to induce tolerance this way. Recently, a double-positive stage of
thymocyte development was identified, which could be a potential target for the
modulation of FOXP3+ regulatory T cells (Nunes-Cabaco et al. 2011). As a strategy
to overcome the delay in immune reconstitution following HSCT (a major cause or
morbidity and mortality in such cases), intra-thymus delivery of thymocyte progen-
itor cells is also being explored. In one study using mouse models, it was shown that
delivery of semi-allogeneic progenitor cells within the thymus results in sustained
T-cell development, even across histocompatibility barriers (de Barros et al. 2013).

6.5 Thymus Transplantation

Thymus transplantation has been long used as a treatment option in cases of severe
immunodeficiency that result from either mutation in the genes essential for TEC
differentiation (such as FOXN1) or absence of thymus in conditions such as
DiGeorge syndrome. Thymus transplantation aims for more complete reconstitution
to produce naive T cells that show a broad T-cell receptor (TCR) repertoire. Postnatal
thymic tissue can be readily available because it is routinely removed from infants
undergoing open heart surgery through a median sternotomy. A clinical study
showed approximately 75% long-term survival in 60 patients under 2 years with a
complete DiGeorge anomaly after transplantation of postnatal allogeneic cultured
thymus tissue (Markert et al. 2010). There was evidence of thymopoiesis, and a
diverse repertoire of naive circulating T-cell responses was seen in survivors.
Xenotransplantation has also been considered as an option for thymus regeneration
(Zhou et al. 2012). Combined use of hematopoietic stem cell transplantation (HSCT)
along with thymus transplantation is being evaluated to facilitate long-term recon-
stitution of immune function in cases with severe combined immune deficiencies
(SCIDs) (Hu and Yang 2012).

6.6 Artificial Thymopoietic Environments

Reconstitution of certain features of the thymus environments by artificial means has
also been attempted as an alternative to de novo generation of TEC progenitors.
These artificial thymopoietic environments have been generated both in vitro
(Beaudette-Zlatanova et al. 2011) and in vivo (Calderón and Boehm 2012). In
such studies, the Delta-like ligand 4 (DLL4) was found to be a key determinant of
T-cell lineage induction (Hozumi et al. 2008). In in vivo reconstitution experiments,
the CXC chemokine ligand 12 (CXCL12) was found to be conducive to the
generation of T cells (CD4+CD8+) (Calderón and Boehm 2012). It was also found
that in individuals where the lympho-stromal crosstalk was absent during the early
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stages of development, functional thymopoietic environments can be successfully
established at later stages of life using exogenous application of selected cytokines or
growth factors, including FOXN1 (Bleul et al. 2006; Corbeaux et al. 2010).

7 Thymus Bioengineering

The advancements in regenerative medicine technologies, particularly tissue engi-
neering, have enabled development of many tissue and organs outside the body.
We know that the capacity to replace thymus function therapeutically will be
beneficial in a variety of clinical settings, including improving recovery following
bone marrow transplantation and supporting tolerance to transplanted cells, tissue,
and organs. A fully functional bioengineered thymus can help achieve these goals.
This would also be a practical therapeutic option for patients that have complete
athymia due to congenital immune deficiencies, such as that seen in DiGeorge
syndrome. In the past decade, several efforts have been made to characterize the
complex microenvironment of the thymus and also to rebuild the complex 3D
structure of this organ in vitro. To obtain full functionality of bioengineered
thymus, not only will the spatial organization of the native thymus need to be
recreated, but full TEC functionality will be required in each compartment. This
would include cTEC and mTEC. For in vivo use, particularly in human patients,
bioengineering of a thymus structure would require using artificial matrices.
A particularly important area of study has been the identification and use of
biomaterials to create an artificial 3D matrix that can support cell-to-cell interac-
tions of thymus-derived cells. An example of such study is the demonstration that
thymic stromal cells can support T-cell development from precursor hematopoietic
cells in artificial 3D matrices (Pinto et al. 2013).

As for the cell source, the normal thymus tissue-derived cells would still represent
the best source for tissue engineering. However, this would require large numbers of
cells to be used in the bioengineered construct (Fig. 4). The in vitro expansion of
adult thymic epithelial cells (TECs) is challenging because they tend to lose their
epithelial phenotype and show diminished growth. Other cell sources for thymus
tissue engineering would include endogenous thymic epithelial progenitor cells
(TEPCs) or TEPC derived from differentiation of embryonic stem cells or iPSs
(Sun et al. 2013; Bredenkamp et al. 2014; Su et al. 2015) and transdifferentiation of
some cell lineages into TEC-like cells. A novel approach for generation of new
TECs was carried out by direct reprogramming of mouse embryonic fibroblasts
(MEFs) using the forced expression of FOXN1 [Bredenkamp et al. 2014]. These
TECs (referred to as iTECs) were shown to promote T-cell development both in vitro
and in vivo after transplantation into nude mice.

The scaffold forms a very important part of many tissue engineering strategies.
Use of decellularized tissue scaffolds ensures that the bioengineered tissue or organ
retains the structural and ECM compositions of the native tissue (Fig. 5; Jackson et
al. unpublished). The same strategy has been used for the thymus. In a study by Fan
et al. (2015), three-dimensional thymus organoids were created using decellularized
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scaffolds from mouse thymus and thymic epithelial cell. When transplanted in vivo,
these organoids supported thymopoiesis and also homing of lymphocyte progenitor
cells. Transplanting these thymus organoids also resulted in development of immune
tolerance to skin allografts in these mice, showing that it is feasible to restore certain
thymus functions using bioengineered thymus organoids. The clinical implications
of this approach are also being investigated. Bioengineered thymus organoids are
also being used for understanding and modulating thymic negative selection. Neg-
ative selection is a key checkpoint in the T-cell development pathway where T-cell
clones with high affinity to self MHC complexes (pMHCs) and self-peptides are
eliminated. This is also referred to as clonal deletion, and both thymic antigen-
presenting cells (such as B cells, macrophages, and thymic dendritic cells) and
medullary thymic epithelial cells (mTECs) contribute to this process. Using islet
cell autoantigen 69 (ICA69) as a model antigen, it was demonstrated that ICA69-
reactive T cells can escape clonal deletion when thymus organoids constructed with

Fig. 4 Using thymus bioengineering to introduce donor-specific allograft tolerance. Thymus gland
is obtained by thymectomy from a cadaver donor along with the organ to be transplanted (like
kidney or pancreatic islets). The thymic epithelial cells (TECs) will be isolated from dissociated
thymus and transduced with lentivirus particles expressing the recipient’s MHC molecules. These
cells will be used to reconstruct thymus organoids with surrogate thymus scaffold. Shown here are
representative images of decellularized thymus scaffold (mouse) and a bioengineered thymus
organoid (mouse). This bioengineered thymus organoid will be transplanted into the recipient at
the time of organ transplantation. The transplant will be received by a recipient who is pre-
conditioned with Campath (anti-CD52) or ATG (anti-thymocyte immunoglobulin). TEC, Thymic
epithelial cells; MHCs, major histocompatibility complex; CAMPATH, anti-CD52 monoclonal
antibody. (Image used with permission from Tajima et al. 2016)
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Fig. 5 Rat thymus before and after decellularization (a, b) represents thymus anatomy before and
after decellularization process. (c, d) The histology using hematoxylin and eosin staining suggests
the removal of cells from the decellularized thymus scaffold. (e, f) SEM images of native and
decellularized thymus showing structural preservation thymus. Extracellular matrix scaffold after
decellularization (Jackson et al. unpublished)
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ICA69-deficient mTECs were transplanted in athymic nude mice (Pradhan et al.
2018).

Using thymus bioengineering, it might be possible to modulate the adaptive
immune system of recipients so that donor-specific immune tolerance of allogeneic
grafts can be achieved without using any mmunosuppressive drugs (Fan et al. 2015).
In one such strategy described by Tajima et al. (2016), the thymus gland is harvested
along with the needed (transplantable) organ from a cadaver donor and dissociated
into single cell suspension. Then, TECs and other thymic mesenchymal cells are
enriched and used to populate the decellularized thymus scaffolds (Fig. 4). These
scaffolds can be of either allogeneic or even xenogeneic origins as the ECM
components normally are not antigenic. Using lentiviral vectors, the recipient’s
MHC molecules can be introduced and expressed in donor TECs, followed by
culturing of the TEC-populated scaffold (bioengineered thymus organoids) to enable
colonization and expansion of the cells. The graft (like kidney or pancreatic islets,
etc.) is transplanted into the patient preconditioned with either anti-CD52 monoclo-
nal antibody (CAMPATH) or anti-thymocyte immunoglobulin (ATG) so as to
deplete the T cells (cause immunosuppression) within the graft (Fig. 4). Now the
bioengineered thymus organoids are engrafted into the thoracic cavity of the recip-
ient, which will facilitate the generation of a new repertoire of tolerant naive T cells.
These new T cells would not respond to the donor cells, but exert adaptive immune
function, resulting in the long-term survival of the transplant without the need for
immunosuppression. In spite of the abovementioned progress, engineering a full
thymus organ de novo still remains a challenge. This is mainly because of the highly
complex structural and functional compartmentalization of this organ. Additionally,
reconstitution of all the cell types that contribute to the main thymus function
(differentiation and maturation of T cells) further adds to the complexity of the
system. To fabricate such a complex structure having multiple cell types, use of
advanced biofabrication technologies such as 3D bioprinting can offer a solution.

8 Current Challenges

Due to the nature and function of the thymus, both endogenous and exogenous
regeneration strategies face many challenges. The thymic stroma is essential for the
survival and function of TECs. However, recapitulating this unique 3D architecture
in vitro has been a major challenge. Additionally, growing adult TECs in culture is
difficult. This is in contrast to epithelial cells from other organs that easily form 2D
sheets on artificial substrates. It is now known that the expression of genes critical for
TEC proliferation, specification, and function is dependent on the 3D configuration
of TECs within the thymus stroma (Novell et al. 2011). Therefore, when TECs are
separated from their natural microenvironment and cultured in vitro, most of them
either express markers of terminally differentiated epithelial cells (Saunders et al.
1995) or even transdifferentiate into skin cells (Bonfanti et al. 2010). Although we
now have 2D culture systems to propagate TECs in vitro, suitable 3D culture
systems will still be needed to generate sufficient TECs for therapeutics and tissue
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engineering. Toward this goal, TECs seeding onto Matrigel or other collagen-based
3D matrices have been explored but with limited success. An encouraging develop-
ment worth mentioning is the observation that when artificial 3D matrices with
mTECs were supplemented with dermal fibroblasts, some of the key molecular
factors required for negative selection within the thymus (such as TRAs) were
expressed in the mTECs (Pinto et al. 2013).

A big challenge toward exogenous thymus regeneration using cell or
bioengineered approaches is the limited number of TECs that can be harvested
from the adult thymus. Additionally, as mentioned above, their culture and expan-
sion ex vivo are also a challenge. The proliferation of thymic epithelial progenitor
cells (TEPCs) drops drastically within the first week after birth, and the TEC
repertoire starts to decrease at around first year after birth in human. Preventing
this early loss of TEPCs/TECs and successfully expanding them in culture remains a
challenging task. When TECs are isolated and cultured as single cells, they lose cell-
cell contact and geometrical organization when placed in an artificial environment.
In fact, in an intact thymus, the mTECs and cTECs are compartmentalized to support
specific stages of thymocyte development. To recreate this in a bioengineered
environment (such as organoid, synthetic scaffold) can be challenging. However,
use of 3D biofabrication tools (such as 3D bioprinting) can be utilized to achieve this
compartmentalization. Another way to achieve aggregation of TECs within a spe-
cific region of an artificial matrix is by using immobilized TEC-specific antibodies,
similar to what Tajima et al. (2015) have used. They successfully generated mini
aggregates of TECs by incorporating TEC-specific antibodies in a polypeptide-
based, self-assembling hydrogel system. These 3D aggregates of TECs that could
support T lymphogenesis were transplanted into athymic nude mice. Similar results
can be achieved by using 3D bioprinting to create a bioengineered thymus having
TEC compartmentalization that is similar to native thymus.

Currently, transplantation of thymus tissue is primarily used as an investiga-
tional treatment for infants who have congenital anomalies, such as the DiGeorge
syndrome. In such cases, donor thymus tissues are obtained from infants under-
going unrelated surgeries (such as treatment of congenital heart diseases). Tissues
obtained from donors under 9 months of age are normally used for transplantation.
Therefore, in the absence of a bioengineered thymus tissue or whole organ,
treatment of patients with congenital anomalies or the ones who have lost most
of their thymus function is a big challenge. Aging-associated progressive degen-
eration of the thymus and immune function (immune senescence) leads to
increased susceptibility to opportunistic infections, incidence of cancer, and auto-
immunity, among other issues. Preventing or reversing this immunosenescence in
aged individuals so that they can lead a healthy, disease-free life is an idealistic but
practical outlook for medicine. However, achieving this is challenging. This
problem is significant considering the fact that more than 20% of US population
is projected to be aged 65 or older by the year 2030. Also, much of the current
research using stem cells as a potential tool to regenerate and repair the thymus has
been performed in mice. Translating these findings to humans will be a big
challenge both for researchers and clinicians.
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9 Conclusions

Thymic involution occurs with age and is central to the decline in immune system
function. Current approaches for exogenous thymus regeneration focus on the
modulation of growth factors and hormones secreted by TECs. However, such
efforts can only lead to transient and partial thymus recovery. For complete recovery,
new strategies such as TEPC activation, TEC recovery using induction of FoxN1
expression, de novo generation of TEPC from stem cells, etc. can be used. Targeting
pathways like BMP4 to modulate expression of key transcription factors necessary
for TEC and thymocyte development such as FoxN1 or Dll4 has also opened up new
possibilities for exogenous thymus regeneration. Another promising approach for
boosting immune functions in patients whose thymus has been severely damaged is
through the administration of RANKL that can be beneficial at several levels,
including thymus homing of T-cell progenitors, TEC regeneration, de novo
thymopoiesis, etc. Further, use of bioengineering approach using decellularized
thymus scaffolds or functional thymus organoids can not only support regeneration
of a functional T-cell compartment but also help to introduce donor-specific immune
tolerance.

A major challenge to recreate the thymus microenvironment is the complex
composition and organization of its extracellular matrix (ECM). Using biological
scaffolds generated from decellularized can be an effective strategy to reproduce its
in vivo-like ECM microenvironment. As we obtain greater understanding of the
molecular mechanisms involved in thymus development, function, and involution,
we move forward in developing new therapeutic tools for the repair, regeneration, or
replacement of this critical organ. For treating aging-associated progressive
immunosenescence, successful creation and use of transplantable thymus tissue
using bioengineering approaches seems like the best option. Another solution
would be to transplant artificial thymus organoids that have been engineered with
host MHC-expressing TEPCs (derived either from genetically modified hESCs or
iPSCs) so as to rejuvenate T-cell immunity and also treat aged-related immune
disorders. The challenge for the future of thymus regeneration will be to continue
the development of current promising technologies and develop new ones. Those
technologies with highest potential should then be subjected to rigorous evaluation
in a clinical environment.

Despite many encouraging improvements, use of current methods (including
pharmacological interventions) has not been able to achieve physiologically relevant
and long-term improvements in decreased thymus function. Advances in cell biol-
ogy, stem cell technology, and cellular engineering are making it possible to use
tissue-resident epithelial stem cells, stem cell-derived TECs, and even in vitro
generated thymus tissue for thymus regeneration and/or replacement. For using
thymus tissue-resident epithelial stem cells, a sufficient lack of knowledge about
the compartment-specific intermediate cells and identity of bipotent TEC progenitors
are the major roadblocks for endogenous thymus regeneration. A better understand-
ing about the behavior of these cells during tissue maintenance and after injury
would be valuable to devise strategies where activation of quiescent endogenous
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stem cells or introduction of reprogrammed cells with thymopoietic fate can achieve
clinically significant effects for restoring failing thymus function.

The bone morphogenetic protein 4 (BMP4) has been shown to be critical for
promoting TEC regeneration after injury. After peaking early after damage, BMP4
expression by ECs is seen to return to baseline levels by day 21. Additionally, BMP4
is also known to inhibit the differentiation of T cells. Taken together, these mecha-
nisms point toward potential therapeutic strategies for regenerating the immune
system in patients whose thymus has been irrevocably damaged. This direction
needs to be further explored. The proliferation of TECs can be limited by TGF-β
signaling, while the rate of TEC proliferation increases due to FGF7 signaling both
during the steady state and after insult to the thymus. Contrary to this, an increase in
IL-22 signaling seems to have little effect on steady-state thymopoiesis. Therefore, a
long-term strategy to induce and support thymus recovery would be to provide
exogenous FGF7 and IL-22 while blocking the effects of TGF-β.

The presence of a thymus is characteristic of vertebrate immune systems, with
commonalities and differences seen over the course of evolution. Therefore, a
comparative analysis of thymopoiesis between evolutionarily distant organisms
can probably provide important insights into the factors and lesser-known pathways
involved in thymus generation and regeneration. Such a comparative analysis can
also provide important insights into developing allogenic or even xenogeneic trans-
plant therapies (Yamada et al. 2012). The ECM environment of a decellularized
thymus can provide the appropriate microenvironment for the long-term survival of
adult TECs and can be used to create thymus organoids and tissues in vitro. Since
there is no cellular component in a decellularized tissue scaffold, allogeneic or even
xenogeneic rejection should not be a concern. Additionally, since decellularized
thymus scaffold from mouse can be stored at 4oC for up to 1 month before use (Fan
et al. 2015), it is expected that decellularized thymus scaffold from humans can be
handled the same way, providing an off-the-shelf option for creating thymus
organoids and tissues for regenerative applications.

A major challenge in the success of solid organ transplantation is the induction of
donor-specific immune tolerance (Sachs et al. 2011). Even though the use of latest
immunosuppressive drugs has caused the rates of acute rejection to decrease signif-
icantly over the past decade, the long-term survival statistics of allograft have not
improved correspondingly. Use of modern immunomodulatory protocols (depletion
of mature T cells, promotion of regulatory T cells, blockage of costimulatory
molecules, etc.) is not helping much. One strategy to overcome this limitation is
by introducing allogenic donor TECs into bioengineered thymus organoids so that
the need for immunosuppressive drugs to maintain allograft survival is reduced or
eliminated. Use of gene editing and delivery technologies can also be valuable in
terms of thymus regeneration and bioengineering. One way of using this would be to
create patient-specific thymus organoids where the antigen presentation properties of
TECs are fine-tuned. This can be used either to create self-tolerance to specific
tissues in treating autoimmune disorders or in case of clinical transplantation to have
long-term donor-specific immune unresponsiveness. In the future, it is conceivable
that patients with thymus dysfunction can be transplanted with bioengineered
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thymus organoids or tissues that are constructed from either cryopreserved donor
TECs or TEC-like cells derived from the patient’s own cells (e.g., from iPSCs). It has
been seen in DiGeorge syndrome (DGS) patients treated with bioengineered thymus
organoids that around 70% of them show successful thymopoiesis and many of them
can avoid immunoglobulin replacement therapy. This indicates the clinical feasibil-
ity of the approach for regenerating adaptive immunity.

As in other bioengineered solid tissues or organs, vascularization will be a critical
component in the success of thymus bioengineering. Vascularization will be needed
not only to prevent ischemia-induced cell death but also to transport cytokines,
growth factors, hormones, and cells to and from this bioengineered organ to support
normal immune function. While decellularized scaffold can be used for preserving
the ECM of the vascular framework, it has been seen that there is a significant loss of
factors that support angiogenesis. Studies in NOD scid gamma humanized mice have
shown that human TECs and VEGF-expressing thymic mesenchyme can recruit
human hematopoietic progenitor cells and promote their differentiation into T cells
(Chung et al. 2014), while in other studies, VEGF produced by the thymus stroma
was critical for its growth and induction of angiogenesis (Cuddihy et al. 2009).
Therefore, incorporating angiogenesis-inducing factors within biomaterials of in
vitro generated thymus tissues can be an effective way to promote vascularization
post-implantation. There is no doubt that thymus bioengineering will form a critical
component of strategies that will be used for restoration or replacement of lost
thymus function and immune competence. However, more research and clinical
studies will be needed for this to be translated into the clinic.
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Abstract

It is estimated that 5–10 million people die annually from kidney disease.
Astounding as these numbers are, it is predicted that these numbers will only
grow especially in countries that lack the infrastructure to support its treatments.
In spite of this increasing prevalence, current treatments for renal failure are still
limited to dialysis and donor organ transplantation. Although these treatments
are indeed lifesaving, dialysis does not fully restore kidney function, and a
worldwide shortage of transplantable kidneys poses a great problem. To address
these issues, the field of regenerative medicine has aimed for many years to
develop treatments in the areas of tissue engineering, cell therapies, and gene
therapies. In this chapter, we will discuss developments in one such strategy of
engineering a cell-based renal tissue construct capable of restoring all kidney
function with a focus on possible cell sources, materials, and vascularization
strategies.
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1 Introduction

It has been 74 years since the first hemodialysis machine was made using the humble
beginnings of a few sausage casings and an automobile water pump (Morrissey 2012).
This novel effort to artificially replace native tissue function brought about a profound
shift in the paradigm of clinical care for patients with renal disease and also ignited the
development of other organ replacement therapies (Morrissey 2012). Hemodialysis
now keeps over two million patients alive worldwide and, after all of these years,
remains the only viable long-term extracorporeal organ replacement therapy (United
States Renal Data System 2017). However, dialysis is only a maintenance therapy and
not a curative treatment for renal failure as it provides clearance of uremic toxins but
does not provide the vital endocrine, metabolic, and homeostatic functions of the
native kidney. The lack of key endocrine functions such as the production of erythro-
poietin, a hormone necessary for the formation of red blood cells, puts dialysis patients
at a high risk of developing severe anemia (Chen et al. 2019; Huml and Sehgal 2019;
Johansen et al. 2005). The fatigue of severe anemia in conjunction with multiple
required dialysis treatments per week prevents many patients from continuing in the
workforce to maintain their livelihood (Wang et al. 2016). Providing a treatment that
can recover all lost kidney functions would improve patients’ lives and lift a significant
societal, economic burden (Wang et al. 2016).

Currently, one such curative treatment exists – donor organ transplantation.
However, with increasing numbers of end-stage renal disease (ESRD) worldwide,
many patients die while waiting for a donor kidney (United States Renal Data
System 2017). It is estimated that less than 10% of the global need for kidney
transplantation is met (United States Renal Data System 2017). Furthermore, even if
a patient were able to receive a transplant, they would necessarily be put at signif-
icant risk for complications from life-long immunosuppression (Sen et al. 2019). In
light of these facts, it is becoming increasingly apparent that new therapies are
necessary. The pressing need for new treatments for ESRD is further highlighted
when evaluating demographic shifts in the global ESRD patient population
(Harambat and Ekulu 2016; Kumar and Jha 2016; Xie et al. 2018). By 2030, over
70% of patients with ESRD are expected to be inhabitants of developing countries
that do not have the infrastructure to support dialysis, organ transplantation, or post-
procedure care (Luyckx et al. 2018). If the current healthcare discrepancies for renal
failure treatment are not bridged, or new therapies are not found, it is evident that a
fast-approaching global healthcare crisis will be unavoidable.

This chapter will highlight some of the advancements in the study of cell-based renal
tissue engineering – currently, one of the three main approaches (tissue engineering, cell
therapy, and gene therapy) to providing alternative treatments for renal failure.

2 Renal Tissue Engineering: Foundational Knowledge

The field of renal tissue engineering provides many promising strategies toward
alternative treatments that aim to disrupt the clinical climate of care for patients with
renal failure. Tissue engineering has been defined as creating new tissue for the
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therapeutic reconstruction of the human body, by the deliberate and controlled
stimulation of selected target cells through a systematic combination of molecular
and mechanical signals (Williams 2006). One of the basic strategies for cell-based
tissue engineering is to support the in vitro development of 3D renal structures from
a cell source by expanding these cells and seeding them on a construct that consists
of an extracellular matrix, soluble growth factors, and scaffolding for subsequent
implantation (Fig. 1) (Guimaraes-Souza et al. 2012; Chung et al. 2015; Chang and
Davies 2012). This strategy is one of the most promising for treating renal failure
because organs with this degree of damage may lack adequate numbers of viable
cells to recover injury and, due to high fibrosis, lack a niche that facilitates regen-
eration. A summary of the cell-based tissue engineering approaches discussed in the
chapter are listed in Table 1.

The major challenges of renal tissue engineering are the complexities of the
structures that need to be recapitulated. It is very difficult to artificially induce the
growth, differentiation, and organization of the over 26 types of cells from different
embryological lineages that make up this organ and its functional unit, the nephron
(Sagrinati et al. 2008). The nephron is mainly responsible for its filtration function
that excretes waste products and water as urine and controls blood pH, electrolyte
concentrations, and blood volume. It is within this filtration function that the
importance of the precise placement and organization of the cells of the nephron
becomes apparent. Blood is filtered in the glomerulus through a specialized three-
layer filtration system consisting of fenestrated capillary endothelium, basement
membrane, and podocyte processes that create a size and charge barrier that pro-
duces a plasma ultrafiltrate devoid of cells and proteins. This ultrafiltrate passes
through a series of regions along the nephron tube, each with unique membrane
transporters, channels, and mechanical features that provide unique filtration

Fig. 1 Schematic of cell-based tissue engineering strategies. Biocompatible, sometimes bioactive,
scaffolds are seeded with the primary renal, renal progenitor, stem cells, and exposed to regenerative
niche factors to create renal tissue structures
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functions. For example, the proximal tubule resorbs glucose through an elegant
system utilizing a pre-established sodium gradient to co-transport glucose into cells.
Then, using another glucose transporter, moves glucose from the cells back into
circulation. The sodium gradient is also used to resorb all amino acids and 70% of
the water in this portion. The filtrate continues through the loop of Henle that has a
highly water permeable descending portion and a solute permeable ascending
portion that creates a countercurrent multiplication system responsible for concen-
trating the filtrate. The concentrated filtrate then passes through the thick ascending
loop with tight junctions that prevent the resorption of water, so only solutes are
modified there, followed by the distal convoluted tubule that resorbs salt, and finally
a collecting duct responsible for the secretion of acid before it moves into the renal
calyx and to the bladder for excretion. In addition to these filtration functions,
nephron regions also hold specific cells responsible for endocrine and metabolic
functions such as the production of erythropoietin (EPO) discussed earlier, the
production of 1-alpha-hydroxylase for vitamin D metabolism and activation, and
the production of renin that participates in the renin-angiotensin-aldosterone axis to
increase blood pressure in response to renal hypotension (Donnelly 2003; Banerjee
and Jha 2019; Obert and Frazier 2019).

With the current resolution of bioengineering techniques, the complex and
specific placement of cells that provide nephron functions is currently impossible
to recreate artificially. To work around this barrier, researchers have focused on
harnessing the pre-programmed ability of various renally differentiated cells to self-
organize into the nephron structure within a bioengineered construct.

3 Potential Cell Sources for Scaffold Seeding

Early studies of the cell sources capable of forming renal structures within a scaffold
for tissue engineering naturally focused on primary renal cells. One such successful
study by Atala et al. expanded in vitro a heterogeneous population of donor rabbit
kidney cells that included proximal tubule, distal tubule, and glomerular cells and
seeded them onto biodegradable scaffolds for subcutaneous implantation into
athymic mice (Atala et al. 1995). Histological evaluation of these scaffolds showed
the progressive formation and organization of nephron like structures (Atala et al.
1995). However, it was unclear whether these structures were forming de novo from
the cells themselves or undigested pre-formed nephron structures, leading to the
following study that created a single-cell suspension of murine kidney cells for
scaffold seeding and implantation into immune-competent hosts (Atala et al. 1995;
Fung et al. 1996). This study showed that renal tubule-like structures were able to
form from the isolated cells themselves, with histological studies indicating the
successful reconstitution of different nephron segments including the proximal
tubules, distal tubules, loops of Henle, and collecting ducts (Fung et al. 1996).
Branching from these studies, Yoo et al. evaluated whether the structures that
resulted from these methods were functional in vivo (Yoo et al. 1996). Murine
renal cells were seeded onto a tubular scaffold connected to a reservoir via a catheter

238 D. Lim et al.



and implanted this structure subcutaneously into athymic mice (Yoo et al. 1996).
Histological analysis showed that the seeded cells self-organized into proximal
tubule marker, loop of Henle marker, and distal tubule marker positive structures
connected to a glomerular-like structure (Yoo et al. 1996). Evaluation of the reservoir
fluid revealed a urine-like fluid with significant uric acid and creatinine concentra-
tions – indicating that renal structures formed from isolated and expanded primary
renal cells seeded onto scaffolds are capable of filtering and excreting a urine-like
fluid (Yoo et al. 1996).

More recent studies by George et al. have established cell culture methods that
enable the expansion of primary renal cells from normal and damaged primary renal
human tissues (Guimaraes-Souza et al. 2012). In this study, viable cells were isolated
from normal and damaged kidneys and expanded in vitro (Guimaraes-Souza et al.
2012). Primary renal cells isolated from both normal and diseased kidneys showed
similar phenotypic characteristics and growth kinetics (Guimaraes-Souza et al.
2012). Characterization of cells cultured from damaged kidneys showed a compo-
sition of roughly 80% proximal tubular cells, 11% distal tubular cells, and 2%
podocytes – comparable to normal kidney cell isolation (Guimaraes-Souza et al.
2012). These studies demonstrate the feasibility of using primary renal cells isolated
from patients’ damaged kidneys in future studies to form autologous engineered
kidney constructs (Guimaraes-Souza et al. 2012). The main benefit of creating
autologous constructs is that immunogenicity is diminished as the patients’ own
cells with homologous HLA surface markers would be used – eliminating the
complications of and need for life-long immunosuppression (George et al. 2016).

Lanza et al. took a different approach to provide an autologous cell source for
tissue engineering (Lanza et al. 2002). This group seeded cloned renal metanephric
cells onto cylindrical polycarbonate membranes coated in collagen and connected
them to catheters ending in a reservoir for subcutaneous implantation – similar to
studies done by Yoo et al. using primary cells discussed earlier (Yoo et al. 1996;
Lanza et al. 2002). The histocompatible clonal cells were created by taking the
nucleus of adult bovine fibroblasts and transplanting them into enucleated bovine
ooctyes (Lanza et al. 2002). Renal cells were then isolated from 56-day-old cloned
metanephros and expanded in vitro (Lanza et al. 2002). A total of 31 constructs
(19 clones cells, 6 allogenic cells, and 6 no cells) were left to develop subcutaneously
for 12 weeks and subsequently implanted into the same steer that the cells were
derived from (Lanza et al. 2002). When constructs were harvested for analysis, they
showed high vascularization and assembly into glomerular and tubule-like structures
(Lanza et al. 2002). The cloned cell constructs also functionally produced more urine
than allogenic and unseeded constructs (Lanza et al. 2002). In hypersensitivity tests,
the cloned constructs showed no rejection response (Lanza et al. 2002). It is
important to note that this study used methods that generated an early-stage bovine
embryo to isolate renal cells from; therefore, this strategy cannot be applied to
humans for ethical reasons (Lanza et al. 2002). However, this study demonstrates
the feasibility of using different autologous stem cell sources, specifically differen-
tiated into metanephric cells to seed scaffolds to create functional renal structures in
future studies.
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Previous studies have also established methods of isolating primary purified
functional cell types from the kidney that may be used in future tissue engineering
applications. One such study by Van der Hauwaert et al. purified proximal tubular
epithelial cells from human renal tissue through methods of mechanical and enzy-
matic dissociation followed by flow cytometry to select CD10 and CD13 double-
positive cells (Van der Hauwaert et al. 2013). This population of CD10+CD13+ cells
dependably proliferated in culture and maintained proximal tubular cell markers
over the long term (Van der Hauwaert et al. 2013). Another study on specific
functional renal cell isolation by Maxwell et al. identified the restricted location of
erythropoietin producing cells in the interstitium of the cortex and outer medulla of
the kidney using transgenic mice with marker tagged erythropoietin gene loci
(Maxwell et al. 1993). These studies found that the cells in these regions producing
EPO were fibroblast-like type 1 interstitial cells (Maxwell et al. 1993). Based on
these findings, Yamaleyeva et al. isolated fibroblast-like type 1 interstitial cells from
cadaveric kidneys to enrich human primary renal cell cultures with EPO+ cells to
evaluate enrichment effects on rat chronic kidney disease models (Yamaleyeva et al.
2012). The intrarenal delivery of these EPO+ cell-enriched primary renal cells
resulted in better functional recovery and provided renoprotective, anti-fibrotic,
and anti-inflammatory effects compared to controls (Yamaleyeva et al. 2012).
These studies demonstrated the functional use of these isolated primary cell
populations and potential benefits when presented together with other cell groups
for renal tissue engineering applications.

The use of primary renal cells discussed above is the most well-established for
future use in engineering renal constructs. However, other cell sources have also
shown success in producing renal structures and present some advantages to using
primary renal cells. For example, the use of stem cells as a source of renal cells may
be more beneficial for the commercialization of tissue-engineered constructs because
they have the potential to be cultured for longer periods of time and yield larger
amounts of renal cells for successful seeding of scaffolds.

A potential autologous stem cell source is the adult renal progenitor cell popula-
tion. The identification of this cell type as a stem cell is still a controversial topic.
Though the ability of the kidney to regenerate during times of acute injury has been
documented for many years – indicating the presence of a regenerative cell source –
there remains much debate about whether the source of tissue recovery is a self-
renewing stem cell population or an adult cell induced to exhibit stem-like behaviors
during times of injury. In either case, the regenerative cells have specific surface
markers that can be utilized to isolate these cell types for tissue engineering pur-
poses. Different populations of renal progenitor cells have been identified through-
out the nephron and papilla of the kidney (Li and Wingert 2013). One population is a
subset of CD133+CD24+ parietal epithelial cells in the Bowman’s capsule that has
the potential to differentiate into podocytes and tubular epithelium, as well as
adipocytes and osteocytes (Bussolati et al. 2005; Sagrinati et al. 2006). Following
studies by Ronconi et al. found that within this population, CD133+CD24+PDX-
cells were able to differentiate into podocytes and tubules, whereas CD133+CD24
+PDX+ cells were only able to differentiate into podocytes with the former
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obviously more successful in providing functional recovery of reduced proteinuria
and glomerular damage after injection in Adriamycin-induced nephropathy mouse
models (Ronconi et al. 2009). Another population of cells in the renal papilla was
identified as possibly stem-like in studies by Oliver et al. tracking low-cycling cells
in the adult kidney using nucleotide bromodeoxyuridine (BrdU) labeling (Oliver
et al. 2004). Ward et al. and Patschan et al. further reported that CD133/1+nestin+
cells isolated from the adult human papilla and cortex were capable of undergoing
tubulogenesis, and in metanephric organ culture, CD133/1+nestin+ cells integrated
into mouse-derived tubules in in vitro cell culture (Ward et al. 2011; Patschan et al.
2007). Other populations of renal progenitor cells have been found to be localized in
the proximal tubule and distal convoluted tubule with a CD133+CD24+CD106-
expression profile. Injection of these cells into SCDI mice with acute kidney injury
showed engraftment of these cells, formation of new tubule cells, and improved
renal function (Angelotti et al. 2012).

Another approach to finding a renal cell source has been to use embryonic stem
cell (ESC) populations that will be able to produce the different renal cell types
needed for kidney formation. Though the use of ESCs is not feasible for human
studies and clinical applications, the findings of these studies can inform the
direction of future tissue engineering studies using other progenitor cell populations
and are therefore discussed below. The identification of which progenitor cell
populations will be able to reconstitute functional renal cells is heavily dependent
on an understanding of kidney embryology, which we will briefly discuss below.

Viewed simplistically, the primitive streak that engenders all body structures at
the beginning of embryological development forms a polarity. The primitive poste-
rior streak develops into the intermediate mesoderm (IM) that further differentiates
into an anterior and posterior IM (Mugford et al. 2008). The anterior IM develops
into the nephric duct that yields the ureteric bud, and the posterior IM develops into
the metanephric mesenchyme that yields the cap mesenchyme (Basta et al. 2014).
The cap mesenchyme is a self-renewing renal stem cell population that condenses to
undergo a mesenchymal-to-epithelial transition after receiving a series of signals
from the ureteric bud to form an epithelialized renal vesicle that undergoes prolifer-
ation, morphogenesis, and maturation to eventually become the intricately seg-
mented nephron structure that contains discrete glomerular, proximal tubule, and
distal tubule regions (Rothenpieler and Dressler 1993; Little and McMahon 2012;
Herzlinger et al. 1992). Simultaneously, the ureteric bud receives signals from the
condensing renal vesicles to undergo branching to eventually develop the collecting
duct system that the developing nephron connects to (Little and McMahon 2012;
Kurtzeborn et al. 2018). Vascularization of the developing kidney occurs as endo-
thelial precursors differentiated from initial kidney anlagen and ingrowth from
external sources migrate to a groove called the vascular cleft on the lower aspect
of the renal vesicle, most likely driven by VEGF-VEGFR signaling, to begin
forming the glomerular capillary tuft (Abrahamson 2009) (Figs. 2 and 3).

Additionally, clonal analysis tracing renal progenitors from E13.5 to P1 during
kidney development showed tubules had polyclonal origin – indicating that renal
vesicles in different stages of nephron branching contain different populations of
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progenitor cells (Rinkevich et al. 2014). To tag different clonal populations to
genetically trace individual epithelial cells within the adult kidney, Rinkevich et al.
crossed Actin CrER mice with “rainbow” mice (Rinkevich et al. 2014).
Immunostaining for segment-specific markers showed specific cell populations of
the proximal tubule, distal tubule, and collecting duct fates (Rinkevich et al. 2014).
Clonal expansion during injury showed that specific clones expanded longitudinally
and perpendicularly within the same tubule but did not extend into adjacent tubule
segments, and long-term fate analysis showed that clones maintained single epithe-
lial lineage identity (Rinkevich et al. 2014). These data indicate that lineage-
restricted renal vesicles are created during cap mesenchyme condensation.

Some of the early tissue engineering studies based on this foundational knowl-
edge focused on the metanephros that develops into nephron progenitors for in situ
organ development. Hammerman et al. harvested metanephroi from embryonic
tissue then placed the metanephroi in media containing growth factors to encourage
further renal development (Hammerman 2007). The tissue was then implanted into
the highly vascularized omentum for maturation into the kidney cortex and medulla
structures (Hammerman 2007). The tissue developed architecture comparable to that
of the native kidney and also became vascularized with anastomoses with host
arteries in the omentum (Hammerman 2007). Functionally, these developed tissues
were able to ultrafilter inulin with a GFR between 6% and 11%, produce EPO, and
metabolize vitamin D3 (Hammerman 2007). They also had a survival of up to
32 weeks (Hammerman 2007). Building upon these findings, Rogers et al. evaluated
the survival benefit that these implanted metanephroi provided by transplanting
allogenic metanephroi into omentum of rats with simultaneous single nephrectomy
(Rogers and Hammerman 2004). Ureteroureterostomy was performed on the devel-
oping kidney 3 weeks post-implant, and at 20 weeks post-transplant, the remaining
native kidney was removed (Rogers and Hammerman 2004). There was a clear
survival benefit provided by rats that had received the metanephroi transplant
compared to controls (Rogers and Hammerman 2004). Rats that had their ureterour-
eterostomy severed at the time of second kidney removal had survival comparable to
controls – indicating clear survival benefit and function provided by the implant
(Rogers and Hammerman 2004). Marshall et al. expanded upon these studies and
demonstrated that the survival time benefit was proportional to the transplanted
metanephroi renal mass (Marshall et al. 2007).

Kim et al. also transplanted fetal kidney cells at different gestational stages seeded
onto a scaffold for transplantation into the omentum (Kim et al. 2007). The results of
using early gestational stage cells (E14.5) demonstrated the formation of early
glomeruli and tubules as well as the formation of nonrenal bone and cartilage tissue

�

Fig. 3 (continued) nephron progenitor cells that form a comma-shaped body and an S-shaped body.
The distal portion of the S-shaped body develops podocyte progenitors that form a vascular cleft –
attracting endothelial cells most likely via VEGF-VEGFr signaling. The vascular cleft eventually
develops into the glomerulus, and the extending tubular progenitors develop the specialized tubular
epithelia
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(Kim et al. 2007). Engineered tissues using cells from later gestational stages (E20.5)
developed into nephron structures without differentiation into bone and cartilage
tissues (Kim et al. 2007). However, constructs using these later-stage cells showed
fewer nephron structures than those using earlier stage cells for seeding (Kim et al.
2007). This study highlights the importance of selecting the correct timing for
harvest when using fetal kidney cells, or fetal kidney like cells, for renal tissue
engineering purposes.

What we can gain from this research is that metanephroi or metanephroi-like cells
hold much potential to be grown into functional kidney tissue in situ. Though these
results are profound and the potential of using cells from embryological origin to
more fully understand renal tissue formation is great, as mentioned earlier, the use of
embryonic tissues or embryonic stem cells for practical clinical applications is
hindered by ethical barriers and governmental policies. ESC research is permitted
in limited locations worldwide. However, the findings from embryonic stem cell
studies discussed above can inform the direction of future studies using induced
pluripotent stem cells (iPSCs), a promising alternative to ESCs. iPSCs are cells from
skin fibroblast, blood cell, or even mature kidney origin that can be treated with a
series of four transcriptional factors, often referred to as the Yamanaka factors, that
force the de-differentiation of these cells into an ESC like state capable of sponta-
neous self-renewal (Zhou et al. 2012). Several groups have developed methods of
driving these de-differentiated human iPSCs into renal cells. These groups have all
utilized an understanding of key stepwise developmental cues provided in different
stages of kidney embryogenesis to provide culture conditions necessary to artificially
guide renal development.

Takasato et al. are a group leading these iPSCs to renal cell conversion efforts that
successfully upregulated wingless/integrated signaling (Wnt signaling) by exposing
iPSCs to CHIR 99021, a glycogen synthase kinase beta 3 inhibitor, followed by
fibroblast growth factor 9 (FGF9) to produce renal progenitor cells (Takasato et al.
2014, 2016a; Takasato and Little 2016). Longer periods of Wnt signaling were found
to encourage the intermediate mesoderm to generate metanephric mesoderm and
nephron progenitors, whereas shorter periods of Wnt signaling encouraged the
formation of ureteric bud progenitors (Takasato et al. 2016b). Other groups found
that retinoic acid exposure pushed intermediate mesoderm cells toward ureteric bud
lineage, whereas blockade of retinoic acid pushes IM to form metanephric mesen-
chyme and nephron progenitors (Takasato et al. 2016b). These initial studies also
showed that 3D aggregate culture of these renal precursors into organoids made from
iPSCs was able to develop renal structures that mimic tissue architecture. This
strategy may potentially be used in the future to seed renal scaffolds to yield more
stable renal structures or be used in other micro tissue engineering efforts to model
kidney disease or test drugs. However, these organoid studies are still in the early
stages. One concern that needs to be addressed before using organoids for these
purposes is that there are some discrepancies between renal structures formed within
organoids and those formed within native tissue (Eremina et al. 2003; Bernstein et al.
1981). For example, podocytes created within organoids do not generate the full
repertoire of mature proteins seen in normal development (Eremina et al. 2003).
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Furthermore, tubules developed in organoids structurally resemble proximal and
distal tubule segments, but again, do not express the full repertoire of RNAs
characterizing these cells in vivo (Wu et al. 2018). It is currently unclear whether
these discrepancies are due to the need for further maturation of these organoids or
due to a discrepancy in cell types formed (Morizane et al. 2017; Morizane and
Bonventre 2017). Other points of concern for using organoid structures for renal
tissue engineering are that several cell types typically not thought to play a role in
renal embryogenesis are found within organoids – possibly indicating that iPSC
differentiation protocols need better control (Morizane et al. 2017). Human kidney
organoids do not recapitulate the normal kidney’s organization into the cortex, outer
medulla, and inner medulla.

Other potential cell sources that may be used for renal tissue engineering are
external adult stem cell populations like amniotic fluid stem cells (AFSCs) and
mesenchymal stem cells (MSCs) that are readily available commercially and can
also be isolated autologously.

AFSCs have been successfully isolated to maintain self-renewal capacity and
have been shown to have some beneficial renoprotective and regenerative outcomes
in cell therapy treatments in renal insufficiency models (Hauser et al. 2010; Rota
et al. 2012; Sedrakyan et al. 2012, 2017; Baulier et al. 2014). More studies need to be
done on the mechanism of this effect as there is currently no data demonstrating the
direct differentiation of AFSCs into renal structures for use in tissue engineering.

Renal-derived MSCs have been discovered to have a more nephrogenic gene
expression profile and have been shown to differentiate into renal epithelial cells,
EPO+ fibroblasts, and juxtaglomerular cells containing renin granules (Chen et al.
2008). This is an attractive cell source for tissue engineering, but their populations
are exhausted over the course of renal disease progression, making them unsuitable
as an autologous cell source. Nonrenal MSCs from bone marrow, adipose tissue,
placenta, cord, and blood origins have been studied in depth using renal insuffi-
ciency models. These studies demonstrate that MSC delivery during renal insuffi-
ciency provides a renoprotective and regenerative effect (Morigi et al. 2004; Choi
et al. 2009). However, the consensus has been that these effects are mainly a result of
MSCs’ paracrine and endocrine effects that support the proliferation of local cells,
with evidence of a very small percentage of direct differentiation into renal structures
themselves. It may be the case that in natural injury settings MSCs may mainly work
through paracrine and endocrine effects, but Yokoo et al. profoundly demonstrated
the potential of bone marrow-derived human MSCs to directly differentiate into
renal structures when put into a nephrogenic environment – confirming that they
possessed the machinery to be differentiated into renal structures only postulated in
previous studies (Yokoo et al. 2005). This study injected bone marrow-derived
human MSCs pre-transfected with GDNF and labeled with LacZ into the
nephrogenic region of a rat embryo that naturally provided all of the necessary
developmental signals for nephrogenesis (Yokoo et al. 2006). These constructs were
transplanted into the omentum for development and were found to become highly
vascularized and integrated into omental tissue with functional EPO production in
response to anemia (Yokoo et al. 2006; Yokoo et al. 2008).
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4 Tissue Construct Template Materials

In addition to determining adequate cell populations for seeding, identifying efficient
scaffolds and 3D culture conditions for the creation of a suitable niche to guide renal
regeneration is crucial to the success of renal tissue engineering strategies. A scaffold
has been defined as a biomaterial structure that serves as a substrate and guide for
tissue repair and regeneration (Williams 2006). To this end, three main types of
scaffolding systems have been explored: natural polymers, synthetic polymers, and
biologic tissue matrices or decellularized organ scaffolds.

Natural polymers are biocompatible with characteristics of native tissue that are
able to support and guide cell behaviors like cell activation, migration, proliferation,
and differentiation. Collagen, HA, chitosan, fibrin, alginate, and agarose are some
that have been used in renal tissue engineering studies. Of these, collagen and HA
have been extensively studied (Manuela Gomes et al. 2008).

Collagen has been used extensively for tissue engineering applications over the
past decades because it is biodegradable, biocompatible, easily available, and highly
versatile (Parenteau-Bareil et al. 2010). Collagen and collagen-based hydrogels have
been specifically used in many renal tissue engineering studies that have demon-
strated the successful generation of renal structures from seeded cell sources. Wang
et al. demonstrated the successful recapitulation of native glomerular tissue using a
collagen vitrigel-based membrane scaffold when seeded with primary glomerular
epithelial and mesangial cells isolated from renal tissues (Wang and Takezawa
2005). On a larger scale, Lü et al. also used a collagen-based scaffold to provide
adequate scaffolding for a mixed population of neonatal rat renal cells to self-
assemble into renal tissues that contained tubule and glomeruli-like structures (Lü
et al. 2012). Revisiting a study mentioned above when discussing cell sources,
Guimaraes-Souza et al.’s study of using primary renal cells isolated from normal
and diseased kidneys for tissue engineering purposes demonstrated not only proper
renal structure formation but also the development of functional capabilities in renal
cells grown in a collagen-based scaffold (Guimaraes-Souza et al. 2012; George et al.
2016). Furthermore, this functional tissue construct, when implanted subcutaneously
in mice, was viable for up to 6 weeks (Guimaraes-Souza et al. 2012; George et al.
2016). Taken together, these studies and others using collagen-based scaffolds
identify this material as one supportive of functional renal structure formation.

Hyaluronic acid (HA) is a glycosaminoglycan that has also been used in several
gel-based scaffolds for tissue engineering purposes because it is highly biocompat-
ible and has cross-linking capabilities (Chircov et al. 2018). Hyaluronic acid is of
specific interest in renal tissue engineering because a high level of synthesis and
degradation naturally occurs during kidney development (Rosines et al. 2007).
Rosines et al. studied the role of hyaluronic acid concentration during renal organ-
ogenesis and found specific benefits of using this ECM material for renal tissue
engineering (Rosines et al. 2007). This group found that hyaluronic acid has the
ability to modulate ureteric bud branching, promote mesenchymal-to-epithelial
transformation for nephron formation, and promote differentiation of both the
metanephric mesenchyme and ureteric bud (Rosines et al. 2007). More specifically,
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they found that hyaluronic acid stimulated ureteric bud branch morphogenesis at low
concentrations (0.1%) and low molecular weights (6.55 kDa) but inhibited
branching at high concentrations (3.75%) and molecular weight (234.4 kDa)
(Rosines et al. 2007). Furthermore, hyaluronic acid at every molecular weight tested
promoted collecting duct differentiation, and a variety of molecular weights strongly
promoted mesenchymal to epithelial transformation for nephron differentiation in a
concentration-dependent manner (Rosines et al. 2007). These findings suggest that
hyaluronic acid may be a good scaffold material for renal tissue engineering that not
only supports growth but also potentially provides a means of controlling and
guiding specific morphogenesis through the use of different concentrations.

Though using these natural polymers as biomaterials is very promising for renal
TE, a major shortcoming is that it is limited in architectural control and mechanical
properties, and there is fast degradation (Bryant and Anseth 2001). For this reason,
synthetic scaffolds have also been studied for renal TE. Synthetic polymers like
polylactic acid, polyglycolic acid, and polylactic-co-glycolic acid have been studied
for the purposes of tissue engineering because they are nontoxic and biodegradable,
have a well-controlled degradation profile, and allow for simple fabrication tech-
niques. In early studies, Yoo et al. demonstrated the feasibility of using these poly-
mers in vitro and in vivo (Yoo et al. 1996). These studies, mentioned above, used a
porous tubular polycarbonate scaffold seeded with proximal tubule epithelial cells
connected to a reservoir via a catheter that supported the formation of functional
renal structures in vitro (Yoo et al. 1996). This system was subsequently subcutane-
ously implanted and resulted in the formation of a urine-like fluid collected in the
reservoir (Yoo et al. 1996). These studies profoundly demonstrated that polycarbon-
ate scaffolds could feasibly be used for future tissue engineering studies as they
supported not only the proper formation of renal structures but also the function of
these engineered tissues. Synthetic scaffolds to support renal structure formation was
also utilized by Kim et al.’s studies evaluating the importance of gestational age of
fetal kidney cells for use in renal tissue engineering also used a synthetic polymer,
porous PGA, and successfully showed that this scaffold material supported the
development of nephron structures (Kim et al. 2007).

Although the formation of renal structures is supported in these scaffolds, the
shortcomings of these synthetic materials are that there are only a few materials
compatible with 3D printing, and more importantly, the materials are inherently
unable to fully recapitulate a regenerative niche because of their inert qualities that
do not allow for the participation in the regenerative process. It is thought that to
recapitulate the regenerative environment of the kidney fully, an inert material is not
the ideal source (Williams and Challenges 2019).

A promising alternative source of biomaterials that adequately recapitulates renal
regenerative niches are decellularized scaffolds. The basic strategy of using a
decellularized scaffold is to remove native cells using detergents to leave behind
an extracellular matrix that maintains the organ’s original architecture. This scaffold
is subsequently repopulated with cells, possibly from the different cell sources
discussed above. The use of a decellularized scaffold as a template for tissue
regeneration is attractive because they have collagen-rich matrices that degrade
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more slowly than those created with natural polymers. They are also able to actively
participate in the tissue regeneration process unlike inert synthetic scaffolds because
they can be efficiently remodeled by extracellular matrix proteins produced by
seeded cells (Williams and Challenges 2019). Another critical advantage of using
this strategy is that the native spatial architecture of the kidney is currently impos-
sible to recapitulate using natural and synthetic polymers. This strategy is still in its
early stages with many promising approaches that still need to be tested for the
successful development of functional kidney structures and for vascular integrity and
reperfusion over long-term periods. Early studies in using decellularized scaffolds
have only been performed in short-term experiments that show limited success due
to the relative immaturity and seeding efficiency of cells. Longer-term studies are
postulated to have better results in the future.

Ross et al. performed initial studies that harvested and decellularized rat kidneys
using detergents and seeded them with murine ESCs via arterial or ureteral perfusion
(Ross et al. 2009). The scaffold after decellularization was evaluated by scanning
electron microscopy and immunohistochemistry to reveal an intact microstructure
and a type 4 collagen and laminin-rich network (Ross et al. 2009). Histological
analyses of the scaffold showed that the perfused ESCs populated glomerular,
tubular, and vascular regions of the scaffold (Ross et al. 2009). A similar method
of decellularization and reperfusion was used by Nakayama et al. to decellularize
rhesus monkey kidneys at different stages of development (Nakayama et al. 2010).
These scaffolds were evaluated with immunohistochemistry to assess the preserva-
tion of extracellular matrix proteins important to kidneys, including heparan sulfate,
fibronectin, type I collagen, type IV collagen, and lamanin (Nakayama et al. 2010).
Their findings demonstrated that the decellularized kidneys provided sufficient
structural properties that supported the migration of seeded cells in an
age-dependent manner by proving the spatial and organizational influences on
human ESC migration and differentiation (Nakayama et al. 2010).

Song et al. were another group that utilized a decellularized scaffold for renal
tissue engineering. This group decellularized cadaveric rat kidneys that were seeded
first with endothelial cells sources from human umbilical vein via perfusion through
the renal artery, followed by seeding with a mixture of neonatal kidney cells of
different epithelial phenotypes via the ureter (Song et al. 2013). The kidney vascu-
lature was successfully lined with endothelial cells after 3–5 days in culture and
epithelial repopulation of the scaffold was seen as early as 4 days in culture (Song
et al. 2013). Histological evaluation showed that the mixture of neonatal kidney cells
engrafted based on their phenotype to specific regions on the extracellular matrix
(Song et al. 2013). For example, the tubular epithelial cells organized into tubular
structures and podocytes, specifically seeded glomeruli (Song et al. 2013). Func-
tionally, the seeded kidneys had a 10% clearance of creatinine and retained albumin
and resorbed glucose better than decellularized controls (Song et al. 2013). However,
the seeded kidneys showed less effective creatinine clearance and urine excretion
function than cultured cadaveric kidneys (Song et al. 2013). These seeded kidney
constructs were then orthotopically transplanted after a single nephrectomy in rats
(Song et al. 2013). The transplants demonstrated successful reperfusion and urine
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production – though again less than native controls (Song et al. 2013). These studies
are significant in that they demonstrate the feasibility of using a decellularized
scaffold for renal tissue engineering as functional renal structures resulted after
seeding. However, there is a need for future studies to optimize this method to
provide a better niche that allows for improved functionality of the renal structures
before this strategy becomes clinically viable. For sustainable use, the fabrication of
acellular renal scaffolds on a clinical scale with efficient recellularization strategies
also still needs to be developed.

Furthermore, successful vascularization and perfusion remain a major challenge
in being able to use decellularized scaffolds as a tissue engineering template. The
seeded scaffolds have to be perfused successfully with blood for nutrient and oxygen
delivery as well as waste removal. However, if functional complete endothelial
seeding is not achieved before perfusion, thrombosis is likely to occur. To address
this issue, Novitskaya et al. pre-treated vascular lumen of porcine decellularized
kidneys with CD31 antibody conjugation to enhance the retention of subsequently
seeded endothelial cells (Novitskaya et al. 2014). This strategy improved the vas-
cular patency of the scaffold post-implantation (Novitskaya et al. 2014).

Vascularization and reperfusion is not only a major challenge of using
decellularized scaffolds but of tissue engineering strategies as a whole when con-
sidering organizing the discussed cell sources and scaffold materials to create
sustainable constructs. Some of these strategies are discussed below.

5 Vascularization

Vascularization of bioengineered organs has presented significant challenges in large
organ development. Thus far, construct design has been limited by the fact that cells
typically need to be within 100–200 μm of an oxygen and nutrient source for
survival (Jain et al. 2005). For sufficient survival of cells without vascular adjust-
ment, constructs need to be small, thin, or porous to rely on diffusion from the host’s
vascular supply (Rouwkema and Khademhosseini 2016). Furthermore, the rate of
spontaneous vascular infiltration is often limited to several tenths of micrometers a
day – meaning that it would take several weeks for host vasculature to naturally
vascularize an implant several millimeters thick (Rouwkema and Khademhosseini
2016). To work around these challenges for larger organs, several approaches have
been taken, including scaffold functionalization, cell-based techniques, modular
assembly, bioreactor designs, in vivo systems, and microelectromechanical
systems-based microfluidics approaches. Scaffold functionalization is achieved by
loading scaffolds with pro-angiogenic factors like vascular endothelial growth factor
(VEGF) and/or adjusting the porosity or channeling of a scaffold (Zisch et al. 2003a;
Radisic et al. 2006; Zhang and Suggs 2007; Rosa et al. 2017; van Rensburg et al.
2017; Zisch et al. 2003b; Andrae et al. 2008; Caballero Aguilar et al. 2019). Cell-
based techniques coculture scaffolds with either endothelial cells or growth factor-
producing cells (Wenger et al. 2004, 2005; Borges et al. 2003; Rouwkema et al.
2006; Yang et al. 2007). Modular assembly combines microtissues seeded with
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desired organ cell types coated with endothelial cells into a macrotissue structure or
combines small single- or multi-channel hydrogels to form a larger structure (Kelm
et al. 2006; McGuigan and Sefton 2006; Chrobak et al. 2006). These techniques
increase angiogenesis, but the vascular organization and connectivity with host
vasculature once implanted is slow and not biomimetic, often resulting in vessels
that were disorganized, unstable, leaky, and hemorrhagic. Bioreactor designs
mechanically force media or nutrients through a porous scaffold to maintain viability
in vitro so constructs can develop before being placed in vivo (Fassina et al. 2018;
Birru et al. 2019). In vivo systems approaches involve multistep surgical procedures
in which constructs are initially placed in vivo next to arterial loop systems to
develop vasculature and then removed and placed in the functional anatomical
location (Shimizu et al. 2006). Though effective, this approach unfavorably required
multiple surgeries and can lead to complications. Lastly, microelectromechanical
systems-based synthetic or biodegradable microfluidics approaches build vascular
networks to be placed into tissue constructs using either stacking of single-layer
microfluidic networks followed by bonding to form a 3D structure with plasma
etching or lithographic techniques or by using direct-write assembly and computa-
tional modeling techniques to generate 3D microfluidic devices using a mixture of
sacrificial and non-sacrificial materials (Hasan et al. 2014; Chandra and Atala 2019;
He et al. 2014; Lovett et al. 2009; Therriault et al. 2003; Liu et al. 2019; Zhang et al.
2018). Previous studies using these microfluidics approaches were successful in
creating vascular networks, but the design complexity was limited and did not
recapitulate native vasculature (Lovett et al. 2009).

Huling et al. have recently taken a novel microfluidics approach to generate a
more biomimetic vascular network. This group developed a technique that involves
using a sacrificial material (polycaprolactone, PCL) that is perfused into the arteries
of native kidney tissue (Huling et al. 2019). After this material solidifies, the
surrounding tissue is digested, leaving behind a cast of just the kidney vasculature
(Huling et al. 2019). This cast is then coated with collagen and subsequently
removed, leaving behind a hollow collagen microvascular scaffold that is then
seeded with endothelial cells and placed in a kidney cell-laden hydrogel (Huling
et al. 2019). The results show that this process successfully generates a biomimetic
vascular network; however, achieving functional anastomosis between the implant
and host vasculature in a timely manner remains a challenge to be addressed in the
future.

6 Conclusions

Many advancements have been made in the study of renal cell-based tissue engi-
neering in the past few decades. Cell-based studies have discovered several cell
sources capable of recapitulating renal structures when cultured within a three-
dimensional scaffolding system. Furthermore, these studies have utilized and
assessed the success of a variety of biomaterials for renal tissue engineering
purposes.
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However, several challenges still remain before renal tissue engineering can be
used therapeutically. It is becoming increasingly apparent that foundational knowl-
edge regarding the natural microenvironments for renal regeneration is lacking. How
the mechanics of scaffold materials themselves affect renal structure formation is
still an area of understanding that needs to be developed. Furthermore, the exact
signaling pathways and duration of factor secretion during times of kidney injury
and repair need to be better understood for adequate recapitulation of the regener-
ative niche. Safe and effective scaffold seeding and implantation techniques also
need to be further developed with a special focus on vascularization to allow for
better construct survival as well.

Despite this, or perhaps due to, these challenges renal tissue engineering presents
an exciting field of future study. From foundational research to clinical studies, the
study of the multifaceted approaches to making this technology feasible for thera-
peutic use holds the potential to profoundly impact the lives of patients worldwide
and change the clinical climate.
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Abstract

Many conditions can damage the lower urinary tract tissues, including trauma,
inflammation, cancer, and congenital anomaly. Unfortunately, reconstruction of
the human bladder and urethra remains a great urological challenge. This is due to
the limited availability of tissue substitutes that can be used for reconstruction.
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Consequently, the use of intestinal tissue has remained as the gold standard for
bladder reconstruction and repair, despite the associated complications, such as
mucus production, electrolyte imbalances, recurrent infections, and malignancies.
Similarly, the option for urethral tissue reconstruction is also limited. The autol-
ogous buccal mucosa is the most widely used material currently; however, donor
site morbidity and stricture recurrence are continued problems. Tissue engineer-
ing has been introduced as a promising solution to repair and reconstruct lower
urinary tract tissues, including the bladder and urethra. Clinical translation of
tissue-engineered products has made significant progress in developing tangible
therapies and inspiring the next generation of medical science over recent
decades. Cell-based tissue engineering approaches have been employed to treat
bladder and urethral pathologies in patients, demonstrating that multicellular
tissues and organs with complex functions can be built for clinical use. This
chapter covers the recent advancements in tissue engineering in the lower urinary
tract tissues. Specifically, we discuss the strategic approaches, components used,
supporting technologies, and tissue applications of the bladder and urethra.

1 Introduction

The lower urinary tract is mainly comprised of the bladder and urethra. The bladder
is a hollow organ that stores and expels urine through the urethra (Balsara and Li
2017). Anatomically, the bladder is composed of two main parts: a highly special-
ized urothelium and a compliant detrusor. The bladder wall consists of a urothelial
cell-lined lumen surrounded by connective tissue and smooth muscle layers
(Ajalloueian et al. 2018). The detrusor muscle, composed of smooth muscle fibers,
relaxes to accommodate urine deposition and contracts to expel urine when full. This
elastic tissue property permits the storage of a large volume of urine. The urothelium,
consisting of transitional epithelial cells, covers the bladder lumen, which acts as a
barrier to preventing urine and waste product absorption. The connective tissue layer
present between the urothelium and detrusor muscle is lamina propria, which is
involved in modulating bladder tissue responses. The lamina propria contains
fibroblasts, interstitial cells, and adipocytes, rich in blood vessels, afferent, and
efferent nerve endings (Andersson 2014).

The lower portion of the bladder or neck is connected to the urethra, consisting of
fibromuscular tubular tissue. The urethra serves as a passage for urine expelled from
the bladder and semen from the ejaculatory ducts. The male urethra is 18–20 cm in
length and 8–9 mm in diameter and is divided into prostatic, membranous, bulbar,
and penile urethra (Partin et al. 2015). The most proximal portion is the prostatic
urethra, which commences from the bladder and is entirely enclosed within the
prostate. The mid-portion of the prostatic urethra is the opening of the paired
ejaculatory ducts. The membranous portion extends from the apex of the prostate
to the bulbar urethra. Pseudostratified columnar epithelium covers the membranous
urethra and the external urethral sphincter and urogenital diaphragm surrounds it.
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From the bulb of the penis to the urethral meatus is the penile urethra (Abbas et al.
2019). In adult females, the urethra is 3–4 cm in length and is embedded behind the
symphysis pubis. The urethral wall divided into four layers from innermost to outer
are (1) epithelium, (2) sub-mucosa, (3) fascial layer, and (4) two layers of smooth
muscles (Gabrich et al. 2007). Squamous epithelial cells line most of the female
urethra except for a small group of transitional epithelial cells in the proximal urethra
(Liu et al. 2016).

There exist many conditions that can damage the lower urinary tract tissues.
These include trauma, inflammation, cancer, and congenital anomaly (Lazzeri et al.
2016). Over the years, reconstructing the lower urinary tract has been performed to
repair damaged or diseased tissues using various tissue substitutes, ranging from
autologous to allogenic to manufactured synthetic sources. While reconstructive
efforts have had variable successes over the years, challenges remain to be addressed
on the horizon. Reconstruction of the bladder remains one of the most significant
challenges in urology. Since the first cystectomy for bladder cancer in 1887, pursu-
ing the most suitable replacement tissue substitutes for the bladder has been an
ongoing challenge (Poole Wilson and Barnard 1971). Consequently, the use of
intestinal tissue has remained as the gold standard for bladder reconstruction and
repair, despite the associated complications, such as mucus production, electrolyte
imbalances, recurrent infections, and malignancies (Adamowicz et al. 2019a; Pi
et al. 2018). Similarly, the urethral tissue reconstruction due to trauma or congenital
malformation such as hypospadias is also a surgical challenge (Keays and Dave
2017). The autologous buccal mucosa is the most widely used material; however,
donor site morbidity and stricture recurrence are continued problems (Caldamone
et al. 1998; Markiewicz et al. 2008).

Tissue engineering has been introduced as a promising solution to repair and
reconstruct lower urinary tract tissues, including the bladder and urethra. Tissue
engineering is a field that applies the principles of cell biology, biomaterials
science, and engineering to develop biological substitutes for repairing damaged
tissues and restore normal function (Griffith and Naughton 2002; Mangir 2019a).
In 2006, the first clinical trial for bladder augmentation using tissue engineering
was reported, a milestone in the field (Atala et al. 2006a). Using cell-seeded
biodegradable grafts proved that multicellular structure organs with complex
functions could be built for clinical use. The urethra is another tissue repaired
using tissue engineering techniques in patients with stricture diseases (Raya-
Rivera et al. 2011). Clinical translation of tissue-engineered products has made
significant progress in developing tangible therapies and inspiring the next gener-
ation of medical science over recent decades. Increasing numbers of
FDA-approved tissue products are being tested in the clinic, indicating that tissue
engineering has become a promising alternative approach for tissue and organ
replacement (Griffith and Naughton 2002). This chapter covers the recent advance-
ments in tissue engineering applications in the bladder and urethra. We discuss the
strategic approaches, components used, supporting technologies, and tissue appli-
cations of the bladder and urethra.
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2 Engineering Strategies for Bladder and Urethra

In 1917, the initial application of a free fascia tissue graft for canine bladder augment
was reported. Since then, numerous graft materials have been tried in bladder
reconstructive studies (Neuhof 1917). In 1950, bladder reconstruction using a plastic
mold was performed in dogs (Bohne and Urwiller 1957), and then in humans
(Sanchez et al. 1958). The efforts to find ideal materials for bladder tissue recon-
struction have been continued. Reconstruction of the human bladder remains one of
the greatest challenges in urology. Currently, intestinal tissue is being used as a gold
standard for bladder repair. However, because of gastrointestinal tissue incompati-
bility with urine, a series of complications occur, including mucus production,
recurrent urinary tract infections, electrolyte imbalances, and malignancy. As such,
investigators have sought to develop alternative methods, including auto-
augmentation, tissue expansion, ureterocystoplasty, and regenerative medicine
with cell transplantation (Partin 2015).

Regenerative medicine strategies include cell-based therapies, the use of scaffolds
seeded with cells, and biomaterials alone (Partin 2015). An ideal neobladder for
application in patients should have a large storage capacity, high compliance, low
pressure for continence, and voluntary emptying without residual urine (Koie et al.
2018). The desired tissue substitute for urinary bladders’ engineering should be
nonmigratory, non-antigenic, volume stable, and safe (Partin 2015). In respect of
functionalization strategies, bioactive factors could be incorporated into biomaterials
and scaffolds. For example, pharmacological factors released by electrospun bio-
materials to stimulate new extracellular matrix formation and angiogenesis have
been suggested (Mangır et al. 2017; Mangır et al. 2016).

Although the urethra is an adjacent tissue structure connected to the bladder, its
engineering approaches depend primarily on the type of tissue substitutes used, such
as degradable biomaterials. The ultimate goal is to reconstruct normal functioning
urethra that includes the structural and biological properties similar to native tissue.
Urethral stricture is a common condition caused by injury, infection, and congenital
anomaly, characterized by narrowing or obstruction of urine passage. Management
of complicated, lengthy urethral strictures is considered a difficult and challenging
task due to frequent recurrence rates. Many tissue substitutes have been used for
urethral repair applications, such as skin and oral mucosa grafts; however, these
materials have not been entirely satisfactory (Mangir 2019a). Recent success in
human urethra repair using tissue engineering techniques provides hopes to patients
in need (Raya-Rivera et al. 2011).

Urethral tissue engineering strategies require the universal requirements such as
proper mechanical compliance, barrier function to avoid urine leakage to the under-
lying layer, and specific considerations for different urethral segments such as elastic
properties to accommodate structural changes during the erection of the penis.
Furthermore, the engineered tissue compliance is vital in adapting pressure during
micturition, where the bladder pressure increases up to 50–60 cm H2O with the urine
flow rate of approximately 20–30 mL/s (Mijailovich et al. 2007). Therefore, urethral
tissue with passive viscoelastic properties must prevent the escalation of pressure in
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the bladder that could reflux and damage the upper urinary tract (Yalla and Burros
1974). It is known that even a very short stricture can affect renal function. The most
common cause of renal transplantation before puberty is posterior urethral valves in
children where normal urine flow is disrupted (Husmann and Rathbun 2006).

To achieve urethral tissue’s functional properties, efforts have focused on devel-
oping tissue constructs that replicate the native tissue configuration, consisting of
smooth muscle and epithelial layers. The epithelial lining is an important tissue
component that prevents leakage of cytotoxic urine into the body, thus avoiding the
possible occurrence of inflammation, fibrosis, and stricture (Akkad 2007). For the
cell-based tissue constructs, the viability of cells within the scaffold can be affected
by exposure to urine (Rajasekaran et al. 2006). Therefore, an indwelling catheter is
usually placed after surgery to divert urine to provide adequate time for the cells to
mature and cover the urethral lumen to perform the urothelial barrier function. The
cell sheet engineering technique, which allows for cellular sheet fabrication, has
been applied (Kajbafzadeh et al. 2017).

3 Vascularization

Establishing a vascular network is critical in achieving successful tissue engineering
therapies. Vascularization involves the sprouting of capillaries from existing blood
vessels in vivo. This process involves complex interactions among endothelial and
non-endothelial cells, growth factors, enzymes, and adhesion molecules. Many
approaches have been introduced to promote vascularization, including the use of
biological factors, such as growth factors and endothelial cells to stimulate angio-
genesis. Other strategies include cell sheet engineering, scaffold functionalization,
arteriovenous loops, spheroid coculture, modular assembly, and bioprinting. Toward
this goal, one study designed a scaffold that promotes attachment and proliferation of
the endothelial cell, thus facilitating the capillary formation. The addition of growth
factors into the microenvironment and incorporating a modified angiogenic cell
source was also attempted (Mangir et al. 2019b). Recently, a phase 2 clinical study
of a bioengineered human acellular vessel (HAV) was performed and evaluated. A
biodegradable mesh scaffold seeded with human vascular cells was implanted as a
hemodialysis conduit in patients with end-stage renal disease. After 16 to 200 weeks
follow-up, human acellular vessels were transformed into functional multilayered
living tissues by endothelial, myogenic, and progenitor cells of the host. The new
vessels were functional in transporting blood and self-healing after cannulation
injury (Dahl et al. 2011a). While this approach may not directly apply to vascularize
implanted tissues, it is hopeful that this technology may be modified and further
developed to benefit tissue implants in the future. Attempts to enhance vasculariza-
tion have been tried in bladder urethral tissue applications. Rapid angiogenesis is
crucial for tissue regeneration, particularly for large-sized grafts. Overcoming the
diffusion limitation is key to success, and numerous investigators have sought to
solve this challenge (Rouwkema et al. 2008).
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Establishing vascularization of full-thickness engineered soft tissue constructs
with multilayer epithelium is not easily achieved, leading to cell necrosis and
shedding. Shukui Zhou et al. have monitored the tissue-engineered urethra construct
after subcutaneous implantation (Zhou et al. 2017). The investigators observed that
new capillaries infiltrated into the implant and maintained an intact epithelial layer.
However, blood capillaries were not fully matured. This study indicates that the
implanted tissue can recruit new blood vessels that support the survival of cells.
Another study used a rat-tail collagen-based acellular collagen scaffold to repair
urethral defects in rabbits (Pinnagoda et al. 2016). Repopulation of urothelial and
muscle cells was observed on all grafts with vessel formation at 1 month. To further
facilitate vascularization, one group conjugated vascular endothelial growth factor
(VEGF) to collagen (Jia et al. 2015). In this study, a modified tubularized collagen
scaffold was used to repair a 5-cm long anterior urethral defect in dogs. The results
demonstrated that the thickness of the epithelial layers was maintained with
increased formation of blood vessels in the VEGF conjugated scaffold group.

4 Bioreactors

Bioreactors have become a standard supporting technology for tissue engineering.
They serve many functions, from tissue preconditioning and maturation of tissue
constructs to large-scale cell cultures (Martin et al. 2004). Bioreactors are complex
engineering simulation biosystems that can control environmental factors (pH, dO2,
and T°) to recapitulate physiological body conditions (de Bournonville et al. 2018).
Bioreactor systems have been used for bladder and urethral tissue applications. For
example, organization and maturation of engineered bladder tissue construct can be
simulated by providing mechanical filling and emptying control using an in vitro
bioreactor (Haberstroh et al. 2002). In vivo bioreactors can improve vascularization
of the bioengineered bladder, decrease the loss of contractility, and prevent fibrosis
(Horst et al. 2013a).

Precise mechanical and nutrient environmental controls are also crucial in bladder
bioreactors for enhancing cell proliferation and differentiation (Farhat and Yeger
2008). The goal is to achieve an impermeable epithelial surface, well-differentiated
urothelial and smooth muscle cells, and excellent compliant extracellular matrices
(Serrano-Aroca et al. 2018a). It is reported that mechanical stimulations positively
affect the growth and development of newly developed tissues; however, high shear
stress inhibits the proliferation of endothelial and smooth muscle cells (Stock and
Vacanti 2001). In one study, Faisal M. Shaikh et al. have developed a pulsatile
bioreactor that exerts dynamic uniform cyclical pressure over a urinary bladder
matrix (UBM) scaffold (Shaikh et al. 2010). When cyclical mechanical pressure
was applied on a cell-seeded urinary bladder matrix scaffold, significantly greater
growth and urothelium viability were observed in the bioreactor compared with the
conventional static conditions. A commercialized bioreactor system (BOSE BioDy-
namic®) was applied to urothelial and smooth muscle cells seeded collagen scaf-
folds. Mechanical stimulation of smooth muscle cells promoted cell growth,
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improved cell alignment, and distribution. However, dynamic mechanical stimula-
tion did not affect the proliferation and differentiation of urothelial cells.

Mechanical stimulation in urethral engineering is beneficial in maturing the
engineered tissue constructs. Magnan et al. investigated the self-assembly technique
for urethral tissue constructs using an in vitro bioreactor (Magnan et al. 2009). Their
results showed that the engineered tissue grafts displayed sufficient resistance to the
pressure applied by the bioreactor. Cattan et al. have combined the self-assembled
scaffold with mechanical stimulation with in vitro bioreactors to produce tissue-
engineered tubular graft (Cattan et al. 2011). Their results showed that mechanical
stimulation leads to maturation and formation of a stratified urothelium.

5 Biomaterials for Bladder and Urethra

Biomaterials are a major component of tissue engineering. Ideal biomaterials for
scaffold should be biocompatible, non-antigenic, and biodegradable. The scaffolds
provide structural support and a suitable microenvironment for cells to attach and
proliferate (Chan and Leong 2008). Therefore, scaffolds should be designed and
fabricated according to the specifics of tissue being engineered. In this regard, the
bladder scaffold should provide storage of adequate urine volume and the ability to
contract for physiologic voiding. Thus, many tissues and biomaterials of diverse
nature have been examined for tissue engineering of the bladder. The bladder
scaffold made by natural or synthetic biomaterials is the key element supporting
the bladder function (Oberpenning et al. 1999a). The scaffold for the bladder should
endure dynamic mechanical and chemical stimuli under normal physiological filling
and emptying. The proliferation, migration, and differentiation of the seeded cells
will be affected by the matrix (Oberpenning et al. 1999a). Therefore, the biomaterials
used for bladder applications should be biocompatible and possess sufficient
mechanical and chemical properties. Furthermore, the luminal surface should
allow for uniform urothelial cell attachment to prevent urine leakage into the
sub-urothelial tissue, and the outer side should harbor the smooth muscle cells for
contraction, innervation, and vascularization (Horst et al. 2013b).

Similar to the scaffolds for bladder, the ideal biomaterial for the urethra should
possess adequate mechanical support to prevent premature collapse before tissue
regeneration is achieved (Orabi et al. 2013a). One study shows that a self-assembled
engineered cell sheet has many of these favorable characteristics. It is reported that a
well-stratified urothelial cell layer formed on self-assembled collagen sheets can
withstand a high burst pressure in a porcine model (Bouhout et al. 2010). The self-
assembled collagen sheets made from human adipose-derived stromal cells also
showed similar mechanical and architectural characteristics (Rousseau et al. 2015).
Nondegradable materials were also considered for urinary tract applications; how-
ever, they resulted in calcification, chronic hematuria, stone formation, fistulae, and
graft contracture (Bouhout et al. 2010; Feil et al. 2006). Degradable biopolymers, on
the other hand, allowed for tissue ingrowth, resulting in becoming tissues closer to
the native normal urethra.
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Degradable polymers for urethral tissue engineering stem from natural sources or
by synthesis. Natural biomaterials such as acellular matrices and natural polymers
are known to promote cell growth and differentiation and enhance angiogenesis
(Ouellet et al. 2011). Currently, the most widely used polymers for urinary tract
tissue applications include linear polyesters, copolymers, poly-lactic acid (PLA),
poly-glycolic acid (PGA), poly lactic-co-glycolide (PLGA), and polycaprolactone
(PCL). Synthetic polymers have the advantage of providing reproducible mechan-
ical characteristics and controlled degradation.

6 Decellularized Matrices

Two classes of biomaterials, acellular matrices(Chen et al. 1999a) and biopolymers
(Oberpenning et al. 1999a), have been used as scaffolds in bladder regeneration.
These biomaterials can be configured as three-dimensional porous structures
(Dhandayuthapani et al. 2011a), in which the seeded scaffold construct can serve
as a template for the growth of new tissue (Ajalloueian et al. 2018). Tissue-derived
decellularized matrices have been favorably used for bladder and urethra applica-
tions due to their biocompatibility and similarity in composition and inner architec-
ture to native tissue (Ahmed 2019). Allogenic acellular matrices, such as the bladder
submucosa matrix, offer excellent trophic support, thus stimulating tissue growth,
facilitating cell–material interactions, maintaining the functional phenotype (Chun
et al. 2007). Decellularized bladder tissue-derived scaffold is usually obtained from
porcine due to its similarity to human bladders in anatomy and biology (Crapo et al.
2011; Zhang et al. 2000). It has been shown that the decellularized matrix facilitates
cellular adhesion, proliferation, and maturation. However, some disadvantages
include potential process-induced damage to the extracellular matrix ultrastructure
and mechanical properties. In addition, the host innate immune response may be
induced by the degradation of extracellular matrix scaffolds (Taylor et al. 2018).

Extracellular spaces contain a network of extracellular matrix (ECM) proteins and
polysaccharides (Alberts et al. 2002). The ECM is an intricate crosslinked network
structure of proteins, growth factors, small molecules, and glycosaminoglycans, and
the commonly used tissue ECM for urinary tract applications include bladder
acellular matrix (BAM), small intestinal submucosa (SIS), pericardium, fascia lata,
amniotic membrane, and tunica vaginalis (Ramuta and Kreft 2018). ECM’s main
constituents are collagens, fibronectin, elastin, laminins, proteoglycans, glycopro-
teins, and glycosaminoglycans (Theocharis et al. 2016). As an example, an ECM
scaffold was generated by cells seeded on polyglycolic acid scaffolds to deposit
ECM, followed by a decellularization process to produce a vascular graft. The FDA
approved this product for clinical use (Dahl et al. 2011b; Niklason et al. 1999). The
acellular vascular graft or human acellular vessel (HAV) maintained mechanical
integrity when implanted in patients after up to 4 years follow-up (Kirkton et al.
2019). In one study involving urethral repair, ECM scaffolds were shown to play a
signaling role and maintained cellular homeostasis. More importantly, ECM is found
to regulate the urethra’s mechanical compliance of the urethra by dilating its lumen
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during micturition and stretch during erections (Shirozu et al. 1995; Ohel et al.
1995).

The typical and frequently used decellularized xenogeneic or allogeneic matrices
are porcine small intestine submucosa (SIS) and human bladder acellular matrix
(BAM). As a collagen-based biomaterial, SIS is processed by mechanically remov-
ing the mucosal, muscular, and serosal layers from the inner and outer surfaces,
yielding a collagen-rich membrane of approximately 0.15–0.25 mm in thickness,
mostly consisting of the submucosal tissue (Badylak et al. 1989). In the 1980s,
Badylak et al. first applied SIS for bladder augmentation in dogs (Badylak et al.
1989). In 2005, Lu et al. (Lu et al. 2005) seeded cells onto SIS scaffolds. In their
study, histological results indicated that seeded muscle-derived cells migrated
throughout the graft after 20 days, and initial remodeling of the SIS occurred within
10 days. However, moderate-to-heavy adhesion and graft shrinkage was reported in
both the cell-seeded and unseeded SIS by Zhang and colleagues (Zhang et al.
2006a). Many studies have demonstrated that the urothelium regeneration was
achieved quicker than the muscle layer (Kropp et al. 1996; Caione et al. 2012). In
another report, Schaefer et al. suggested that unseeded small intestine submucosa is
not well suited for human enterocystoplasty because of the insufficient increase in
bladder compliance (Schaefer et al. 2013). In other studies, SIS was shown to
promote cellular growth and angiogenesis. The results of SIS was comparable to
skin and mucosal grafts in animal experiments of urethral replacement (Fiala et al.
2007; Palminteri et al. 2012). SIS also showed favorable outcomes when used as a
corporal body graft (Hayn et al. 2009) and as a seeded graft in a urethroplasty (Zhang
et al. 2016). It was found that SIS decreased the risk of urine extravasation and
reduced early irritation when used for urethral replacement (Yoo et al. 1998).
However, the data of clinical experiments with SIS were not entirely satisfactory,
mainly caused by infection (Orabi et al. 2013b).

Bladder acellular matrix (BAM) is an attractive biomaterial for tissue engineering
(Zhang et al. 2006b). It is an ECM with an intact microarchitecture, first described in
1975 (Brown et al. 2005). One of the first applications of BAM was to support the
regeneration of the rat bladder wall (Probst et al. 1997). A study evaluated the
potential of the bladder submucosa matrix for dog bladder augmentation (Yoo
et al. 1998). In this study, one side of the scaffold was seeded with autologous
urothelial cells and the opposite side with smooth muscle cells followed by aug-
mentation cystoplasty. The result showed that a 99% increase in capacity was
observed in the cell-seeded group, whereas the unseeded group showed only a
30% increase. This study concluded that cell-seeded allogenic bladder submucosa
is an excellent biomaterial for bladder augmentation. This research paved the way
for the subsequent human bladder augmentations (Atala et al. 2006b). In another
study, BAM seeded with marrow-derived mesenchymal stem cells was transplanted
in rats after partial cystectomy. Histological analyses showed increased muscle
regeneration and the bladder capacity nearly recovered completely for up to 6 months
(Coutu et al. 2014).

BAM and SIS have been widely used for urethral tissue repair experimentally and
clinically (Davis et al. 2018a). In a rabbit model of urethroplasty, cell seeded BAM
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scaffold demonstrated a normal urethral architecture when implanted for 4 weeks,
and achieved near natural urethra after 6 months (Chun et al. 2015; Gu et al. 2012).
In another rabbit study, autologous urethral tissue was repaired with combined BAM
and suggested that the use of BAM may be a viable option for long-segment urethral
stricture (Chun et al. 2015). However, residual immunogenic components are a
safety concern of BAM, despite the stringent decellularization process (Roth and
Kropp 2009). Other tissue-derived scaffolds have been developed for urinary tract
applications. In one study, decellularized trachea was applied as a tissue-engineered
neo-urinary conduit (Anirudha et al. 2018). In this study, a decellularized rabbit
trachea was seeded with human smooth muscle cells and urothelial cells. The results
showed that decellularized trachea possesses appropriate biomechanical properties
and structural integrity. Another promising natural scaffold biomaterial proposed for
bladder applications is tissue-engineered pericardium, which has achieved favorable
results in the test of small-sized scaffolds (Kajbafzadeh et al. 2011).

Tissue-derived matrices are biocompatible, durable, effective, and are easily
remodeled (Horst et al. 2013c). However, seeding smooth muscle cells is difficult
to infiltrate into the scaffold because of the high density of these materials (Atala
2011). They are also prone to fibrosis and exhibit poor mechanical and dimensional
stability. Therefore, artificial tissue-engineered biomaterials or a combination of
synthetic and biological materials may be a choice for use in bladder reconstructive
surgery (Zhang et al. 2006b).

7 Natural Polymers

Natural polymers have been frequently used for many tissue engineering studies due
to their biocompatibility, less toxicity, and superior interactions with cells compared
with synthetic polymers (Dhandayuthapani et al. 2011b). Collagen, gelatin, fibrino-
gen, and elastin are more commonly used scaffold materials for bladder and urethra
applications. Collagen is an ECM-derived natural material and plays a crucial role in
promoting cell attachment and maintaining structural integrity, thus improves tissue
regeneration (Hubbell 2003) and decreases inflammatory and antigenic responses
(Furthmayr and Timpl 1976). Many collagen-based materials have been tried for
urethral reconstruction such as collagen gels, bladder-derived acellular submucosa
and acellular urethral submucosa (Partin et al. 2015). In one study, rat-tail collagen
was used to generate acellular collagen tubular scaffolds to repair a 2 cm-long rabbit
urethral defect (Pinnagoda et al. 2016). The collagen tube possessed good surgical
handling and did not require synthetic polymer support to maintain structural
integrity. Results demonstrated that spontaneous repopulation of urothelial and
muscle cells was observed on all grafts. The cellular organization increased with
time, although fistula and stenosis occurred in 20% of the animals postoperatively.

As a natural polymer, silk fibroin (SF) is derived from Bombyx mori cocoons. SF
is a biocompatible polymer that can degrade into peptides and amino acids (Wang
et al. 2008). SF has been used for urethral applications. In one study, urothelial cell-
seeded silk fibroin grafts were functioning without causing strictures after implanted
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for 6 months in urethroplasty (Xie et al. 2013). Bilayer silk fibroin (BLSF) scaffolds
have also been evaluated for urethral repair in a rabbit model of onlay urethroplasty.
Histological analyses demonstrated the formation of innervated and vascularized
neotissues at graft sites (Algarrahi et al. 2018). The bilayer silk fibroin (BLSF)
matrices were recently investigated in pigs with acute partial bladder outlet obstruc-
tion. The animals underwent augmentation cystoplasty with BLSF grafts. The
bladder capacity and compliance in the graft augmented group significantly
increased by 79% and 171%, respectively, compared to the baseline values after
3 months. The study shows that BLSF scaffolds can improve the capacity and
compliance of bladder and promote the formation of neotissues (Saif et al. 2019).
Another important natural polymer is hyaluronic acid (HA), which has been applied
in wound healing and 3D bioprinting applications (Burdick and Prestwich 2011).
The US Food and Drug Administration (FDA) also approved another natural
polymer, alginate, used for bladder tissue engineering after modification with cell-
adherent peptides (Lee and Mooney 2012).

8 Synthetic Biomaterials

Over the past decades, many synthetic and organic materials have been used for
bladder regeneration. Synthetic materials used for bladder and urethral tissue applica-
tions include polyvinyl sponge, Teflon, collagen matrices, polylactic acid (PLA), poly
(glycolic acid) (PGA), Polycaprolactone (PCL) (Pinnagoda et al. 2016), copoly(lactic/
glycolic) acid (PLGA) (Yao et al. 2013; El-Taji et al. 2015), poly(ε-caprolactone)/poly
(L-lactic acid) (PCL/PLLA)(Shakhssalim et al. 2013), Poly (Carbonate-Urethane)
Urea (PCUU), Nanocellulose (Bacakova et al. 2019), poly(1,8-octanediol-co-cirtic
acid) (POC)(Liu et al. 2016), and silicone (Serrano-Aroca et al. 2018b). These poly-
mers can be fabricated reproducibly, with controllable mechanical and degradation
properties, porosity, and structures (Horst et al. 2013c). Electrospun nanofibers with
core-shell structure have been applied in rat bladder augmentation. Domed scaffold
fabricated by coaxial electrospinning of poly(l-lactide)/poly(e-caprolactone) (PLCL)
and Hyaluronic acid (HA) mesh possessed good cytocompatibility and was conve-
nient for smooth muscle tissue proliferation (Chunxiang et al. 2019). In another study,
Poly (Carbonate-Urethane) Urea (PCUU) scaffold for bladder engineering was eval-
uated. The biodegradable elastomers showed cytocompatibility, increased porosity,
and stretch, which can aid smooth muscle cells infiltration. Bladder augmentation with
Poly (Carbonate-Urethane) Urea scaffolds can increase the bladder capacity and
voiding volume, and enhance survival of the rat disease model (Sivaraman et al.
2019). Synthetic matrices seeded with cells have been applied for urethral reconstruc-
tion. A widely used synthetic material for urethral repair is polylactide-co-glycolide
(PLGA) today (Adamowicz et al. 2019b).

While there are advantages to using synthetic materials, the disadvantages include
urinary stone formation and mechanical failure for nondegradable polymers. In
contrast, degradable materials often result in fibrosis, scarring, graft contracture,
and a long-term reduction of voiding volume (Partin 2015). Other disadvantages of
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synthetic materials are their biological inertness, foreign body reaction, the lack of
trophic support for cell activity, and the natural barrier function of urothelium (Horst
et al. 2019). It has been reported that pre-seeding the scaffolds with cells is shown to
relieve graft shrinkage (Zhang et al. 2006b; Filippo et al. 2002). However, this
process requires time-consuming preparatory steps of cell harvesting, isolation,
seeding, and proliferation on scaffolds. Despite the laborious procedures, the pre-
ferred option for bladder engineering seems to be the use of autologous cells in
combination with synthetic biomaterials (Horst et al. 2019).

To be able to use synthetic polymers for cell-based applications, the surface of
polymers must be in favor of cell attachment. A novel surface-modification of poly-
L-lactic acid (PLLA) scaffold was produced to support urethral cell adhesion and
proliferation (Fu et al. 2011). In this study, a hollow cylinder was wrapped with
PLLA filaments, followed by chitosan and fibronectin treatment. Rabbit
uroepithelial cells were adhered to and cultivated on the scaffold. The scaffold has
more than 90% porosity, and its mesh was fully populated by uroepithelial cells after
3–7 days. In another study, electrospun Poly(l-lactide)/Poly(ethylene glycol) (PLLA/
PEG) hybrid scaffolds were produced to support urethral tissue regeneration
(Lv et al. 2016). The scaffolds were then seeded with human amniotic mesenchymal
cells (hAMSCs) for repairing rabbit urethral defects. The results showed that
hAMSCs-loaded PLLA/PEG scaffolds produced multilayered urothelium with sim-
ilar characteristics to the native urethra.

Cellulose is known to be the most abundant biopolymer on earth. Nanocellulose
is the cellulose of nanostructures with a feature that, at least in one dimension, is not
exceeding 100 nm (Bacakova et al. 2019). A three-dimensional porous bacterial
cellulose (BC) scaffold seeded with lingual keratinocytes was used to repair rabbit
ventral urethral defects. The results demonstrated that all urethras maintained a wide
caliber in 3D porous BC seeded with cells. The smooth muscle content and endo-
thelia density were significantly increased at 3 months. This study shows that the BC
scaffolds seeded with cells can enhance urethral tissue regeneration (Huang et al.
2015).

9 Smart and Hybrid Polymers

Smart biomimetic materials are a significant advancement in the field of tissue
engineering. Some smart biomaterials are designed to respond reversibly to temper-
ature, pH scale, light, or ionic strength (Aguilar and San Román 2019). The
responses of these polymers may include gelation, reversible adsorption on a
surface, collapse of a hydrogel, and alteration between hydrophilic and hydrophobic
states. Smart biomaterials have been studied in many areas, including drug delivery,
medical devices, and tissue engineering applications (Kowalski et al. 2018). Fur-
thermore, combinations of natural and synthetic polymers can be designed to
produce hybrid biomaterials with specific properties for tissue engineering. Such
properties may include controlling porosity, mechanical strength, cell affinity, bio-
compatibility, and biodegradability (Chun et al. 2015).
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A group of electroconductive polymers has demonstrated promise for engineer-
ing electrically active tissues. Electroactive polyurethane polymers have manifested
enormous potential in bladder tissue engineering, especially in regenerating muscu-
lar components and innervation (Hardy et al. 2015; Wu et al. 2016). Electro-
conductive polymers may be applied with electrical stimulation for advanced
maturation of engineered urethra (StÖlting et al. 2016). In one study, a smart
acellular collagen scaffold with growth factors was used in sheep bladder regener-
ation. The results showed that the presence of growth factors, VEGF, FGF2, and
HB-EGF improved bladder regeneration (Roelofs et al. 2016).

The largest class of smart polymers used is thermo-responsive polymers. A
reversibly alterable phase or volume transition can occur following a change of
temperature in these materials. A typically used biomaterial for this purpose is poly
(N-isopropylacrylamide) (PNIPAM). The lower critical solution temperature
(LCST) of PNIPAM is around 32 °C, not far from the human body temperature
(Kim and Matsunaga 2017). Accordingly, PNIPAM solution can be changed from a
hydrophobic to hydrophilic surface following the change of temperature in water.
When the temperature is above the lower critical solution temperature, the polymer
chains of PNIPAM are precipitated, making it hydrophobic, while below LCST,
polymer chains hydrated and made PNIPAM hydrophilic (Kim and Matsunaga
2017). This characteristic is beneficial in producing three-layered urethral tissue
constructs. It was reported that viable urothelial cell sheets could be generated using
the temperature-responsive cell culture method (Shiroyanagi et al. 2003).

A smart bilayered scaffold seeded with keratinocytes and muscle cells was also
tested in canine urethral reconstruction. The bilayer scaffold consisted of a micro-
porous network of silk fibroin (SF) and a nanoporous bacterial cellulose
(BC) scaffold with a porosity of 85%. The result showed that the smart SF-BC
structures could enhance adhesion and proliferation of lingual keratinocytes and
lingual muscle cells. At 3 months after graft implantation, the urethra reconstructed
with the seeded SF-BC scaffold showed superior structure formation compared to
the unseeded control scaffold. The nanoporous network offers excellent support for
epithelial cells, while the microporous scaffolds sustain the growth and penetration
of smooth muscle cells (Lv et al. 2018). Shape-memory polymers (SMPs) have also
been tested in vascular and bone tissue engineering. The characteristics of SMPs are
suitable for urethral tissue engineering, as urethra is subject to expansion during
erection and recoils during the flaccid state. Smart acellular collagen scaffold with
growth factors have been applied in sheep bladder regeneration studies (Roelofs
et al. 2016).

10 Cells for Engineering Bladder and Urethra

Cells are an integral part of tissue engineering. While cells from various sources have
been used for tissue regeneration studies, autologous cells are considered the pre-
ferred source for bladder and urethral applications in patients currently
(Rashidbenam et al. 2019). Experimentally, both somatic and stem cells have been
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used for bladder and urethra tissue studies, spanning from autologous, allogeneic,
and xenogeneic sources.

10.1 Somatic Cells

One tissue engineering strategy that has been shown to be effective in reconstructing
bladder and urethra tissues involves the use of autologous cells from the bladder
(Zhang and Frey 2003). The donor tissue is dissociated to isolate urothelial and
muscle cells. The cells are then culture expanded, attached to a supporting matrix
followed by implantation back into the same host (Atala et al. 1992; Li et al. 2008;
Feng et al. 2011; Atala 2009). This approach has shown to provide sufficient
numbers of cells for bladder and urethral tissue applications clinically. While the
ideal cell source for tissue application is from the target organ of interest, there are
instances where obtaining a tissue biopsy from the host may not be feasible. This is
true when the organ or tissue to be reconstructed cannot provide healthy cells, such
as bladder cancer. In such a case, cells, either somatic or stem cells, should be
obtained from other tissue sources.

Epithelial cells for urethral tissue engineering could originate from different
organs, such as the bladder, penile foreskin, and buccal mucosa. In addition,
autologous urothelial cells can also be isolated from urine (Nagele et al. 2008). In
one study, the penile foreskin was used as a source of autologous epidermal cells.
These cells were seeded on acellular collagen matrix and used as a tissue implant for
urethral applications in animal models with positive results (Fu et al. 2007). Autol-
ogous oral keratinocytes was previously obtained from a buccal mucosa biopsy for
urethroplasty (Barbagli et al. 2018). The sources for smooth muscle cells include the
bladder, blood vessel, and gastrointestinal tissues. The culture of both cell types is
well established and their expansion capacity far exceeds the cell numbers necessary
for reconstruction.

10.2 Stem Cells

Stem cells have become an attractive cell source for reconstructive tissue engineer-
ing due to their ability to differentiate into multiple cell types, and if guided
appropriately, they can transform into target cells of interest. For this reason, stem
cells have been used extensively in urinary tract application studies (Serrano-Aroca
et al. 2018a). One stem cell type that is widely investigated is adult mesenchymal
stem cells (MSCs), which can be isolated from multiple body sources such as bone
marrow and adipose tissue (Adipose-derived Stem cells; ASCs). Mesenchymal stem
cells have been shown to be safe and effective in many tissue applications, including
the urethra (Stangel-Wojcikiewicz et al. 2014; Deng et al. 2014). Moreover, these
cells possess immunomodulatory properties, thus eliminating the need for autolo-
gous cells for tissue applications (Davis et al. 2018b).
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Adipose-derived stem cells have been widely used due to the ease of harvest,
isolation, and expansion as compared to other sources of MSCs. They are also
immunomodulatory and can secrete various growth factors to promote angiogenesis
and neurogenesis (Kingham et al. 2014). As such, ASCs have been favored as a cell
source for bladder regeneration studies (Wang et al. 2019). These cells have been
shown to differentiate into smooth muscle (Salem et al. 2013) and urothelial-like
phenotype (Zhang et al. 2013), thus avoiding the use of native cells from bladder
cancer patients. In one study, bioengineered bladder patches constructed from
multilayered adipose-derived stem cell sheets were successfully used for bladder
regeneration (Wang et al. 2019). The effectiveness of ASCs has also been demon-
strated in urethral applications. Davis NF et al. have reviewed 11 in vivo preclinical
studies that investigated various stem-cell therapies for reconstructing the urethra
(Davis et al. 2018b). Among them, ten studies showed the data on the patency in the
stem cell-seeded bio-scaffolds; 100% patency was reported in nine studies, and the
remaining one was 75% patency rate. These studies indicate that stem cell-seeded
urethral scaffolds can recruit endogenous cells for tissue regeneration, and this effect
is believed to be moderated by angiogenic trophic factors via a paracrine mechanism
of stem cells (Caplan and Dennis 2006). In another study, Zhou S et al. used the
myoblast-induced adipose-derived stem cell sheets to form muscular layers (Zhou
et al. 2017). The adipose-derived stem cells were isolated from fat tissue in the groin
of beagle dogs. The cells were cultured in myoblast differentiated culture medium
and then stimulated with vitamin C to form ECM. The structure and function of
neo-urethras were similar to normal urethra after 3 months. Human ASCs were also
used with self-assembled collagen sheets. The mechanical and architectural charac-
teristics were shown to be similar to that of human fibroblasts (Rousseau et al. 2015).

It has been demonstrated that bone marrow-derived stem cells (BMSCs) have the
potential to differentiate into bladder muscle (Shukla et al. 2008a) and urothelial
cells (Anumanthan et al. 2008). The differentiated cells resembled bladder smooth
muscle cells and promoted muscle bundle formation (Zhang et al. 2005). A study
used the bladder acellular matrix seeded with BMSCs for bladder tissue engineering.
The results showed that the BMSC-seeded bladder acellular matrix improved nearly
100% of normal bladder capacity for up to 6 months after partial cystectomy (Coutu
et al. 2014). In another study, a research team performed bladder augmentation after
hemicystectomy in six dogs using the BMSC-seeded small intestine submucosa
(SIS) (Zhang et al. 2005). Upon retrieval, solid smooth muscle bundle formation
was observed throughout the cell-seeded grafts. In the unseeded SIS scaffolds, SMC
regeneration was seen only at the graft edges adjacent to native tissue, suggesting the
effects of BMSCs. In a porcine model, Shukla and colleagues also showed that the
BMSCs were able to differentiate into smooth muscle in the pig (Shukla et al.
2008b). Recently, bladder tissue consisting of full three layers was successfully
generated using differentiated human BMSCs (Gabr et al. 2018). BMSCs were
cocultured separately with urothelial and muscle cell-derived conditioned medium
to obtain the corresponding biological characterization. These cells were then seeded
on the decellularized bladder adventitia scaffold. Histological examination of the
recellularized tissue revealed the full three layers of bladder tissue (Shukla et al.
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2008b). The advantage of synergistic effect of allogeneic BMSCs and endothelial
progenitor cells (EPCs) was also investigated for treatment in a long segment
urethral defect. These cells were seeded onto decellularized human amniotic scaf-
folds (dHAS) to repair a 3 cm-long circumferential urethral defect in dogs. The
animals showed unhindered urination and capacious urethral caliber similar to the
normal group in dHAS+BMSCs+EPCs and dHAS+EPCs groups (Chen et al. 2018).

Induced pluripotent stem cells (iPSCs), generated by somatic cell reprograming,
have recently gained enormous attention as a non-controversial cell source of
embryonic stem cells (Takahashi and Yamanaka 2006). These cells possess self-
renewal properties and the ability to differentiate into various specialized cell types
(Brivanlou et al. 2003). Due to the enormous potential of utility, iPSCs have been
extensively investigated in numerous areas. Likewise, iPSCs have been studied in
urology. These cells have been shown to induce and differentiate into urothelial cells
and smooth muscle cells (Osborn et al. 2014; Zhe et al. 2016). However, further
studies are necessary to use iPSCs for tissue applications.

Amniotic fluid and placenta stem cells are fetal-derived cells that have great
potential for development. These cells do not present with ethical controversies that
embryonic stem cells have but exhibit similar cellular characteristics. The cells are
multipotent, highly replicative, and can differentiate into all three germ layers
(De Coppi et al. 2007a; De Coppi et al. 2007b). These cells have been studied in
many cell-based applications. In one study, human amniotic mesenchymal cells
(hAMSCs) were seeded on Poly(l-lactide)/Poly(ethylene glycol) scaffolds and
implanted to repair urethral defects in rabbits. The hAMSCs-seeded scaffold showed
that epithelial cells covered the defect and formed multilayer mucosa membranes
similar to normal urethra after implanted for 12 weeks (Lv et al. 2016).

Another stem cell type gaining much attention in urology is urine-derived stem
cells (USCs) due to their existence in urine (Zhang et al. 2008). These cells are found
to possess stem cell characteristics, robust proliferative, and differentiation potential.
More importantly, these cells are easily obtained from voided urine, and the isolation
procedures are simple and low costing. USCs have been shown to differentiate into
many cell types, including urothelial, smooth muscle, vascular endothelial, osteo-
genic, neurogenic, and adipogenic cells (Bharadwaj et al. 2011; Bodin et al. 2010).
USCs have been used in urological cell-based applications for urethral and bladder
reconstructions (Bodin et al. 2010; Wu et al. 2011; Bharadwaj et al. 2013).

11 Applications of Bladder and Urethra

For more than 100 years, gastrointestinal segments have been used for bladder
replacement or repair in the clinic, despite the associated complications (Partin
2015; Anderson and McKiernan 2018). Tissue engineering approaches were initially
applied to address the reconstructive challenges associated with pathologic bladder
and urethra conditions. Early studies have tested different scaffolds as cell carriers.
PGA scaffold coated with PLGAwere examined to determine whether the synthetic
biomaterial could serve as a comparable biomaterial as acellular scaffolds. Human
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bladder urothelial and muscle cells were attached to both collagen matrices derived
for bladder submucosa and nonwoven meshes of PGA in vitro (Atala et al. 1993;
Cilento et al. 1994). When implanted into animals, these constructs were shown to
survive and reorganize into newly formed multilayered structures that exhibit spatial
orientation and vascularized in vivo. In a subsequent study, autologous urothelial
and smooth muscle cells were seeded on PGA scaffold, and implanted the tissue-
engineered neobladder in a canine subtotal cystectomy model. The tissue-engineered
neo-organs, consisting of a bladder-shaped biodegradable polymer and autologous
urothelial and muscle cells showed a normal bladder capacity and compliance and
histologic findings comparable to normal bladder tissue. This was the first report
demonstrating the successful reconstruction of the tissue-engineered bladder in a
large animal model (Oberpenning et al. 1999b).

The successful preclinical study led to a clinical study using the tissue-engineered
bladder construct. Autologous tissue-engineered bladder substitutes were used to
treat patients with poorly compliant neurogenic bladders due to congenital anomaly
(Atala et al. 2006a). The scaffolds made of collagen and polyglycolic acid (PGA)
were fabricated for augmentation cystoplasty. The postoperative urodynamic studies
on patients implanted with the engineered bladders showed varying degrees of
contractility, capacity, and compliance. The margin between the composite matrix-
based engineered segments and the native bladders was grossly indistinguishable
during the cystoscopic evaluations. Patients treated with the engineered bladder
showed no metabolic consequences or formed urinary calculi. Their levels of
mucus production were normal, and renal function was preserved. The biopsies
taken from the engineered bladder region showed adequate structural architecture
and phenotype. This was the first study in patients demonstrating that engineered
bladder tissues can be used in patients requiring bladder reconstruction.

Engineered tissues have also been applied in the urethra. The initial proof of
concept studies examining the natural matrix as a biomaterial for urethra reconstruc-
tion was conducted on small segment urethral defects in New Zealand white male
rabbits (Chen et al. 1999b). Porcine bladder matrices were used to repair a urethral
defect in an onlay fashion. Urethrography showed that the reconstructed urethras
maintained their diameter over 2 months. Histological evaluation of the retrieved
constructs showed vessel formation and a transitional epithelial cell layer by
2 weeks. The smooth muscle layer was formed by 6 months post-implantation.

This basic strategy was used to guide a small clinical study (Atala et al. 1999).
Four patients with age ranging from 4 to 20 years with a history of failed surgeries to
correct hypospadias underwent reconstructive urethral repair using an acellular
collagen matrix derived from cadaveric bladder. The acellular collagen matrix was
trimmed to a rectangular shape of the appropriate size ranging 5–15 cm and attached
to the urethral plate in an onlay fashion. At 1 year following surgery, retrograde
cystourethrography indicated no narrowing of the engineered urethras. Three-year
follow-up examinations showed all patients’ engineered urethras functioned nor-
mally. One patient who received a 15 cm reconstruction developed a subglanular
fistula easily repaired by standard methods. Encouraged by the clinical cohort’s
outcomes, a more extensive study was subsequently conducted (El-Kassaby et al.
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2003). A total of 28 patients aged 22–61 with urethral stricture was included in the
study. Acellular bladder submucosa was used to repair urethral defects ranging from
1.5 cm to 16 cm in an onlay fashion. Postoperative urethrography showed a patent
urethra of wide caliber in all 24 of the successful reconstructions. Average urine flow
rates increased from 6 +/� 1.57 ml/sec before the procedure to 9 +/� 1.3 ml/sec
postoperatively. Patency of the entire reconstructed sections was confirmed by
cystoscopy, and biopsies confirmed the restoration of normal urethral tissue.

While acellular collagen scaffolds were successful for onlay reconstructive pro-
cedures in which an intact urethral plate was maintained, studies showed that the use
of the material for more complex reconstruction requiring a tubularized urethra
resulted in stricture formation. Later studies indicated that, in recellularization of
the acellular biomaterial, only implants occurred over short distances from healthy
tissue (Dorin et al. 2008). It was found that fibrosis occurred in any biomaterial that
was farther than 5 mm from the graft’s edge. Onlay reconstruction with acellular
matrix was successful because the procedure creates a urethra in which only 10 mm
of the circumference of the urethra is comprised of the biomaterial. This allows
recellularization to proceed 5 mm from either side of the onlay. Consequently, a
study was conducted in rabbits to determine if autologous engineered urethral
constructs composed of acellular porcine bladder submucosa seeded with autologous
bladder cells could be used to repair complex urethral defects (De Filippo et al.
2002). Porcine bladder matrix was tubularized and seeded with autologous rabbit
epithelial cells into the lumen of the scaffolds and smooth muscle cells on the
exterior. The seeded grafts of 1 cm in length were used to repair a defect in
12 animals. Normal urethral caliber was maintained in all rabbits that received
cell-seeded constructs. Histological analysis of the retrieved constructs demonstrated
a normal transitional cell layer surrounded by muscle fiber bundles that became more
organized over 6 months following implantation. Organ bath studies performed on
retrieved engineered scaffolds showed an appropriate contractile response to chem-
ical and electrical stimuli. This study demonstrated the utility of cell-seeded
tubularized engineered urethras for the reconstruction of urethral defects.

A subsequent rabbit study was conducted that demonstrated the feasibility of
using cellularized engineered urethral constructs to reconstruct extended urethral
defects involving the entire circumference of the urethra (De Filippo et al. 2015). In
this study, tubularized acellular bladder submucosa was also used to repair 3 cm long
urethral defects in rabbits. All animals that received cellularized engineered con-
structs had normal urethral caliber across the length of the reconstructed segments.
Grossly, the cellularized engineered constructs developed the appearance of normal
urethra over time. The lumen of the constructs contained well-organized epithelium,
and muscle fiber bundles developed over 6 months following implantation. These
results indicate that tubularized collagen-based scaffolds seeded with autologous
epithelial and smooth muscle cells can be used to bioengineer a construct to
reconstruct a urethral defect much longer than can be accomplished with an acellular
biomaterial.

These studies have led to a clinical study in five male pediatric patients with
urethral strictures. (Raya-Rivera et al. 2011). Autologous urothelial and smooth
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muscle cells were isolated from a 1 � 1 cm bladder biopsy. Cells seeded on
tubularized scaffolds were used to repair strictures.

No complications occurred during any of the surgeries. Cystourethroscopy con-
firmed patent urethras in all patients. Voiding cystourethrograms showed the main-
tenance of wide caliber urethras in all patients over the period of follow-up. Urethral
biopsies showed that the engineered grafts had developed a normal-appearing
architecture by 3 months after implantation. This clinical study shows that
tubularized urethras can be engineered and remain functional in a clinical setting
for up to 6 years, and that the engineered urethras can be used in patients who need
complex urethral reconstruction.

12 Conclusions

Recent advances in tissue engineering have provided potential solutions to the
existing challenges related to surgical reconstruction. Over the past decades, enor-
mous progress has been made in the area of bladder and urethral reconstruction,
experimentally and clinically. This chapter discussed the recent development and the
progress of cell-based engineering approaches, covering foundational research to
clinical studies. Research related to cells and biomaterials were discussed with a
focus on bladder and urethral applications. The development of new and innovative
technologies integrating into the tissue building processes has allowed for rapid
translation. In addition, support technologies such as bioreactors have further accel-
erated the development of effective therapies. Continued advancement is expected in
all areas leading to the production of viable tissue and organ substitutes through
innovation. Although this chapter did not cover 3D bioprinting, it is anticipated that
this technology will play a significant role in the tissue engineering field. Studies
utilizing the 3D bioprinting technology to build improved lower urinary tract tissues
are already being investigated with great interest. The success of tissue engineering
will likely depend on innovation.
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Abstract

An engineered ovary could benefit a variety of patients with ovarian insufficiency
including those with an inherited condition, de novo mutation, or those whose
treatment regimens could reduce ovarian function. This chapter highlights the
impact of developing an engineered ovary, highlights the important features of an
ovary to be recreated, and reviews the current state of fertility preservation.
Encapsulating hydrogels and scaffolds have been used to restore ovarian hor-
mones and fertility in animal models and to monitor in vitro growth of human
ovarian cells. Additional advancements to these technologies will rely on an
understanding of ovarian biology in order to recapitulate and restore long-term
and physiological function. Considerations for the different microenvironments
within the cortical and medullar compartments and cell types that support oocyte
maturation, including granulosa and heterogeneous stromal cells, will be essential
for recreating appropriate folliculogenesis. Mechanical cues and facilitation of
paracrine and endocrine signals to reach target cells can also be tailored within
engineered environments. These studies may one day improve the current fertility
restoration options or even provide options for patients that currently lack
options.

1 Introduction

1.1 Causes of Premature Ovarian Insufficiency

Premature ovarian insufficiency (POI) is defined by the cessation of normal ovarian
function prior to age 40 and it occurs in approximately 1% of women in the USA
(Development 2016). It is characterized by a decrease in ovarian hormones, increase
in pituitary gonadotropins, and amenorrhea. Primary POI can occur as a result of an
inherited condition, de novo mutation or from insults to the ovarian tissue (Care
2014). Cancer patients are particularly at risk for POI due to their chemotherapy and
radiation treatments (Wallace et al. 2005a, 2011; Duffy and Allen 2009; Jadoul et al.
2010). Survivors of childhood cancer are more likely to have trouble getting
pregnant than their siblings (Barton et al. 2013), and 1 in 6 female childhood cancer
survivors are expected to suffer from POI (Chow et al. 2016). In the USA, more than
11,000 children aged 0 to 14 years will be diagnosed with cancer this year alone,
resulting in potentially 1800 new cases of gonadal insufficiency due to cancer
treatments this year (Chow et al. 2016).

With the increased survival rate aided by these treatments, there has been an
additional focus toward quality of life after cancer. A quality of life measure for some
patients includes the option of having biological children. In a small Swedish Cancer
Registry survey of participants ages 18 to 45, 72.8% of women and 83.0% of men,
who reported a pretreatment desire to have children, later reported a definite or
possible desire for children 3 to 7 years posttreatment (Armuand et al. 2014). Even
with an average of 10 years posttreatment, women who did not have children were
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significantly distressed about their infertility and interrupted childbearing years
(Canada and Schover 2012).

Ten to twenty percent of patients can attribute their POI to a heritable trait (Cordts
et al. 2011). Mutations that affect ovarian function can arise within genes that are
essential for ovarian follicle development and expansion or within the endocrine
system that controls gonadotropin-dependent growth and ovulation. These condi-
tions may result in differences in sex development (DSD). The X chromosome is a
significant player in this disorder, as X monosomy, X trisomy, and X chromosome
rearrangements on the long arm of the chromosome alter expression or dosing of
genes that are critical for ovarian development and account for up to 12% of POI
cases (Shelling et al. 2000; Goswami 2005; Qin et al. 2014). Mutations in
X chromosome genes, including bone morphogenic protein 15 (BMP15) (Chand
et al. 2006; Dixit et al. 2006; Pasquale et al. 2006; Rossetti et al. 2009), fragile
X mental retardation (FMR1 and FMR2) (Allingham-Hawkins et al. 1999; Murray
et al. 1999; Allen et al. 2007; Espeche et al. 2017), have also been found to induce
POI. Other examples of genes that have been identified as having mutations in
patients with gonadal dysgenesis or POI include gonadotropin receptors, luteinizing
hormone receptor (LHR) (Toledo et al. 1996; Puett et al. 2010), and follicle stimu-
lating hormone receptor (FSHR) (Aittomäki et al. 1995), hormone receptors estrogen
receptor alpha (ESR1) (Cordts et al. 2012), steroidogenic pathway genes, steroido-
genic factor (SF1) (Lourenço et al. 2009) and aromatase (CYP19A1) (Lin et al.
2007) and a transcription factor necessary for granulosa cell development, forkhead
box L2 (FOXL2) (Beysen et al. 2004).

1.2 Recognition of the Problem

The Oncofertility Consortium is a collection of institutions around the world that
seek to provide fertility preservation and restoration options for patients undergoing
treatments for their cancer or hematologic disease (Woodruff 2007). These and other
fertility preservation clinics offer preservation options for those with an 80% or more
chance of undergoing premature gonadal insufficiency. POI risk and age of onset can
be calculated for some treatments based on models of ovarian reserve rates of decline
(Faddy and Gosden 1996; Wallace et al. 2005b; Wallace and Kelsey 2010). For
example, it is estimated that a 12-year-old child who undergoes 10 Gy of pelvic
radiation may experience POI at 19.5 years old due to the treatment-induced
depletion of her primordial follicles (Wallace et al. 2005b; Wallace and Kelsey
2010). For adult women, fertility preservation can often mean undergoing oocyte
harvest and egg or embryo freezing. However, some women, like those with
estrogen-responsive cancers, cannot undergo the supraphysiologic treatments
required for oocyte harvest. Additionally, prepubertal girls do not yet produce eggs
and their only option to preserve their fertility is to freeze ovarian tissue. Ovarian
tissue cryopreservation (OTC) requires removal of ovarian tissue that is processed
into strips of tissue for cryopreservation through slow-freeze or vitrification tech-
niques. Transplantation of this tissue has resulted in restoring hormones to induce or
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maintain cyclical hormones and has resulted in over 130 reported live births (Donnez
and Dolmans 2017; Pacheco and Oktay 2017; Corkum et al. 2019). While oncology
patients comprise the majority of fertility preservation cases, clinics have begun to
offer services to DSD patients that may have some immature gametes within their
gonadal tissue (Finlayson et al. 2017; Johnson et al. 2017; Finney et al. 2019).

1.3 Beyond Fertility

Ovarian hormones are responsible for the development of secondary sex character-
istics that arise during puberty and are essential for female adult anatomy and
physiology. Puberty is the transition from an adolescent to a mature being and
encompasses physiological, physical, and psychological changes (Laronda and
Woodruff 2017). It is initiated by gonadotropin-releasing hormone (GnRH) neurons
in the hypothalamus that control the release of follicle stimulating hormone (FSH)
and luteinizing hormone (LH) from the pituitary. FSH and LH elicit responses from
the gonads to produce opposing factors, such as estradiol, progesterone, inhibin, and
testosterone. This cross talk is known as the hypothalamic-pituitary-gonadal axis,
and it occurs in a cyclical manner. Cessation of normal ovarian function has effects
that reach beyond reproductive capacity and health. Traditional male and female sex
hormones regulate growth hormone (GH) both directly, at the hypothalamus, and
indirectly, by regulating the downstream tissue response to GH (Juul et al. 1994;
Veldhuis et al. 2000). Women/girls with POI are at increased risk for comorbidities
that include cognitive, metabolic, osteogenic, skin, and cardiovascular diseases that
could be life threatening (Cooper and Sandler 1998; Ossewaarde et al. 2005; Shuster
et al. 2010; Muka et al. 2016; Chemaitilly et al. 2017).

Life expectancy is reduced in women with POI. Long-term studies by the Mayo
Clinic found a significant increase in mortality rates in women with surgical men-
opause that were mainly due to cardiovascular disease, osteoporosis, and bone
fractures (Rocca et al. 2016). They also reported an increase in dementia, Parkin-
sonism, and reduced psychological well-being (Rocca et al. 2007; Shuster et al.
2010). Additional studies in Dutch, Norwegian, South Korean, and Japanese cohorts
revealed a life expectancy of approximately 2 years shorter in women with ovarian
insufficiency from various causes (Jacobsen et al. 1999; Ossewaarde et al. 2005;
Amagai et al. 2006; Hong et al. 2007).

Current hormone replacement therapies (HRTs) are neither developmentally
dynamic, responsive, comprehensive, nor ideal long-term solutions. HRTs may be
used to initiate puberty, mitigate comorbidities in postmenopausal women, or pro-
mote gender-affirming characteristics. Current HRT protocols utilize patches that are
semiquantitatively cut to approximate appropriate and increasing doses at night to
mimic the female pubertal transition that occurs with at first low, then increasing
levels of nocturnal estradiol (Ankarberg-Lindgren et al. 2014, 2019). The goal is to
provide hormones that promote growth, secondary sex characteristics (pubic hair
and breasts), and cognitive function that mimics their peers. However, current
therapies and trials with available options are not sufficient (Matthews et al. 2017).
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While they may improve sex characteristics, they fail, for instance, to fully restore
linear growth (Leung et al. 2004). The ovary produces hormones other than estrogen
and progesterone, which are absent in pharmaceutical regimens and may be key to
mimicking normal puberty and sustained health. Inhibin A increases bone mass and
strength, independent of sex steroids, by stimulating osteoblast activity in mice with
gonads disconnected from vessels or removed altogether (Perrien et al. 2007).
Inhibin from gonadal sources also modulate hemoglobin accumulation and erythro-
poiesis in human bone marrow cells (Yu et al. 1987; Meunier et al. 1988). Addi-
tionally, anti-Müllerian hormone (AMH), which is secreted exclusively by granulosa
cells of growing follicles, can inhibit abnormal growth of tissues derived from the
Müllerian duct and potentially prevent endometriosis, adenomyosis, and uterine
cancer(Barbie et al. 2003; Chung et al. 2015). Further, each mode of HRT admin-
istration offers different pros and cons, which may vary based on patient’s age and
diagnosis. For example, transdermal administration of estradiol results in a more
physiological breakdown of estradiol, estrone, and bioestrogen concentrations, with
greater suppression of pituitary gonadotropins over synthetic oral formulations
(Taboada et al. 2011). Yet in some studies, oral estrogen replacement therapies,
but not transdermal therapies, reduce myocardial infarction and cardiovascular
mortality in postmenopausal women by decreasing Insulin-like Growth Factor-1
(IGF-1) and increasing C-reactive protein, and promoting endothelium-dependent
vasodilation and antiatherogenic changes (Vehkavaara et al. 2000; Vongpatanasin
et al. 2003).

Women suffer from ovarian insufficiency symptoms for decades after menopause.
The age of menopause has stayed relatively constant; however, women’s life expec-
tancy has extended. Therefore, women are living longer with ovarian insufficiency
and its comorbidities. Increased bone resorption and impaired bone remodeling is
accelerated during menopause, making women susceptible to developing osteopo-
rosis. The “timing hypothesis” for estrogen therapy in women theorizes that a
prompt restoration of estradiol/progesterone would be beneficial to maintain sexual,
cardiovascular, bone, and cognitive health and to significantly lower mortality;
whereas delayed therapy may increase risk of disease (Lobo et al. 2016). A cell-
based therapy that can respond to decreases in the patient’s serum ovarian hormone
levels could potentially remove the speculation of appropriate timing and provide the
full hormonal milieu in response to internal stimuli.

Ovarian tissue transplant after OTC has been shown to restore endocrine function
in one pediatric cancer patient so that she could transition through puberty with her
own hormones (Ernst et al. 2013). However, the function of this graft ceased after
19 months, due in part to the limited supply of hormone-producing cells within the
tissue. The lifespans of ovarian tissue transplants are limited. The current average
lifespan of transplanted cortical tissue, as monitored by menses and normal levels of
gonadotropin hormones, is between 2 and 5 years (Donnez and Dolmans 2013;
Stoop et al. 2014; Pacheco and Oktay 2017). Upon transplant of cryopreserved
tissue, the primordial oocyte pool undergoes increased activation that depletes the
reserve and reduces the hormone and egg production of the tissue (Gavish et al.
2018). This has been measured in women with ovarian transplants as an initial
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significant increase in AMH, at 140–280 days after transplant followed by a sharp
decline at approximately 280 days after transplant (Silber 2015). This accelerated
loss may be attributed to disruption of their ECM microenvironment (Kawamura
et al. 2013). More critically, some ovarian cortical tissue examined from patients
with leukemia, breast, gastric, uterine, and cervical cancers contained metastatic
disease (Dolmans et al. 2010; Bastings et al. 2013; Laronda et al. 2015), which
increases the risk of reseeding cancer with transplantation.

While great strides have been made to recognize causes of POI and the physical
and psychological consequences of this condition, more needs be done to understand
several aspects of restoring ovarian function. This includes investigating basic
ovarian biology and how the microenvironment influences folliculogenesis, how
these environments and the resulting gametes may differ depending on age or
pubertal status during isolation and transplantation, optimizing the procurement,
processing, cryopreservation, recovery, and transplantation of the ovarian tissue and
cells, and engineering the conditions that are amenable to appropriate
folliculogenesis with long-term production of fertilizable gametes and secretion of
the full complement of cyclical hormones.

2 Current State of Restoring Ovarian Function

2.1 Ovarian Tissue Cryopreservation (OTC) and Transplantation

Protocols for cryopreserving human ovarian tissue were developed using slow-
freeze techniques and transplanted into immunocompromized mice (Oktay et al.
1998, 2000). With the administration of long-term FSH, the transplanted cortical
strips produced estradiol in ovariectomized mice and supported large antral follicle
growth (Oktay et al. 1998). The first case where human ovarian tissue was
cryopreserved and autologously transplanted to restore ovarian hormones was
performed in New York, USA, in 2000. The tissue was placed in the pelvic
peritoneum and antral follicle formation was observed without stimulation. Ovula-
tion with endometrium thickening was observed following 10,000 IU of human
chorionic gonadotropin (Oktay and Karlikaya 2000). The first live birth that was
reported following transplantation of cryopreserved ovarian tissue was in Brussels,
Belgium, in 2004 (Donnez et al. 2004). This participant had stage IV Hodgkin’s
lymphoma and chose to cryopreserve her tissue prior to chemotherapy and radio-
therapy treatments at 27 years old. Within months she had undergone POI and by the
age of 32, she had all of her cryopreserved tissue orthotopically transplanted. This
tissue restored hormone function and supported a spontaneous pregnancy and live
birth (Donnez et al. 2004). To date, there have been over 130 reported live births
from tissue that was cryopreserved with an average age of 30 years old at the point of
cryopreservation (Donnez and Dolmans 2017; Pacheco and Oktay 2017; Corkum
et al. 2019). An assessment of 60 ovarian tissue transplants performed in Belgium,
Denmark, and Spain revealed that 93% restored estradiol and suppressed FSH,
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which was detected by 3.5–6.5 months posttransplant (Donnez et al. 2013). Hor-
mone production lasted up to 12 years with an average of 2–5 years of sustained FSH
suppression in these reports (Donnez and Dolmans 2017; Pacheco and Oktay 2017).
The average age of women seeking transplantation of their ovarian tissue is 34 years
old and 20–30% of these procedures have restored fertility (Donnez and Dolmans
2017; Pacheco and Oktay 2017; Corkum et al. 2019). Of these successful births,
62% were achieved spontaneously while the remainder were achieved using addi-
tional assisted reproductive technologies, such as in vitro fertilization (Corkum et al.
2019).

There is one report of a live birth using tissue that was cryopreserved when the
patient was peripubertal (Demeestere et al. 2015) and a report in the lay press of a
child born following transplantation of tissue that had been cryopreserved when the
woman was prepubertal (Donnelly 2016). While prior to these reports it was unclear
if ovarian oocytes from prepubertal patients were viable, it was at least clear from
animal studies that primordial follicles from young patients could mature into eggs
following xenotransplantation (Lotz et al. 2014). There have been 13 total trans-
plants resulting in 8 live births from patients who underwent OTC procedures at
20 years old or younger (Corkum et al. 2019). It may be too soon to fully realize the
implications of OTC for pediatric patients, as they may not request the tissue for
several years or even decades after preservation.

2.2 Location of Transplantation

Ovarian tissue can successfully restore function when transplanted in numerous
locations, such as the peritoneal window, ovarian medulla, beneath the ovarian
cortex, and subcortical ovarian pocket (Donnez et al. 2013). Orthotopic transplan-
tation can be achieved when one of the ovaries or partial ovarian tissue remains. The
ovarian tissue pieces can be quilted to create a larger piece for transplant handling
(Silber et al. 2008; Sánchez-Serrano et al. 2010). Alternatively, pieces can be
adhered with fibrin glue or slipped into pockets created just below the ovarian
surface epithelium (Meirow et al. 2005; Donnez et al. 2011). If there is no remaining
ovarian tissue, or the tissue is damaged and less than ideal for transplantation, a
peritoneal pocket may be created on the anterior leaf of the broad ligament and fixed
with fibrin glue (Donnez et al. 2012). Additional techniques using heterotopic sites
are also options. A location that is not intraabdominal could be used to monitor new
techniques or materials, follicular growth, or provide a potentially safer location if
there is any small risk of reintroducing cancer cells with the ovarian tissue trans-
plant. The forearm was used as an easily accessible location to restore ovarian
hormones in women that had undergone bilateral oophorectomies for squamous
cell carcinoma of the cervix with familial history of ovarian cancer and recurrent
benign serous cystadenoma (Oktay et al. 2003). Both patients’ grafts were func-
tional for >20 months and ultrasound had indicated several antral follicles (Oktay
et al. 2003).
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2.3 In Situ Options for Fertility

Prior to complete engineering of a safe bioprosthetic ovary, additional fertility
restoration techniques need to be developed, especially for those cancer survivors
who may have metastatic cells within their ovarian tissue and are at risk of
reintroducing the disease with an ovarian transplant (Meirow et al. 2008; Rosendahl
et al. 2010; Donnez et al. 2011; Laronda et al. 2015). In vitro maturation is one
option that could provide a fertilizable egg that could produce an embryo and be
implanted into the mother’s or surrogate’s uterus. Several labs have grown human
primordial follicles within ovarian cortical pieces to achieve large antral follicles
(Picton et al. 2008; Laronda et al. 2014; Jakus et al. 2017) and there was one
indication of a polar body, representing resumption of meiosis (McLaughlin et al.
2018). Additionally, 20% (4/20) of isolated human secondary follicles cultured in a
supportive biomaterial were matured to MII eggs (Xiao et al. 2015b). It would be
ideal to restore both fertility and hormone function without the risk of reintroducing
disease. Therefore, techniques for isolating primordial follicles and transplanting
them within a supportive matrix or scaffolding are also being explored.

3 Important Features in an Ovary to Be Recreated

Follicles are the functional units of the ovary with a centralized oocyte, or potential
egg cell, and singular or multiple layers of support cells. The two functional
components of the ovary are linked as ablating the follicle would deplete both the
sources of fertility and hormone production. Primordial follicles are located in the
cortical region of the ovary, most within 500 μm from the ovarian capsules in large
mammals (Fig. 1). Maturing follicles grow toward the center of the ovary and have
an additional support cell called theca cells. As folliculogenesis occurs, the ~30 μm
primordial follicle grows ~600 times that size (~20 mm) prior to ovulation. This
dynamic change is under the control of endocrine, paracrine, and structural controls.
Communication between the meiotically arrested oocyte and its nurse cells is
essential to maintain the health and support the growth and maturation of the oocyte.

Fig. 1 Histological images of human, porcine, and bovine ovaries (left to right). The ovarian
surface epithelium can be seen at the top of each image and primordial follicles are visible in all
examples. Antral space (porcine, middle) and antral follicle with an oocyte (bovine, right) is visible
deeper within the ovarian tissue. Scale bars, 100 μm
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The granulosa and theca cells produce the ovarian hormones in response to gonad-
otropins from the pituitary, which is primed during puberty to support the maturation
of the egg and trigger ovulation. The oocyte also controls the stage of the granulosa
cells that can proliferate and respond to pituitary hormones. This orchestration is
essential for the cyclical output of hormones and fertilizable eggs.

3.1 Oocytes

Gonadal tissues arise from the celomic epithelium that develops as a protrusion of
cells from the Müllerian duct. The primordial germ cells are a selection of cells that
remain in the extraembryonic ectoderm and migrate to the gonadal ridge. The battle
between defined testis and ovarian characteristics occurs within the supportive cells,
pre-Sertoli cells in the testis and pre-granulosa cells in the ovary. One main driver of
this decision is the presence or absence of a functional SRY, which drives testis
determination. In the ovary, the primordial germ cells, now referred to as gonocytes,
are surrounded by pre-granulosa cells to create nests of synchronously dividing germ
cells. After initiation of meiosis and recombination of homologous chromosomes,
the oocytes arrests in the diplotene I stage (Pan and Li 2019). The support cells
invade the nests and primordial follicles are formed with a single centralized oocyte
and squamous granulosa cells, which occurs between 15 and 22 weeks of gestation
in humans (Maheshwari and Fowler 2008). This meiotic arrest is maintained by high
levels of cAMP produced by the surrounding granulosa cells (Pan and Li 2019). The
primordial follicle pool represents the finite source of potential egg cells and finite
source of ovarian hormones for that individual.

3.2 Support Cells and Folliculogenesis

The number of primordial follicles can dictate the length of time an ovary can
function. The peak number of follicles is an average of 3 � 105(95% range 0.35–
25.3 � 105) in the fifth month of gestation and this number declines continuously
after birth (Wallace and Kelsey 2010). There are two waves of increased apoptosis
that reduces the number of oocytes within the ovary: during nest breakdown and
during cyclical primordial follicle recruitment. Once a primordial follicle is recruited
to grow it will continue and either mature and ovulate, in a postpubertal woman, or
undergo atresia which occurs in ~90% of the activated follicles undergoing atresia
(Baker 1963). Once the reserve is reduced to approximately 1000 follicles, the ovary
ceases to produce enough hormones to continue a normal menstrual cycle, which
naturally occurs as menopause in adult women around 50 years old (Wallace and
Kelsey 2010). It takes approximately 85 days for a human preantral follicle to
become preovulatory size (Gougeon 1986). Activation occurs downstream of the
serine/threonine kinase, AKT, and phosphatidylinositol3-kinase (AKT/PI3K) path-
way which induces phosphorylation of the forkhead transcription factor (FOXO3)
and translocation from the nucleus to the cytoplasm and is described in mice and
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cows (John et al. 2008; Andrade et al. 2017). However, this pathway may not be
important for primate oocyte activation as FOXO3 is absent in rhesus macaque
ovaries and there have been no sequence variations in human FOXO3 in women
with POI or primary amenorrhea (Gallardo et al. 2008; Ting and Zelinski 2017).

The granulosa cells play an important role in supporting the quiescent oocyte and
can trigger activation.Transzonal projections (TZP) are filipodia-like structures that
stem from the granulosa cells and to the oocyte. These projections are formed after
the primordial to primary transition and remain until the oocyte is released as an egg
(El-Hayek et al. 2018). Early attempts to culture these cell aggregates in vitro have
made the importance of maintaining these connections obvious. Ovarian follicles
cultured with a thick collagen gel culture maintained their spherical shape and
intercellular connections between the cells and the oocytes, which led to greater
efficiency in in vitro follicle growth and maintenance of healthy oocytes over
traditional 2D cultures (Gomes et al. 1999). Follicles are now often grown in
encapsulation materials. Hormone production and meiotic maturation were com-
pared with different encapsulation culture conditions, including alginate, collagen I,
collagen IV, fibronectin, and laminin (Kreeger et al. 2006). Murine follicle growth
and estradiol production was significantly improved with alginate by maintaining the
3D organization of the follicle (Kreeger et al. 2006).

There is a morphological change from squamous to polarized, cuboidal that
occurs in granulosa cells during follicle activation and results in a cell that is four
times narrower and six time taller (Hirshfield 1991; Picton 2001; Silva-Buttkus et al.
2008). Once an oocyte is surrounded by a full layer of cuboidal cells, the follicle is
termed a primary. This initial cuboidalization is coupled with TZP formation. The
cuboidal granulosa cells proliferate more than the cells with flattened morphology
(Gougeon and Busso 2000; Stubbs et al. 2007) and at this point granulosa cell
proliferation occurs in a layering or stacking manner to achieve secondary or
multilayered secondary developmental status (Silva-Buttkus et al. 2008). Beginning
at the primary stage, interstitial stromal cells are recruited to the outside of the basal
laminae that envelop the granulosa cells to form a flattened layer of theca cells. This
is also the point in which FSHR mRNA can be detected in granulosa cells in cows
(Xu et al. 1995; Bao and Garverick 1998), sheep (Tisdall et al. 1995), and rats (Presl
et al. 1974). While the basal laminae exclude blood vessels and nerves from the
oocytes and granulosa cell layers (Rodgers et al. 2003), there is a recruitment of
vessels through angiogenic factors released by the granulosa cells and recruitment of
lymphatic fluid that fills and creates space and pressure between two developing
layers of granulosa cells. The granulosa cells that remain in contact with the oocyte
are called cumulus cells while the cells that remain at the periphery of the follicle are
called mural granulosa cells.

3.3 Hormones

Theca cells express luteinizing hormone receptor (LHR) and produce androstenedi-
one in response to LH signaling. Theca cells express steroidogenic acute regulatory
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protein (STAR), which shuttles cholesterol to the mitochondria, cytochrome P450
subfamily members (CYP11A1, CYP17), and a steroid dehydrogenase (HSD3B2) to
produce this androgen in an LH dose–dependent manner (Smyth et al. 1995).
Aromatase (CYP19A1) is expressed in granulosa cells in an FSH dose–dependent
manner and converts androstenedione to estradiol. There are several growing folli-
cles at a given time in the ovary but only approximately 10 gain gonadotropin
growth dependence and continue to grow under peak levels of FSH (Fauser and
van Heusden 1997). It is necessary for estradiol levels to be high enough to trigger an
LH pulse in the late follicular phase of the cycle. The production of estradiol and
inhibin B also suppress FSH in a negative feedback loop. This feedback that shortens
the duration of FSH appears important for a single follicle to escape atresia and
become the dominant follicle that becomes increasingly sensitive to FSH and LH
stimulation (Wallach and Hodgen 1982; Pache et al. 1990; van Santbrink et al. 1995;
Schipper et al. 1998). Granulosa cells from mature follicles express LHR (Sullivan
et al. 1999; Blockeel et al. 2009). The LH surge triggers ovulation of a mature egg
from the dominant follicle and the remaining follicular cells develop the corpus
luteum (CL). The CL contains small luteal cells (formerly theca cells) that produce
the androgen precursors required for large luteal cells (formerly granulosa cells) to
aromatize into progesterone. The CL gland is maintained if the egg becomes
fertilized and pregnancy occurs; otherwise, eosinophils, T lymphocytes, and macro-
phages are recruited to the CL (Kirsch et al. 1981; Murdoch 1987).

In addition to the induction and inhibition of gonadotropins and preparation of the
reproductive tract to accept an embryo, ovarian hormones play important roles in
development and maintenance of other systems. In addition to estradiol and progester-
one, those hormones then can be supplemented with hormone replacement therapies,
ovaries produce testosterone, inhibins, activin, anti-Müllerian hormone, and insulin-like
growth factor and relaxin, among others. Almost half of postmenopausal women
develop metabolic syndrome and hypertriglyceridemia (Chedraui et al. 2007; Ali et al.
2014). The increase in metabolic syndrome severity during the menopausal transition
was not changed by hormone replacement therapy use (Gurka et al. 2016).

3.4 Vascularization

A vascular plexus infiltrates the ovary at the hilum and stems from the abdominal
aorta. Because the larger growing follicles surpass the diffusion limit, growing
follicles are located near blood vessels in the murine ovary (Feng et al. 2017).
Ovarian pericytes that express vascular endothelial growth factor (VEGF) migrate
to the theca cell layers of growing follicles in bovine, ovine, and porcine ovaries
(Reynolds and Redmer 1998). Neovascularization is also necessary for antrum and
CL formation. Conversely, hypoxia may mediate the dormant state of the primordial
follicles. Murine-induced pluripotent stem cell (iPSC)-derived oocytes were
cocultured with murine fetal gonad tissue to develop primordial follicles
(Shimamoto et al. 2019). Under control conditions, the follicles within the
reconstituted ovary undergo activation as opposed to the in vivo condition where
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the ovarian follicle pool is maintained by primordial follicles remaining in a quies-
cent state. This is alleviated under hypoxic conditions with 5% oxygen at a greater
extent than the addition of exogenous FOXO3a (Shimamoto et al. 2019).

The ovary produces both water- and fat-soluble hormones, in the form of peptide
and steroid hormones. Water-soluble hormones can move freely through the circu-
lation to target tissues but are generally repelled by cell membranes and require
receptors to induce cellular responses. Steroid hormones can travel through cellular
membranes and generally function at a nuclear receptor. They rely on carrier proteins
such as steroid hormone–binding globulins to travel through the circulation. General
proximity to important target organs may be beneficial for steroid hormones pro-
duced by the ovary. There are increased concentrations of estradiol and progesterone
in fallopian tube and uterine vessels than systemic blood circulation indicating
localized control of these hormones within the circulation (Cicinelli et al. 2004).

3.5 Compartmentalization and Physical Features

The ovary is surrounded by a capsule or layer of ovarian surface epithelium (OSE) and
is divided into two main, visibly distinct compartments, the cortex and medulla. The
cortical region contains mostly quiescent primordial follicles while the medulla region is
more vascularized and contains growing follicles. The compartmentalization of the
ovary is dictated by the extracellular matrix (ECM) composition, organization and
density and can be seen in some ovarian tissue cross-sections (Fig. 2). Additionally, a
recent proteomic analysis of a porcine ovary revealed significant differences in expres-
sion of matrisome proteins, ECM, and associated proteins, across the cortical and
medullary compartments (Henning et al. 2019). Collagen is concentrated in the cortex
of mouse ovaries (Bochner et al. 2015; Henning et al. 2019) and is present in more
organized sheets in bovine ovaries (Laronda et al. 2015). While it has never been
directly tested, it is hypothesized that the cortical region of the ovary is stiffer than the
medullary region (Woodruff and Shea 2011). Many polycystic ovarian syndrome
(PCOS) patients are anovulatory and have increased numbers of primordial follicles,
which may be due, in part, to the increased rigidity of their ovaries as measured through
magnetic resonance elastography (Wood et al. 2015). Alternatively, a reduction in
relative stiffness and improper development of ovarian tissue, as in streak ovaries within
Turner syndrome patients, may cause the increased rate of primordial follicle activation
and depletion (Reindollar 2011). These observations in human patients are supported in
experimental models.

Compression of murine ovarian tissue is required for primordial follicles to
remain quiescent. Disruption of the FOXO3a gene in mice accelerates primordial
follicle growth and addition of FOXO3a inhibits it (Castrillon et al. 2003; Liu et al.
2007). Digestion of the ovary with collagenase IVand trypsin released the primordial
follicles of the ECM-associated stress as indicated by loosening of actin stress fibers
and a progression in granulosa cell morphology from squamous to cuboidal
(Nagamatsu et al. 2019). Additionally, FOXO3a was exported from the nucleus to
the cytoplasm, an additional indication of follicle activation in primordial to growing
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follicles in mice. However, growing these enzyme-treated ovaries in a pressure
chamber reversed this phenotype and the primordial follicles were maintained in
the cortex of the ovary (Nagamatsu et al. 2019).

4 Materials Used for Engineered Ovaries

4.1 Overarching Consideration for Engineering an Ovary

The connections between the oocyte and supportive granulosa cells are essential for
the health and growth of the female gamete. Therefore, an environment that main-
tains the spheroid shape of the follicle is essential. Additionally, follicles require

Fig. 2 Histological images of human ovarian tissue biopsy. Primordial follicle clusters are visible
closer to the ovarian surface epithelium (top square). Small growing follicles are visible a little
deeper from the surface (middle square of a secondary follicle). The cortical to medullary transition
is visible (black arrows) and differences in stromal cell density is visible in the medullary region
(bottom square). This de-identified tissue biopsy was obtained from a 7.09 year old OTC patient
with sickle cell anemia that had not obtained any previous potential gonadotoxic treatment. Black
squares correspond the region that is magnified to the right. Scale bars, 500, 100 μm
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space to grow or require a material that breaks down to accommodate this growth.
The physical properties of these biomaterials are critical for supporting
folliculogenesis at several points, as described above to maintain the mechanical
equilibrium of the follicle an enable oocyte–granulosa cell connections (Fig. 3). In
particular, the activation of the quiescent follicle is controlled by physical forces and
mechanotransductive cues. In the formation of secondary follicles through an orga-
nized cuboidalization, stacking and packing is dependent on the follicular basal
laminae, theca cell layer, and directionality of mitotic divisions (Silva-Buttkus et al.
2008). The antral space formation, directionality of microenvironment resistance
established by localized matrix degradation and thinning, combined with building
osmotic pressure facilitates ovulation. Both matrix metalloproteinases (MMPs) and
their tissue inhibitors (TIMPs) are expressed by theca and stromal cells in the ovary
(García et al. 1997; McCaffery et al. 2000).

Additionally, the overall mechanical properties of the encapsulation or scaffold-
ing material needs to be considered. Ovaries that are too rigid or not rigid enough
may contribute to an inappropriate rate at which primordial follicles are activated,
causing them to be too slow or too fast, respectively. Ovarian wedge resections and
ovarian drilling have been used to facilitate follicle growth in anovulatory PCOS
patients (Farquhar et al. 2012). These examples highlight the necessity of dynamic
reciprocity of ovarian follicles with their microenvironment, and that the follicles
must be appropriately influenced and be able to modify and influence its
microenvironment.

One main driver for engineering an ovary is to benefit patient populations that
have metastatic disease within their ovarian cortical tissue and, therefore, are not
candidates for reimplantation of their cryopreserved tissue as it naturally exists. The
functional unit of the ovary, the follicle, that produces both the female gamete and
produces and responds to hormones is self-encapsulated within a basal lamina that is
not penetrated by white blood cells, vessels, or nerve processes until ovulation
(Rodgers et al. 2003). Follicles could be isolated from ovarian tissue containing
cancer cells and washing steps have been developed using both human and mouse
ovaries that demonstrate this (Kniazeva et al. 2016; Soares et al. 2017). However, the
stromal cell population is necessary for normal folliculogenesis as it facilitates intra-
and extraovarian communication and provides a source of theca cells and supports
recruitment of vessels and immune cells.

4.2 Restoration of Ovarian Hormones

Current hormone replacement therapies (HRTs) are neither developmentally
dynamic, responsive, comprehensive, nor ideal long-term solutions. HRTs may be
used to initiate puberty, mitigate comorbidities in postmenopausal women, or pro-
mote gender-affirming characteristics. In the right engineered environment cellular
therapies could provide continuous function that responds to the body’s stimuli.
Mice that were ovariectomized before puberty were able to go through pubertal
transitions with a transplant of ovarian cells on a decellularized scaffold by
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Fig. 3 Evaluation of biochemical cues and mechanical equilibrium of ovarian follicles. (a)
Schematic of processing the porcine ovary with a tissue slicer, prior to decellularization then
proteomics analysis and iPCR validation. Ovaries were sliced axially and sagittally. SDS, sodium
dodecyl sulfate; “decell’ed,” decellularized; LC MS/MS, liquid chromatography tandem mass
spectrometry; iPCR, immuno PCR. (b) Number of matrisome proteins by category significantly
differentially expressed across slices (“sig”) or not (“non-sig”). (c) COL1 expression at sagittal and
axial intersections, pink outline represents cortical layer. (Modified: Henning et al. 2019 Sci
Reports). (d) Image slice that designates follicle (calcein, green) strut contact, rhodaminestained
(red), at 2 contacts, scale ¼ 100 μm. (e) As the number of strut contacts increased, the length of
follicle adhesion along one strut decreased, P ¼ 0.0029. (f) Side contact lengths summed. No
significant difference between 1 and 2 side contact, P ¼ 0.59. (Modified from Laronda et al. (2017)
and Henning et al. (2019), both licensed under CC BY 4.0)

Tissue-Engineered Ovary 299



increasing estradiol and inhibin A serum levels (Laronda et al. 2015). Additionally,
adult ovariectomized mice that received encapsulated ovarian cells had a reduction
in bone turnover (Guo et al. 2010). Studies were performed in ovariectomized rats
using primary theca and granulosa cells encapsulated in alginate where the granulosa
cells were in the center and theca cells on the periphery (Liu et al. 2013b; Sittadjody
et al. 2017, 2019). Granulosa cells cultured with microcarriers and encapsulated with
theca cells produced more estradiol than granulosa cells separately (Liu et al. 2013b).
The cell number and ratio of granulosa cells to theca cells revealed that a ratio of 1:2,
granulosa to theca, provided the maximum estradiol synthesis in vito (Liu et al.
2013a). Alginate encapsulated spheres reduced FSH levels under stable estradiol
levels and improved body fat, uterine weight, and bone density versus controls over
90 days (Sittadjody et al. 2017). The addition of bone marrow stem cells to these
constructs enhanced the estradiol output in vivo, though it is unclear how, as the cells
did not affect viability or vascularization of the graft in vivo (Sittadjody et al. 2019).
While these findings are important proofs of concepts and demonstrate important
sustained estradiol levels, an additional advancement for cell-based HRTs would be
the production of cyclical hormones and those hormones besides estradiol and
progesterone that are produced by the ovary.

4.3 Encapsulation Methods to Restore Ovarian Function

Several studies have investigated restoring ovarian function with ovarian follicles or
pieces of ovarian tissue encapsulated with hydrogels or synthetic materials. Ovaries
from 8- to 11-day-old mice were dissociated and encapsulated in collagen gels
before implanting them in the kidney capsule of adult ovariectomized recipients
with confirmed ovarian insufficiency (Felicio et al. 1983). The transplants restored
hormones, as indicated by vaginal openings, increased uterine weight and
reemergence of cornified epithelium in vaginal smears, but seemed to be maintained
in the estrus part of the murine cycle. There was a range of growing follicles but
theca cells were not identified until vessels had formed approximately 1 week after
transplantation. Fertilized oocytes collected from the transplant formed blastocysts.
While intact ovarian tissue that is transplanted under the kidney capsule ovulate
(Felicio et al. 1983), the dissociated ovary encapsulated in collagen did not (Telfer
et al. 1990).

Similar experiments with fibrin clots were performed using primordial follicles
and other ovarian cells from 6- to 8-day-old mice (Gosden 1990). They were
transplanted into the ovarian bursa of mice that had 0.5 Gy of radiation, to eliminate
follicles, or in ovariectomized mice. Follicle loss was recorded from both extrusion
of the follicles from the clot and necrosis of follicles in the center. The grafts that
were transplanted into a bursa that contained an x-radiated ovary formed into the
tissue. Folliculogenesis appeared to occur in the transplant in a similar pattern, with
primordial follicles residing in the cortical region. CLs with and without anovulated
oocytes were found and pups were born from both transplant groups, though donor
eggs were not distinguishable from recipient eggs (Gosden 1990). The use of
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primordial follicles from cryopreserved ovarian tissue was an important addition
toward translation of these experiments. Recovered primordial follicles were encap-
sulated in a fibrin clot and transplanted into the ovarian bursa of adult ovariecto-
mized mice. Eight out of eighteen mice demonstrated estrogenic activity and four
mice produced live pups after natural mating (Carroll and Gosden 1993).

Other studies used fibrin, fibrin-collagen, and fibrin-alginate gels containing
primordial follicles near the periphery of the beads to test the efficacy of different
formulations of materials in a model of orthotopic transplants in ovariectomized
mice. The fibrin-encapsulated follicles in the ovarian bursa had a twofold increase in
survival over other encapsulation groups and all groups contained a majority of
primordial follicles after 9 days. Mice containing a fibrin transplant or fibrin trans-
plant with VEGF were mated. Two mice (out of six) with transplants with VEGF
produced pups that were of the coat color of the donor (Kniazeva et al. 2016).

Alginate is used successfully in in vitro follicle growth of mammalian follicles
(Pangas et al. 2003; Xu et al. 2006; Hornick et al. 2013; Skory et al. 2015; Xiao et al.
2015a, b). However, a step that removes the grown follicle from the alginate is
required to accommodate full growth and ovulation. Follicles were isolated from
12-day-old mice and encapsulated in 0.5% alginate and transplanted into the ovarian
bursa or subcutaneous pockets of adult ovariectomized mice to demonstrate an
immune-isolated method (Rios et al. 2018). Those in the subcutaneous location
survived at a great rate than those in the ovarian bursa. Oocytes from antral follicles
were retrieved from both experimental sites and matured in vitro to produce eggs
with normal spindle morphology. Those matured from the subcutaneous site could
mature to the four-cell embryo (Rios et al. 2018).

Synthetic poly(ethylene glycol) or (PEG)-based hydrogels have also been used to
test their function as a substrate for an engineered ovary. Nondegradable, proteolyt-
ically degradable, and dual PEG hydrogels were investigated using ovarian tissue
pieces with subcutaneous transplants. No antral follicles developed in non-
degradable PEG, but were found in the other groups; there was no vessel infiltration.
Recipients with degradable PEG had reduced FSH levels and cornified vaginal
epithelium but this was delayed in the nondegradable and dual PEG (Day et al.
2018). Hydrogels made of PEG with RGD (integrin-binding peptide) allowed for
vessel infiltration and large antral follicles and CLs were visible while maintaining
primordial follicles (Kim et al. 2016).

4.4 Scaffold Development for Ovarian Restoration

The main goals of an engineered ovary are to restore long-term fertility and ovarian
hormone support. These results will depend on the number of primordial follicles
that can be transplanted and maintained as a pool of potential gametes. Therefore, an
encapsulation method may be difficult to scale; additionally, alternative methods for
developing a transplantable material that lends itself totailored compartmentalized
microenvironments that mimic human ovarian compartments need to be explored.
To this end scaffolds made of decellularized ovaries, 3D printed gelatin, and
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electrospun poly(epsilon caprolactone) (PCL) have been investigated (Laronda et al.
2015, 2017; Liverani et al. 2019). Bovine ovaries were decellularized with sodium
dodecyl sulfate (SDS) and reseeded with follicular cells from young mice. While few
follicles were present in the single-cell preparation, there were follicles identified
that did form and grew within the transplant after two weeks under the kidney
capsule (Laronda et al. 2015). Because it is inefficient to seed follicles into pores that
were previously created by other follicles, 3D printing was explored as a way to
manufacture pores that appropriately support and maintain the essential oocyte–
support cell connections. Several architectural designs were created and tested
in vitro before downselecting to an advancing angle with an architecture that allowed
the follicles to be caught within the pore but also allowed for expansion during
follicle growth. The bioprosthetic ovaries made of a 3D printed gelatin scaffold and
isolated small follicles were transplanted into the bursa of ovariectomized mice. The
scaffolds enabled vessel infiltration, without the addition of VEGF, restored AMH,
and inhibin A, and supported ovulation and live birth of offspring that were
genetically distinct from the recipient mice (Laronda et al. 2017). An improved
version of the bioprosthetic ovary scaffold would consider both biochemical and
physical cues (Fig. 4). These cues may change as a gradient or consider the dynamic
reciprocity of the maturing ovarian follicles to enable follicle expansion, and recruit-
ment of vessels.

4.5 In Vitro Studies with Human Follicles

A process for isolating primordial follicles from human tissue has been established,
though remains inefficient in follicle yield (Laronda et al. 2014; Chiti et al. 2017a).
Isolated human follicles in plasma clots or ovarian cortical tissue pieces were
xenotransplanted into the ovarian bursa of adult intact mice. Both experiments
resulted in some growth after seven days (Dolmans et al. 2007). At five months,
the xenotransplant with isolated follicles grew to secondary and antral follicles, with
a few primordial follicles remaining (Dolmans et al. 2008). Another set of

Fig. 4 Schematic for building a bioprosthetic ovary. The quiescent primordial follicle is
maintained by both biochemical and physical cues. These cues can be incorporated into an
engineered scaffold that supports the changing needs of the maturing ovarian follicle through
growth, maturation, and ovulation
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experiments where isolated human preantral follicles were encapsulated in fibrin
xenografted into a mouse for seven days also examined the addition of hyaluronic
acid to the fibrin clot. More primordial follicles remained in the hyaluronic acid
group and no difference in proportion of the follicle stages, unlike the fibrin alone
clot which supported growth to secondary follicles (Paulini et al. 2016). Fibrin clots
were additionally investigated for their fiber thickness, rigidity, and ability to hold
follicles short term. Clots with increased concentrations of fibrin and thrombin
resulted in fibers of similar thickness to human ovarian cortical tissue and rigidity
of 3–10 kPa. There was significant loss of follicles in all formulations tested (Chiti
et al. 2017b).

Human ovarian tissue was decellularized with 0.1% SDS and tested as a potential
scaffold for human and mouse follicles (Laronda et al. 2015; Pors et al. 2019). These
scaffolds supported mature granulosa cells isolated from follicular fluid and ovarian
stroma cells in culture. Preantral human follicles in Matrigel were seeded on top of
the human decellularized scaffold and xenotransplanted into mice. There was sig-
nificant follicle loss after three weeks and the only remaining follicles were primary.
There was better recovery and signs of folliculogenesis from transplants of preantral
murine follicles in Matrigel that were cultured on top of decellularized human
medullary scaffolds, were cultured in between two decellularized scaffolds, or within
a pocket without Matrigel (Pors et al. 2019).

5 Conclusions

An ideal engineered ovary will support continued fertility and hormone restoration
long term. For this to occur, the engineered material must consider the necessity of
the spherical shape of the ovarian follicle, the differences in rigidity, and biological
signals available within different anatomical compartments that influence
folliculogenesis in order to maintain a quiescent pool adjacent to the recruited and
growing follicles. Considerations should be made to the location of the transplant
and potential downstream use, i.e., isolation of stimulated eggs for retrieval in a
heterotopic site versus an orthotopic site that may allow for ovulation through the
fallopian tubes. Sources of stromal cell populations, that are required for theca cell
development and modulation of signals, and vessel infiltration should also be
considered.

Immunoprotective materials may be an important feature of the engineered ovary
if the cellular of scaffolding materials elicit an immune response. However, the main
driver of developing an engineered ovary is to restore both hormone function and
fertility and implies that biological offspring is the desired outcome. Additionally, it
is unclear if full cyclicity would be restored with these immunoprotective materials,
because they prevent vessel infiltration, something that is required for normal
ovarian peptides hormones and the complete establishment of the hypothalamic-
pituitary-gonadal axis, in addition to preventing ischemia. Additionally, immune
cells are a natural part of CL formation. To facilitate the ovarian biology and alleviate
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these potential immune responses we are tasked with isolating ovarian follicles and
cells for an autologous transplant.

There could be several autologous stromal cell sources. If engineered ovaries are
able to last longer as transplants in hormone and fertility restoration than unaltered
ovarian cortical tissue pieces that have been cryopreserved, then an engineered ovary
could be recreated using the isolated follicles and the stromal cells from that ovary.
Additionally, gonadal tissue from patients with DSD may also have some stromal
cells that could be used. For those patients who have potentially metastatic disease,
the source of stromal material that may be safe to transplant could be from those
same patients following completion of the cancer-eradicating treatment or through
expansion of populations from complimentary organs. For those patients that do not
have the option to use their own source of cells to restore ovarian function, future
stem cell therapies may be a welcome advancement.

The current protocols for differentiating stem cells into gametes produced PGCs and
require the nurturing environment of their support cells to undergo meiosis for both
mouse (Imamura et al. 2013; Hikabe et al. 2016; Ishikura et al. 2016; Zhou et al. 2016;
Shimamoto et al. 2019) and human stem cells (Yamashiro et al. 2018). These are positive
advancements that have the potential to benefit all patients desiring biological offspring.
It is essential to have a clear understanding of how each of these new technologies, from
scaffold materials and design to source of cells, will influence the gamete quality as they
will ultimately affect the next generation born of these technologies.
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Abstract

Organs in our body are not simple in composition. Penis also is composed of
delicate complex tissues. Moreover penis is distinctive for its dual actions,
voiding and sexual functions, and has an impact on the psychological aspect for
some people. There are lots of reasons for penile reconstruction, including
various penile diseases, penile traumas, and congenital penile anomalies. Other
niche fields for penile reconstruction would be transsexual surgeries and penile
augmentations. As other tissues, penile tissue has little substitutes and shortage of
supply for reconstructive surgery. And allogenic transplantation as kidney would
be impossible except for the exceptional situations because of the ethical issue.
Tissue engineering would be one of the solutions for the sufficient supply of
penile tissue on demand.
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This chapter deals with how the penile reconstruction using tissue engineering
has been started and developed. Clinical trials in penile tissue engineering will be
introduced. Also, the new approaches and investigations for better physiologic
reconstruction of penis in the future including stem cell applications, cell therapy
and gene therapy, new scaffolds, and 3D printing technics will be discussed.

1 Introduction

1.1 Anatomy and Physiology of Penis

Penis is the complex organ composed of various tissues. Grossly penis can be
divided into two parts in structure and function. Anatomical structure of penis is
well known (Drake et al. 2009; Dwyer et al. 2011) (Fig. 1). The penis contains three
cylindrical structures. A pair of tissue located at the dorsum of penis is called as
corpus cavernosum and these structures are responsible for penile erection. They are
covered with a thick fibroelastic structure called tunica albuginea (TA). Corporal
tissue is composed of trabeculae with various sizes of pores resembling sponge
architecture. These sinusoidal structures are composed of connective tissue, mainly
several types of collagen and elastin (Goldstein et al. 1985). Smooth muscle cells
(SMCs) and endothelial cells (ECs) are intermingled with these cavernosal sinusoi-
dal matrices. Once arterial blood flows into corpus cavernosum, erection starts. This
inflow of blood is pooled in the irregular size sinuses of corpus cavernosum resulting
in expanding volume of cavernosal tissue. This tissue expansion is restricted by the
surrounding thick, partially elastic TA. As the arterial inflow slowing down for back
pressure of corpus cavernosum, the venules penetrating TA, that bridges in and out

Fig. 1 Cross-sectional anatomy of penis
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of corpus cavernosum, and draining blood pooled inside the corpus cavernosum, are
compressed by increasing intracavernosal pressure inside the TA. This results in
stasis of blood inside corpus cavernosum and maintenance of high pressured
cavernosal tissue (Lue 2016). The stiffness that originates from corpus cavernosum
is erection.

Another cylindrical structure is the corpus spongiosum. It is located at the ventral
side of the penis and surrounds the urethra. The urethra is composed of several
muscle layers and acts as a common pathway of urine and ejaculate. The corpus
spongiosum is also covered with TA. Penile subcutaneous tissue is composed of
Buck’s fascia, Colle’s fascia, and small arteries, veins, and nerves covering the TA
(Awad et al. 2011; Hsieh et al. 2012).

Histology of corpus cavernosum shows that this structure is able to shrink and
dilate under appropriate conditions, and sustaining erection is possible with pooling
of blood in the sinusoidal structure of corpus cavernosum with the help of TA. The
key mechanism of erectile process is coordination of various nerves and vessels.
Aside of erectile process, ejaculatory process happens in a millisecond, also with the
cooperation of autonomic nerves, sensory and motor nerves, and muscles (Lue
2016).

Though penile reconstruction includes reconstruction of urethra as well as cor-
poral tissue, reconstruction of urethra and corpus spongiosum is dealt in another
chapter of this book.

1.2 History of Tissue-Engineered Penile Reconstruction

There are instances when penile reconstruction is needed. These are pathologic
conditions to deteriorate the penile functions or ruin penile cosmetic aspects.
These penile diseases include Peyronie’s disease (PD), urethral stricture, penile
fracture, burns, infections, penile cancer, penile trauma as penetrating injuries and
blunt force trauma, bites, and congenital anomalies like hypospadias, epispadias,
buried penis, and so on (Lumen et al. 2015). Nowadays there is another specific
demand for penile reconstruction, as penile augmentation or transsexual surgery.
Damaged penis usually loses its function as erection and urination. A lot of patho-
logic conditions of penis could not be restored with conservative approaches,
therefore depending on severity of disease, surgical reconstruction would be the
appropriate solution (Williams et al. 2016).

Even though various surgical treatment modalities have been introduced to
restore penis since the 1930s, the results had not fulfilled the expectations of doctors
and patients. The primary goal of penile reconstruction was structural restoration.
Since the Russian surgeon Nikolai Borgoras tried penile restoration using a tubed
abdominal pedicled flap combined with rib cartilage in 1936 (Bogoras 1936;
Goodwin and Scott 1952), clinicians have utilized various well-vascularized
musculofascial tissues such as the radial forearm flap, thigh flap, free fibular flap,
osteofasciocutaneous flaps, or the anterolateral thigh flap as well as autologous skin,
muscle, vessels, facial tissue from various parts of body in penile reconstruction
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(Felici and Felici 2006; Mutaf et al. 2006; Salgado et al. 2011). Materials, allogenic
nongenital tissues including skin, muscle, and xenogenic tissues from various
locations were also applied as the substitution of penile reconstruction due to deficit
autologous genial tissue (Palese and Burnett 2001). Nevertheless the results of
surgical procedures revealed risks of graft failure due to tissue necrosis, infection,
and donor site problems (Horton and Dean 1990). Adverse immunologic reactions
were another problem in non-autologous graft materials. Usually these surgical
procedures have been performed in multiple stages depending on the cases and
methods. The first one-staged penile reconstruction was performed in 1984 (Chang
and Hwang 1984).

A novel technic called “tissue engineering” was introduced in 1988 to create the
appropriate tissue using cells and biomaterials. For the purpose of properly func-
tioning tissue or organ reconstruction, tissue engineering would be the appropriate
treatment modality compared to the traditional methods in obtaining sufficient and
efficient biologic substitutes (Machluf and Atala 1998). In 1999, the concept of
“regenerative medicine” has been proclaimed. The terminology Regenerative Med-
icine include wider range of field than Tissue Engineering, including cell therapy,
nuclear, or gene therapy adding to tissue engineering.

As another approach for penile reconstruction, penile transplantation has been
tried three times until now. In spite of the ethical issues in 2006, penile allo-
transplantation was performed without serious physical postoperative complications
of the transplanted penis. Instead, the result was dismal for the psychological
problem of recipient (Caplan et al. 2017; Hu et al. 2006).

There are two main factors of tissue engineering: cells and biomaterials as scaf-
folds. Researchers have investigated for the selection and culture of proper cells,
methods to harvest enough cells, inventing appropriate biocompatible scaffolds to
restore specific organs.

Studies have been started for the proper cell selection and effective methods of
cellular proliferation composing corpus cavernosum. Cell proliferation technic like
cell culture was not familiar and not studied systematically in the clinical field until
the 1980s (Atala 2012). Major cell composite of corpus cavernosum is smooth
muscle cells (SMCs) and endothelial cells (ECs). Researchers have successfully
set up technics to culture and harvest purified SMCs and ECs (Carson et al. 1989).

Another wing of necessary component is biocompatible biomaterials. Ideal bio-
materials would support the growth of cells, act as a scaffold of aimed structure, and
avoid immune reactions to the seeded cells and implanted host. Biomaterials are
classified into two categories. The first one is synthetic materials. Ideal properties of
synthetic biomaterials would be biocompatible, nontoxic, nonantigenic,
non-teratocarcinogenic. A lot of synthetic polymers were introduced as polyglycolic
acid (PGA), polylactic acid (PLA), poly (lactic-co-glycolic acid): PLGA, poly
(caprolactone: PCL), and so on. These synthetic materials have advantages such as
production in large scale, reproduction, and availability of mixing components as
enhancing or inhibiting factors and are also capable in quality control on specific
demands. On the other hand, some synthetic polymers have limitations of their own
as PLGA is not elastic enough for a scaffold in contractile tissues (Boland et al. 2006).
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Another category would be natural materials like acellular matrices (ACM) from
native tissue and decellularized bladder submucosa or small intestinal submucosa
(SIS), collagen, alginate, hyaluronic acid (HA), elastin, and fibronectin derivatives
manufactured from allogenic or xenogenic sources. The merits of natural materials
are lower immune reaction and natural 3D architecture in case of ACM. Collagen
has been one of the most popular substances of them. It can be derived from human
and animals, and has been approved for clinical application from the US Food and
Drug Administration (FDA). Collagen has been adopted in the production of various
textures for its properties of low immunogenicity and low inflammatory responses.
Another advantage of collagen is that it is one of the raw materials relatively easy in
molding to certain shapes and structures. Also collagen is one of the main compo-
nent of the ACM (Williams et al. 2016). About the safety issue, FDA approved
collagen and PLA, PGA, PLGA as the materials applicable to humans in 1981. This
was followed by approval of HA in 2003, Poly-L-lactic acid (PLLA) in 2004,
Polymethylmethacrylate (PMMA), and calcium hydroxyapatite (CaHA) in 2006.
Autologous fibroblast was approved in 2011. Studies have developed to combine
natural materials with synthetic polymers as hybrid biomaterial on demand. One of
the examples would be mixture of hybridizing a high molecular weight Poly
(ε-caprolactone) (PCL) and type I collagen. This composite biomaterial was
designed for the endurable material under the environment of high flow and pressure
as in physiologic vascular status. This composite biomaterial showed improved
mechanical properties as longer stability and provided better condition for vascular
cells compared to scaffold made from single material (Lee et al. 2008). A variety of
biomaterials have been tried for penile reconstruction using tissue engineering,
synthetic materials as PLGA, natural materials as ACM, collagen, etc.

2 Corpus Cavernosum

Researches for reconstructing penile tissue using tissue engineering have progressed
by the following steps: (1) establishing method and process of culture and expansion
of necessary cells, SMCs and ECs, (2) animal studies of cell-biomaterial complexes
using cells combined with synthetic biomaterial scaffolds, (3) animal studies of cell-
corporal ACM complexes, and (4) replacing entire corporal tissue with cell-corporal
ACM complexes in animal for the recovery of penile function.

The first step was constructing a tissue similar to corpus cavernosum from the
cell-scaffold complex. In the 1980s technics of cell culture for implantation was not
familiar and infrequently performed by biologists and clinicians. Human corporal
SMCs, one of the major cells composing corpus cavernosum, was isolated from
human corporal tissue using explant technic, then cultured and expanded in the cell
culture chambers under the sterile condition. The PGA polymer scaffolds were
manufactured as porous architecture for its durability and hydrolytic properties.
These cultured SMCs were combined to the biodegradable PGA polymers. The
SMCs-polymer complexes have been implanted at the subcutaneous space of rats. In
1998, Kershen et al. reported the results of a study about engineered tissue in vivo
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using animals. The implanted cell-polymer complexes were harvested at 7, 14, and
24 days after surgery. Histologic analysis showed retrieved SMCs-PGA complexes
formed smooth muscle cell layers and showed penetrating vessels into SMCs-PGA
complexes from surrounding tissue, which was necessary for cell viability and
development of cells into tissue. Alpha smooth muscle actin, the smooth muscle
specific marker, was detected byWestern blotting and immunocytochemical staining
in these neo-tissues formed from cell-polymer complexes. The PGA scaffolds
degraded with time in the rats as designed. The cultured cells in vitro combined
with synthetic biodegradable polymer scaffolds developed into smooth muscular
tissue in vivo. This was the first study on reconstruction of corpus cavernosal tissue
using cultured human corporal SMCs seeded on biodegradable PGA polymers
(Kershen et al. 2002).

Oxygen and nutrients are necessary in cell survival and reconstituting tissue from
cells. These elements are delivered by blood. The sufficient vasculatures would be
important to promote the reconstitution of tissue or organ from individual cells and
to avoid necrosis and fibrosis of implants or grafts (de Vocht et al. 2018; Novosel
et al. 2011). Surgical procedures result in disconnection of vascular supplies at the
site of incision or implantations from surrounding native environments. The organic
implants as cells or tissue need ingrowth of vessels from surrounding tissues into
implanted tissues or autologous vascular formation from implants by themselves.
One of the huddles in reviving cellular implants was to build abundant vasculatures
around the cell-containing implants. ECs are the basic component of vasculatures
and are necessary for vascular formation and it is another major composite of corpus
cavernosum together with SMCs. Investigation for coexistence of SMCs and ECs in
the implant complexes was attempted. Human SMCs and ECs (ECV 304) were
cultured individually, and then seeded on PGA polymer scaffolds in stepwise
manner. These SMCs- and ECs-seeded PGA polymer complexes were implanted
in the skin of athymic nude mice. The basic process of these methods including cell
preparation and seeding, are similar to various other applications of tissue engineer-
ing (Lanza 2002; Yoo et al. 1998b). Park et al. (1999) reported the construction of
vascularized corporal tissue in vivo by combining human SMCs and ECs to PGA
scaffolds. The implanted cell-PGA complexes were retrieved at 1–42 days after
surgery and they showed well-organized smooth muscle architecture surrounded by
the accumulation of endothelium lining the porous luminal structures and plentiful of
neo-vascularities around the implanted complexes from 5 days of implantation. This
study revealed that ECs had facilitated the ingrowth of vasculature from the sur-
rounding native tissue and new capillary formation by itself, resulting in assisting
reconstruction of corporal tissue with abundant vasculatures. This was the first study
of the possibility in combination of different types of cells on a scaffold at a time and
the way to supply enough oxygen and nutrients through neo-vasculatures using
cultured ECs in vivo.

Studies stepped ahead to (1) introduction of new three-dimensional matrix for
penile reconstruction, as ACM, (2) improved cellular distribution and attachment
technics as dynamic seeding method applying bioreactors, and (3) developing
method of total replacement of penis by cell–matrix complexes in vivo.
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There was a need for more physiologic, biocompatible scaffold specific for
corpus cavernosum. Manufacturing scaffold similar to the native cavernosal sinu-
soids was an obstacle. Pores of sponge-like corporal sinusoids vary in size and are
irregular in distribution. Fabricated synthetic polymer scaffolds were not suitable for
the natural corpus cavernosal architecture. Corpus cavernosum is composed of
elastic fibers, collagen (mainly type I and part of type III) and SMCs, ECs (Lue
2016). Three-dimensional scaffold similar to corpus cavernosum was investigated.
Decellularization method is removing any cells from tissue and results in acellular
backbone structures as end product. Acellular Matrix (ACM) made of allogenic
tissue has the merits of same meticulous microarchitecture as native properties, less
immune responses, and contains some growth factors or cytokines that help in
cellular growth compared to conventional synthetic biomaterials (Hoganson et al.
2010). In previous studies, acellular matrices were processed using animal bladder
and urethra by cell lysis technic, then these ACMs were applied in animal for bladder
and urethral reconstructions (Atala et al. 1999). Falke et al. (2003) processed donor
rabbit corporal tissues to get corporal ACM using cell decellularization technic,
which was the same method used in previous bladder or urethral tissue preparations.
These products had the same architecture of corporal sinusoids avoid of cells as
native corpus. Acellularity of these matrices was confirmed by histology and elec-
tron microscopy. They have cultured human SCMs, ECs, and then implanted 80 of
ACM-human SMCs and ECs complexes in athymic nude mice. These implants were
harvested from 3 days to 8 weeks after implantation. Retrieved implants were
analyzed histologically, physiologically including organ bath study, scanning elec-
tron microscopy (SEM), and by molecular analyses includingWestern blot, RT PCR.
The results showed the presence of neo-vascularities in the sinusoidal spaces of
ACM with increased organization of smooth muscle and collagen over time. Anal-
ysis showed the characteristics of human SMCs and ECs in immunohistochemical
studies (alpha-actin and factor VIII, each) and Western blot, and revealed expression
of muscarinic acetylcholine receptor subtype m4 mRNA on RT-PCR in 8 weeks
implants. In 4 weeks implants, ACM-cells complexes showed cell-covered sinusoi-
dal architecture. Appropriate collagen composition was found with hydroxyproline
quantification. Contractility was detected in harvested ACM-cells complexes on
organ bath electrical field stimulation also. This study meant human SMCs- and
ECs- seeded corporal ACM complexes constructed well-vascularized corporal struc-
tures similar to the native corporal body. ACM worked as a better substitute than
conventional corporal scaffolds as cell delivery vehicle in vivo (Falke et al. 2003).

Kwon et al. (2002) replaced segments of rabbit corporal body with the cells-ACM
complexes made in the same processes as mentioned above. They implanted 18 of
ACM-SMCs and ECs complexes along with 8 of ACMs without cell as control into
the rabbit penis. Rabbit corpus cavernosum was excised segmentally in 7 mm length
leaving urethra intact, then cells-ACM complexes were interposed at the excised
cavernosal sites. The rabbits sacrificed after 3, 6 months of implantation. Rabbit
cavernosal structure and intracavernosal pressure were evaluated before retrieving
cells-ACM complexes. They showed continuous visualization of cavernosum, this
meant intact patent corpus cavernosal cylindrical architecture despite of corporal
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replacement on cavernosography and improved intracavernosal pressure up to 50%
of normal compared to null in control group (only ACM implantation) on
cavernosometry. Histological analysis showed corporal sinusoids were covered
with SMCs and ECs compared to fibrosis and calcifications in ACM-only group.
Levels of eNOS and nNOS of cell-ACM complex group were similar to that of
normal rabbit in Western blot analysis compared to decreased nitric oxide synthase
activity in ACM without cell group. The rabbits implanted with the cells–matrix
complexes mated 3 month after implantation and the sperms were detected from
female rabbit after mating. This result meant tissue-engineered penile implant
worked more physiologically, about 50% of normal and even showed ability to
achieve the sufficient erection, vaginal penetration, and ejaculation. This study
showed successful tissue-engineered autologous corporal tissue in structural and
functional aspects, implying potentials for applying this technic into clinical penile
reconstruction.

To improve the maturation of implanted cell–matrix complex, cellular distribu-
tion in the matrix is important. The methods were investigated for improving
delivery, attachment, and growth of cells in the new environment of scaffolds
(Hasan et al. 2014).

In normal instance, penis erects spontaneously for several times during sleep
physiologically (nocturnal tumescence) without any sexual stimulations. Nocturnal
tumescence is known as preventing fibrotic degeneration of cavernosal tissue and
inducing angiogenesis in corpus by regular oxygenation of corpus cavernosum.
Insufficient supply of oxygen and nutrients result in fibrosis and degeneration of
tissue. Abundant vasculature around and inside the reconstituting structure helps
cells to mature into organized tissue. Appropriate distribution of ECs into the
scaffold together with the ECs on scaffold’s surface would be ideal to form vascular
structures than ECs residing on surface of scaffold only. Similar condition as
nocturnal tumescence was designed during cell culture and cell seeding on bio-
materials in vitro with the help of bioreactor (Eberli et al. 2008). Previous results of
Kwon et al. (2002)‘s trial was not satisfactory as intracavernosal pressure was less
than normal in reconstructed corporal tissue in rabbit. It was assumed that one of the
reasons for deficit intracavernosal pressure might be insufficient number of func-
tional cells in the implanted ACM-cells complexes (Persson et al. 1989). Previous
implants showed that cell densities in engineered reconstructed tissues were lesser
than cells in normal corporal sinusoids. Increasing cell densities in the implants,
especially SMCs, would improve intracavernosal pressure to the physiologic level. It
was postulated that applying the hydrodynamic forces on solution containing cells
would be advantageous in distributing cells into the irregular, narrow spaces by the
form of cells in solution. Since 1990s, there have been studies about cell seeding
technics and improved results were stated in the use of hydrodynamic forces,
dynamic seeding, and bioreactor system (Burg et al. 2000; Xiao et al. 1999).

So Eberli et al. (2008) tried to improve the quantity and quality of cell viability
and cell attachment on biomaterials for corpus cavernosum using bioreactor system
consisting of a closed glass beaker and a magnetic stirrer with hydrodynamic forces.
ECs and ACMs obtained from rabbits were processed as routine. EBM2 solution
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containing rabbit ECs were saturated on ACMs in static manner or dynamic method.
For dynamic seeding group, ECs-ACM complexes were cultured using bioreactors
stirred in 40 rpm for 48 h. Each cell-ACM complexes were implanted in athymic
mice subcutaneously. These implants were harvested and analyzed after 14 and
28 days of surgery. Specimens of dynamically seeded group showed better cell
viability and better cell attachment compared to that of static group. Retrieved tissues
of dynamically seeded group revealed enhanced tissue organization, higher cellular
density, intact cellular lining of the sinusoids, and complete coverage of the sinu-
soidal space on immunohistochemical, histologic evaluations. MTT assay represents
overall metabolic activity of 3D tissue, not a quantifying tool for counting cell
number. It measures mitochondrial activity that would imply active metabolizing
cells. Dynamic seeding group showed greater metabolic activity compared to static
seeding group in MTT assay. Superior in cellular density was measured with DNA
assay and also showed superior in the dynamically seeded ACMs than static group
(71% versus 39% compared to the superior in cellular density of normal corpus
cavernosum). Results of histology and SEM revealed structural superiority in the
dynamic seeding group also. These results implied dynamic seeding using bioreactor
could result in enhancement of cellular distribution, cellular differentiation improv-
ing tissue restoration.

Following Eberli et al. (2008)‘s trial of dynamic seeding of ECs only, Falke et al.
(2003) made the cell-seeded ACMs by dynamic seeding of dual cells, as SMs and
ECs, and replaced short segment of rabbit corpus cavernosum with these
ACM-autologous cells complexes. After the successful results of above trials,
Chen et al. (2010) replaced total corpora with engineered tissue in the rabbits
applying dynamic cell seeding. The basic procedure was similar to the previous
studies using cells and biomaterials (Fig. 2) SMCs and ECs were prepared from
biopsied rabbit corpus tissue. They processed ACMs from donor rabbit corpus by
decellularization. Then they seeded these cells on ACMs in a manner of multistep
static/dynamic seeding method for the purpose of homogenous cellular distribution
in ACMs and to enhance cellular attachment. These cells-ACM complexes were
implanted into excised penile space of 12 rabbits. Nonsurgical rabbit group and
rabbits operated without implantation group were as control and comparison groups.
Evaluations were made in 1, 3, 6 months after implantation. Cavernosography and
cavernosometry showed normal shape of gross corpus cavernosum and normal
intracavernosal pressure in cell–matrix complex group compared to nonsurgical
group. On physiologic test using organ bath studies of muscle contractors, relaxants,
and electrical stimulation, they could observe the contraction of implanted ACM-cell
complexes by electric stimulates or pharmaceutics and these implied that penile
nerve innervated into the implanted engineered corpus. Similar to previous trial
in vivo, mating, ejaculation was observed in these engineered tissue implanted
rabbits and gave birth to descendants. This research showed the development of
penile tissue engineering achieved the tissue construction performing similar func-
tions as normal animal (Chen et al. 2010). Even bearing problem of allogenic
corporal ACM supply (Caplan et al. 2017), this technic implied potential of
reconstructing penile tissue. Also this study triggered the need for the technics to

Tissue-Engineered Approaches for Penile Reconstruction 323



fabricate meticulous synthetic polymer scaffolds identical to natural corporal matrix
along with ACMs.

There was a report of corporal ACM processed from human corpus cavernosum.
They obtained human tissue under guidance of institutional review board approval
and got informed consent from transgender patients before sex reassignment surgery.
They decellularized human corpus cavernosum, then implanted human corporal
ACM into the peritoneal cavity of Sprague–Dawley rats. Histologic evaluation
revealed intact corporal sinusoidal structure with increasing vasculature around,
ingrowth of SMCs and ECs from 1 month of implantation. The implanted ACM
connected to the microcirculation of host rat and inward spread of host cells into
ACM was observed. These results might imply that there was natural regenerating
ability in the body, as the concept of natural bioreactor (Kajbafzadeh et al. 2017).

There have been clinical applications in several organs made by tissue engineer-
ing already. Clinical applications on bladder and urethra have been reported. Atala
et al. (2006) applied tissue-engineered autologous bladder as cystoplasty clinically.
They also reconstructed human urethra utilizing engineered tissue (Raya-Rivera
et al. 2011).

In the long run, researchers are expecting that clinical trial of tissue-engineered
penile tissue could be approved by FDA. Definitive rabbit study must be the first step
for providing safety data. This study includes scaffolds preparation, cell isolation,

Fig. 2 Basic process of in vitro and in vivo study of cavernosal reconstruction
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cell characterization, cell seeding, and characterization of seeded scaffold, implan-
tation, and characterization in vivo. After confirming these studies, permission of
human clinical trial from FDA would be expected. A Phase 1 clinical trial using
autologous corporal cells was approved by the FDA and is being initiated to
demonstrate safety and feasibility.

A lot of suggestions are proposed for the construction of the tissue-engineered
penis closer to physiologic status. To create corporal tissue from cells-scaffold
complexes efficiently, we expect the developments in several aspects, proper distri-
bution of cells with help of bioreactors or 3D bioprinting, methods of collaborating
pharmaceutical compounds, cytokines or growth factors aiding tissue maturation
from seeded cells, methods of enriching vasculature into the cell-scaffold com-
plexes, introduction of modified cells including stem cells (SCs), or applying
DNA or gene therapies.

3 Penile Prosthesis

Another issue of penile reconstruction is penile prosthesis. Inserting penile prosthe-
sis is the definitive treatment of erectile dysfunction (Levine et al. 2016). Initially, the
concept of penile prosthesis was for the structural buttress in reconstructing damaged
penis aside of erectile functions. Bone or cartilages as rib covered with autologous
musculofascial tissue was applied to form penis-like construct for substitution of
damaged penis. Following the introduction of inflatable penile prosthesis (Scott et al.
1973), a variety of penile prosthesis has developed around 1980s to treat erectile
dysfunction. Currently available penile prosthesis is classified as malleable type and
inflatable type. Penile prosthesis implantation: past, present, and future (Simmons
and Montague 2008). Malleable penile prosthesis is semirigid and simply bendable
with the spring compartment in the prosthesis. The merits of malleable type are its
lower incidence of mechanical failure and it is less expensive than inflatable pros-
thesis. But implanted penis is not natural and it is difficult to conceal for its constant
semirigid property. Complications as erosion and protrusion of implantation might
occur. Inflatable prosthesis includes two-pieces, three-pieces, and positionable pros-
thesis. These provide better tactile sensation as normal penis and these can be
deflated when not using. But mechanical dysfunction is more frequent than mallea-
ble type and is more expensive. Major composition of this conventional prosthesis is
silicon. Prosthesis made of silicon is widely used but still have some drawbacks as
biocompatibility, infection, erosion, mechanical problems like autoinflation, leak-
age, and pump malfunction (Muench 2013; Nukui et al. 1997). Yoo et al. (1998a)
reported tissue-engineered penile prosthesis. They created penile prosthetic material
using cartilage cells. Harvesting articular cartilage tissue from calf, chondrocytes
were isolated from these cartilages, and then cells were culture-expanded. These
culture-multiplied chondrocytes were seeded on rod-shaped PGA polymer scaffolds.
These chondrocyte-PGA polymer complexes were implanted at the back of athymic
mice along with polymer without cell implant group as control. Chondrocyte-PGA
polymer complexes have formed in milky solid cartilaginous rod compared to
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shrinkage of hydrolyzed polymers without cell (Yoo et al. 1998a). As a next study,
cartilage was harvested from rabbit ear, isolated chondrocytes, and expanded in
culture. These autologous chondrocytes were seeded on polymer rods and implanted
in the rabbit corpus compared to implanting polymers without cell. One month later,
implants were retrieved and cell-seeded polymers formed milky cartilage rods. On
the other hand, implants of polymer without cell degraded in 2 months after surgery.
The cell–polymer complex implanted rabbits could copulate and impregnate female
rabbits (Yoo et al. 1999). Investigation of mechanical properties of engineered
cartilage rod was taken for the possibility in clinical application. Cartilage was
obtained from human ear and chondrocytes were isolated. Cultured chondrocytes
were seeded on polymer rods in the same manner as the previous experiments and
harvested after 2 months. Mechanical properties were evaluated in harvested
implants. These cartilaginous tissues were flexible, elastic, and endurable to high
degrees of compressive pressure that might have had potential for pressure durability
in vaginal penetration during intercourse. These mechanical properties were com-
parable to silicone prosthesis used in clinical field (Kim et al. 2002). These results
showed tissue-engineered cartilage tissue would have potential in application to
malleable prosthesis.

In general, biomaterials originated from natural tissue might have merits of tissue
friendly properties as lower immune reactions. So these studies opened the possi-
bility of developing penile prosthesis with ideal mechanical properties and biocom-
patibility: as semirigid penile prosthesis made of cartilage equipped with spring
components inside, bi-layered inflatable prosthesis as outer biocompatible tissue
layer covering inner synthetic biomaterial as silicon regarding the virtue of the
materials, or designing single layered prosthesis made of material combining natural
and synthetic biomaterials. The technologies of 3D bioprinting could assist the
precise design of engineered penile prosthesis.

4 Tunica Albuginea

Tunica albuginea (TA) is a relatively firm, elastic tissue covering corpus
cavernosum. TA is a two-layered structure of outer longitudinal and inner circular
layer with 1.5–3 mm thickness depending on its location. The main composition of
TA is known as type I and type III collagen fibers nesting on elastin fibers (Wein
et al. 2016). In case of penile injuries involving TA as penile fracture, old age, or
Peyronie’s disease (PD), malfunction of TA result in the so-called venogenic impo-
tence. Penile fracture is the laceration of TA arising from exacerbating penile
bending by external forces. It is one of the emergent conditions to be operated
promptly.

PD is a pathologic condition of formation of fibrous plaque on TA. The fibrous
plaque shows abundant abnormal collagen and elastin tissue (Davis Jr. 1997). The
cause is uncertain. Blunt trauma as excessive bending of penis intolerable to elastic
limit of TA would be suspected. It is estimated that TGF-β1 plays a major role in
pathogenesis of Peyronie’s plaque (Hinz 2015). The incidence of PD is estimated to
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be about 1–13%. PD could develop penile deformities as curvature, penile shorten-
ing, and pain during erection and even erectile dysfunction. Spontaneous resolution
of penile deformity in PD occurs only in 3.2–12% of patients. The Impact of
Peyronie’s Disease on the Patient: Gaps in Our Current Understanding (Goldstein
et al. 2016).

Kinds of conservative medical treatments have been tried for PD: cold massage,
compression, oral medications as vitamin E, potassium aminobenzoate, tamoxifen,
colchicine, analgesics, anti-inflammatories, vasodilators, intralesional injections as
steroid, calcium antagonists, vasodilators, interferon or collagenase enzymes (Abdel
Raheem et al. 2017), botulinum toxin (Munoz-Rangel et al. 2015) vaccum device,
extracorporeal shockwave therapy (ESWT), and combination of some of these (Tan
et al. 2014). Results of current medical therapies have not been successful. Surgical
correction is the effective treatment modality of PD (Guillot-Tantay et al. 2014).
Definite treatment of PD would be elimination of fibrous plaque on TA. Surgeons
have tried to correct PD using incision and plication of plaque and complete excision
of plaque followed by grafting with various materials depending on size and location
of plaque (Perovic and Djordjevic 2001).

Incision without removing plaque usually resulted in shortening of penile length.
Patch grafts after excision of plaque has been tried for compromising shortening of
penis. Several materials have been applied for a tunical graft, usually made by
autologous, allogenic natural biomaterials. These were tunica vaginalis, SIS, veins
allogenic pericardium, dermal graft, and muscle fasciae, depending on the defect size
of the excised plaque (Chun et al. 2001; Kadioglu et al. 2007; Montorsi et al. 2003).
However these materials also had some drawbacks as donor site complications,
shrinkage of graft, and availability of material supplies, hence alternatives are
needed. Surgeons needed efficient, biocompatible, and off-the-shelf graft materials.

Porcine vesical ACM was evaluated for graft material of TA. ACMs were
obtained from porcine bladder by decellularization. Histologic analysis using SEM
and RT-PCR assay about growth factors that would assist tissue regeneration were
made. SEM showed fibrous collagen tissue of various sizes of pores. Vascular
endothelial growth factor (VEGF) receptor, FGF-1 receptor and neuregulin mRNA
were detected in ACMs by RT-PCR. These ACMs were implanted to TA of rabbits
and the ACM implants were harvested after 2 months. Histologic analysis revealed
grafted ACM was linked to neighboring native TA without serious inflammatory
reaction. There was minimal contracture in grafted ACM and restored ACM-graft
tissue on corpus cavernosum was not different from native TA histologically after
6 months of implantation. It implied the possibility of porcine vesical ACM as a graft
material of TA (Joo et al. 2006).

Schultheiss et al. (2004) reported efficacy of dynamic seeding of fibroblasts
in vitro compared to static seeding technic in constructing tunical collagen tissue
as for graft material of TA. They biopsied porcine fascia and isolated fibroblasts.
Collagen matrices were prepared using decellularization technic. Cells were seeded
on these matrices. In dynamic seeding group, the fibroblasts–matrix complexes were
cultured in a bioreactor under the multiaxial stress for 3 weeks. Static cultures were
done in other group of cell–matrix complexes as control. Results after 7 days showed
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better cell array, better cell infiltration into the matrix, and formation of multilayered
tissue superior to static culture group in dynamic group. Also dynamically cultured
fibroblasts produced more extracellular matrix proteins than that of static culture
group.

TGF-β1 is known as enhancing Peyronie’s plaque. Most of the animal models of
Peyronie’s disease were inducted using TGF-β1 treatment. Castiglione et al. applied
stem cell (SC) therapy in PD rats. They made the rat model of PD with TGF-β1
treatment and then injected adipose tissue–derived stem cells (ADSCs) at Peyronie’s
plaque intralesionally at the active phase of PD along with no injection of ADSCs as
control group. Cavernosometry and histologic analysis was made. Compared to
sham-operated group and control group, which showed increased abnormal collagen
III and elastin proteins on histologic analysis, ADSC injected rats revealed increased
intracavernosal pressure and prevention of fibrotic changes of PD plaques. This was
the first trial of SC injection therapy on PD animal (Castiglione et al. 2013; Shindel
2013).

Lander et al. (2016) reported the results of clinical trial using adipose stromal
vascular fraction (SVF) combined with ESWT in PD patients. They evaluated the
effect and safety of intralesional injection of SVF into fibrous plaque followed by
ESWT in 11 PD patients. The results were decrease of plaque size, improved penile
curvature, and erectile function.

5 Penile Augmentation

Penile augmentation is another issue regarding reconstruction of penis. Concept of
penile surgery as augmentation is not familiar yet. This procedure is still on debate as
a controversial issue, so is not a recommended medical procedure by most of the
medical authorities. Uncertain indications for surgery, absence of standardization of
procedures, lack of guidelines, and lack of evidence-based studies could be the
reasons (Park 2016).

At present, the only positive consensus for this procedure would be in the cases of
congenital problems of penis. There are congenital problems as micropenis, penile
hypoplasia, or hermaphroditism (Gillies 1948; Horton et al. 1987; Johnston 1974;
Snyder 1964; Woo et al. 1996). Similar situation happens in traumatic total loss of
penis and genial thermal burn (Hotchkiss et al. 1956).

Deformity or decrease in length or girth of penis occurs after prostatectomy,
pelvic surgeries, PD, and other penile diseases. Men who underwent radical prosta-
tectomy and possibly radiation therapy and hormonal treatment are susceptible to
penile shortening (Kabalin et al. 1990). Some of these patients feel depression,
anxiety, locker room syndrome, and represent erectile dysfunction (Dillon et al.
2008; Pietropinto 1986; Wylie and Eardley 2007).

Another example would be as the penile dysmorphophobia (Spyropoulos et al.
2005). This medical problem occurs when a man is dissatisfied with his penile size
despite anatomically normal developed penis. Penile augmentation is helpful in
some patients psychologically. Also a lot of evidence has been found historically
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that there is a tendency to relate the size of the penis to the self-esteem or potency of
sexual power, the so-called phallocentrism (Cheng et al. 2007; Lever et al. 2006;
Thompson et al. 1999; Wylie and Eardley 2007). Because of this myth, various
methods were tried to enlarge penis for ages as traction, massage on penis, foreign
body insertion, herbal medicines, and snake poison, which proved to be not only
ineffective but also harmful.

Medical treatments were not able to achieve satisfactory results, and surgical
methods were introduced (Nugteren et al. 2010). Development of penile augmenta-
tion technic has close relationship with penile reconstruction, PD, graft or flap
procedures, and materials used in tissue engineering. Documents revealed attempts
made to augment penile girth using fat graft since 1893 by Neuber. Also there have
been various surgical procedures for penile lengthening procedures. Experiencing
unexpected complications such as infection and graft failures, through trials and
errors, technics and materials have developed (Vardi et al. 2008; Wassermann and
Greenwald 1995). Various materials have been applied for penile augmentation as
bone, ivory, metal, silicon, artificial oil forms of Vaseline, paraffin, silicon, collagen
and fat, dermis, fascia, cartilage, pericardium, and so on. Some of them resulted in
serious complications and they are not used anymore (De Siati et al. 2013; Moon
et al. 2003; Park 1991; Sukop et al. 2013).

Nowadays synthetic biocompatible materials or autologous, allograft, and xeno-
graft natural materials are used in augmentation penoplasty, as are similar to the
materials used in tissue engineering (Austoni et al. 2002; Perovic and Djordjevic
2000).

Examples of synthetic biomaterials used in penile augmentation are calcium
hydroxyapatite, polyacrylamide, silicone, and PLGA. HA. Silicon and PLGA are
used as fillers also.

Examples of xenogenic materials are dermis, SIS, pericardium of bovine or
porcine origin, which have stable structures and lower immunologic reactions on
host. There are several commercial xenogenic products as porcine dermal collagen
tissue, Permacol® (Covidien, Mansfield, USA). Lyoplant® (B. Braun Aesculap,
Tuttlingen, Germany) is a collagen implant made from acellular bovine pericardium.
MegaDerm Ultra® (L&C BIO Inc., Seongnamsi, Korea) is derived from porcine
dermis. InteXen® (American Medical Systems, Minnetonka, MN, USA) is made
from porcine acellular dermal matrix. Xenogenic materials have been used in various
clinical fields. Acellular dermal matrix from fetal bovine dermis, SurgiMend® (TEI
Biosciences Inc., Boston, USA), has been used for hernia repair. Porcine dermal
ACM is applied clinically for penile girth augmentation (Alei et al. 2012).
Xenogenic type I collagen was applied clinically in penile augmentation also (Kim
2013). Permacol has been applied as a graft material for TA in PD patients also.

Allogenic materials as acellular dermal matrix are processed from human source,
as ACM (Alloderm: LifeCell Inc., Branchburg, USA) from human cadaver skin,
MegaDerm® (L&C BIO, Korea), and SureDerm® (Hans Biomed, Korea). Allo-
Derm® has been applied for treatment in burn, breast reconstruction, hernia repair,
and other reconstructive procedures (Gaertner et al. 2007), and this was applied as
grafting material in penile girth enhancement along with other allogenic materials
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(Solomon et al. 2013). Collagen products are xenogenic or allogenic. Allogenic
collagen material is derived from human fibroblasts. One of the xenogenic collagen
product approved by the US FDA in 2008 is Evolence® made from swine tendon.
Xenogenic product showed higher allergic reaction than allogenic one but the
adverse events were usually mild and uncommon.

Compared to penile lengthening that mostly depends on surgical skills and tissue
rearrangement as suspensory ligament release, Z plasty, V-Y advanced plasty, or
penile disassembly technic, a variety of materials are interposed in augmentation of
glans and penile girth. The materials used at present include allogenic materials as
Alloderm®, xenogenic materials as Lyoplants®, autologous fat, dermal fat graft,
fascia, pedicled graft, and fillers made of silicon, PLGA, HA, etc. HA is a natural
component of human skin, thus host immune reaction is far rare. Kwak et al. (2011)
reported clinical results of penile girth enhancement using injectable hyaluronic acid
gel. HA gel injection has been used to glans augmentation clinically (Kim et al.
2003).

Complications were infection, edema, ulceration, skin necrosis, absorption of
implants, seroma, epidermal cyst, uneven skin, penile deformity including asymme-
try or curvature, calcification, and so on. The most serious complication of penile
augmentation would be infection. Solomon et al. reported that patients using allo-
graft materials showed 42% postoperative infection rate (Plaza and Lautenschlager
2010; Solomon et al. 2013).

Female to male transsexual surgery needs neo-penis construction (Laub et al.
1989). Various pedicled flaps have been tried in phalloplasty (Bettocchi et al. 2005).
Tubed groin flap with hydraulic inflation device (Puckett and Montie 1978), island
tensor fascia lata flap (Santanelli and Scuderi 2000) radial artery-based forearm free
flap (Garaffa et al. 2010) had been used for phalloplasty in transsexual surgery.

6 Recent Novel Technics

6.1 Cell Therapy and Stem Cell Therapy in ED

The position of the penis is easily accessible for injection therapy. In 1979, Green
et al. proposed clinical application of cell therapy as cultured human cells for
grafting. One of the considerations would be hemodynamic change of the cavernosal
tissue. Continuous circulation results in washing the injected materials out from
corporal tissue. The method of anchoring cells inside corpus cavernosum for the
appropriate duration would be the task.

Various cells have been introduced to reconstruct penile tissue using tissue
engineering technic for the physiologically compatible to native tissue. Mature
adult cells have several drawbacks as inability to differentiate into different cell
types and low proliferative capacity in culture and expansion (Atala 1998). To
overcome the immunologic issues and to produce enough tissue easily, stem cells
(SCs) were investigated as an available source of off-shelf tissue production.

330 H. J. Park



The merits of SC are potential of “homing” differentiation as differentiating into
target tissue, self-renewal, capacity of differentiating potentials to various cell types,
capability of extensive proliferation, and secreting various cytokines (Chamberlain
et al. 2007). Martin (1981) reported about the existence of SC in mouse embryo. At
first it was thought that SCs resided only in the embryonic tissues, so researches in
human SCs were difficult for ethical issue. Nevertheless Thomson et al. (1998)
reported about the human embryonic stem cells (ESCs). ESCs are pluripotent that
can be differentiated into all cell types of the three germinal layers through embry-
onic developments. ECSs are known as provoking immune reaction and having
teratogenic potential. Researches about human ESCs have barrier for the ethical
issue also. There are multipotent stem cells as adult SCs which differentiate confined
to the same native germinal cell types. The merit of adult SCs would be nonimmune
reactive and low risk of oncogenic potential. One of the variant SCs is stromal
vascular fraction cells (SVFCs). SVFCs are derived from autologous adipose tissue,
which contains Adipose-derived stem cells (ADSCs), endothelial progentior cells
(EPCs), and various other cells (Bora and Majumdar 2017).

SCs are divided into three categories based on their differentiation capacity as
totipotential, pluripotential, and multipotential SCs (Mahla 2016). Also SCs are
classified by their origin. 1) ESC derived from the inner cell mass of a blastocyst.
ESC is pluripotent; 2) SCs from amniotic fluid, placenta, and umbilical cord blood.
They are multipotent and have partially differentiated cells and express both markers
of embryonic and adult SCs (Williams et al. 2016); 3) Adult stem cell (ASC) derived
from various adult tissue as neural crest SCs (NCSCs), epithelial SCs, mesenchymal
SCs (MSCs) from bone marrow, muscle (MDSCs), or adipose tissue (ADSCs),
urine, and so on. MSCs have paracrine effect as releasing various cytokines and
growth factors. ASC is multipotent (Alwaal et al. 2015; Gimble et al. 2007;
Volarevic et al. 2011). One of the SCs frequently adopted in researches is ADSCs.
The source of ADSCs is adipose tissue, which is relatively convenient to obtain by
subcutaneous liposuction which is a less invasive procedure compared to harvesting
other adipose tissues (Zuk et al. 2001).

Novel concepts were reported about transforming multipotent ASCs into plurip-
otent SCs. Takahashi and Yamanaka (2006) reported about reprogrammed mouse
fibroblast into induced pluripotent state, called as iPS. These cells showed immortal
growth, proliferated into embryonic bodies in vitro and teratoma in vivo.

There are various sources of SCs in our body including penis (Lin et al. 2015).
These SCs repair the injured tissue and keep homeostatic tissue environment (Xin
et al. 2016). These innate SCs reside with supporting cells and extracellular matrix.
They are connected and communicate with each other through signal molecules.
This microenvironment is called SC niche (Moore and Lemischka 2006). Mobiliza-
tion of innate SCs to target tissue and activation of innate SCs would be helpful in
regeneration of tissue, apart from extrinsic supply of SCs as injecting cells. Several
molecular factors have been known to help mobilizing SCs into blood stream for
target tissue, as granulocyte colony-stimulating factor (Deng et al. 2011). Activation
of p38 pathway is important in cellular differentiation of SCs (Jones et al. 2005).
Chemicals as icariside II activate p38 pathway. Icariside II has been tried on
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cavernosal nerve injury rat model and diabetic rat model, resulting in improved
erectile function (Qiu et al. 2013; Xu et al. 2015). Investigators mentioned about the
effect of ESWT in regeneration and healing process. It has been proposed that ESWT
enhance activation of SCs, angiogenesis, reduce inflammatory reaction, and prolif-
erate and differentiate cells (Aicher et al. 2006; Mittermayr et al. 2012).

There have been lots of preclinical studies applying SCs for treatment of ED and
for regeneration of corporal tissue using animal models. Most of the reports showed
established efficacy of SCs (Orabi et al. 2012; Soebadi et al. 2017). Song et al.
(2009) reported SMCs derived from the other parts of the body could be used in
penile corporal tissue regeneration. They implanted SMCs derived from the human
umbilical artery-seeded ACM in athymic mice subcutaneously. The SMCs from
umbilical artery, not identical to corporal SMCs, grew in tissue similar to native
corpus cavernosum histologically. Laks et al. (2015) investigated the effectiveness of
tissue regeneration depending on the routes of SCs delivery. They derived the MSCs
from rabbit bone marrow and delivered these cells by intravenous infusion or by
implantation in the form of ACM-MSCs complexes in rabbits along with no cell
seeding group. Cavernosography showed that dye-filled entire corpus cavernosum of
rabbits treated with intravenous infusion of MSCs and cell-ACM complexes
implanted rabbits compared to filling defects of corporal tissue in control group
rabbits. Cavernosometry also revealed higher intracavernosal pressure in both cell-
delivered groups than control group. Implants of MSC with ACM showed organi-
zation into partial sinusoidal structure (Laks et al. 2015). In another study, MSCs
derived from rabbit was seeded on ACM and then implanted at the excised corporal
space of rabbits along with the control group as implants without cells. MSCs seeded
ACM grew into tissues similar to natural corpus sinusoids architecture and enriched
smooth muscle and increased NO synthetic activity compared to ACM without cell-
implanted group in 6 months after implantation. These results meant the implanted
MSCs differentiated into SMCs and ECs successfully in vivo (Ji et al. 2011).

Investigators explored the effects of SCs in treating plaque of PD. Simple SCs, or
combination with interferon or gene-transfected SCs were injected into the fibrous
plaque of PD in rats. These also showed changes of composition of collagen and
elastin proteins, increase of NOSs and cGMP, growth factors, and improved erectile
function (Levy et al. 2015; Song et al. 2008). Gokce et al. reported series of studies
of SC therapy for Peyronie’s plaque and ED. They have injected ADSCs alone or
genetically modified ADSCs with human interferon alpha-2b intratunically in rats.
TGF-β1, known as the provoking factor of fibrotic plaque on TA, was injected to
these rats. Decreased collagen deposition and less fibrotic plaque formation as well
as better intracavernosal pressure were noted in both ADSCs treated groups after
6 weeks. This result showed the ADSCs were effective in preventing formation of
Peyronie’s plaque and prevented decrease of erectile function related to PD (Gokce
et al. 2015; Gokce et al. 2016). Another study was using a combination of ADSCs
and SIS. Researchers prepared SIS seeded with ADSCs and implanted into rat
TA. Compared to implanting SIS alone, SIS-ADSCs implants showed elevation of
NOS activation, inhibition of fibrosis, improved angiogenesis, and resulted in
preservation of corporal tissue and improved erectile function (Ma et al. 2012).
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Castiglione et al. (2019) employed SVF injected intratunically to prevent fibrosis of
PD in rat model.

Researchers used established diabetic rat model, cavernous nerve injury model,
PD model, and old rats as similar to clinical ED etiologies for disease-specific
investigations. ADSCs alone or combined with insulin or interferon alpha-2b,
BMSCs alone or combined with extracorporeal shock wave therapy (ESWT),
human urine-derived SCs c growth factors, MDSCs, have been studied on diabetic
rat models (Qiu et al. 2013; Ryu et al. 2016; Sun et al. 2012; Zhou et al. 2016).
ESWT has been known as stimulants for angiogenesis and endogenous SC activa-
tion (Qiu et al. 2013; Vardi et al. 2012) (Table 1). Jeon et al. (2016) reported
improved erectile function treated with human ADSCs with ESWT in cavernosal
nerve injury rat model. Shan et al. (2017) reported the improved erectile function
with treatment of ESWT plus bone marrow MSCs in diabetes mellitus (DM) rat
model. SVF from human breast adipose tissue was applied for diabetic ED rats. This
xenogenic SVF resulted in increase of SMCs, ECs, neo-vascularization, eNOS, and
nerve regeneration (Das et al. 2014).

For application to the nerve-damaged ED patients after radical prostatectomy or
lower abdominal surgery as for colon cancer, cavernosal nerve injured models were
used (Mangir and Turkeri 2017). ADSCs, BMSCs, MSCs, urine-derived SCs, and
SVF alone or combined with various growth factors, PDE5I, graft, or ESWT were
treated in animal models (Alwaal et al. 2015). Miyamoto et al. implanted CD133+
cells derived from human bone marrow in cavernosal nerve injury rat model. The
results revealed regeneration of excised cavernosal nerve and increase of nerve-
derived growth factors and cytokines, and this might be applied in ED patients after
prostatectomy (Miyamoto et al. 2014). There were reports about combined trans-
plantation of MSC and endothelial progenitor cells for restoration of injured cav-
ernous nerve (Fang et al. 2018). Similar to ED after prostatectomy, radiation around
genital area might result in ED. ADSCs were treated in radiation-induced ED rat
model. The result showed increased SMCs and nNOS in corporal tissue, and
improved erectile function (Qiu et al. 2012) (Fig. 3).

Intracavernosal injection of SCs, instead of intralesional application on exact
location of lesion, also restored remote defected nerve function. Intracavernosal
injection of ADSCs improved erectile function in rat model by modulating pelvic
ganglion. This result implied recruitment of injected SCs in pelvic ganglion (Fandel
et al. 2012). Another report by Matsuda et al. was that intravenous injection of bone
marrow–derived MSCs improved erectile function in rat cavernosal nerve injury
model (Matsuda et al. 2018).

Table 1 Summary of papers about ESWT

Mediator Effect

Nishida et al. (2004) VEGF, VEGF-R Angiogenesis

Aicher et al. (2006) Stem cell-derived factor-1 (SDF-1) Stem cell activation & recruitment

Ha et al. (2013) Erk 1/2, nitric oxide synthase Angiogenesis, immune-reaction

Weihs et al. (2014) ATP, Erk 1/2 Cell division, stem cell activation
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Most of the studies showed improved histologic composition of corpus
cavernosum; cavernosal nerve regeneration; increased cavernosal eNOS, nNOS,
and vasculogenic growth factors; intracavernosal pressure; and restoration of erectile
function (Albersen et al. 2010; Jeon et al. 2016; Kendirci et al. 2010; Ryu et al. 2014;
Song et al. 2014). The most obvious etiologic factor of erectile dysfunction is aging.
Similar studies were performed with SCs in old rats and the results were successful
also (Bivalacqua et al. 2007; Liu et al. 2017).

SCs have been applied in glans reconstructing experiment. Egydio et al. (2015)
processed human glans matrix by decellularization. MSCs were obtained from rats
and these cells were seeded on human glans ACM in static manner. After 2 weeks
in vitro culture, cells maintained their integrity and viability up to 2 weeks.

Several clinical applications of SC therapy have been already reported
(Capogrosso et al. 2018). The first clinical trial might have started in 2010. Bahk
et al. (2010) injected a total of 1.5 � 107 human umbilical cord blood SCs into
corpus cavernosum of type 2 diabetic ED patients. No immunosuppressive measures
were taken in any of the patients. Morning erections were regained in three partic-
ipants within 1 month, and for all except one by the third month, and maintained for
more than 6 months. Rigidity increased as a result of SCs alone, but was insufficient
for penetration. With the addition of PDE5 inhibitor before coitus, two achieved
penetration and experienced orgasm, and maintained for more than 6 months. Blood
glucose levels decreased by 2 weeks, and medication dosages were reduced in all but
one subject for 4–7 months. Glycosylated hemoglobin levels improved after

Fig. 3 Effect of ESWT.
VEGF" ! angiogenesis.
Activate & recruit circulating
or resident stem cells. Activate
nerve cells.
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treatment for up to 3–4 months (Bahk et al. 2010). Afterward several open label,
phase I clinical trials were made. Haahr et al. (2018) reported the trial of
intracavernosal injection of autologous adipose-derived regenerative cells in
17 patients with erectile dysfunction following radical prostatectomy as a phase I
clinical trial, and they presented 12 months follow-up data of this trial in 2018. This
clinical data showed 8 out of 15 (53%) ED patients after radical prostatectomy
showed improvement of erectile function in self-evaluating questionnaire, Interna-
tional Index of Erectile Function (IIEF) – 5 score, enough to intercourse after
12 months of SCs injection. There was no report of serious side effects (Haahr
et al. 2018). Another pilot clinical trial was conducted in 2016. Autologous bone
marrow–derived mononucleated cells were injected into corpus cavernosum to
patients of ED undergone prostatectomy. They showed improved erectile function
on IIEF symptom score and IIEF-EF domains without serious side effects. Improved
erectile function was sustained until the mean follow-up point 62.1 months, aside the
some decrease of IIEF scores in 62.1 months compared to the IIEF scores of
12 months after injection. Repeated treatment would be needed for maintaining
improved erectile function (Yiou et al. 2017; Yiou et al. 2016). Al Demour et al.
(2018) reported the open labeled phase I clinical trial of SCs for ED patients by
DM. They delivered autologous bone marrow–derived MSCs (BM-MSCs) by
intracavernosal injection to 4 refractory ED patients. Though the number of patients
was small, the results showed improved sexual desire and sexual satisfaction in IIEF
questionnaire. Also there were no tolerability and safety issues.

SC therapy was tried in PD on human also. Levy et al. (2015) attempted to treat
PD using placental matrix–derived MSCs (PM-MSCs) in 2015. Seven out of
10 plaques of PD disappeared 3 months after SC injection. This study was the first
human trial of SC therapy in PD patients. In succession, Levy et al. (2016) applied
PM-MSCs to ED patients. Eight ED patients not treatable with PDE5I were enrolled
in phase I clinical trial. Patients were injected PM-MSCs and followed up for
6 months with penile Duplex ultrasonography and IIEF symptom score. Patients
showed improved IIEF symptom scores and increased penile arterial blood flow
including peak systolic velocity. Lander et al. (2016) reported the results of clinical
trial using adipose SVF combined with ESWT in 11 PD patients in 2016. The results
were decrease of plaque size, improved penile curvature, and erectile function.

There are several chemical compounds enhancing the function of SCs. One of
these medications is metformin, which has been used for treatment of DM approved
by FDA. Administration of metformin improved endothelial progenitor cell function
(Fatt et al. 2015). Phase I-II clinical trials are undergoing and some of them reported
the results. Nitric oxide (NO) is a corner stone in erection. Topical gel containing
glyceryl trinitrate (NO doner) was tested in 232 ED patients in phase II randomized
trial. The effect of this compound is known as increasing penile blood flow, and
23.1% of patients reported improved IIEF-EF score with minimal side effects (Ralph
et al. 2017). Other chemicals under clinical phase I-II trial for treatment of ED are
arginine aspartate combined with adenosine monophosphate with 26 patients
(Neuzillet et al. 2013) and mirabegron, the β-3 adrenoreceptor agonist dilating
vessels in corpus cavernosum with 20 patients (Gur et al. 2016), and Botulinum
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neurotoxin-A injection therapy in 24 patients with vasculogenic ED. For the treat-
ment of premature ejaculation, serotonin-related medications as SSRIs, compounds
related to oxytocin metabolism, and folic acid are used. SCs combined with these
compounds would develop the efficacy of treating ED using tissue engineering.

Combining stem cells and gene therapy would be one of the promising options in
improving formation of tissue-engineered architecture. Still some investigators
worry about the safety issues as oncogenic possibility that should be confirmed for
clinical applications (Marks et al. 2017).

6.2 Gene Therapy for ED

Erectile dysfunction (ED) is induced by abnormal relaxation of corpus cavernosum
in short. Mechanism of relaxation of corpus smooth muscle are related to various
factors such as endothelial cells, neurons, nitric oxide synthase, molecules like nitric
oxide, cGMP, PDE5 enzyme, calcium ions and potassium channels, RhoA/Rho-
kinase pathways, etc. Aging impairs the function of tissues related to erection and
similar deterioration occurs with pathologic conditions like DM, hypertension,
metabolic syndrome, and surgeries around low abdomen and genital area. Sildenafil,
introduced in clinical field in 1998, and other phosphodiesterase 5 inhibitors
(PDE5Is) showed effect in 70–80% of ED patients but remainder of ED patients
did not improve with PDE5Is. Even though guidelines recommend PDE5Is as the
first-line therapy for ED, successful result of PDE5Is decrease in DM-related ED
patients compared to non-DM ED patients and PDE5Is are contraindicated in
patients taking medication containing NO and patients with serious cardiac disease
because of the risk of hypotensive crisis. Investigations of gene therapy for ED
patients includes the ideas of avoiding serious side effects of PDE5Is and alternative
therapeutic modalities.

Attempts of gene therapy in ED were reported in 1990s (Christ et al. 1998;
Garban et al. 1997). Since then, researchers have struggled to restore damaged
functions of endothelium (growth factors as VEGF, IGF-1, cGMP, modified stem
cells, DNA, RNA transfection, and gene transfer), cell to cell interaction (potassium
channel, calcium channel), cavernosal fibrosis (Wnt signaling pathway, Maxi-K
channel), study about gene silencing or gene augmentation using various methods
conjoining vectors to deliver specific genes, growth factors or electroporation in
diseased animal models (Soebadi et al. 2016).

Among viral vectors, adenovirus has been accepted as superior to other viral
vectors. Recently nanoparticles have been applied in delivering genes instead of the
viral vectors for effectiveness and avoiding immune reactions (Gur et al. 2018)
(Fig. 4). There had been several reports about the application of labeling nano-
particles to SCs (Neri et al. 2008). The position of the penis is easily accessible for
injection therapy. One of the considerations would be hemodynamic change of the
cavernosal tissue. Continuous circulation results in washing the injected materials
out from corporal tissue. The method of anchoring cells inside corpus cavernosum
for the appropriate duration would be the task. Lin et al. reported improved erectile
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function using nanoparticle with SCs in cavernosal nerve injured rat model. In order
to guide the SCs to the target site and prevent the migration of injected ADSCs, they
bound ADSCs with Nanoshuttle magnetic nanoparticles. Properties of ADSCs
bound to nanoparticle have been maintained. These nanoparticle-ADSCs complexes
were injected into corpus cavernosum of nerve injured rats, and then magnetic forces
were applied for “homing” cells in one group. The nanoparticle-ADSCs injected
group showed improved intracavernosal pressure, and differentiation into SMCs and
ECs well. About migration of injected SCs, nanoparticle-ADSCs were staying in
corpus cavernosum up to 25 days after injection (Lin et al. 2016). Zhu et al. (2017)
studied another kind of nanoparticles with ADSCs. Superparamagnetic iron oxide
nanoparticles (SPIONs) were labeled to ADSCs. SPIONs have been conventionally
applied in MRI and investigated for application on biomedical fields (Reddy et al.
2012; Schafer et al. 2010). SPIONs labeled ADSCs maintained its characteristics
in vitro. They have injected SPIONs labeled ADSCs into corpus cavernosum of
diabetic rats and applied the magnetic power. Physiologic analysis showed increased
intracavernosal pressure and increased SMCs and ECs compared to ADSCs without
labeling SPIONs 4 weeks after injection. This study showed SPIONs did not affect
viability and properties of ADSCs and external application of magnetic power was
helpful in cell staying at target tissue (Zhu et al. 2017). These studies showed the
possibility of application of nonorganic vehicles as nanoparticles in gene transfer for
merits as immunogenic issues and cell-anchoring ability to the target tissue.

New powerful methods like electroporation, miRNA (microRNA), siRNA (small
interfering RNA), and gene editing technic like CRISPR (Clustered Regularly
Interspaced Short Palindromic Repeats) have been introduced in gene therapy
recently. CRISPER enabled to edit target genes directly (Damian and Porteus
2013). There was a trial of reducing PDE5 enzyme by PDE5-silencer transfected
siRNA. PDE5 enzyme decreased to 88.2% of control group (Lin et al. 2005). Many
of these animal experiments in vivo showed favorable results as increased contents
of SMCs and ECs; decreased apoptosis of cells and ECM; endothelial cell function;

Fig. 4 Schematic figure of
polymer–nanoparticle
compound
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normalizing ion and electrolytes channels, and improved enzyme production,
growth factors, and molecules. And physiologic evaluations showed restoration or
improvement of erectile function in animal models.

Several gene or molecules as VEGF, brain-derived neurotropic factor (BDNF),
and vasoactive intestinal peptide (VIP) had been studied for clinical application
(Shamloul and Ghanem 2013). VEGF is a well-known molecule related to angio-
genesis (Burchardt et al. 1999; Dahiya et al. 1999). Several studies showed the effect
of VEGF in erectile function on animal model (Park et al. 2004; Takeshita et al.
1994). Increase of smooth muscle and endothelial nitric oxide synthase (eNOS) were
found after intracavernosal injection of VEGF (Park et al. 2004). To help the effect of
SCs, trials of VEGF adding on SCs were attempted employing genetic engineering,
for the purpose of enhancing formation of vasculatures in tissue-engineered corporal
tissue by increasing the expression of VEGF in MDSC. Burchardt et al. (2005)
studied about the effect of VEGF on ED therapy by DNA transfer of VEGF 165 in
the rat penis. They used liposome complex of VEGF 165 expression vector instead
of adenoviral vector transfected with VEGF gene. The corpus cavernosum of the rats
treated with VEGF-liposome complex showed 10 folds greater VEGF concentration.
MDSCs potentiated with transfection of VEGF were tested in rabbit corpus
cavernosum. MDSCs were derived from gastrocnemius muscles of New Zealand
white rabbits. MDSCs were transfected by the human VEGF165 lentiviral gene
vector (LV-GFP-VEGF). Rabbits were implanted with non-seeded ACCM, ACCM
seeded with MDSC, ACCM seeded with MDSC transfected with control vector, or
ACCM seeded with MDSC expressing VEGF. The control group underwent corpo-
ral tissue excision without ACCM.MDSCs expressing higher VEGF were correlated
with better distribution and growth of seeded cells on ACCM surface, higher number
of nuclei, and cell adherence capacity. Also, ICP was significantly higher in this
group (60% of normal), and markers for SMC and endothelium were expressed
higher. Analysis including physiologic studies showed MDSC overexpressing
VEGF was promoting vascular formation and cellular maturation in the engineered
corpus cavernosum compared to MDSCs only (An et al. 2013). Similar work was
reported by Liu et al. and the results showed improvement of erectile function
accompanied by increased number of SMCs and ECs (Liu et al. 2013). Bivalacqua
et al. (2007) tried to treat age-related ED using MSCs alone or combined with
ex vivo modified gene with endothelial nitric oxide synthase. They modified
MSCs with eNOS containing adenoviral vector and injected into corpus cavernosum
of rats. The result revealed improved erectile function with increased NO pathway
signals and differentiation into SMCs and ECs from MSCs.

One of the clinical trials using gene therapy for ED was reported in 2006 at first.
Melman (2006) hMaxi-K gene were transferred to ED patients as a phase I clinical
trial. Potassium channels act on relaxation of smooth muscle by decreasing intra-
cellular calcium from SMCs (Christ 2002). Activation of potassium channels
induces relaxation of corporal tissue resulting in erection. They have transferred
naked DNA portion related to potassium channel using pVAX1 vector and injected
into corpus cavernosum in 11 ED patients. Patients showed improved erectile
function and improved IIEF-EF domain score up to 24 weeks after injection and
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there was no serious side effect. The results could not be conclusive statistically
because of the small number of patients and absence of control group, but bear the
potential of gene therapy for ED patients (Melman 2006).

There are some drawbacks in introducing cell therapy or gene therapy on ED
patients. The uncertainty of safety is the issue of gene therapy. Vectors like virus or
even transferred genes may act in uncontrolled fashion, over express the genetic
function, and result in unwanted immune problems or other side effects. Nano-
particles may play an important role because it has nonorganic property.

6.3 Bioprinting

One of the emerging technics in tissue engineering is constructing tissue using 3D
bioprinters. Bioprinter is automated robotic device that enables digital biofabrication
of 3D functional structures. The 3D bioprinters were designed to construct bioma-
terial scaffold and distribute various cells in between at a time to compose ideal
tissue structures (Murphy and Atala 2014). Since Professor Ralf Mulhaupt in
Freiburg University introduced commercial 3D printer, bioprinters have been
evolved technically and economically on the base of 2D printing technology by
Hewlett-Packard company (Huang et al. 2017). Like others commercial 3D printers,
3D bioprinters reconstruct 3D structures of biologic properties by piling up bio-
materials and viable cells altogether. Apart from the digital, robotic, and automatic
technical hurdles, the major problem in the use of 3D printers was the high price.
More than 20 companies have been developing new 3D printers to overcome this
handicap. Another issue is the absence of standard system of 3D printers. There are
no FDA regulations and no FDA-approved organs made by 3D printers yet.

Basic architecture of the 3D printers is composed of five parts: robotic positioning
system ruling printing axis (Cartesian type robot), controlling device, nozzle dis-
penser like automatic syringes, collectors for 3D printed product, and sterile cabinet
for 3D printed tissue or organ.

Usually 3D bioprinters have been classified into 3 types: Inkjet 3D printers,
extrusion-based 3D printers, and laser-based 3D printers (Tamay et al. 2019). Inkjet
type was the first 3D bioprinter as the stereotype. In tissue engineering, frequently
used inkjet types are thermal and piezoelectric types. Extrusion 3D printers have
been most popular among them. It could be divided into pneumatic or mechanical by
dispensing system. The advantage of laser-based type would be improved cell
viability by avoiding the clogging of cells. But this type is usually the most
expensive among them (Mandrycky et al. 2016). Materials used for constructing
scaffold in 3D bioprinters would be biocompatible, printable, and able to help cell
growth, forming supportive structure of cells. The preferable material as a bioink in
3D bioprinters has been hydrogels. Sources of hydrogel are synthetic or natural
(polysaccharides as alginate, chitosan, agarose and ECM composites as collagen,
fibronectin, gelatin) (Mandrycky et al. 2016) (Fig. 5). Hydrogels provide environ-
ments for different cells to adhere, communicate, and differentiate to form target
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tissue as ECM. One of the drawbacks of hydrogels is low mechanical strength
(Billiet et al. 2012).

Cell-biomaterial compounds would be manufactured through (A) Inkjet
bioprinters with thermal or piezoelectric power, (B) Extrusion bioprinters with
screw or pneumatic force.

There have been preclinical trials to reconstruct tissues using applications of 3D
bioprinting. These preclinical studies included nerve, vessel, skin, bone, cartilage,
and corona using various types of biomaterials and cells including SCs (Jang et al.
2017; Keriquel et al. 2017; Kim et al. 2018; Lee et al. 2017; Martínez Ávila et al.
2016; Skardal et al. 2012; Sorkio et al. 2018). But there are no reports about tissue-
engineered corporal tissue using 3D bioprinting yet.

Urethral tissue was reconstructed by Zhang et al. (2017) using 3D bioprinting
technology. Porous urethral scaffold was fabricated with poly (ε-caprolactone)
(PCL) and Poly (lactide-co-caprolactone) (PLCL) blend using in-house designed
3D bioprinter. This 3D bioprinter, having multiple cartridges, was made in Wake
Forest Institute for Regenerative Medicine (WFIRM). It is capable of printing
numerous biomaterials at a time using hydrogel-based bioink. This is known as
the Integrated Organ Printing (IOP) System (Kang et al. 2016). Autologous rabbit
urothelial cells and SMCs were laden on hydrogel composed of fibrin, gelatin, and
hyaluronic acid as bioink. Cell-laden bioinks were loaded with PCL, PLCL poly-
mers from different nozzles. Analysis in vitro showed that this complex had accept-
able mechanical properties and viable cells constructing tissue similar to the native
urethra. Bioink made of fibrin hydrogel showed this material could be used in 3D
bioprinting as a viable cell containing ink (Zhang et al. 2017). This 3D printer and
hydrogel bioink could be utilized in producing corpus cavernosal architecture also.

Not only choosing the appropriate type of cells, but also biomaterial similar to
physiologic human corporal sinusoid is necessary to create 3D bioprinted corporal
tissue (Boland et al. 2006). The corporal sinusoidal trabeculae are known to be

Fig. 5 Schematic figure of bioprinters
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composed of elastic fiber and type I and type III collagen fibers (Costa et al. 2006).
Building trabeculae structure close to natural sinusoids with these organic materials
using 3D bioprinters, ECs, and SMCs could be distributed and seeded between the
fibers in exact locations meticulously. Conventional methods were seeding cells at
the outer surface of ready-made biomaterials like encircling biomaterials with cells.
Combining cells in 3D bioprinting enables cells piled up inside the biomaterial as
cells could be distributed in the biomaterial simultaneously, then the product of 3D
bioprinter would be cells-biomaterial complex, seeded cells at target location. There
was report about culturing SMCs and ECs on PCL scaffolds made by 3D bioprinter
for applying penile reconstruction (Oh et al. 2019). Some investigators have
announced the concept of 4D bioprinting, which is different from 3D bioprinting
in using programmed intelligent materials to perform predesigned functions and
structures as patient-specific cell-biomaterial complex (An et al. 2016; Tibbits 2014).

Approaches have been explored to combine surgical robots with 3D printing
(Da Vinci Surgical System) and in situ bioprinting (Tarassoli et al. 2018). Apart from
the cells and bioink, various cytokines, DNAs, and genetic materials to enhance the
growth and functions could be applied on the 3D printing technology to construct
better physiologic tissues.

7 Conclusions

The technics and strategies of penile reconstruction have advanced steady. Appro-
priate tissue in reconstructive surgery of penis was always deficit in supply.
Substituting tissues bear some problems as inadequate properties or immunogenic-
ity. Application of tissue engineering has opened the feasible supply of needed
tissues. Investigations have evolved from constructing structures of tissue to the
functional performances of them. Suitable biomaterials have been chosen among the
numerous materials and efficient technics for dealing cells have been established.
Penile reconstruction has developed from constituting primitive cavernosal tissue to
properly functioning complex tissue. There are a lot of suggestions and trials to
improve the quality of reconstructed penis. Stem cells, gene therapy, chemicals and
cytokines, and 3D bioprinting are the representative ones. Steady development
would be followed by researches applying the combinations of these technics and
resources. Tissue-engineered products have advanced their positions from the bench
to the clinical applications in some organs already. Engineered penis would be the
next one for the clinical field.
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Abstract

In this chapter, the clinical performance of commercially available calcium
phosphate cements (CPCs) used for reconstruction/repair of hard tissues in the
oral and cranio-maxillofacial region is reviewed. Literature were collected from
the electronic database of PubMed, Web of Science, and Springer Link, respec-
tively, with various combinations of searching strategy of keywords; human
preclinical/clinical studies ranging from case reports to randomized clinical trials
were enrolled from the period between 1990 and 2016, highlighting the out-
comes, complications, contraindications, and cautions related to the use of CPC
in craniofacial reconstruction/repair. We conclude that injectable CPCs can be
considered as favorable alloplasts for the reconstruction/repair of craniofacial
area, when used with sufficient caution and be strict to specific clinical
indications.

1 Introduction

The oral and cranio-maxillofacial region of the human being contains several organs
including the brain, eyes, ears, nose, and mouth, which are united into a highly
complex structure. In addition to the essential biological functions of these organs,
the esthetic appearance of the face is considered increasingly important in modern
society. Generally, function and form of the underlying skeleton are crucial for
proper functioning of organs and attractive facial appearance. Consequently, treat-
ment of injury and diseases or the desire for cosmetic change usually requires (re)
arrangement of the underlying bony tissues.

This (re)arrangement of bony structures in the oral and cranio-maxillofacial
region remains a clinical challenge for surgeons. In addition to the demanding
requirements related to surgical skills and experience of surgeons, the availability
of host-friendly and biologically effective synthetic bone grafts called bone sub-
stitutes is still limited despite several decades of research. To date, the best-
performing bone grafts are still harvested from the patient’s own body, which is
however associated with drawbacks such as limited availability, increased patient
morbidity, traumatic/surgical creation of donor site, and risks for infection. Although
this drawback could be overcome by using allografts/xenografts as bone substitute,
concerns have been expressed to allografts and xenografts related to their origin
(i.e., human and bovine) and the theoretical risk for immune rejection of the graft and
for transmission of infectious diseases.

Numerous synthetic bone substitutes have been developed and commercialized to
date, but there is no consensus in the literature about an optimal formulation that can
replace autogenous bone grafts. Generally, synthetic bone substitutes vary with
respect to their chemical composition, physicochemical structure, and application
form. Calcium phosphate cements (CPCs) are an emerging class of synthetic bone
substitutes which exhibit chemical similarity to the mineral phase in bone and teeth
and therefore are highly osteocompatible and easy to handle due to their self-setting
properties. Usually CPCs consisted of powder phase (the precursor matrix) and
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liquid phase (the harden agent), depending on individual formulations, the powder
phase containing one or more solid compounds of calcium and/or phosphate salts,
and the liquid phase could be physiological saline solution or aqueous precursor
solution. CPCs are prepared on site of surgery by mixing a precursor powder with a
liquid phase; the mixing sets off a mild hardening reaction and becomes solid after
final setting is finished. The reaction starts from the precipitation of small apatite
crystal inside the mixture, finished with the entanglement of newly formed profound
crystal network without radical heat release. Prior to the setting of CPC, the material
is injectable/moldable which allows surgeons to manipulate with it according to
specific clinical requirement/anatomical situation, such as delivering the materials in
less invasive way by injection or reshaping the contour of deficit region by sculpture.
Although the mechanical properties of harden CPCs are still inferior to bone tissue or
highly sintered calcium phosphate ceramics to date, it is superior to hydrogel or putty
forms of other inorganic salt compounds on the mechanical aspect; thus, CPCs are
highly suitable for specific applications in the oral and cranio-maxillofacial complex,
at the non-load-bearing region where mechanical requirements are less stringent.
These unique characteristics of CPCs have therefore attracted a lot of attention and
have been investigated extensively in numerous in vitro and in vivo studies; how-
ever, information on the long-term clinical performance of CPCs is still scarce or
inconsistent so far. Consequently, the purpose of this book chapter is to review the
clinical outcome of contemporary injectable CPCs developed for the reconstruction
of hard tissues in the oral and cranio-maxillofacial region.

2 Etiology of Bone Defects in the Oral and Cranio-
maxillofacial Region

Cranio-maxillofacial defects that require bone grafting can be caused by:

• Infectious diseases (osteomyelitis, periodontitis, etc.)
• Malignant or benign tumor surgery
• Ischemic conditions after radiation therapy (osteoradionecrosis)
• Traumatic injury
• Developmental/congenital diseases

Depending on the severity and complexity of the damage, the treatment approach
varies from repair to reconstruction, with different requirements related for the bone
graft materials to be used. In the following sections, the most common treatments are
briefly addressed.

2.1 Repair of Intrabony Defects Caused by Periodontitis

Periodontitis is an infectious disease causing loss of soft and hard tissues surround-
ing the teeth. Depending on the progress and prognosis of the disease, the infected
teeth may lose their support from the surrounding bony tissue. Therefore, repair of
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bony defects around infected teeth is an important aspect of the therapy in addition to
treatment of the infection. To this end, various bone substitutes can be used to guide
bone regeneration (GBR) into the defect area, usually assisted by the use of
membranes (Reynolds et al. 2003). Ideally these criteria materials should resist the
chewing force transmit by nearby tooth root and facilitate bone regenerate inside the
scaffolds within 3 months for bone replacement.

2.2 Preservation of the Alveolar Volume After Tooth Extraction/
Extraction Socket Management

Tooth extraction is the most commonly performed surgical intervention in the field
of dentistry to date. Approximately 40–60% of the initial alveolar bone volume is
lost 6 months after tooth extraction (Simion et al. 1998). When multiple teeth are
extracted in the same area, bone resorption increases even more (Simion et al. 1994).
Insufficient alveolar bone volume at an implant site can inhibit placement of dental
implants in an optimal position that support the final prosthetic reconstruction.
Immediate postextraction implant placement is a well-accepted protocol to minimize
bone resorption when little pathology factor presented on the extracted socket site;
however, the concept of placement of dental implants soon after removal of a tooth
affected by periapical or periodontal pathology is a matter of debate. In fact,
frequently, compromised teeth that are indicated for extraction are involved with
infectious conditions, which conventionally contraindicate their immediate replace-
ment with endosseous dental implants (Taschieri et al. 2010). In this situation the
dilemma that clinicians face is how to manage tooth extractions to provide for the
future placement of a dental implant or to maximize ridge dimensions for the
fabrication of a fixed or removable prosthesis. Although all alveolar ridge preserva-
tion studies demonstrated beneficial results, no one particular grafting material has
proven superior to others; the benefit of alveolar ridge grafting materials is incon-
clusive (Horowitz et al. 2012). Nevertheless, in both maxillary and mandibular
regions, biomaterials have been used to maintain as much clinical volume as possible
(Kotsakis et al. 2014; Atieh et al. 2015). This can be achieved by, e.g., GBR using
particulate autografts, allografts, alloplasts, and/or xenografts with or without the
additional support of resorbable or non-resorbable membranes. The bacteria/con-
tamination resist properties of the materials could be emphasized here rather than
mechanical strength since the extraction site is open to oral cavity when an advanc-
ing mucoperiosteal flap or mucogingiva soft tissue graft was not applied/available.

2.3 Reconstruction of an Atrophic Alveolar Ridge

Bone volume and the corresponding clinical contour change significantly after loss
of teeth. Especially in the maxilla, the resulting atrophic alveolar ridge often does not
allow for treatment with implants due to a lack of bone volume. To facilitate implant
placement, the alveolar ridge often requires bone augmentation both in vertical and
horizontal dimensions. At least five methods toward augmentation of the alveolar
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ridge can be discerned including (i) guided bone regeneration (GBR), (ii) bone
splitting or spreading to expand the ridge, (iii) inlay bone grafts, (iv) onlay bone
grafts, and (v) distraction osteogenesis. Several procedures such as GBR and onlay
and inlay grafts can be performed using bone substitutes, membranes, or a combi-
nation thereof (Felice et al. 2009; Maestre-Ferrin et al. 2009). Distraction osteogen-
esis is a clinically accepted technique, but the long time needed for distraction and
the discomfort of the intraoral distractor are major disadvantages (Saulacic et al.
2009; Ettl et al. 2010). In general, onlay or inlay techniques which require an
additional operation at a donor site are more efficient in case of challenging
conditions such as vertical augmentation of the alveolar ridge. At the area of the
posterior maxilla, placement of implants is particularly complicated. At this ana-
tomical site, bone can be augmented using a specific surgical technique called sinus
augmentation (also referred to as sinus lifting or sinus floor elevation).

2.4 Reconstruction of Large Defects Caused by Trauma or
Traumatic Therapy

The cranio-maxillofacial complex can be damaged severely by trauma or traumatic
therapies such as surgery. In these cases, dentofacial deformity, post-traumatic bone
defects, or postoperative contour irregularities are common symptoms. Depending
on the complexity of damage, intensive reconstructive procedures are often required
to restore oral function and esthetics. In this situation, the substitute materials should
fill the defect and fix the broken bony structure rigidly and maintain the contour/
volume of missed part of the complex.

2.5 Cosmetic Surgery for Developmental/Congenital Diseases at
the Cranio-maxillofacial Region

Genetic deformities such as a cleft lip or palate, hemifacial macrosomia, and
hemifacial atrophy are indications for repair and reconstruction of the craniofacial
region. In these clinical cases, injectable bone substitutes, which can be applied less
invasively, are generally preferred in view of the final prognosis and final cosmetic
appearance.

3 Injectable CPCs for Reconstruction/Repair of the Oral
and Cranio-maxillofacial Region

Injectable and/or moldable bone substitutes used in cranio-maxillofacial surgery
include cements, pastes, putties, and hydrogels. This book chapter focuses on the
use of calcium phosphate-based cements.

Calcium phosphate cements (CPCs) can be categorized according to the end
product of the setting reaction, i.e., apatite or brushite (bohner 2010). Frequently,
carbonate substitutes for hydroxyl groups in apatitic cements, thereby creating
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cements with a higher degree of similarity to the mineral phase of the human bone,
with which it contains a considerable amount of carbonate ions. Since their invention
in the early 1980s, several apatite- and brushite-forming CPCs have been commer-
cialized such as BoneSource®, Calcibon®, ChronOS Inject®, HydroSet®, and
Norian SRS® (Van der Stok et al. 2011). The overview of commercialized calcium
phosphate cements is summarized in Table 1.

4 Clinical Outcome of CPCs in Reconstruction of the Oral
and Cranio-maxillofacial Region

To take a concise overview of the clinical outcome of the use of injectable CPCs for
the reconstruction of the oral and cranio-maxillofacial region, literature between
1990 and 2016 were collected from the electronic database of PubMed, Web of
Science, and Springer Link, respectively, with different combinations of searching

Table 1 Overview of commercialized calcium phosphate cements

Product name
Chemical
composition

Mechanical strength

Biodegradable

Compression
strength
(MPa)

Young’s
modulus
(MPa)

Tensile
strength
(MPa)

BoneSource® Tetracalcium
phosphate (TTCP)/
dicalcium phosphate

6.3–34 3.6–4.7 2 Yes

Calcibon® 62.5% α-tricalcium
phosphate/26.8%
dicalcium phosphate
anhydrous/8.9%
calcium carbonate/
1.8% hydroxyapatite

35–55 2500–
3000

4.5 Yes

ChronOS
Inject®

73% β-tricalcium
phosphate/21%
monocalcium
phosphate
monohydrate/5%
magnesium
hydrogen phosphate
trihydrate

No data No data No date Yes

HydroSet® Tetracalcium
phosphate/dicalcium
phosphate/trisodium
citrate

14–24 125–240 0.11–
0.17

No date

Norian SRS® α-Tricalcium
phosphate/calcium
carbonate/
monocalcium
phosphate
monohydrate

23–55 No data 2.1 Yes
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strategy of keywords, i.e., the keywords of “calcium phosphate cement,” “preclin-
ical” or “clinical study,” and the anatomic site of cranio-maxillofacial region such as
“periodontal,” “extraction,” “sinus lift,” “cranioplasty,” “craniofacial,” “skull
defect,” “reconstruction,” “repair,” etc. were combined, respectively, and an exten-
sive electronic search was performed to identify relevant articles published up to
December 2016. After the selection process, studies that met the eligibility criteria
were included.

4.1 Reconstruction of Periodontal Intrabony Defects

The first human clinical trial using CPC for periodontal treatment was reported in
1998 by Brown. In this study, a hydroxyapatite cement (HAC), mainly a composi-
tion of tetracalcium phosphate and dicalcium phosphate hydrate, was tested inspired
by its successful application on the reconstruction and augmentation of nonstress-
bearing portion of the craniofacial skeleton. Sixteen patients with moderate to severe
periodontal disease and two bilaterally similar vertical bony defects received initial
therapy including scaling and root planing followed by treatment with either calcium
phosphate cement, flap curettage (F/C), or debridement plus demineralized freeze-
dried bone allograft (DFDBA). Standardized radiographs were taken at baseline and
12 months post-surgery for analysis; the extent of the bony defect was determined
during initial and 12-month reentry surgery. The clinical attempt of HAC was not
promising in comparison to the application of DFDBA: within 6 months of implant
placement, 11 of 16 patients treated with calcium phosphate cement exfoliated all or
most of the implant through the gingival sulcus. At all 16 test sites, the initially tight
visual interface between the radiopaque calcium phosphate cement and the walls of
the bony defect gave rise to a narrow radiolucent gap after 1 month post-surgery,
meaning the HAC biomaterials were not integrated to the surrounding osseous
tissue. This result failed to support the use of HAC for the repair and regeneration
of human intrabony periodontal defect; the reason for the failure was not clear, but
the authors speculated three possible mechanisms: first is the lack of sufficient
flexural stress resistance of set HAC to the normal occlusal forces transmit by nearby
natural tooth; the second factor was the lack of sufficient porosity in the hardened
HAC to allow bone ingrowth; the innate micropores of set HAC were insufficient to
allow for migration and ingrowth of cells, blood vessels, and bone; the third possible
mechanism contributing to the clinical failure of HAC was bacterial contamination
and colonization of the implant surface and micropores due to the loosen periodontal
wound flaps closing (Brown et al. 1998).

In 2008, Shirakata et al. conducted a randomized clinical trial using Norian®

cement, a novel formulation of calcium phosphate cement, mainly composed of
α-tricalcium phosphate (α-Ca3[PO4]2), monocalcium phosphate monohydrate
(Ca[H2PO4]2 H2O), and calcium carbonate (CaCO3) mixed with a solution of
sodium phosphate (Constantz et al. 1995), as intrabony defect filler of periodontal
bone reconstruction. Thirty patients with periodontitis and narrow intrabony defects
were enrolled in the study; patients were classified randomly into the CPC graft
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group (N ¼ 15) or the open flap debridement (OFD) alone group (N ¼ 15). After
routine basic periodontal treatment, mucoperiosteal full-thickness flaps were
reflected, and all granulation tissues were removed completely, and the exposed
root surfaces were scaled and planed with hand and ultrasonic instruments. In the
graft group, the CPC was filled compactly with injectable CPC from the bottom of
the defect close to the residual bone crest. After solidification of the CPC, a
periosteal releasing incision was made to allow coronal repositioning of the flap,
followed by suturing slightly coronal to the cementum enamel junction (CEJ). The
control group was treated similarly, without placement of the CPC. Clinical mea-
surements were performed at baseline and at 3, 6, 9, and 12 months, and radiographs
were taken at baseline, 2 weeks, and 6 and 12 months after surgery. The results
demonstrated that six cases in the CPC group showed exposure or loss of the graft
material during the 12-month treatment, whereas the remaining nine cases (CPC-R
group) showed no adverse reaction, including infection or suppuration. Overall,
CPC-R and OFD treatment groups exhibited a significant reduction in probing depth
and a significant gain in clinical attachment level at 3, 6, 9, and 12 months compared
to baseline values. However, there were no significant differences in any of the clinical
parameters between the groups. In the CPC-R group, radiographic bone level gain
appeared to be greater than in the OFD group. The explanation for the lack of
significant differences between CPC-R and OFD groups in any of the clinical param-
eters might be the fact that most of the defects were narrow three-wall, contained,
intrabony defects, in which periodontal healing potentially resulted in complete
clinical repair with or without periodontal regenerative therapy (Shirakata et al. 2008).

On the other hand, the setting behavior of CPCs is also crucial for its successful
application, as indicated by the positive outcome of a clinical study using a newly
developed washout-resistant type of CPC. The material used in the study is named
“Chitra calcium phosphate cement” (Chitra-CPC); the powder phase consisted of
tetracalcium phosphate (TTCP–Ca4(PO4)2O) and dicalcium phosphate dihydrate
(DCPD–CaHPO4�2H2O) added with an optimum quantity of gelling agent in dry
powder form, the water phase containing disodium hydrogen phosphate (Na2HPO4,
in 0.2 M concentration) as the setting accelerator (Fernandez et al. 2006). The study
included 60 patients and is divided into 3 groups using random number table
method. There were two test groups (“CPC group” with calcium phosphate cement
and “HAG group” with hydroxyapatite granules), along with a control group (with
debridement only). The evaluation was focused on the periodontal soft tissue
changes such as reduction in probing pocket depth, gingival recession, and gain in
clinical attachment. All parameters in the control and the test groups were evaluated
during the 3, 6, 9, and 12 months postoperatively. An overview of the results shows
that both the test materials (calcium phosphate cement and hydroxyapatite ceramic
granules) are significantly efficacious in healing the periodontal defects when com-
pared with open flap debridement. The calcium phosphate cement formulation
(Chitra-CPC) is more efficacious than the hydroxyapatite ceramic granules (Rajesh
et al. 2009).

In general, the body of evidence for the use of CPC in periodontology is still
limited due the lack of well-designed, randomized clinical trials.
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4.2 Extraction Socket Management

Currently, no application of CPCs as sole volume filler at extraction sockets for bone
volume preservation was reported. Nevertheless, in case of simultaneous placement
of implants after extraction, usually a gap between implant and extraction bone wall
will be created due to the mismatch between the shape/dimension of the implant
fixture and the socket wall; CPCs are promising candidates to fill the space or to
replace buccal bone damaged or lost during extraction, with careful selection on the
indicative cases where no pathology factor exists or pathogeny of chronic infection
could be eliminated. Taschieri reported a prospective study that evaluates the clinical
outcome of implants immediately placed into fresh extraction sockets for the
replacement of endodontically treated teeth with signs of vertical root fracture;
sixteen partially edentulous patients, with one tooth scheduled for extraction and
showing clinical signs and symptoms and/or radiological evidence of vertical root
fracture, were included in the study. Sixteen transmucosal implants were installed
immediately after extraction and careful debridement. The gap between the implant
surface and the socket walls was filled using PD VitalOs Cement, an injectable
synthetic bone grafting cement consisting of two calcium phosphate pastes
(β-tricalcium phosphate and monocalcium phosphate monohydrate). Implant suc-
cess and survival and radiographic bone loss were evaluated after 1 year of function.
Overall implant success and survival rate was 100% at 1 year. All prostheses were
successful and in function, 16 implants could be evaluated radiographically after
1 year of function. Peri-implant bone loss averaged 0.48–0.20 mm. Such value was
not affected by implant location, lesion type, or bone quality (Taschieri et al. 2010).

4.3 Augmentation of the Maxillary Sinus

In 2000 Mazor firstly reported case series on the application of BoneSource®

(hydroxyapatite cement, component of tetracalcium phosphate/dicalcium phos-
phate) to stabilize cylindrical hydroxyapatite-coated dental implants placed simul-
taneously during the augmentation of the maxillary sinus. Twenty-six HA-coated
dental implants were inserted in ten grafted sinuses of ten patients with traditional
lateral approach sinus floor lift surgeries. The cement was thereby placed at the
superior aspect of the sinus. Implants were then fully inserted into the grafted
compartment. Second-stage surgery was performed 9 months after implant place-
ment, and core biopsies were performed in-between implant fixtures to verify the
texture of graft. Prior to implant exposure, patients were evaluated radiographically.
Panoramic and periapical radiographs and CT scans were used to assess the radio-
graphic features of the graft material, the newly formed bone, and their close relation
to the implants. Clinical criteria at the time of implant exposure included stability in
all directions; crestal bone resorption and any reported pain or discomfort were
recorded. None of the cases presented any difficulty in achieving initial stabilization;
no clinical complications of the sinuses were evident. At second-stage surgery, there
was no clinical evidence of crestal bone loss around the implants. All implants were
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clinically osseointegrated. All patients received fixed implant-supported prostheses,
and the mean follow-up time was 18 months (ranging from 12 to 24 months).
Histologic evaluation showed woven bone well integrated with the graft material
with numerous osteocytes directly opposed to the surface. Some of the graft material
was still present at the end of the core biopsy, undergoing replacement with bone by
creeping substitution after 1 year (Mazor et al. 2000).

However, the clinical study of Sverzut et al. provided controversial results with the
same commercialize product but different dental implant placement protocols.
BoneSource® was used as filling material for maxillary sinus lifting without simulta-
neous dental implant insertion. Ten patients were enrolled, and traditional lateral
approach sinus floor lift procedures were conducted. After a period ranging from
9 to 16 months of healing, all patients showed a gain in height radiopacity according to
the radiographic evaluation and did not have postoperative complications; the second-
ary surgery aimed in installation of dental implant was conducted, clinical evaluation
was taken, and the quantity and quality of bone formation were later verified by taking
biopsy of the grafted area in the region adjacent to the axis of the implant to be
inserted. However, the authors stated that the cement was friable during instrumenta-
tion and installation of the dental implant at second-stage operation. In view of these
findings, the authors speculated that it was too risky to place implants due to a lack of
sufficient bone formation throughout the biomaterials and decided to abort the place-
ment of implants. The histological analysis revealed that new bone formation was
minimal, mainly in direct contact with the surface of the bulk material, indicating that
large amounts of cement remained in the sinus floor, possibly due to lack of vascu-
larization inside the CPC; the authors therefore suggested that interconnected porosity
should be introduced to the materials to improve the ingrowth of new bone tissue, and
the success for simultaneous placement of dental implants and cement in Mazor’s
study are mainly give credit to the residual bone height of enrolled patient (5 mm in
average), which can have provided primary stability of implanted fixtures and mechan-
ical support to the applied CPC (Sverzut et al. 2015).

4.4 Augmentation of the Atrophic Mandible Alveolar Ridge

For this challenging situation, injectable CPC can preferably be applied with the
assistance of rigid support from either implant or bone wall/chip to resist the
deformed force from mastication movement. Hrefer reported cases using Norian
skeletal repair system (SRS), a carbonated calcium phosphate bone cement, to
augment the alveolar ridge as a single-stage procedure, with simultaneous placement
of implants. Briefly a U-shaped vertical osteotomy was made in the mandible
anterior region to split the atrophic alveolar ridge into two segments, and subse-
quently the CPC is applied as inlay filler between both segments. Thereafter, these
segments are firmly fixed by either titanium miniplates or dental implants. In this
way, the vertical dimension of the alveolar could be increased up to 5–7 mm (see
Fig.1a, b). The prosthodontic procedure started 3 months later. In total 40 implants
were inserted for 10 patients, and the follow-up period was 60 months. Overall no
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Fig. 1 (a) Surgical procedure related to vertical mandible reconstruction. (b) Postoperative
panoramic examination after augmentation of the atrophic alveolar ridge. (F. Hölzle et al. 2011,
reprinted with permission)
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fractures or dislocations of implant developed, only one of the implants was lost, and
there was one wound dehiscence, but no surgical intervention or revision was
necessary. Radiographs showed good consolidation of the bony structure in all
cases (Wolff et al. 2004; Hölzle et al. 2011).

In the situation where the initial fixation and subsequent protection of the CPC
from this sandwich bone segment technique are not available, attempt using CPC as
onlay augmentation on reconstruction of a large mandibular defect has been reported
by Stanton. A 10-year-old boy suffered from odontogenic keratocysts (OKC), and a
large defect presented in the mandible after giant cyst removed operation including
enucleation of the cyst, extraction of all teeth involved in the lesion, and peripheral
osteotomy. The remaining bony wall was eggshell thin without perforation. After
smoothing and irrigating, Norian bone cement (monocalcium phosphate mono-
hydrate, calcium carbonate, and alpha-tricalcium phosphate powder with a sodium
phosphate–buffered solution) was injected to fill the void created from the ascending
ramus to the midbody of the mandible, the mucosa subsequently healed, and an
uneventful recovery occurred. No recurrence of OKC has been observed 3 years
post-surgery. Serial panoramic radiographs have displayed progressive resorption of
Norian and replacement with bone. The mandibular height and form have been
successfully preserved (see Figs.2a,b and 3a,b) (Stanton et al. 2004).

Fig. 2 (a) Intraoperative view of inferior border of mandible prior to application of injectable calcium
phosphate cement. (b) Intraoperative photograph showing injectable calcium phosphate bone cement
filling the void created by the lesion. (D.C. Stanton et al. 2004, reprinted with permission)
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4.5 Reconstruction of the Craniofacial Region

Frequently used commercial CPCs mentioned before such as BoneSource®,
Mimex®, Norian®, etc. have been clinically applied in the craniofacial complex
for several decades. Successful clinical use of CPCs in this region is restricted to
non-load-bearing areas on mature craniofacial skeleton, including reconstruction of
full-thickness cranial defects (Mahr et al. 2000), frontal and temporal contouring
(Friedman et al. 2000; Chen et al. 2004; Gosain et al. 2009), onlay grafting for
augmentation and smoothing contours of skeletal irregularities (Gosain 1997; Jack-
son and Yavuzer 2000), depressed frontal sinus fracture (Sundaram et al. 2006;
Luaces-Rey et al. 2009), nasal augmentation (Okada et al. 2004; Hatoko et al. 2005),
or secondary craniofacial contouring (Magee et al. 2004; Van der Stok et al. 2011),
with minimal evidence of bone replacement in relatively long-term follow-up of
small sample size study design. Typically Gosain reported that cement pastes were
used for onlay augmentation to the cranial vault in eight patients, hydroxyapatite
(BoneSource®) used in five patients, and calcium phosphate bone cement (Norian®

CRS) used in three patients. Patient mean age at implantation was 5.5 years (range,
4–8 years); the mean follow-up term was 5.7 years (range, 1–8 years). All patients
had postoperative computed tomographic scans taken 1 year later that demonstrated
persistent skeletal augmentation, with a computed tomographic density equivalent to
that of the adjacent bone. The only complication in this group was postoperative
infection in one patient necessitating partial removal of the implant. The authors
concluded that when used for onlay augmentation in the patient where further
skeletal growth is negligible (after age 3 in the cranial vault and after age 14 in the
facial skeleton), good results could be achieved. Hydroxyapatite cement was also
used in a girl with recurrent left-sided forehead recession and frontal bone irregu-
larities. Fronto-orbital advancement at 4 years of age was performed and hydroxy-
apatite cement paste was applied for augmentation of irregular depressions in the
frontal bone with restoration of forehead symmetry and contour. Three yeras later
(age 7 years), the patient required a repeat neurosurgical procedure, at which time the

Fig. 3 (a) Six-month postoperative panoramic radiograph showing gradual replacement of the
graft by bone. (b) Three-year postoperative panoramic radiograph showing complete replacement
of the graft material by bone, good bone height, and contour with no recurrence of odontogenic
keratocyst. (D.C. Stanton et al. 2004, reprinted with permission)
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hydroxyapatite onlay was found to be incorporated into the surrounding calvaria but
was not been replaced with native bone. Histologic section of a biopsy specimen of
the hydroxyapatite onlay demonstrated a rim of bone that had grown around the
periphery of the implant, demonstrating good incorporation but no evidence of bone
ingrowth within the implant (Gosain et al. 2009).

The promising safety and long-term efficacy of this bone substitute for the repair
of craniofacial bone defects in the growing pediatric skull were also reported in
2005. Eight patients who underwent reconstruction of cranial defects using hydroxy-
apatite cement between the ages of 25 and 100 months (mean, 55 months) were
followed up postoperation between 23 and 72 months (mean, 38 months). No
mortalities or significant morbidities were encountered in the study population. It
has been the authors’ experience that hydroxyapatite cement is both biocompatible
and resistant to infection when used in sites not contiguous with sinus mucosa and
that it is a good alternative to autogenous bone in pediatric craniofacial reconstruc-
tion (David et al. 2005).

However, relatively longer-term follow-up and larger sample size studies
revealed unfavorable outcome for the use of CPC in cranioplasty compared to the
studies mentioned above. Jackson reported a retrospective study of 312 patients who
had 449 procedures performed by a single surgeon to reconstruct a calvarial defor-
mity between 1981 and 2001. The main reason for cranioplasty (32.4%) was post-
tumor resection deformity, and the main surgical site was the frontal bone (53.2%).
Three different materials including autogenous cranial bone, PMMA, and HA
cement (BoneSource, Mimex) were used. The median postoperative follow-up was
3.3 years (range, 0.2–10 years). The following variables were assessed to evaluate
the outcome: gender, age, indication for surgery, site of cranioplasty, type of
material, number of surgeries performed, and complications. The eventual outcome
was based on the patient’s subjective evaluation of satisfaction during the follow-up
period and the occurrence of complications and the need for further surgeries for
either revision or improvement. The overall complication rate was 23.6%, in terms
of complications and material used; autogenous bone was involved in 20.5% of the
complicated cases, PMMA in 29.3%, and HA cement in 32.8%. In the HA cement
group, infection and/or extrusion of the material represented 22.4% (n¼ 13 of 58) of
the complications. These findings suggested that bone graft and PMMA are still the
best materials in calvarial reconstruction. The application of HA cement in cranio-
facial reconstruction needs to be carefully considered (Moreira-Gonzalez et al.
2003). It seems the infection rate could be higher when CPCs were used for
secondary surgery in growing skeleton region at Wong’s retrospective chart review.
Twenty patients who underwent secondary forehead cranioplasty with hydroxyapa-
tite cement (Norian CRS) were included. Basic demographics including age, sex,
and diagnosis were identified, and characteristics of the defects were recorded
including size, location, and depth (full vs. partial thickness). The postoperative
course was analyzed for length of follow-up and the presence of infections. The
result revealed that three patients were lost to follow-up, and all patients had initially
acceptable aesthetic results. Of the 17 patients, 10 (59%) ultimately had infectious
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complications. Infection occurred on a mean of 17.3 months after surgery (range,
4 month–4 year), and the mean amount of hydroxyapatite used was 32.5 mL
(infections) versus 14.3 mL (no infections). Of the ten patients with complications,
secondary forehead asymmetry was the most common presentation. Nine patients
required surgical debridement and subsequent delayed reconstruction. The use of
hydroxyapatite cement in secondary reconstruction has yielded unacceptably high
infection rates leading to discontinuation of its use in this patient population.
Calcium phosphate cements were thus considered as “off-label” used in the growing
craniofacial skeleton (Wong et al. 2011).

Special caution has to be taken since complication rate is very high when CPCs
are used for large craniofacial full-thickness defects. Zins summarized 16 patients
who underwent correction of large, full-thickness (>25 cm2) skull defects. The
surgical technique included reconstruction of the floor of the defect with rigid
fixation to the surrounding native bone, interposition of the cement to ideal contour,
and closure of the defect. The mean patient age was 35 years (range, 1–69 years), and
the mean defect area was 66.4 cm2 (range, 30–150 cm2). Cases were equally divided
between BoneSource and Norian CRS. The mean amount of bone cement used was
80 g. Follow-up varied between 1 and 6 years (mean, 3 years). Major complications
occurred in 8 of 16 patients, with 1 occurring as late as 6 years postoperatively (Zins
et al. 2007). These implanted large amounts of CPC are hardly resorb, which could
be confirmed by biopsies taken in another study’s reoperations after major compli-
cation. Microfragmentation of the cement was often observed inside the recipient
site, while the amount of bone replacement was only limited to the peripheral area of
the materials. The amount of vascularized bone tissue inside the set CPC was
generally very low (Tuncer et al. 2004).

Fragility is another problem for CPC used in large full-thickness cranial defects;
to overcome this, there are also attempts to combine CPCs with reinforcements such
as tough frames or meshes made by one of the following materials: polylactic acid
(PLA) sheets (Cohen et al. 2004), degradable meshes (Greenberg and Schneider
2005), tantalum (Durham et al. 2003), titaniummeshes and plates (Van der Stok et al.
2011), etc.

At large area where the CPC was prone to infection due to imperfect closure of
soft tissue, or acute adverse events such as seroma and cellulitis formation after
surgery, the use of CPC loaded with antibiotic agents, such as cephalothin, was
suggested (Matic and Manson 2004; Burstein et al. 2006).

To summarize, the contraindication for the use of CPC in the reconstruction of
craniofacial skeleton region, such as infected field, stress-bearing applications, inlay
use for reconstruction of large, full-thickness calvarial defects, areas surrounding
nonviable bone, abnormal calcium metabolism, metabolic bone disease, immuno-
logic abnormalities, and poor wound healing (Gómez et al. 2005), has to be avoided
in all clinical situation. With careful treatment plan in these challenging conditions,
injectable CPC can still be considered as favorable bone substitute for the recon-
struction of craniofacial area when applied with caution (Gilardino et al. 2009; Afifi
et al. 2010).
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5 Conclusion and Outlook

Theoretically injectable calcium phosphate cements (CPCs) are highly useful for
reconstruction of bone defects in the oral and cranio-maxillofacial region. However,
the evidence for successful application of CPC is not unambiguously shown for all
clinical indications. Consequently, prospective long-term clinical studies are needed
to obtain insight in the long-term behavior of CPC in human patients. These clinical
studies have to form the translation basis of further improvements of the material
properties of CPCs. In that respect, the strategic priority is firstly to develop CPC that
allows for the creation of sufficient mechanical stability at the recipient site – even in
non-load-bearing skeletal sites – by optimal formulation of CPC to accelerate setting
time of CPC in which more strong washout resistant could be accomplished, which
will certainly improve the outcome in many compromised clinical situations. Sec-
ondly, development of optimal interconnection porosity inside injectable calcium
phosphate cement or optimal degradable CPC formulation which could facilitate
vascularization and degradation inside set bulk CPC is also critical for the success of
CPC clinical application. And thirdly, introduction of antibiotic effectively aimed at
the prevention of pathologic contamination is equally important for successful
clinical performance of injectable CPC.
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Abstract

Clinical practice in the field of dentistry has remained largely unchanged for over a
century. Recently, significant advances in the fields of tissue engineering and
regenerative medicine (TERM) have provided new opportunities for dental thera-
pies to advance in ways that will provide patients with more effective therapies to
regenerate living dental tissue, while at the same time preserving natural dental
tissues as much as possible. Since regenerative dental therapies are based on
knowledge and understanding of natural tooth development, here we first describe
early tooth development, including morphogenesis of tooth crown and root struc-
tures, and review new, relevant findings in tooth development biology. With respect
to regenerative approaches for dental tissue repair, we next describe the three
components recognized as doctrine in tissue engineering strategies – dental stem
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cells, scaffolds, and growth factors/signaling molecules/cytokines – and recent
findings in each. We next review the use of dental stem cells for applications in
tooth regeneration, including highlights on the use of innovative and promising
scaffold materials and growth factors. We discuss the significant breakthrough and
discovery in 2006 of induced pluripotent stem cells (iPSCs), and how this stem cell
technology demonstrated the possibility of using a patient’s own reprogrammed
cells to regenerate new tissues and organs. We next describe promising partial tooth
regeneration strategies, including regeneration of the dentin-pulp complex, the
periodontium, and tooth root regeneration. Finally, we describe exciting progress
in whole tooth regeneration strategies, focusing on three-dimensional (3D) tissue
engineering strategies.

1 Introduction

Tooth loss, the most common organ failure in humans, can result from congenital
malformations or genetic disorders, from common disorders such as dental caries
and periodontal disease, and from accidental or battlefield injuries to the mouth and
face (Young et al. 2002). The tooth organ itself consists of highly complex, orga-
nized, and precisely patterned mineralized tissue matrices that are functionally
integrated with soft dental tissues, including dental pulp, periodontal ligament,
nerves, and vasculature (Ten Cate 1998) (Fig. 1a). The major hard tissues of a
tooth include enamel, dentin, and cementum, while soft dental tissues include dental
pulp and periodontal ligaments. Human teeth are ectodermally derived organs that
exhibit only limited regeneration potential. Mineralized enamel cannot regenerate
primarily due to the fact the dental epithelium, which forms enamel in a naturally
developing tooth, is lost prior to tooth eruption (Moradian-Oldak 2012), while dentin
exhibits a very limited capacity for reparative dentin formation in response to injury
(Song et al. 2017).

Current commonly used dental therapies consist of the following. Dental implants
are the principle restorative therapy used to replace lost teeth, despite the fact that
synthetic implants have none of the characteristics of natural, living teeth (Ferreira
et al. 2007). Dental implants are also susceptible to a variety of insults including
inflammation of the hard and soft tissues surrounding the implant, called peri-
implantitis, which can potentially lead to implant failure (Smeets et al. 2014).
Bone grafts, commonly used to repair and reinforce load-bearing jaw bone, have
been extensively investigated although this approach does not regenerate functional
dental tissues (Reynolds et al. 2003).

Another traditional surgical dental interventions used for periodontal tissue repair
primarily focuses on removing diseased tissues via open flap debridement, followed
by scaling and root planning (Becker et al. 1986; Brayer et al. 1989). These pro-
cedures can easily result in long-term junctional epithelium detachment, leading to a
compromised gingival seal around the tooth, making it highly susceptible to bacte-
rial infection (Ivanovski 2009). Another common dental tissue regeneration therapy
used in the clinic is guided tissue regeneration (GTR), most commonly used for
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periodontal tissue repair as first proposed by Melcher in the 1970s (Melcher 1976).
The goal of GTR is to regenerate tight PDL tissue attachment to the tooth roots
(Nyman et al. 1982a, b) via application of a tissue barrier membrane to guide the
migration of cementogenic and osteogenic stem cells to the defect site (Ivanovski
2009). However, such membranes can become problematic, as early non-resorbable
membranes required removal after transplantation, potentially leading to post-
operational complications (Murphy 1995). A newer resorbable membrane consisting
of collagen and polylactic/polyglycolic acid has also shown complications in that it
can inhibit PDL tissue healing (Sculean et al. 2007).

Current approaches used to treat severe dental caries can include endodontic
treatment, which involves completely removing all dental pulp tissue and subse-
quently replacing it with synthetic, inert cement (Parirokh et al. 2018; Torabinejad
et al. 2018). During the tooth restoration step, two types of pulp capping methods can
be used – direct or indirect pulp capping. Direct pulp capping involves the use of a
protective material placed directly on the exposed pulp, while indirect pulp capping
requires the presence of thin layer of residual dentin to avoid pulp exposure
(European Society of Endodontology 2006; Hilton 2009). Unfortunately, neither
method facilitates the regeneration of the dentin-pulp complex, and direct capping
results in the permanent loss of the dental pulp tissue.

Fig. 1 Anatomy of the tooth and developmental stages of tooth morphogenesis. (a) Anatomy
of the tooth. The enamel is the calcified tissue in the crown of the tooth. Pulp contains connective
tissue, blood vessels, and nerves. (b) Four different developmental stages during tooth
morphogenesis
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Together, the limited efficacy of these currently used dental tissue repair therapies
has spurred the development of novel strategies for improved and effective partial
dental tissue and whole tooth therapies that actually regenerate natural dental tissues.

2 Natural Tooth Development

For more than three decades, tooth development, called odontogenesis, has been
extensively studied in the context of both developmental and evolutionary models
(Jernvall and Thesleff 2012). Similar to other ectodermally derived organs such as
hair and feathers, teeth are epithelial appendages that can be found throughout all
vertebrate groups (Biggs and Mikkola 2014). Teeth are derived from the reiterative
interactions of the dental epithelium and the dental mesenchyme (Thesleff 2003).
Mammalian odontogenesis is initiated from the oral ectoderm, which subsequently
signals to the neural crest cell (NCC) derived mesenchyme to direct tooth morpho-
genesis (Thesleff and Tummers 2008). Subsequent tooth development is mediated
via crosstalk between two major tooth specific-cell types – the dental epithelium and
the dental mesenchyme (Hurmerinta and Thesleff 1981).

Mammalian tooth development occurs in four stages: (1) the initiation of the tooth
development; (2) the morphogenesis of the tooth crown; (3) dental cell differentia-
tion; and (4) the maintenance of dental stem cells that support tooth development
(Balic and Thesleff 2015). In the mouse, a simple dentition pattern consists of one
central incisor and three molars in each quadrant, with continuously erupting
incisors and no molar replacement teeth (Lumsden 1979; Peterkova et al. 1996;
Viriot et al. 1997). Humans replace their baby, or deciduous, teeth with a second set
of adult teeth that include additional tooth types including canines and premolars
(Vastardis 2000). However, both mice and human dentition share similar develop-
ment patterns during odontogenesis (Yu et al. 2015). The availability of a wide
variety of transgenic mouse genetic knock out and reporter lines makes mice the
most commonly used animal model to study tooth development (Kantarci et al.
2015). The signaling pathways regulating the complex interactions between dental
epithelial and mesenchymal cells and tissues are very dynamic (Thesleff and
Tummers 2008). As such, tooth organogenesis can be considered as a stepwise
process where morphogenesis and cell differentiation occur through reciprocal and
sequential interactions.

2.1 Morphogenesis of the Tooth Crown

The initiation stage of tooth development begins with the appearance of the primary
dental laminae, also called odontogenic bands, which are essentially stripes of
thickened epithelium that give rise to future teeth (Mina and Kollar 1987; Lumsden
1988). The thickened dental epithelium then invaginates into the underlying mesen-
chymal to form placodes. During the bud stage of tooth development, the dental
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papilla forms as the dental mesenchyme condenses beneath the invaginating dental
epithelium around mouse embryonic day 13 (E13) (Fig. 1). The expression of dental
lamina genes is restricted to the placodes, where transcription factors such as paired
like homeodomain 2 (pitx2) are expressed (Oosterwegel et al. 1993). The dental
epithelial placodal cells express four conserved signaling molecules – Shh, Wnt10,
BMP2, and FGF20 – marking the sites of the future teeth (Haara et al. 2012; Jussila
and Thesleff 2012).

Next, tooth bud stage dental epithelium proliferates, giving rise to cap and then
bell stage tooth buds (Fig. 1). During the cap stage, a cluster of undifferentiated cells
located at the inner enamel epithelium, the primary enamel knot, mark the future
tooth cusp (Balic and Thesleff 2015). In multi-cusped mammalian teeth, primary and
then secondary enamel knots mark the sites of multi-cusped tooth patterns.
The enamel organ forms during the cap stage and is comprised of two layers of
cells, the inner and outer enamel epithelium (Balic and Thesleff 2015). Demarcated
by the cervical loop and the dental papilla, the basal epithelial cell layer of the
cervical loop bordering the dental papilla is known as the inner enamel epithelium
(iee), while the epithelial layer facing the dental follicle is known as the outer enamel
epithelium (oee) (Harada et al. 1999; Tummers and Thesleff 2003; Thesleff and
Tummers 2008). The inner enamel epithelium differentiates into ameloblasts that
will secrete enamel matrix, and the mesenchymal cells differentiate into odontoblasts
that produce dentin, all prior to tooth eruption (Jernvall and Thesleff 2012).

Tooth crown morphogenesis occurs in bell stage teeth, where the enamel knot
signaling centers functions direct the height, location, and the number of the
developing tooth cusps (Balic and Thesleff 2015) (Fig. 1b). In the late bell stage,
dental mesenchymal cell-derived odontoblasts and dental epithelial cell-derived
ameloblasts secrete matrix that will produce dentin and enamel, respectively (Balic
2018).

During tooth development, the cervical loop serves as a stem cell niche that
produces daughter cells that differentiate into enamel-forming ameloblasts. Growth
factors such as FGF10, expressed in the dental mesenchyme, and its receptor Fgfr2b,
expressed in the dental epithelium, are both required for dental stem cell proliferation
(Harada et al. 2002). Shh has been shown to be essential for dental stem cell
replication and recruitment, but not for dental stem cell survival (Suomalainen and
Thesleff 2010). In general, the same signaling pathway networks regulating the stem
cell niche of the mouse continuously erupting incisor are also active in the stem cell
niche of developing molar teeth (Tummers and Thesleff 2003), implying that largely
conserved signaling pathways regulate the development of all teeth (Jernvall and
Thesleff 2012).

It is worth noting that mammals have a very limited capacity to replace their teeth,
as compared to other vertebrates such as reptiles and fish (Davit-Beal et al. 2009;
Jernvall and Thesleff 2012). The majority of mammals, including humans, can
replace their teeth only once. However, the renewal and maintenance of many dental
tissues is supported by stem cells, which in turn are regulated by a variety of growth
factor signaling families (Jernvall and Thesleff 2012).

Tissue-Engineered Teeth 377



2.1.1 Cells and Signaling Pathways During Tooth Development
Tooth organogenesis can be considered a stepwise process where tooth morphogen-
esis and dental cell differentiation occur through reciprocal and sequential dental
epithelial-mesenchymal cell interactions (Thesleff and Tummers 2008). Five major
signaling pathways are involved in odontogenesis including Wnt, bone morphoge-
netic protein (BMP), fibroblast growth factor (FGF), Sonic Hedgehog (Shh), and
Ectodysplasin (Eda) – see Table 1. Together, these signaling pathways mediate the
tissue interactions that lead to tooth formation.

BMP Signaling
BMPs are members of a very large family of the transforming growth factor
β (TGF-β) superfamily, that consist of homodimer proteins (Valera et al. 2010).
BMPs are involved in both the early and later developmental stages of tooth
organogenesis (Yuan et al. 2015; Graf et al. 2016). Specifically, BMP2 is expressed
in dental epithelium and BMP7 is expressed in dental mesenchyme of initiation stage
tooth buds (Malik et al. 2018). Both BMP2 and BMP7 also promote early tooth
mineralization (Malik et al. 2018), while BMP4 regulates the formation of the
epithelial root sheath (Hosoya et al. 2008). BMP9 is notably responsible for pro-
moting odontoblastic and osteogenic differentiation (Huang et al. 2019).

Shh Signaling
Sonic hedgehog (Shh) signaling is required for embryonic mouse tooth initiation, as
well as to maintain differentiation of dental epithelial cells into ameloblasts (Gritli-
Linde et al. 2002). Shh is expressed in the oral epithelium prior to invagination and
in the dental epithelium during tooth development. Together with Wnt10, BMP2,

Table 1 Five major signaling pathways regulating tooth development

Signaling
pathways

Key
cytokines Functions References

BMP BMP2 Early tooth morphogenesis and mineral
secretion, found in odontoblasts

Malik et al. (2018)

BMP7 Similar to BMP2 but also found in
ameloblasts

Gao et al. (2018)

BMP9 Promotes odontoblast differentiation and
osteogenic differentiation

Huang et al. (2019)

WNT WNT3a Stimulates cementoblasts formation Nemoto et al. (2016)

WNT7b Positions the site of tooth formation Sarkar et al. (2000)

FGF FGF3 Regulate proliferation of epithelial stem
cell progeny

Wang et al. (2007)

FGF8 Required for tooth initiation Trumpp et al. (1999)

SHH SHH Promotes epithelial cell proliferation and
are expressed throughout dental
mesenchyme and epithelium

Bitgood and McMahon
(1995), Cobourne et al.
(2001)

EDA EDA Required for the development of
ectodermal organ during initiation from
placodes

Mustonen et al. (2004)
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and FGF20, Shh expression is restricted to a cluster of placodal cells of the early
signaling center (Haara et al. 2012; Jussila and Thesleff 2012). During the bud stage,
the expression of Shh becomes restricted to the enamel knot, while during the cap
stage, it is expressed in tissues surrounding the inner enamel epithelium (Vaahtokari
et al. 1996). Loss of Shh results in arrested development of cap stage teeth and the
formation of only a rudimentary tooth bud (Dassule et al. 2000). Together with the
BMP signaling pathway, BMP/SHH signaling networks dictate the fate of dental
epithelial stem cells in mouse molars and incisors (Li et al. 2015). Conditional Shh
null mice exhibit severe craniofacial defects, including shortened height of molar
placodes, indicating roles for Shh in organizing dental placodal cells. The canonical
Shh pathway includes key transcription factors Gli1–3 (Hardcastle et al. 1998), and
mice lacking Gli2 and Gli3 lack all molar tooth development, and form only a
primitive central incisor tooth bud.

WNT Signaling
Both the canonical WNT/β-catenin pathway and the noncanonical Wnt signaling
pathway play important roles in the early embryonic tooth development (Wang et al.
2014). WNT family members are expressed in the dental epithelium, and WNT7b is
expressed in the oral epithelium when tooth patterns become clearly defined (Sarkar
et al. 2000). Wnt/Shh signaling interactions define where the tooth is formed. In cap
stage teeth, WNT 4 and WNT6 are expressed in the dental epithelium, while
WNT5a, and signaling partners sFrp2 and sFrp3 are expressed in the dental mesen-
chyme (Sarkar and Sharpe 1999). WNT/β-catenin signaling pathways also mediate a
variety of downstream signaling pathways in tooth development (Huang et al. 2020).

FGF Signaling
FGF signaling also plays important roles in odontogenesis. FGF8 is credited as the
dental epithelial cell-originating factor (Trumpp et al. 1999), while FGF9 is essential
for dental epithelial invagination, and initiates dental ectodermal organogenesis (Tai
et al. 2012). In addition, FGF8 induces the expression of Pax9 in mouse tooth
development, implying its essential role in tooth development beyond odontogenesis
(Neubuser et al. 1997; Huang et al. 2020). FGF3, FGF4, FGF9, FGF15, and FGF20
are all expressed in the primary enamel knot signaling center (Porntaveetus et al.
2011).

EDA Signaling
Eda, a member of the tumor necrosis family (TNF), is a signaling molecule respon-
sible for regulating the development of a variety of ectodermal appendages, includ-
ing teeth and hair (Biggs and Mikkola 2014; Balic and Thesleff 2015). The receptor
for Eda, Edar, is expressed in the dental placode (Haara et al. 2012; Balic and
Thesleff 2015). Together with the intracellular adaptor protein Edaradd, they form a
pathway leading to the downstream activation of the transcription factor NF-κB
(Mikkola 2008). Eda is involved in the initial development of the tooth placode,
where the Wnt/β-catenin pathway upregulates the expression of Edar, and Edar/NF-κB
are required to maintain the expression of WNT10a/b (Zhang et al. 2009). In addition,
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Eda has been shown to play a role in tooth bud morphogenesis, since Eda null embryos
exhibit very small tooth buds (Pispa et al. 1999), although Eda is not required in later
stages of tooth development (Swee et al. 2009). Eda is vital for the formation of
placode during early tooth development (see Table 1), (Mustonen et al. 2004).

2.2 Tooth Root Development

2.2.1 Tooth Root Morphogenesis
Tooth root development is also regulated by crosstalk between the dental epithelium
and mesenchyme (Thesleff and Sharpe 1997). Tooth root morphogenesis can be
divided into root initiation and root elongation stages. After tooth crown formation,
the cervical loop continues to grow and elongate after tooth crown formation, and
eventually forms a double-layered epithelial structure called Hertwig’s epithelial root
sheath (HERS) (Ten Cate 1998). HERS is located between the dental papilla and the
dental follicle and is generally thought to be the signaling center responsible for
tooth root formation (Ten Cate 1998).

The cervical loop gives rise to the Hertwig’s epithelial root sheath (HERS) via
fusion of the outer and inner enamel epithelial cell layers, and serves as an important
signaling center for tooth root formation (Huang et al. 2009a). Tooth root initiation
occurs as the mesenchymal cell layer of the apical papilla comes in contact with the
inner layer of the HERS, which signals mesenchymal cell differentiation into
odontoblasts that form the radicular dentin that covers the tooth root (Li et al. 2017).

Interactions between the dental follicle and the newly formed dentin induce the
differentiation of cementoblasts, which will produce both cementum and cementum-
specific extracellular matrix such as collagen fibers (Zeichner-David 2006). HERS
can give rise to cementoblasts by epithelial-to-mesenchymal transition (EMT)
(Huang et al. 2009a), and also becomes the epithelial cell Rests of Malassez
(ERM), which participates in cementum regeneration and repair (Xiong et al.
2013). The HERS is also responsible for the number of roots formed by a tooth,
by forming protrusions downwards from the dental pulp cavity, which join horizon-
tally to form a bridge, and then become divided to form individual tooth roots. As
such, tooth root development is directed by the apical growth of HERS (Orban and
Bhaskar 1980).

HERS is also heavily involved in periodontal ligament (PDL) formation, due in
part to both HERS formation and degeneration (Li et al. 2017). As migrating dental
follicle cells contact the HERS, PDL is formed between the tooth root and surround-
ing alveolar bone (Cho and Garant 2000). The PDL supports and anchors the root to
the alveolar bone via collagen fibers secreted by dental follicle cells, thereby
stabilizing the tooth for the forces of mastication.

2.2.2 Tooth Root Development Signaling Pathways
The discovery of a unique transcription factor, called nuclear factor I C (Nfic),
revealed that distinct mechanisms mediate tooth crown and root formation
(Steele-Perkins et al. 2003). Nfic was found to be required for tooth root formation
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but not crown formation, and NFIC-dependent and NFIC-independent signaling
pathways have been characterized in recent years (Wang and Feng 2017). Nfic
belongs to the nuclear factor I family and functions as a master regulator gene during
tooth root dentin formation. The expression of Nfic is restricted to odontoblasts and
pre-dontoblasts in developing molars in human and mice, where it participates in
odontoblast differentiation by modulating TGFβ signaling pathway (Gao et al.
2014).

The canonical Wnt signaling pathway plays a crucial role in tooth root formation,
where β-catenin-mediated Wnt signaling mediates odontoblast differentiation (Kim
et al. 2013). It was determined that the integrity of Wnt signaling affects the
formation of HERS, and in turn can compromise the vital epithelial-mesenchymal
interactions necessary for proper tooth root development (Li et al. 2017). The Wnt
signaling pathway also mediates tooth root formation through interactions with other
conserved signaling pathways, including the canonical BMP signaling pathway,
where BMP signaling is required to maintain the expression of Wnt signaling
inhibitors (Li et al. 2011). In addition, Wnt10 was found to induce the expression
of the odontoblast differentiation marker dentin sialo-phospho protein (Dspp),
suggesting roles for Wnt10 in regulating tooth root dentinogenesis (Li et al. 2011,
2017). Interactions between Bmp and Wnt signaling also define the transition
between tooth crown and tooth root formation (Yang et al. 2013).

Other conserved signaling pathways such as SHH and FGF are also crucial for
tooth root development by their ability to mediate dental epithelial-mesenchymal
cell interactions. Fgf10 regulates HERS formation during molar tooth development
(Tummers and Thesleff 2003; Yokohama-Tamaki et al. 2006). Fgf2 is expressed in
the apical furcation end of the tooth root where it directs odontoblast differentiation,
and also in cementoblasts and fibroblasts of the PDL where it is thought to regulate
tooth root development (Gao et al. 1996).

3 Cells and Scaffolds

3.1 Dental Stem Cells

Embryonic stem cells (ESCs), which are derived from the undifferentiated cells of
the blastocyst, are capable of differentiating into all types of cell lineages derived
from endoderm, mesoderm, and ectoderm (Thomson et al. 1998). It is not possible to
use human ESCs in dental clinic applications due to serious concerns over their
ethical use in nonlethal diseases (Yildirim et al. 2011). Therefore, stem cells cur-
rently available for applications in the dental clinic include dental mesenchymal
cells, since the majority of dental epithelial cells disappear prior to tooth eruption
(Huang et al. 2009b). Dental mesenchyme is also referred to as “ectomesenchyme,”
due to its derivation from the neural crest during early embryonic development
(Huang et al. 2009b).

Currently available human dental stem/progenitor cells that can be harvested for
applications in regenerative dentistry include: dental pulp stem cells (DPSCs); stem
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cells from human exfoliated deciduous teeth (SHED); periodontal ligament stem
cells (PDLSCs); stem cells from apical papilla (SCAP); and dental follicle progenitor
cells (DFPCs) (Huang et al. 2009b). These non-embryonic, postnatal cell
populations exhibit mesenchymal-stem-like characteristics, including the ability to
differentiate into multilineage cell populations (Huang et al. 2009b). Here we
describe each of these five major dental stem cell types and their potential applica-
tions in regenerative dentistry.

3.1.1 Dental Pulp Stem Cells: DPSCs
DPSCs are a type of dental mesenchymal stem cell that can be isolated from dental
pulp tissue (Alongi et al. 2010). The dental pulp is a highly vascularized and
innervated tissue comprised of soft connective tissues, located in the central pulp
cavity of the tooth crown and tooth roots (Ten Cate 1998). The dental pulp is
encapsulated and protected by the highly mineralized dental tissues enamel, dentin,
and cementum. DPSCs can proliferate and renew themselves, differentiate into
odontoblasts, osteoblasts, and neurocytes both in vivo and in vitro under the right
conditions (Gronthos et al. 2002), and were demonstrated to form both dentin and
bone (Gronthos et al. 2000). One of the most prominent early studies of DPSCs by
Gronthos and Batouli found that when seeded ex vivo onto hydroxyapatite/tri-
calcium phosphate (HA/TCP) and transplanted into immunocompromised mice,
DPSCs showed formation of what closely resembled a dentine-pulp complex
(Gronthos et al. 2000).

SHED, a type of stem cell isolated from human exfoliated deciduous teeth,
possess similar osteogenic and odontogenic characters as DPSCs, but are more
highly proliferative (Huang et al. 2009b). When expanded ex vivo and transplanted
into immunocompromised mice, the formation of odontoblast-like cells associated
with dentin-like structures was observed (Miura et al. 2003). In addition to higher
proliferative and clonogenic ability, SHEDs can also differentiate into mesenchymal
derivatives including neural cells and adipocytes (Miura et al. 2003). The neural-
crest cell (NCC) origin of the dental pulp is reflected in the fact that SHED express
neuronal and glial cell markers (Chai et al. 2000). Cultured SHED readily express
neural cell markers such as βIII-tubulin, GAD, and NeuN, whose expression
increases upon stimulation with neurogenic medium (Huang et al. 2009b). The
neurogenic potential of SHED was highlighted by the fact that SHED survived
transplantation into a mouse brain microenvironment for more than 10 days while
expressing various neural markers (Miura et al. 2003). In addition, similar to
BMSCs, SHED is capable of differentiating into neural-like cells after transplanted
into mice brain (Azizi et al. 1998).

3.1.2 Periodontal Ligament Stem Cells: PDLSCs
PDLSCs, stem cells derived from human periodontal ligament, can be found in
the PDL connective tissue and cementoblasts precursors, and are potential candi-
dates to regenerate the soft tissue PDL, as well as cementoblasts and osteoblasts
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(Sharpe 2016). PDLSCs can adopt adipogenic, chondrogenic, cardiomyogenic, and
neurogenic cell fates (Huang et al. 2009b). When provided with lineage-specific
cocktail during culture, PDLSCs have also been shown to exhibit hepatogenic cell
differentiation by the expression of critical hepatic markers for glycogen storage,
albumin and urea secretion, suggesting potential therapeutic roles for regenerating
organs such as the liver (Vasanthan et al. 2016). A new subpopulation of hPDLSCs
successfully harvested from the inner surface of alveolar bone sockets (a-PDLSCs)
were reported to display enhanced multilineage differentiation potential (Wang et al.
2011). When compared with cells isolated from tooth root (r-PDLSCs), a-PDLSCs
showed an increased ability to repair periodontal defects.

PSLCSs are studied clinically due to their potential roles in restoring diseased and
damaged PDL tissues. For example, in a miniature swine model, surgical introduc-
tion of PDLSCs were shown to improve the restoration of periodontal lesions
generated by surgical removed bone in the third molar (Liu et al. 2008). The
PDLSCs used in this study were obtained from teeth extracted from miniature pigs
and subsequently expanded ex vivo. In a mouse model, PDLSCs exhibited enhanced
expression of the osteogenic markers ALP, BSP, OCN, and RUNX2, and transplan-
tation of GelMA microgel encapsulated hPDLSCs into immunocompromised mice
showed increased levels of vascularized, mineralized tissue formation (Chen et al.
2016a). In a recent randomized clinical trial, autologous PDLSCs in combination
with bovine bone-derived mineralized tissue matrix were used to test guided tissue
regeneration in periodontal intrabony defects (Chen et al. 2016b). Enrolled patients
were randomly assigned to either a group treated with PDLSC-derived cell sheet, or
a control group without stem cells. Although this study has yielded preliminary
results, including that PDLSCs are safe to employ with no adverse reactions from
patients in a 12-month follow-up, the efficacy of this therapy for repairing boney
defects will require further validation.

3.1.3 Stem Cells of the Apical Papilla: SCAPs
The apical papilla, located apical to the dental epithelial diaphragm and next to the
dental pulp (Fig. 1), is an abundant stem cell source that is highly proliferative and
migratory (Rubio et al. 2005). SCAPs also have the potential of multilineage
differentiation when expanded ex vivo, including odontogenic differentiation
(Huang et al. 2008). In addition to expressing several growth factors including
DSP, matrix extracellular phosphoglycoprotein (MEPE), FGFR3, the VEGF recep-
tor 1 (Flt-1), and melanoma-associated glycoprotein (MUC18), all of which are also
expressed in DPSCs. SCAPs express the unique marker CD24, which is down-
regulated in response to osteogenic stimulation (Huang et al. 2009b). While SCAPs
exhibit similar characteristics to DPSCs in vitro, their distinction lies in the fact that
the apical papilla is the natural precursor tissue of the radicular pulp, raising
speculation that SCAPs may be a superior cell source for tissue regeneration
(Huang et al. 2009b). The differentiation capacity of SCAP has been explored in
various in vivo experiments in animal models, where the formation of a dentin-pulp-
like complex was observed when SCAPs were transplanted into immunocompro-
mised mice (Huang et al. 2006, 2008).
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3.1.4 Follicle Stem Cells: DFCs
The dental follicle is a fibrous structure surrounding the developing tooth germ
(Mantesso and Sharpe 2009), which gives rise to the PDL by differentiating into
collagen secreting PDL fibroblasts that attach to adjacent alveolar jaw bone and
cementum surrounding the tooth root (Mantesso and Sharpe 2009). DFCs can
differentiate into PDL cells, osteoblasts and cementoblasts, although the critical
factors regulating DFC differentiation remain to be determined (Zhai et al. 2019).
DFCs express markers found in other stem cells, such as Notch-1 and Nestin
(Morsczeck et al. 2005a; b). Transplanted DFCs are capable of differentiating into
collagen-secreting PDL fibroblasts, and can interact with cementum and adjacent
bone to generate functional cementum/PDL tissue in a nude mice model (Handa
et al. 2002). Recently, in addition to roles in PDL tissue regeneration, DFCs
combined with treated dentin matrix (TDM) formed tooth root-like structures,
suggesting versatile and multidirectional differentiation potential in bio-root tissue
engineering applications (Guo et al. 2012).

3.1.5 Induced Pluripotent Stem Cells: iPSCs
In 2007, Japanese scientist Shinya Yamanaka was awarded the Nobel Prize for the
discovery of induced pluripotent stem cells (iPSCs), created by reprogramming
mouse skin fibroblasts to their embryonic state in order to generate a putative
patient-specific, autologous embryonic stem cell source that could be used to
regenerate all tissues and organs (Takahashi et al. 2007). iPSCs are functionally
superior to, and exhibit enhanced proliferation and differentiation potential, as
compared to traditional somatic stem cells (Takahashi et al. 2007; Morsczeck
2012). Similar to ESCs, iPSCs can differentiate into all lineages, including endo-
derm, mesoderm, and ectoderm (Hu et al. 2018). iPSCs can be generated from both
non-dental and dental cell types including DPSCs, SHEDs, PDLSCs, and SCAPs
(Yan et al. 2010, Wada et al. 2011).

An exciting new model is that of epithelial cell sheets created from human urine
cell derived-iPSCs (ifhU-iPSCs), which were shown to regenerate a whole tooth
when transplanted into mouse subrental capsules (Cai et al. 2013). Furthermore,
transgene-free iPSCs (TF-iPSCs), generated from the dental apical papilla, could
provide an unlimited stem cell source (Zou et al. 2012). TF-iPSCs showed improved
characteristics including better recovery after cryopreservation, a frequently encoun-
tered obstacle for both iPSCs and ESCs (Yan et al. 2010; Morsczeck 2012; Zou et al.
2012). Furthermore, TF-SCAP-iPSCs expressed neuro-makers without the need for
added neurogenic differentiation stimuli (Zou et al. 2012), although this preferential
neurogenic differentiation potential has not been further validated (Arthur et al.
2008; Vollner et al. 2009; Morsczeck 2012).

3.2 Cell Transplantation and Cell Homing

Stem-cell based tooth regeneration approaches primarily focus on cell transplanta-
tion and cell homing (Mao et al. 2010). Cell transplantation approaches rely on the
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regenerative potentially of stem cells such as DPSCs, with or without bioengineered
scaffolds. In canonical models of cell delivery, stem cells are seeded onto
bio-scaffolds as a vehicle of delivery, and the cell-seeded construct is then implanted
to the host with or without added growth factors (Hu et al. 2018).

In contrast, cell homing can be broadly defined as a process in which endogenous
stem/progenitor cells are actively recruited to migrate to different anatomical com-
partments (Mao et al. 2010). Cell homing involves local stem-cell based activation
approaches, and primarily relies on the recruitment of endogenous progenitor cells to
migrate to, repair and restore damaged tissue (Mao et al. 2010). The cell-homing
approach offers advantages such as augmenting the host’s own regenerative capacity
while utilizing bio-cues such as cytokines and chemokines delivered in a single
surgery (Mao et al. 2010). In contrast to cell delivery, cell homing does not require
the lengthy process of cell isolation and in vitro expansion. Cell homing has been
used in a variety of animal models, for example, via recruitment by a biological
molecules such as vascular endothelial growth factor (VEGF), platelet-derived
growth factor (PDGF), or bFGF and NGF in combination with BMP7 (Kim et al.
2010). Cell-homing approaches demonstrated the regeneration of dental-pulp tissue
in an ectopic implantation model (Cordeiro et al. 2008; Huang et al. 2010). In their
chemotaxis-based approach, Kim et al. reported robust re-cellularization and revas-
cularization of teeth treated via root canal in vivo (Kim et al. 2010).

3.3 Scaffold Fabrication

Biomaterials with adequate physical strengths, porosity, and bioactivity can also be
used for tooth regeneration (Sharma et al. 2014). Scaffold materials can broadly be
categorized into natural versus synthetic materials, with innovative and novel 3D
printing approaches employed in both types of materials. Current efforts focus on
designing biomaterials that replicate native organ-specific extracellular matrix
(ECM) environments, in order to facilitate the micro-environmental cell-cell and
cell-scaffold interactions that are required for functional tissue regeneration (Sharma
et al. 2014).

Natural biomaterials such as collagen, fibrin, and hyaluronic acid (HA) offer good
cellular compatibility and biocompatibility (Lee and Kurisawa 2013). Collagen
scaffolds, incorporated with growth factors such as VEGF and/or PDGF, have
been shown to re-cellularize and revascularize connective tissues in the root canal;
however, concerns remain with respect to batch to batch fabrication variability,
potential immunogenicity, and lack of precise control over pore size (Kim et al.
2010). Fibrin-based scaffold fabrication methods allow for facile manipulation of
mechanical properties, physical characteristics, and cell invasion, where increased
fibrinogen content can enhance the stiffness of the scaffold while reducing porosity
(Sharma et al. 2014). Another study showed that injectable fibrin hydrogels of
specified 3D shapes could be used as suitable and promising materials for tooth
regeneration (Linnes et al. 2007). HA also offers good biocompatibility with low
immunogenicity (Delmage et al. 1986). HA hydrogels have been extensively used in
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regeneration studies of various organs including bone, cartilage, vocal cords, and
even the brain (Sharma et al. 2014). The low mechanical strength of HA scaffolds
can be overcome by the addition of stiff cross-linking chemical polymers such as
alginate and RGD peptides (Lee and Kurisawa 2013).

Synthetic polymers such as polylactic acid (PLA), polyglycolic acid, (PGA) and
poly(lactide-co-glycolide) (PLGA) have been broadly employed in regenerative
dental applications due to their biocompatibility with a variety of dental stem cells
including SHED, DPSCs, and dental pulp fibroblasts. Synthetic polymer scaffolds
are highly tailorable and degrade into products that can be removed via a wide
variety of metabolic pathway. However, limitations to synthetic scaffolds lie in the
fact that they lack many physiological chemical components present in natural tissue
ECM (Moussa and Aparicio 2019).

Both natural and synthetic scaffold materials are capable of performing basic drug
delivery tasks when seeded with stem cells. However, due to the highly complex
nature of human tissues and organs, we have yet to create biomaterials that are
capable of enabling organ-specific, cell-cell, and cell-scaffold interactions that would
be required for efficient regenerative dental therapies. Thus, there remains a strong
need for novel and more advanced biomaterial fabrication methods and materials.

3.3.1 Innovative and Advanced Scaffolds
Nanotechnology has been a revolutionary force in the field of TE (Monteiro and
Yelick 2017). Nanoparticles are smaller than microparticles and as such can increase
the surface area per unit volume, enabling the fabrication of multiple innovative
scaffolds such as composite scaffolds with nanofibrous components (Bhanja and
D’Souza 2016). Nanometer-sized particles allow for increased cell migration due to
increased porosity, which can also facilitate the delivery of growth factors, promote
the interactions between growth factors, ECM, and cells, thereby mimicking the
environments of naturally formed tissues (Bottino et al. 2017).

Recent advances have been made to more precisely control scaffold material
fabrication method to facilitate applications in translational medicine and dentistry.
For example, polymer nanofibers (Fig. 2) have recently emerged as new and
innovative synthetic materials (Stojanov and Berlec 2020). After undergoing electro-
spinning and phase separation, polymer nanofibers can be modified to add growth
factors, and then seeded with stem cells for tissue regeneration (Stojanov and Berlec
2020).

Advanced scaffold fabrication methods use innovative synthetic materials with
exceptional abilities to mimic the native extracellular matrix (ECM), while also
providing mechanical and structural support, and regulating chemical, cellular, and
tissue level interactions. Novel nanofibrous spongy microspheres (NF-SMS) were
used as a delivery mechanism for human DPSCs into the dental cavity (Kuang et al.
2015, 2016). These biodegradable polymer microspheres have been used to repair
tissue defects based on its superior injectability. The spongy, nanoparticle structure
of NF-SMS allows for self-assembly capability as well as drug delivery (Kuang et al.
2015, 2016). Dental pulp tissue formation was observed, where NF-SMS was shown
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to improve the attachment of and promote VEGF expression in hDPSCs cultured
using 3D hypoxic conditions.

Nanostructured microspheres were also recently reported to direct growth factor
release and suppress cellular inflammation while enhancing cellular differentiation
(Niu et al. 2016). In addition to demonstrating growth factor-induced dentin regen-
eration, this group showed that microspheres could successfully deliver both hydro-
phobic and hydrophilic biomolecules in a controlled time-release fashion, while at
the same time repressing inflammation, thereby promoting odontogenesis. More
recently, nanostructured spongy microspheres demonstrated their potential as a
novel delivery system to meet a variety of challenges for tooth regeneration (Bottino
et al. 2017).

In addition to the whole-tooth regeneration approach, nanotechnology can also
aid in the simultaneous regeneration of the complete periodontal structure including
cementum, PDL, and alveolar bone (Sowmya et al. 2017). In this study, a dental
follicle stem cell seeded tri-layered nanocomposite hydrogel scaffold containing
tissue-specific layers to direct the formation of cementum, PDL, and alveolar
bone, respectively, directed the formation of all three layers as designed, and
exhibited complete defect closure and healing (Sowmya et al. 2017).

3.3.2 The Use of 3D Printing for Tooth Tissue Engineering
Three-dimensional printing is a method by which objects are fabricated by adding
materials, layer by layer, in order to render a construct of predetermined 3D

Fig. 2 Nanoparticle coated scaffold matrix stem cell delivery mechanism. Nanometer-sized
particles/fibers can be incorporated into a scaffold to create a desired environment that best
accommodates cell adhesion, proliferation, migration, and nutrient diffusion. Nanofibrous scaffolds
provide a large surface area and high porosity, permitting efficient delivery of cells, drugs, and
growth factors
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volumetric structure (Derby 2012). In contrast to nonbiological-based 3D printing
approach, 3D printed constructs for applications in tissue engineering and regener-
ative medicine and dentistry requires that 3D printed construct can be manufactured
to direct cells to designated spatial positions in a highly precise manner, provide
good biocompatibility and controllability, while also maintaining internal and exter-
nal reproducibility and accuracy (Amrollahi et al. 2016). With respect to whole tooth
tissue engineering, 3D bioprinted cell-laden hydrogels have been demonstrated as
good candidates for applications in tooth tissue engineering strategies (Park et al.,
Biofabrication, In Press). In addition, hydrogel encapsulated MSCs for efficient
ECM production can be fabricated by micro-extrusion techniques used in 3D
printing (Tao et al. 2019).

Hydrogels with photo-crosslinkable polymers such as gelatin methacrylate
(GelMA) have been investigated extensively for their exceptional ability to be
used for cell encapsulation and for adaptability for varying conditions (Monteiro
et al. 2016; Smith et al. 2017). The formation of functional and patent host-derived
blood vessels was observed in in vivo implanted 3D GelMA constructs consisting of
human umbilical vein endothelial cells (HUVECs) and DPSCs encapsulated within
GelMA (Khayat et al. 2017) (Fig. 3). Although very promising, GelMA hydrogel
scaffolds present limitations with respect to polymer concentration, where higher
polymer concentrations yield better mechanical properties, while encapsulated cells
demonstrate increased cell proliferation in softer, lower polymer concentration scaf-
folds (Tao et al. 2019). To achieve better control over scaffold stiffness while also
promoting cell differentiation, thermoplastic polymers such as PCL can be printed
by coextrusion to act as a frame to reinforce the softer co-printed hydrogel 3D
printed constructs (Morrison et al. 2018). For example, using 3D bio-printing and
bioinks such as alginate, it has been found that alginate bioink composed of 3% with
a mixture of low and high alginate in 1:2 ratio showed superior performance in terms
of viscosity, printability, and in vitro cell responses with optimal cell proliferation
and distribution (Park et al. 2017). A limitation for the use of PCL is that its

Fig. 3 Schematic of GelMA encapsulated hDPSC/HUVEC-filled tooth root segment (RS)
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degradation window of 2–3 years can be a barrier to tissue formation (Tao et al.
2019).

For periodontal tissue regeneration, PCL-HA scaffolds were 3D printed using
different sized microchannels to create a multiphasic scaffold (Lee et al. 2014).
When seeded with hDPSCs, presumed PDL complex structures were observed. In
another PDL-alveolar bone regeneration study, using an electrospun membrane on
the biphasic scaffold of the periodontal compartment, scaffolds with PDL cell sheets
were shown to better attach to the dentin surface as compared to those of without cell
sheets (Vaquette et al. 2012).

4 Tooth Regeneration

4.1 Partial Tooth Regeneration

4.1.1 Dentin-Pulp Complex Regeneration
The dentin-pulp tissue complex is a highly organized tissue complex that offers
nutrition, sensation, and defense against various pathogens (Hu et al. 2018). Irre-
versible pulpitis is clinically defined as vital inflamed pulp incapable of healing (Lin
et al. 2020). The traditional clinical therapy for treating pulpitis is root canal therapy,
which can subsequently cause tooth fragility and fractures, requiring tooth extraction
(Andreasen et al. 2002). Conventional pulp chamber fillings used in endodontic
treatment fail to revitalize the pulp (Ingle and Bakland 2002; Dammaschke et al.
2003). Furthermore, removal of pulp tissue results in a loss of pulpal sensation to
cold/hot stimulus and the ability to detect secondary infections. (Ingle and Bakland
2002; Dammaschke et al. 2003; Caplan et al. 2005). Therefore, strategies to regen-
erate vital dental pulp regeneration have become the focus of many research
laboratories (Kim et al. 2010). For example, using the aforementioned GelMA
hydrogel seeded robust pulp-like structure has been observed in tooth root segments
injected with human dental pulp stem cells (hDPSCs) and human umbilical vein
endothelial cells (HUVECs) (Fig. 3).

Dentin-pulp complex regeneration strategies include scaffold-dependent stem
cell therapy combined with appropriate signaling cues (Zhai et al. 2019). In addition
to the aforementioned traditional scaffold materials, novel scaffold-free DPSC self-
assembled spheroids have been reported (Dissanayaka et al. 2014). Using hDPSCs
combined with human umbilical vein endothelial cells (HUVCEs), microtissue
spheroid formation was observed in vitro (Dissanayaka et al. 2014). When micro-
tissue spheroids were loaded within tooth root slices and implanted subcutaneously
and grown in immunodeficient mice, histological analyses showed the formation of
highly vascularized, dental pulp-like tissue.

Other prominent human pilot studies to regenerate dental pulp tissue include
those carried out by the Nakashima group, who used mobilized hDPSCs (MDPSCs)
(Nakashima et al. 2017), and the Xuan group, which used deciduous hDPSCs
implanted in a randomized clinical trial (Xuan et al. 2018) (see Table 2). By using
granulocyte colony-stimulating factor (G-CSF) to mobilize DPSCs harvested from
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discarded teeth, clinical-grade human MDPSCs were created in an isolator and
expanded following good manufacturing practices (Xuan et al. 2018). All five
patients involved in this clinical study had irreversible pulpits requiring pulpectomy
and had undergone caries treatment including composite resin wall restoration (Xuan
et al. 2018). MDPSCs were then seeded at the root position of the empty pulp
chamber, followed by tooth closure and final restoration. In a 24-week follow-up,

Table 2 Recent scaffold-independent tooth regeneration

Year Author Cell source
Regenerated
tissue Condition Outcome

2011 (Oshima
et al. 2011)

Mouse molar
tooth germ
cells
(embryonic
cells)

Whole tooth
regeneration

Periodontal
disease

Tooth developed
periodontal tissue;
alveolar bone
regenerated; tooth
responded to
mechanical stimuli

2013 (Cai et al.
2013)

Integration-
free urine-
derived
iPSCs (ifhU-
iPSCs),
mouse molar
mesenchyme
cells

Whole tooth
regeneration/

iPSCs can
functionally replace
tooth germ epithelium
to regenerate whole
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2014 (Iohara et al.
2014)
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Dentin-pulp
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Patients
with
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incisor tooth
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observed in
regenerated pulp
tissue with
odontoblast layer and
connective tissues.
Incisor received
implants showed
functional response to
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aHuman clinical trials
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clinical and evaluation of all five patients showed no toxicity, and electric pulp test
(EPT) at week 4 demonstrated a strong positive response. Magnetic resonance
imaging (MRI) of the regenerated pulp tissue in the root canal was similar to the
untreated control. Dentin-formation was observed in three out of five patients, as
detected by cone bean computed tomography.

In addition to stem cell-based technologies, direct pulp capping with a new
commercially available biomaterial, Biodentin® (Septodont, Saint-Maur-des Fossés,
France), has been made available for patients needing root canal treatment (Zafar
et al. 2020). Biodentin®, a synthetic material composed of calcium silicate that
provides mechanical support for native dentin tissue, also supported the growth of
vital DPSCs (Kaur et al. 2017). One recent case report of patients treated with
Biodentin® excellent adhesion properties to the inner dentin wall where it appeared
to anchor dentin microtubules, prevent microleakage and pulpal inflammation, and
exhibited excellent biocompatibility with no observed cytotoxicity or DPSC cell
death (Laslami et al. 2017).

4.1.2 Periodontal Bone-PDL-Cementum Complex Regeneration

Alveolar Bone Regeneration
Periodontitis is an inflammatory oral disease induced by chronic bacterial infection
of the gingiva or/and the periodontium, which if left untreated can lead to tooth loss
(Kinane and Marshall 2001). Periodontitis is also associated with a strong host
inflammatory response that may confer elevated risk of cardiovascular disease and
premature low birth weight (Holmlund et al. 2006). Clinically, the ultimate goal of
periodontal treatment is to control the infection and regain the functions of the
periodontal tissues (Sculean et al. 2015).

Full restoration of normal periodontal functions includes restoring structural
support and functions of the alveolar bone, periodontal ligament (PDL), and the
cementum, which secures the tooth via the PDL to the surrounding alveolar bone.
Conventional regeneration therapies include guided tissue regeneration (GTR) to
repair cementum (Goncalves et al. 2006) and PDL complex (Needleman et al. 2006),
topical application of enamel matrix derivatives to treat patients with class II
furcation defects (Hoffmann et al. 2006), all of which demonstrated partial regener-
ation of periodontal tissues. Still, challenges remain for our ability to successfully
regenerate an integrated PDL apparatus, including the simultaneous formation of the
entire bone-PDL-cementum complex (Sowmya et al. 2017).

Current periodontal bone regeneration therapies utilize injectable and absorbable
scaffolds including calcium phosphate cement (CPCs) pastes that can subsequently
harden in situ to form a solid scaffold that can also serve as a delivery mechanism
(Xu et al. 2017). Recently, a tri-culture system including human-induced pluripotent
stem cell-MSC (hi-PSC-MSCs), HUVECs, and pericytes delivered via CPC scaffold
(Zhang et al. 2017). This novel tri-layer constructs actively promoted both angio-
genesis and osteogenesis, demonstrating promise for periodontal complex
regeneration.
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PDL-Cementum Complex Regeneration
The PDL complex mediates mechanical forces of mastication, which in turn regulate
alveolar bone remodeling (Fuks 2008). PDL tissues house immunoglobulins that
form a local defense mechanism against bacteria. In one study, regenerated cemen-
tum, produced by dental follicle-derived cementoblasts, developed into a thin layer
around the root neck, covering the lower part of the root up the apex (Foster et al.
2012). Cell sheet techniques have also been used for PDL-cementum complex
regeneration, based on the ability to culture PDL cells to hyper-confluency which
induces the formation of a cell sheet layer rich with secreted ECM that promotes
extensive cell-cell interactions (Liu et al. 2019). Tri-layered PDL cell sheets grown
on thin PGA scaffolds were delivered to the exposed tooth root surfaces, and any
intrabony wounds were filled with microporous β-TCP. Subsequent histometric
analysis showed complete periodontal regeneration with collagen fibers connecting
newly formed cementum with newly generated bone (Liu et al. 2019).

In addition to stem-cell based cell delivery techniques, endogenous cell homing
of resident stem cells has shown potential for recruiting endogenous stem cells to the
periodontium (Yin et al. 2017). Gene therapy-based approaches have also been
explored for advantages in achieving greater biocompatibility of growth factors at
the defected periodontal sites (Vhora et al. 2018). Gene therapy in oral regenerative
medicine rely on the delivery of genes that direct an individual’s own cells to
produce a therapeutic agent while minimizing patient risk (Mitsiadis and Smith
2006). For periodontal tissue repair, gene delivery vectors can be injected directly
into the periodontal defect where they can be incorporated into resident stem cells
(Rios et al. 2011). Gene therapy using PDGF-B has gained attention as a future
promising approach for periodontal tissue engineering through modulating the
microenvironment of the defect to improve periodontal regeneration (Jin et al.
2004; Cai et al. 2013; Liu et al. 2019).

4.1.3 Tooth Root Regeneration and Bio-root Engineering
In addition to PDL and dental pulp regeneration, the tooth root is probably the most
important tooth structure for tooth regeneration, since it anchors and supports the
tooth crown in the mouth. Ideally, bioengineered tooth roots would exhibit similar
biomechanical properties such natural tooth roots, and consist of supporting peri-
odontal ligament-like tissues, cementum, and dentin-like matrix structure, and be
capable of supporting post-crown prostheses.

SCAP and PDLSCs have been extensively investigated for their utility in engi-
neering bio-roots. Sonoyama et al. first demonstrated that a combination of SCAP
and PDLSCs could generate a bio-root with periodontal ligament tissues in miniature
swine model (Huang et al. 2008). In this study, HA/TCP scaffolds seeded with
autologous SCAP and PDLSCs constructs were implanted to the sockets of the
swine jaws, followed by placement of a porcelain crown for stability. Subsequent
analyses of harvested constructs showed the formation of PDL tissues that adhered
to the surrounding bone, although the tooth root showed decreased mechanical
strength and integrity over time (Huang et al. 2008).
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Another recent report used a sandwich model consisting of human-treated dentin
matrix (hTDM) and the growth factors VEGF1, osteoclaicin (OCN), and dentin
sialophosphoprotein (DSPP) (Meng et al. 2020). In this study, the authors used
Matrigel, an ECM Matrigel (references) to provide a neurogenic environment for
the seeded hDPSCs (Meng et al. 2020). Implanted MSCs, combined with SHED
aggregates regenerated a complete dental pulp tissue with intricate and highly
organized physiological patterns (Xuan et al. 2018).

4.2 Whole Tooth Regeneration

Thanks to recent advances in bioengineering technologies, the past three decades
have shown great progress towards the goal to create a fully functional
bioengineered tooth that meets the desired aesthetic, functional masticatory, and
physiological performance of a natural tooth. Here we will review seminal studies
which have brought us closer to achieving this lofty goal.

4.2.1 Scaffold-Based Methods for Whole Tooth Regeneration
Scaffold-based tooth regeneration approaches use biodegradable and biocompatible
scaffolds as a delivery mechanism for cells, to facilitate the diffusion of nutrient and
metabolites (Young et al. 2002; Sharma et al. 2014; Liu et al. 2020a). Ideal scaffolds
are expected to facilitate not only the delivery of cells in an organized fashion but
also to facilitate infiltration of a blood supply, oxygen, and nutrition (Loh and
Choong 2013; Liu et al. 2020b). In the early 2000s, collagen/gelatin sponges and
polyglycolic acid/poly-L-lactate-co-glycolide copolymers (PLA/PLGA) were pro-
posed as biodegradable scaffolds that could control the size and shape of a
bioengineered tooth. However, the bioengineered teeth were very small and
consisted of accurately shaped tooth crown structures without tooth roots (Young
et al. 2002; Honda et al. 2010).

4.2.2 Scaffold-Free Methods for Whole Tooth Regeneration
The first scaffold-free whole tooth regeneration using a tooth organ germ method
was first report by Nakao group (Nakao et al. 2007). Using single-cell suspensions
generated from dental epithelial and mesenchymal tissues isolated from the E14.5
mouse incisor tooth germs, the authors created a reconstitute tooth germ that
generated tooth-like structures in an in vitro organ culture, and also in the oral cavity
when transplanted to a mandibular incisor tooth extraction site (Nakao et al. 2007).

Building upon on Nakao group’s three-dimensional organ germ method (Nakao
et al. 2007), Oshima et al. coined the term “organ germ method” to describe their
newly proposed 3D approach to regenerate a functional tooth (Oshima et al. 2011,
2012). In this method, embryonic dental mesenchymal (DM) cells at high density
were introduced into collagen gel to form mesenchymal cell aggregates (Hirayama
et al. 2013). Next, embryonic dental epithelial (DE) cells were injected to the
collagen gel, and within a day, the organ culture showed a compartmentalization
between the epithelial and mesenchymal layer, and DM cell compaction as seen in
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natural embryonic tooth development (Hirayama et al. 2013). This method yielded
the subsequent creation of a full-sized bioengineered tooth and alveolar bone.
Importantly in this model, bone remodeling occurred in response to mechanical
street (Ikeda et al. 2009; Oshima et al. 2011).

For human applications, such a method would require appropriate and sufficient
postnatal dental cell sources, scaling up to full-sized human teeth, and a complete
recapitulation of the odontogenic developmental program, as well as the ability for
the resulting structure to integrate with host vasculature and nervous systems
(Monteiro and Yelick 2017).

5 Conclusions

The prospect of repairing and regenerating dental tissue holds great promise due to
the possibilities provided by recent advances in tooth tissue engineering. However,
for both partial- and whole tooth regeneration, several fundamental challenges
remain. In terms of cell manipulation, regardless of the cell source, concerns
regarding the nature of cell transplantation include the fact that allogenic and
xenogeneic dental cells can cause immune rejection. In order to circumvent a
deleterious immunogenic response, cell-homing method is currently being exten-
sively studied as an alternative method that does not require cells to be transplanted.
Other obstacles include the high cost of cell culture and handling, ethical concerns,
and challenges in fabricating GMP grade scaffolds and materials (Mao and Prockop
2012; Yildirim et al. 2011).

Although iPSCs are envisioned to acquire such odontogenic potential via
reprogramming approaches (Zhang and Chen 2014), the ground-breaking discovery
of induced pluripotent stem cells (iPSCs) in 2006 and their use in dental therapy
applications raise concerns with respect to tumorigenicity (Bhanja and D’Souza
2016). In addition, none of the currently available human dental postnatal mesen-
chymal cells can form teeth on their own – they need an available and suitable dental
epithelial cell source as well. Conferring cells with odontogenic potential thus
remains a challenge. Clearly, further research in stem cell biology, combined with
state of the art tissue engineering techniques and strategies, will eventually facilitate
methods to create reliable bioengineered teeth as a new and widely applicable
therapy.
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Abstract

Auricular reconstruction is among the most challenging surgical procedures in
plastic and reconstructive surgery because of the lack of an ideal auricle substitute
that can guarantee a long-lasting outcome while involving minimal donor site
morbidity. Tissue-engineered cartilage may provide an ideal autologous solution.
After the first report on generation of human ear-shaped cartilage in a nude mouse
model in 1997, cartilages with human ear shape have been engineered in vitro, in
nude mice, and in immunocompetent animals using various cells and scaffolds.
Recently, our group reported a pilot clinical trial of in vitro engineered human ear-
shaped cartilage and its clinical translation for auricular reconstruction. This
bench-to-bed process spanning over the past two decades can provide an in-
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depth understanding of the development of cartilage tissue engineering for
auricular reconstruction. The current chapter will illustrate the research achieve-
ments and application challenges inherent in generating translational tissue-
engineered cartilage for auricular reconstruction, particularly focusing on the
global trends and new research directions of each associated building block or
step, namely, seed cells, scaffolds, three-dimensional printing, in vitro microen-
vironment simulation, preclinical evaluation, and clinical translation.

1 Introduction

Auricular defects can be caused by congenital diseases such as microtia or by
acquired defects due to burns, trauma, animal bites, tumor removal, or radiotherapy
performed as a treatment for cancer. Microtia is a congenital malformation of the
external ear, with a varied regional prevalence rate of 0.83–17.4 per 10,000 births
worldwide (Paput et al. 2012; Bly et al. 2016). Compared to microtia, ear deformities
caused by acquired defects, occurring in more than 1 per 500 people, may be more
common (Jessop et al. 2016). The auricle is an important identifying feature of the
human face, and hence, its deformity has a profound effect on both the level of self-
confidence and continued psychological development in afflicted patients. The
current cosmetic procedures for total auricular reconstruction mainly include the
wearing of auricular prostheses or implantation of nonabsorbable auricular frame
materials or an autologous rib cartilage framework (Bly et al. 2016; Jessop et al.
2016; Wiggenhauser et al. 2017; Zhou et al. 2018). Nonabsorbable frames composed
of materials such as silastic or high-density polyethylene (Medpor) can generate an
excellent ear shape without donor site morbidity, but they lack bioactivity and can
lead to extrusion and infections. Alloplastic implants can be easily tailored with
respect to shape and mechanical properties, but often lead to infection,
incompatibility, and extrusion. Autologous rib cartilage transplantation is the current
gold-standard treatment approach for external ear reconstruction owing to its good
long-term durability as well as the potential to grow with the patient (Rosa et al.
2014). However, harvesting rib cartilage inevitably leads to donor site injury, and
patients must have a sufficient supply of donor cartilage available to be eligible
candidates for this procedure (Rosa et al. 2014). Moreover, replicating the complex
three-dimensional (3D) ear structure is hard to achieve using surgeons’ hand skills
alone, which are highly dependent on their training background and clinical expe-
rience (Zhou et al. 2018).

Tissue-engineered auricles constitute a promising alternative to current ear recon-
structive options. In 1997, the generation of engineered cartilage with a human
auricular shape in a nude mouse model was reported by Cao et al. (1997). The
aesthetic effect coupled with press coverage of this work gave people the impression
that a tissue engineering-based solution for auricular reconstruction is just at the next
corner, but only recently, our group led by Cao reported the first clinical translation
of human ear-shaped cartilage (Zhou et al. 2018). The major efforts during this more
than 20-year-long, bench-to-bed process lay in solving a number of problems,
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including the lack of a proper cell source, the difficulty in generating ear-shaped
cartilage with a predesigned 3D structure, the insufficient mechanical properties for
shape maintenance, and the unfavorable host response to the engineered graft after
its transplantation in vivo.

Developments in current cell biology, materials science, and advance manufactur-
ing have contributed tremendously to solving the aforementioned problems and
realizing the clinical translation of human ear-shaped cartilage. Although this tissue
engineering-based approach still cannot shift the paradigm of conventional recon-
structive methods, the lessons learned from the bench-to-bed process may provide
deeper understanding and valuable experience to support further improvements in
the quality of the engineered cartilage to better suit clinical situations by refining
each building block of tissue engineering. The current chapter will outline the global
trends and new research achievements of each building block or step in generating
translational tissue-engineered cartilage for auricular reconstruction, including seed
cell strategy, scaffold development, 3D printing, in vitro microenvironment simula-
tion, and in vivo preclinical evaluations. Issues raised during clinical application that
may direct future basic investigations to improve the quality of tissue-engineered
cartilage are also discussed.

2 Traditional Approaches for Auricular Reconstruction

Many contemporary treatment options can be used for auricular reconstruction,
including the wear of auricular prostheses, alloplastic framework implantation, and
autologous cartilage transplantation. Alloplastic frameworks that are usually made
from silastic or porous polyethylene (Medpor) are readily available with consistent
levels of quality, are easy to work with, and require only a short operation time for
placement. However, these materials lack bioactivity, and their mechanical proper-
ties are unmatched to those of the native auricular cartilage. Patients undergoing
repair with Medpor implants experience complications at a rate ranging from 4% to
6.31% even when treated by the most experienced surgeons. Complications can
include postoperative infections, skin perforations, framework fracture, compression
ischemia, capsule fibrosis, and framework dislocations (Reighard et al. 2018).
Meanwhile, the complication rate is even higher when using silastic implants
(Berghaus 2007).

Autologous costal cartilage is currently the most biocompatible material available
for total auricular reconstruction. The fundamental principles of current autologous
cartilage transplantation strategies were first described in the English language by
Gillies (1920). Tanzer revolutionized the surgical procedure by paring down the
original six-stage method to encompass only three to four total surgeries, with
subsequent technique modifications (Tanzer 1959; Reighard et al. 2018). Thereafter,
Brent (1992, 2002), Park (Park et al. 1991; Park 2000), Nagata (1993), Firmin
(1998), and Walton and Beahm (2002) contributed significantly to refining the
surgical techniques used during this treatment (Olshinka et al. 2017). To date, this
surgical approach has witnessed several notable advancements, including a
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transition to a two- or even one-stage surgery, adoption of a minimally invasive
approach to harvest rib cartilage, and imaging-assisted design of a more accurate
patient-specific ear shape. However, although the procedure has advantages such as
a high level of biocompatibility, long-term stability, immunocompatibility, and the
potential for the implant to grow with the patient (Bichara et al. 2012), its conduct
still requires special surgical experience, necessitates a considerable amount of
operation time during which to shape the cartilage, and involves several reconstruc-
tion steps. In fact, it is among the most challenging procedures in plastic and
reconstructive surgery, and only the most talented surgeons can consistently achieve
satisfactory long-term postoperative outcomes (Jessop et al. 2016). Moreover, the
age range of patients eligible to receive this surgery is also strictly restricted: the
amount of costal cartilage can be insufficient in those who are younger than 6 years
of age, whereas in patients who are too old, the costal cartilage may undergo
calcification, and bending the cartilage without breaking it could become impossible
(Kawanabe and Nagata 2006). The harvesting of the costal cartilage may also
involve large donor site morbidity and induce significant pain, pneumonia, pneu-
mothorax, atelectasis, and deformities of the rib cage and unattractive scars later
(Ohara et al. 1997; Uppal et al. 2008). As a result, surgeons and researchers alike
continue to search for alternative approaches by which to reconstruct the auricle.

3 Tissue Engineering Approach for Auricular
Reconstruction

As a means to overcome the treatment obstacles of available surgical options, the
reconstruction of human ear-shaped cartilage using tissue engineering techniques
has attracted tremendous attention. Theoretically, a tissue-engineered auricle com-
bines the merits of both an alloplastic framework and sculptured costal cartilage
and possesses several advantages, including minimal donor site morbidity, accurate
shape control, superb biocompatibility and bioactivity, short operation time (i.e., no
need to scalpel the implant), and independence from the surgeon’s level of expe-
rience. The first report on tissue-engineered human ear-shaped cartilage was
published by Cao et al. (1997) who used bovine chondrocytes as seed cell,
polyglycolic acid (PGA)/polylactic acid (PLA) as scaffold, and the immunodefi-
cient nude mouse as an animal model (Cao et al. 1997). Although clinical transla-
tion took significant time thereafter to manifest, the aesthetic prominence of this
work attracted massive media coverage, which led people to believe that the tissue-
engineered auricle lay just around the next corner. In fact, however, it took about
20 years for Cao’s group to realize the first clinical translation of human ear-shaped
cartilage in five patients with microtia (Zhou et al. 2018), and still, this work retains
some drawbacks such as long-term in vitro procedures and high costs, hindering its
further and widespread clinical application and commercialization. To improve the
quality of the engineered cartilage for auricular reconstruction, technologies relat-
ing to seed cell manipulation, scaffold preparation, in vitro cartilage regeneration,
and in vivo preclinical evaluations need to be consistently refined. Similarly,
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special surgical procedures for handling the engineered tissue also need to be
developed.

3.1 Seed Cell Sources for Auricular Regeneration

The generation of a real-sized human ear-shaped cartilage requires the gathering of a
significant amount of seed cells with a stable chondrogenic phenotype while simul-
taneously ensuring minimal donor site morbidity. Since the implantation site of the
reconstructed auricle is a subcutaneous environment characterized by acute immune
activity, seed cells of an autologous origin are needed to avoid immune rejection.
Currently, the most intensively investigated seed cells for auricular reconstruction
are auricular chondrocytes and mesenchymal stem cells (MSCs). Induced pluripo-
tent stem cells (iPSCs) are under investigation but have yet to be used in translational
studies.

3.1.1 Chondrocytes
Chondrocytes are the resident cells in the cartilage and therefore are the first choice
as seed cells for cartilage tissue engineering. Chondrocytes can be divided into three
types – elastic chondrocyte, hyaline chondrocyte, and fibrochondrocyte – according
to the three types of cartilage where they are derived from, which are elastic
cartilage, hyaline cartilage, and fibrocartilage, respectively. By adopting a develop-
mental view, chondrocytes are derived from two embryological origins: the cranial
neural crest (CNC) and the mesoderm (Taihi et al. 2019). More specifically, auricular
(elastic cartilage) and nasal (hyaline cartilage) chondrocytes are derived from the
CNC, whereas costal (fibrocartilage) and articular (hyaline cartilage) chondrocytes
are derived from the mesoderm. Early studies on cartilage regeneration usually
employed articular chondrocytes as seed cell candidates and largely found that
they are nonproliferative, are prone to aging, and dedifferentiate after passage
(Brittberg et al. 1994). Recently, accumulating evidence has suggested that CNC-
derived chondrocytes (nasal or auricular chondrocytes) possess promising properties
such as robust proliferation ability (Tay et al. 2004; Taihi et al. 2019). Moreover,
these cells are more responsive to environmental cues than those derived from the
mesoderm (Pelttari et al. 2014). After being treated with appropriate sources of
stimulations such as basic fibroblast growth factor (bFGF) or low oxygen tension,
the proliferation ability of those chondrocytes can be further enhanced, and a
sufficient number of chondrocytes can be gained from a small biopsy sample
collected from nasal or auricular cartilage (Zhou et al. 2018). In conditions with
chondrogenic factors such as transforming growth factor-β1 (TGF-β1), those
chondrocytes can regain their chondrogenic phenotype lost during extensive expan-
sion and form stable cartilage in a nonchondrogenic subcutaneous environment
(Zhou et al. 2018).

For auricular reconstruction, the application of auricular chondrocytes that can
generate the elastic type of cartilage of the ear seems to be a reasonable choice.
Particularly in patients with microtia, the microtic ear, which is usually discarded,
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can instead be reused to provide seed cells for auricular regeneration (Kamil et al.
2004). In fact, all of the current clinical studies on auricular reconstruction based on
cell therapy or tissue engineering report the use of auricular chondrocytes from the
microtic ear (Yanaga et al. 2009, 2013; Zhou et al. 2018), although further investi-
gations must be conducted to systematically compare microtic chondrocytes and
normal healthy auricular chondrocytes. Recently, cartilage progenitor cells have
been isolated from the perichondrium of the auricular cartilage, and these cells
express stem cell markers such as CD44 and CD90 and possess even higher
proliferation and chondrogenic capacities than those of chondrocytes isolated from
auricular cartilage (Kobayashi et al. 2011; Kagimoto et al. 2016). This may allow an
even smaller biopsy sample to be taken from the auricle perichondrium (without
harming the ear cartilage), which can regenerate back after the biopsy, to yield
sufficient chondrogenic cells to reconstruct the auricle.

3.1.2 Mesenchymal Stem Cells
Mesenchymal stem cells (MSCs) were first reported by Friedenstein et al. (1968) and
they are currently the most commonly used stem cells in human therapy and
regenerative medicine. MSCs have gained considerable attention as seed cells for
cartilage regeneration because of their ease of isolation (i.e., they are readily
available), high proliferation potential, and great chondrogenic differentiation capac-
ity (Huselstein et al. 2012). Moreover, MSCs have recently been found to possess
immunomodulatory and anti-inflammatory properties, modulate lymphocyte cell
function through the secretome, and exhibit several growth factors and cytokines,
including TGF-β1, nitric oxide, interleukin-1 (IL)-1, and IL-10 (De Miguel et al.
2012). This immunomodulation is especially important when considering the acute
immune reaction of the subcutaneous implantation site of the regenerated auricle.

MSCs can be derived from many sources, including bone marrow, adipose tissue,
synovium, periosteum, umbilical cord blood, peripheral blood, skeletal muscle, and
synovial fluid. Among the different types of MSCs, bone marrow-derived MSCs
(BMSCs) have been considered to demonstrate the highest chondrogenic potential
and are therefore the most frequently studied among seed cell candidates for
auricular reconstruction. However, the cartilage engineered from BMSCs tends to
undergo terminal ossification in the vascularized subcutaneous implantation site
(Ichinose et al. 2005). In fact, ectopic ossification is a major problem restricting
the application of MSCs to generate subcutaneous cartilage (De Bari et al. 2004).
One possible reason for the phenotypic shift in MSC-derived cartilage is insufficient
chondrogenic induction (Pelttari et al. 2006). To address this issue, a prolonged
preinduction time, more robust chondrogenic growth factors, oxygen tension adjust-
ments, and mechanical stimuli were applied to generate more sufficiently differen-
tiated cartilage prior to implantation into the nonchondrogenic subcutaneous
implantation site (Liu et al. 2008). However, it remains difficult to generate such a
large piece of homogenous cartilage with a complex enough structure for auricular
reconstruction through the chondrogenic induction of MSCs. Another important
factor inducing ectopic ossification is the blood vessel invasion into the MSC-
engineered graft (Liu et al. 2008). Evidence has revealed that BMSC-engineered
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cartilage shows much higher expression levels of angiogenic factors, such as vas-
cular endothelial growth factor (VEGF), and much lower expression levels of
antiangiogenic factors such as chondromodulin-I (Chm-I), relative to its counterpart
engineered from chondrocytes, inducing ingrowth of blood vessels into the MSC-
engineered cartilage and triggering the ossification progress (Liu et al. 2008; Zhu
et al. 2015). Approaches such as wrapping of a blood vessel-blocking membrane
around the MSC-engineered cartilages or adopting scaffolds that can release anti-
angiogenic factors to engineer the cartilage have been studied to date (Li et al. 2017).
However, these methods may also block nutrition transfer or have other negative
effects on the seed cells, thus hampering the formation of homogenous cartilage with
the required degree of quality.

3.1.3 Co-culture of Chondrocytes with MSCs
To address the issue of terminal ossification of MSCs, the co-culture of MSCs with
mature chondrocytes has been investigated and found to be effective in generating
phenotypically stable cartilage in the subcutaneous implantation site for the
regenerated auricle (Zhang et al. 2014). Besides phenotype maintenance, co-cultur-
ing can effectively reduce the quantity demand for chondrocytes, which are limited
in supply, while exert the merit of MSCs which are more readily available (Kang
et al. 2013; Zhang et al. 2014). Kang et al. found that a co-culture arrangement of
30% chondrocytes and 70% BMSCs could generate ear-shaped cartilage in vitro
(Kang et al. 2013). Zhang et al. reported the generation of stable subcutaneous
human ear-shaped cartilage engineered through co-culturing of a 30% human
microtia chondrocytes with 70% human BMSCs in a nude mouse model (Zhang
et al. 2014). Moreover, co-culturing can generate specific types of cartilage: one
study has detected elastic expression, the marker of the elastic cartilage of the
auricle, in cartilage engineered by the co-culturing of BMSCs and auricular
chondrocytes (Kang et al. 2012). An in vivo synergistic effect of MSCs and
chondrocytes has also been reported by several groups, where a mixture of MSCs
and chondrocytes proved to be more beneficial than chondrocytes or MSCs alone,
and the researchers speculated that MSCs’ immune regulation ability played a major
role in the result (Kang et al. 2012; Ahmed et al. 2014).

There are currently several co-culture models being used – including mixed co-
culture, separated co-culture, and both – to investigate the mechanism of co-culture
capable of supporting stable chondrogenesis (Levorson et al. 2014; Morita et al.
2015). However, overall, the mechanism is still under debate. One possible mech-
anism is the chondrocytes’ expression of the chondrogenic growth factors and
antiangiogenic factors to support the chondrogenesis of BMSCs while suppressing
hypertrophy and ossification. Some studies have observed a direct differentiation of
chondrocyte-like cells in the cartilage lacuna of red fluorescent protein (RFP)-
labeled MSCs (Zhang et al. 2014). Chondrogenic factors such as TGF-β1, bone
morphogenetic protein-2 (BMP-2), and insulin growth factor-I (IGF-I) were found in
the supernatant of chondrocyte-engineered constructs (Liu et al. 2010a). Other
research, however, contends that the trophic factors secreted by MSCs support
chondrocyte proliferation and cartilage formation (Wu et al. 2011, 2012; Wang
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et al. 2013). These discrepancies in the literature may be explained by the variations
in chondrocyte sources, scaffolds, and animal models used. A better understanding
of these mechanisms is still needed to assess the efficacy of these co-culture systems,
with particular attention paid to relative cell death in direct co-culture models. The
state of the chondrocytes is also crucial to comprehend in this process (Graceffa et al.
2019). Aside from all of the intensive investigations, in clinical translation, the
involvement of two types of cells together can induce complications and make
standards and regulations difficult to establish. Therefore, translational studies
remain more focused on identifying single-cell types for use as seed cells.

3.1.4 Pluripotent Stem Cells
Pluripotent stem cells (PSCs), including embryonic stem cells (ESCs) and iPSCs,
hold immense potential for regenerative purposes because of their properties of
unlimited self-renewal and pluripotency. Further, they can represent a continuous
sufficient source of seed cells of a committed lineage suitable for a larger-scale
production for clinical applications (Cheng et al. 2014). ESCs were first isolated
from the inner cell mass of mouse blastocyst-stage embryos and cultured as cell lines
by Evans and Kaufman (1981) and Martin (1981), and the first established human
ESC lines were derived from human blastocyst in 1998 (Thomson et al. 1998). In
2006, Takahashi et al. achieved a significant breakthrough by generating iPSCs
through cell reprogramming (Takahashi and Yamanaka 2006), which brought into
being an easily accessible source of pluripotent cells for autologous application
while bypassing the ethical concerns related to the harvesting of human embryos,
thus opening many gateways to progress in regenerative medicine research in
cartilage tissue engineering.

The differentiation of PSCs into chondrocyte-like cells has been accomplished
through several methods, including the formation of embryoid bodies, co-cultur-
ing, conditioned medium, and ESC- or iPSC-derived MSCs (Cheng et al. 2014;
Gibson et al. 2017). Currently, chemically defined culture conditions have been
established to generate a relatively pure chondrogenic population (without off-
target differentiation or any residual PSCs) suitable for large-scale production
(Cheng et al. 2014). However, one major concern that arises when using PSCs to
engineer cartilage for auricular reconstruction is related to subcutaneous ossifica-
tion. As mentioned above, MSCs with osteochondral-lineage plasticity are prone
to undergoing terminal ossification and generally cannot maintain a stable cartilage
phenotype in the subcutaneous implantation site. It is unknown at this time
whether cartilage engineered from PSCs would also face the same problem (Cas-
tro-Vinuelas et al. 2018). Although studies have demonstrated that PSC-derived
cartilage can be more phenotypically stable than MSC-derived cartilage (Castro-
Vinuelas et al. 2018), the effects of these techniques in the setting of a subcutane-
ous implantation site remain relatively unexplored. Moreover, the use of iPSCs as
seed cells to generate cartilage for clinical application still boasts safety issues and
is currently under intensive investigation. Therefore, existing efforts are more
focused on assessing more clinically relevant cell sources such as MSCs and
chondrocytes for auricular reconstruction.
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3.2 Scaffolds for Auricular Cartilage Regeneration

Scaffold as the structural building block of an engineered tissue provides a 3D
template in which seed cells can grow and produce extracellular matrix (ECM).
Hence, tissue engineering can control the shape of an engineered tissue mainly by
controlling the shape of its scaffold. Moreover, some hydrogel or nanoscale scaffolds
can provide a 3D microenvironment to help the chondrogenic seed cells maintain or
regain the spherical chondrogenic characteristics (Benya and Shaffer 1982; Kimura
et al. 1984; Bonaventure et al. 1994).

Since the auricle is a sophisticated 3D structure ultimately placed in a subcuta-
neous environment, scaffolds for engineering an auricle should meet certain require-
ments, including (1) high biocompatibility to support seed cell growth and cartilage
formation in the subcutaneous implantation site characterized by acute immune
reaction, (2) ease of accurate manufacturing into a complex 3D structure (even
better if the scaffold can be created via 3D printing), and (3) strong mechanical
properties for long-term maintenance of the predesigned 3D shape, particularly
under skin tension after implantation.

Many types of materials have been used as scaffold to generate cartilage for
auricular reconstruction, including synthetic materials, nature-derived materials, and
combinations of different types of materials.

3.2.1 Synthetic Polymers as Scaffolds for Auricular Cartilage
Engineering

Synthetic polymers such as PGA, PLA, poly(ε-caprolactone) (PCL), polyurethane
(Chetty et al. 2008), and their copolymers in the format of sponges, fibrous mats,
hydrogels, or electrospun fibrils have been used as scaffold materials for auricular
cartilage engineering (Nayyer et al. 2012). Synthetic polymers can be massively
produced with batch consistency, and their material properties can be custom-
tailored via chemical and physical modifications. Further, they can easily be
formed into the human ear shape through molding or other techniques and have
relatively strong mechanical properties by which to maintain the predesigned
shape. However, the biocompatibility of these synthetic polymer scaffolds is
usually unfavorable for subcutaneous cartilage formation, and they lack the surface
characteristics that favor cellular attachment and growth and are prone to inducing
foreign-body reactions in the subcutaneous site of immunocompetent species,
hence interfering with cartilage formation (Nayyer et al. 2012). Surface modifica-
tions of these scaffolds incorporating biosignaling molecules, cell-adhesion pro-
teins, ECM components, growth factors, and anti-inflammatory factors have all
been explored to optimize the biocompatibility of the said scaffolds. However, the
majority of this work has focused on articular cartilage reconstruction, and studies
testing these strategies in the setting of auricular reconstruction are lacking
(Nayyer et al. 2012). In vitro precultivation, which facilitates sufficient degrada-
tion of scaffold before implantation, was demonstrated to be effective in reducing
the foreign-body reaction induced by biodegradable synthetic scaffolds (Liu et al.
2016), but long-term in vitro culture is time-consuming and expensive and can
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increase the risk of contamination. Therefore, attention has been paid to develop-
ing more biocompatible scaffolds to support subcutaneous cartilage regeneration,
and nature-derived materials are generally considered to be more biocompatible
than synthetic polymers.

3.2.2 Nature-Derived Materials as Scaffolds for Auricular Cartilage
Engineering

The nature-derived materials that have been applied for auricular reconstruction
include collagen, agarose, alginate, and decellularized cartilage ECM (Nayyer
et al. 2012). These materials are usually found in the forms of sponge or hydrogel.
The major advantage of using nature-derived materials is their superb biocompati-
bility by which to support cell attachment and low propensity to induce foreign-body
reactions in the subcutaneous environment (Haisch 2010). For hydrogel scaffolds,
the additional merits of the uniform encapsulation of seed cells and the ability to be
formed into an accurate ear shape by injection molding exist (Faust et al. 2019). Cell-
loaded hydrogels can also serve as a bio-ink for direct 3D printing of auricular-
shaped constructs.

Among the nature-derived scaffold materials, calcium alginate and collagen have
been successfully adopted to generate human ear-shaped cartilage in immunocom-
petent animals (Kamil et al. 2004). However, the mechanical properties of these
scaffolds alone are too weak to maintain the sophisticated auricle shape, and stents or
molds made from metal or other mechanically strong materials are usually applied to
assist in shape maintenance. Although approaches such as surface modification and
cross-linking can promote the mechanical properties of nature-derived scaffolds, the
cross-linking media might increase the immunogenicity and cytotoxicity, and the
mechanical properties of the reenforced scaffold are usually still too low for clinical
application.

3.2.3 Combined Application of Materials as Scaffold for Auricular
Cartilage Engineering

Since synthetic polymers generally lack biocompatibility and nature-derived mate-
rials generally lack mechanical properties, the combined application of different
types of materials has been proposed to produce ear-shaped scaffolds with the
desired biocompatibility and mechanical properties (Pedde et al. 2017). To maintain
the reconstructed ear shape, the regenerated cartilage needs to possess a significantly
high level of strength to resist tensions from the surrounding skin and scarring tissue.
In this case, nondegradable inert metals such as gold or titanium have been used to
assist mechanically weak materials to generate and maintain the human ear shape.
Kamil et al. encapsulated mixtures of autologous chondrocyte and biodegradable
polymers (i.e., calcium alginate, Pluronic F-127, and PGA) inside a human ear-
shaped hollow gold mold prior to subcutaneous implantation into immunocompetent
autologous hosts (swine or goat) and generated human ear-shaped cartilage with a
normal anatomic definition (Kamil et al. 2004). An ear-shaped titanium stent was
also used to assist mechanically inferior sheet materials (decellularized cartilage
sheet or electrospun PCL sheet) to produce and maintain the ear shape (Gong et al.

414 Y. Liu and Y. Cao



2011; Xue et al. 2013). Pomerantseva et al. embedded a titanium wire into porous
collagen to withstand mechanical forces and prevent shrinkage and distortion of the
ear shape (Pomerantseva et al. 2016). However, these metal molds or stents cannot
be regarded as intrinsic parts of the ear scaffolds given that they only play the role of
physical support and do not have the ability to degrade upon the regeneration of
cartilage tissue. Therefore, they either require additional surgery to be removed or
present a high risk of extrusion as a metal foreign body even when they had been
encased in the scaffold.

Recently, our group proposed the application of a 3D-printed PCL mesh as an
inner core to replace the metal stent yet still endow the scaffold with the required
mechanical strength and support for the ear shape (Zhou et al. 2018; Yin et al. 2020).
PCL is a slowly degrading thermoplastic material with a lowmelting point (55–65 °C).
Its mechanical strength can be finely tuned to approach that of a mature native
cartilage by controlling the bar diameter of the 3D-printed PCL mesh. The PGA/
PLA scaffold, demonstrated to support cell attachment and cartilage formation, can
be easily wrapped around the PCL core through hot compression molding. It is
worth noting that, owing to the low melting point of PCL, some portions of PGA
fibers can fuse themselves into the PCL grids, making the PCL porous for cell
infiltration after PGA/PLA degradation, which facilitates the replacement of the PCL
core with the regenerated cartilage (Zhou et al. 2018). Besides PGA/PLA, nature-
derived materials with better biocompatibility, such as decellularized cartilage
matrix, collagen, or gelatin, can also be produced to bury the PCL core through
freeze-drying and mold casting (Jia et al. 2020). These hybrid materials have shown
positive results by inheriting suitable properties from both their natural precursors
and PCL. Moreover, since PCL degrades slowly (the degradation time of PCL is
mainly determined by its molecular weight, and the total degradation of PCL takes
3–5 years), the engineered cartilage may have sufficient time to mature and gain
mechanical properties while gradually replacing the degrading inner core, which
would avoid the trouble of removing the PCL stent and significantly lower the risk of
stent extrusion. The combined application of different types of scaffolding materials
such as PCL and hydrogel is also widely incorporated in the state-of-the-art 3D
printing scenario, with PCL used to support the shape and hydrogel acting as a cell
carrier.

3.3 3D Printing for Auricular Cartilage Engineering

3D printing is a process used to construct 3D objects by relying on the layer-by-layer
deposition of materials onto a computer-controlled build platform (Pedde et al.
2017). In tissue engineering, 3D printing can facilitate the generation of tailor-
made tissues with patient-specific geometry, through the combined use of medical
imaging modalities, computer-aided design, and computer-aided manufacturing.
Owing to its aesthetic impression and complex structure, human ear-shaped cartilage
is frequently used as a research model to demonstrate the efficacy and superiority of
3D printing.
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3D printing was originally introduced in auricular cartilage engineering to fabri-
cate the scaffold into a patient-specific ear shape, with chondrogenic cells subse-
quently loaded into the scaffold for cartilage regeneration. Currently, 3D bioprinting
has shown promise in the direct creation of tissue constructs, recapitulating the
structural and cytoarchitectural complexities of native tissue through precise place-
ment of cell-laden hydrogels in a layer-by-layer fashion (Kang et al. 2016). Many
bioprinting techniques have been developed based on jetting, extrusion, laser-
induced forward transfer (LIFT), and stereolithography (SLA) (Kang et al. 2016).
The jetting method produces picoliter-scale drops with a printing resolution of 20–
100 μm at high speeds (up to 10,000 droplets/s) and with a low cost, but the
thickness of the printed constructs is limited because of the inadequate structural
support garnered from the low-concentration, liquid-phase hydrogel being ejected
(Pedde et al. 2017). Extrusion methods, which incorporate an air-pressure controller,
a piston-assisted system, or a screw-assisted mechanism to continuously extrude
biomaterials for layer-by-layer fabrication, can produce more stable 3D cell-laden
structures using high-viscosity materials with higher cell densities (Malda et al.
2013; Wang et al. 2015), although the high printing resolution and speed achieved
by involving high driving pressures and narrow nozzle diameters would create high
nozzle shear forces that may reduce the cell viability (Murphy and Atala 2014; Kang
et al. 2016). LIFT is a method originally developed to pattern metals and other
inorganic materials onto a substrate (Pedde et al. 2017). The application of LIFT in
tissue engineering has been reported to date in the fabrication of cellularized skin
(Koch et al. 2012; Michael et al. 2013) and bone (Catros et al. 2011). Although LIFT
is less commonly applied relative to other bioprinting systems because of its high
cost, limited material versatility, low flow rates, and unwanted deposition of
metallic residue, it has advantages, including high cell viabilities (exceeding
95%; Hopp et al. 2005), the precise printing of cells in relatively small constructs,
and minimized clogging issues (Kang et al. 2016; Pedde et al. 2017). SLA is the
highest resolution bioprinting approach currently available and relies on the
irradiation of photopolymerizable macromer solutions using laser rastering or a
dynamically projected light source to cross-link high-resolution patterns in the
polymerization plane (Pedde et al. 2017; Melchels et al. 2010; Wang et al. 2015).
Besides its high resolution, SLA is nozzle-free and can be low cost, but the widely
used ultraviolet light inherent with this approach may reduce cell viability
(although efforts have been made to replace the ultraviolet light with visible
light), and the choices of photocurable materials with appropriate viscosities
(<5 Pas) are limited (Melchels et al. 2010).

For the past 10 years, 3D printing has assisted in producing patient-specific ear-
shaped scaffolds for subsequent chondrogenic cell seeding. Our group has used 3D
printing-assisted approach to generate patient-specific ear-shaped scaffolds for the
regeneration of human ear-shaped cartilage in vitro (Liu et al. 2010b), in nude mice
(Zhang et al. 2014; Yin et al. 2020), and, recently, in a clinical setting (Zhou et al.
2018). Direct bioprinting of human ear-shaped cartilage has also been reported by
a number of research groups using different scaffolds and bioprinting strategies
(Otto et al. 2015; Kang et al. 2016), but their protocols have not yet been applied in
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preclinical animal models or clinical scenarios. The translational value of these
bioprinting techniques for auricular cartilage engineering needs to be further
tested.

3.4 In Vitro Generation of Human Ear-Shaped Cartilage

One primary goal of cartilage tissue engineering is to provide surgeons with a piece
of high-quality cartilage that is engineered in vitro and is thus readily available. As
compared with the direct implantation of freshly seeded scaffolds, in vitro culturing
may offer several advantages, including the following:

1. It allows sufficient ex vivo degradation of scaffolds that are otherwise prone to
induce foreign-body reaction after implantation (Liu et al. 2016).

2. It allows stem cell preinduction to commit a stable chondrogenic lineage using
exogenous growth factors (Liu et al. 2008).

3. It facilitates the generation of large grafts using a low density of seed cells (Liu
et al. 2008).

4. The in vitro deposited ECM may enhance attachment of cells to the scaffold and
may stabilize and protect the cells, improving seed cell retention and the matu-
ration of engineered cartilage after transplantation (Ball et al. 2004; Deponti et al.
2012; Moretti et al. 2005).

5. It may simplify surgical handling, fixation, and postoperative treatment (Moretti
et al. 2005).

Fortunately, the anural, aliphatic character of native cartilage makes it an ideal
target tissue for in vitro cultivation. The following section will first introduce
biochemical and mechanical stimuli – two of the most important factors influencing
in vitro culture conditions for auricular cartilage regeneration. Other factors such as
oxygen tension and in vitro culture duration will also be covered.

3.4.1 In Vitro Biochemical Stimuli
Biochemical stimuli in culture media can affect the quality of in vitro cultured
cartilage by adjusting the status of seed cells and hence can affect in vivo cartilage
formation after implantation (Okubo et al. 2019). To convert seed cells from the state
of self-replication to that of chondrogenic differentiation or redifferentiation, culture
media are usually divided into proliferation media and chondrogenic media, respec-
tively, by applying different types of growth factors and other ingredients such as
serum, hormones, vitamins, and other chemicals. Proliferation media are mainly
applied to prime cells to reduce the cell doubling time, maintain the undifferentiated
phenotype of stem cells, or recover the chondrogenic phenotype postexpansion, and
chondrogenic media are mainly applied to increase the synthesis of cartilage-specific
ECM, accelerate cartilage formation, and maintain a stable cartilage phenotype.

Growth factors play a pivotal role in regulating cell proliferation and
chondrogenesis. In auricular cartilage engineering, the most widely used growth
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factors include members in TGF-β superfamily (such as TGF-β1, TGF-β3, BMP-2,
BMP-7), IGF-I, and bFGF (Okubo et al. 2019). TGF-β, BMPs, and IGFs are potent
anabolic factors that can modulate cartilage metabolism and increase the deposition
of cartilaginous ECM such as type II collagen and glycosaminoglycan (GAG). TGF-
β can also maintain a chondrocyte phenotype and promote proliferation (Horton
et al. 1989; Loeser and Shanker 2000; Grimaud et al. 2002). The chondroinductive
actions of IGF-I were demonstrated to be equally potent to those of TGF-β1 for
MSCs (Longobardi et al. 2006). IGF-I can stimulate proliferation, preserve
chondrogenic potential, regulate cell apoptosis, and induce the expression of chon-
drocyte markers (Chiu et al. 2019; Shakibaei et al. 2006; Guenther et al. 1982;
Loeser and Shanker 2000). Studies also suggest that IGF-I can improve the forma-
tion and localization of elastin (Rosa et al. 2014), which is a marker of elastic
cartilage in the auricle (Chiu et al. 2019). However, IGF-I may promote the expres-
sion of collagen X, a marker of chondrocyte hypertrophy and mineralizing cartilages
(Rosa et al. 2014). Meanwhile, bFGF mainly modulates cartilage metabolism
(Loeser and Shanker 2000) and has been shown to elicit dose-dependent effects on
chondrocyte mitotic activity but may also suppress proteoglycan synthesis (Sah et al.
1994). A synergic effect has been observed between these growth factors. TGF-β1
has been demonstrated to be able to synergistically catalyze the effect of IGF-I, and
the impact of IGF-I on chondrogenesis was independent from that of TGF-β1 as
indicated by the persistence of IGF-I’s actions in MSCs lacking TGF-β1 signaling
(Mauck et al. 2003; Longobardi et al. 2006). The combination of bFGF with insulin
or IGF-I synergistically enhanced the proliferation of chondrocytes and MSCs
(Munirah et al. 2010). Among these growth factors, bFGF and IGF-I are usually
used in proliferation media, and TGF-β, BMPs, and IGF-I are usually used in
chondrogenic media.

Besides growth factors, other medium supplements, including serum, insulin-
transferrin-selenious acid premix (ITS premix), vitamin C, and dexamethasone, are
usually relied upon to provide nutrition and support the growth factor function.
Notably, conditions such as cell type, mechanical condition, and oxygen concentration
(Jonitz et al. 2012) will influence the effects of the culture medium ingredients, and the
diverse roles of ingredients may increase the level of difficulty when attempting to
implement them in cartilage engineering (Trippel 1995; Faust et al. 2019).

3.4.2 Mechanical Stimuli in the In Vitro Culture Condition
Unlike articular cartilage, native auricular cartilage does not need to bear loads.
However, the engineered auricular cartilage must possess a significant level of
mechanical strength (more approximate to that of costal cartilage rather than that
of native auricular cartilage) to effectively maintain the ear shape by resisting
contractile forces stemming from the surrounding scarring soft tissue. As mentioned
above, one direct way to significantly improve the immediate mechanical properties
of the whole graft is by incorporating a mechanically strong scaffold. Another more
bioinspired approach is the application of mechanical stimuli during in vitro culture
to gradually improve the mechanical property of the regenerated cartilage tissue.
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Various bioreactors, including a rotating-wall vessel, direct perfusion bioreactor,
compression bioreactor, and spinner flask, have been introduced to provide static or
dynamic mechanical stimuli in the forms of perfusion (laminar flow or turbulent
flow), shear stress, compressive force, hydrostatic/hydrodynamic pressure, or their
combinations (Concaro et al. 2009). These mechanical stimuli appear beneficial in
promoting mass transfer within constructs (Moretti et al. 2005), activating growth
factor signals (Yang and Barabino 2011), maintaining the spherical chondrocyte
morphology, improving cell growth, regulating cell distribution, and permitting
cartilage-specific ECM secretion (Graceffa et al. 2019). For the in vitro cultivation
of a cartilaginous graft with a large volume and complex structure such as the
auricle, these beneficial effects may translate to improved structural integrity (i.e.,
less void region in the central part) and enhanced mechanical properties (Vunjak-
Novakovic et al. 1999; Faust et al. 2019).

However, for the current in vitro engineered cartilage, parameters such as GAG
content, cell viability, and water content usually can be reached up to the level of
native tissue, but the production and accumulation of some chondrocyte-specific
ECM macromolecules – particularly collagen type II in cultured constructs – are
insufficient when compared with native cartilage tissue, leading to the low mechan-
ical properties of the in vitro engineered cartilage (Yan et al. 2009; Chen et al. 2014;
Graceffa et al. 2019). Therefore, novel approaches need to be developed to allow
more homogenous and mechanically robust cartilage regeneration in vitro.

3.4.3 Oxygen Tension
Physiologically speaking, articular cartilage is bathed in synovial fluid with low oxygen
tension in joint capsule. Many studies have also reported the beneficial effect of a
hypoxia environment (1–5%) on cartilage regeneration by enhancing cartilage-specific
gene or protein expression, regulating apoptosis, and preventing terminal differentiation
(Thoms et al. 2013; Browe et al. 2019), although the presence of hypoxia may also
increase the expression of collagen type I (Lee et al. 2013). Nevertheless, the physio-
logical subcutaneous environment for auricular cartilage is rich in nutrients and oxygen
from the adjacent vascularized tissues (Moretti et al. 2005), and the effect of hypoxia is
less emphasized in the context for auricular regeneration.

3.4.4 In Vitro Culture Duration
In vitro culture duration is an important factor that addresses the key question of how
developed an engineered graft should be to support optimal cartilage repair or
reconstruction (Moretti et al. 2005). However, no consensus has yet been reached
on this matter. In a nude mouse study employing septal chondrocytes and PGA/PLA
scaffold, Rotter et al. observed only minor differences in subcutaneous cartilage
formation when the engineered constructs were precultured for either 1 day or
3 weeks (Rotter et al. 2002). In immunocompetent animal models (swine
osteochondral model and rabbit or goat subcutaneous model) using autologous
BMSCs or auricular chondrocytes as seed cells and PGA/PLA as scaffolds, our
group found that the in vitro engineered cartilage displayed a time-dependent
maturation process and prolonged in vitro precultivation (more than 2 weeks for
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the rabbit subcutaneous model, more than 4 weeks for the swine osteochondral
model, and more than 8 weeks for goat subcutaneous model), which could alleviate
postimplantation inflammation and support stable cartilage formation (Luo et al.
2009; Liu et al. 2016; He et al. 2017). However, other groups (using nude mouse or
autologous goat subcutaneous or osteochondral models, auricular or articular
chondrocytes as seed cells, and fibrin, hyaluronic acid, or collagen as scaffolds)
suggested that a short-term culture period (1–3 weeks) improved in vivo
chondrogenesis whereas too long of a culture time led to worse results in spite of
the existence of better maturation in vitro (Deponti et al. 2012; Miot et al. 2012;
Bichara et al. 2014). This disparity could be explained by variables, including the
different animal models (immunodeficient nude mouse vs. immunocompetent large
animal), implantation sites (osteochondral vs. subcutaneous), scaffold types (syn-
thetic scaffold vs. nature-derived scaffold), differentiation stages at the time of cell
seeding, and cell-scaffold interactions (Moretti et al. 2005). Generally speaking, in an
immunodeficient in vivo environment such as the nude mouse, or when using a
biocompatible scaffold that would only induce mild foreign-body reactions in vivo,
long-term precultivation is not necessary. Conversely, in immune-hostile environ-
ments such as the subcutaneous environment of immunocompetent species or when
using a scaffold with suboptimal biocompatibility, prolonged in vitro precultivation
could promote stable in vivo cartilage formation by allowing time for sufficient
degradation of the inflammation inducing scaffolds. Moreover, if the seed cells appear
in a suitable in vitro condition with good cell-scaffold interaction, prolonged in vitro
culture would be more likely to promote in vivo cartilage development. Otherwise, too
long of an in vitro culture could be harmful. Nevertheless, from a therapeutic perspec-
tive, long-term in vitro cultivation is labor-intensive and cost-prohibitive, may increase
the risk of contamination, and may complicate the application process for approvals
from regulatory agencies such as the US Food and Drug Administration. Therefore,
future studies are encouraged to find ways to shorten the in vitro culture duration while
generating mature in vitro cartilage for clinical application.

3.5 In Vivo and Preclinical Evaluations

Although in vitro studies reveal the potential of tissue-engineered auricles based on
various cell sources, scaffolds, 3D printing, and biochemical and biomechanical
stimuli, more in-depth knowledge regarding their in vivo fate must be gathered. For
auricular reconstruction, a large number of in vivo studies continue to use the
immunodeficient nude mouse as animal model (Nayyer et al. 2012). The nude
mouse model plays an important role as an initial stage in evaluating the chondrogenic
capacity of constructs in vivo and may provide a crucial link between in vitro
investigations and complex and costly preclinical large animal studies (Moretti et al.
2005). Moreover, the nude mouse model supports the investigation of the in vivo fate
of cartilaginous grafts engineered from human cells (Moretti et al. 2005). Following
the first “ear-mouse” report in 1997 (Cao et al. 1997), the successful generation of
human ear-shaped cartilage in the nude mouse model using different types of seed
cells and scaffolds has been reported (Nayyer et al. 2012; Yin et al. 2020).

420 Y. Liu and Y. Cao



However, the subsequent efforts in a preclinical large animal model have been
less successful because of the occurrence of immune attacks against the foreign
scaffolds used to provide an auricular shape in the subcutaneous implantation site
(Saim et al. 2000; Kamil et al. 2004; Shieh et al. 2004). To address this issue,
hydrogel or nature-derived scaffolds with superb biocompatibility by which to
support large animal subcutaneous cartilage formation were tested regarding the
potential to generate human ear-shaped cartilage. Saim et al. injected Pluronic F-127
hydrogel loaded with chondrocytes into a skin-fold channel positioned in the shape
of the auricle helix on the ventral surface of an autologous swine and generated
helix-shaped cartilage (Saim et al. 2000). Chang et al. created chondrocyte-loaded
alginate implants with specific shapes through an injection-molding process that
formed mature cartilage after 6 months of subcutaneous implantation into autolo-
gous sheep (Chang et al. 2003). Kamil et al. delivered autologous chondrocytes
inside an ear-shaped and ear-sized hollow gold mold in combination with calcium
alginate or Pluronic F-127 and created a complete, anatomically refined auricle in a
large animal model (Kamil et al. 2004). Pomerantseva et al. reported the growth of a
stable, human ear-shaped cartilage in a preclinical sheep model using expanded
chondrocytes and a titanium wire-supported collagen scaffold (Pomerantseva et al.
2016). However, the scaffolds adopted in these studies present weaker mechanical
properties and may require the involvement of a metal mold or inner wire stent to
support the ear shape, which will introduce additional complexity when removing
the mold or will raise the risk of metal extrusion.

Recently, our group has developed a scaffold-free approach to generate a cartilage
sheet in vitro. Without the involvement of the scaffold as a potential foreign body,
these cartilage sheets exhibit superb biocompatibility, and we formed homogenous
cartilage blocks of a large size (10 cm in diameter) and thickness (9 mm) by stacking
several layers of sheets together and subcutaneously implanting them into an
autologous goat. The regenerated cartilage block was then hand-carved into the
auricle shape and reimplanted into the autologous goat for auricular reconstruction
(Fig. 1, unpublished data). This study may address the issue of large donor site
morbidity by using autologous auricular chondrocytes to generate the cartilage
sheets since these cells are highly proliferative owing to their CNC origin (Tay
et al. 2004; Taihi et al. 2019). To date, approaches for chondrogenic redifferentiation
of postexpanded chondrocytes have been established by several groups (Yanaga
et al. 2009; Pomerantseva et al. 2016; Zhou et al. 2018). However, the generation of
the ear shape still relies upon the old-fashioned hand-carving skill.

3.6 Clinical Translation of Tissue-Engineered Cartilage for
Auricular Reconstruction

Challenges restricting the bench-to-bed progress of tissue-engineered cartilage for
auricular reconstruction are tremendous (Haisch 2010), and thus literature reports on
this subject matter are very few and far between, especially when compared with
those on cartilage engineering for orthopedic repair (Liu et al. 2017). Yanaga et al.
described a two-stage approach where autologous chondrocytes (expanded in vitro)

Generation of Ear Cartilage for Auricular Reconstruction 421



derived from the patient’s microtic ear were injected into the lower abdomen of the
patient to form cartilage blocks, which were then hand-carved into an ear framework
to reconstruct the auricle for the patient (Yanaga et al. 2013). Recently, our group
engineered patient-specific ear-shaped cartilage with proper mechanical strength in
vitro based on expanded autologous microtia chondrocytes and a biodegradable
PGA/PLA-PCL scaffold (Zhou et al. 2018). The regenerated cartilage was used for
auricle reconstruction in five microtia patients using three different surgical
approaches according to the specific condition of each patient. Postsurgical magnetic
resonance imaging revealed the gradual degradation of the PCL inner core, and
biopsies taken at 6 months postsurgery revealed mature elastic cartilage formation in
all five patients. The achievement of this clinical translation can be attributed to the
integration and innovation of several strategies, including using expanded autolo-
gous auricular chondrocytes as seed cell sources, establishing a chemically defined
in vitro culture condition to alleviate the host’s response toward the implanted graft,
incorporating computer-aided design and manufacturing technique for
patient-specific cartilage shape control, and adopting a PCL inner core for both
immediate and long-term postoperative shape maintenance (Zhou et al. 2018).

Nevertheless, we still have a long way to go before tissue-engineered cartilage
can be accepted as a clinically available treatment for auricular reconstruction. At
present, the in vitro engineered ear graft (neocartilage) was still more delicate and
fragile than the graft carved from fully developed rib cartilage, and the acute
inflammatory trauma environment and the excessive handling during surgery,
together with fibrogenesis of the surrounding soft tissue during wound healing,

Fig. 1 Generation of human ear-shaped cartilage in an autologous goat model based on
scaffold-free cartilage sheets. Cartilage sheets are generated by a scaffold-free approach. Five
layers of the cartilage sheets are stacked and subcutaneously implanted into an autologous goat to
generate a homogenous cartilage block of a large size (10 cm in diameter) and thickness (9 mm).
The regenerated cartilage block was then hand-carved into the auricle shape
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may reduce the viability of the resident chondrocytes of the engineered ear graft, thus
hindering the subsequent chondrogenesis and shape maintenance efforts after
implantation. Therefore, surgical procedures need to be refined to work with the
fragile tissue-engineered graft at this stage. To promote the widespread application
of engineered ear grafts in the future, a backward bed-to-bench process to engineer a
cartilaginous graft more proximate to the native cartilage is necessary (Martin et al.
2018).

4 Conclusions

Total reconstruction of the external ear is one of the most challenging procedures
performed in the realm of plastic and reconstructive surgery because of the lack of an
ideal graft presenting an accurate patient-specific ear shape, biocompatibility, and
appropriate mechanical properties while inducing only minimal donor site morbidity
(Nayyer et al. 2012). With the ongoing fast development in cell biology, materials
science, engineering, and advanced manufacturing techniques such as 3D printing,
tissue-engineered cartilage may constitute an alternative scheme for traditional ear
reconstruction. The 1997 inaugural report coupled with the press coverage gave
people the impression that a tissue engineering-based solution for auricular recon-
struction is just around the next corner (Cao et al. 1997), but the reality is different.
Obstacles restricting clinical translation still exist, including the lack of autologous
seed cell sources with sufficient quantity and chondrogenic function and the lack of
scaffold that is biocompatible to support subcutaneous cartilage regeneration and
mechanically robust enough to resist skin tension. Recently, our group reported the
in vitro generation of tissue-engineered cartilage and its clinical translation (Zhou
et al. 2018), yet this tissue engineering solution still cannot replace the traditional
approach. Even when we see the light of clinical translation, so to speak, new issues
arise, such as how to better evaluate the seed cells and associated ex vivo expansion
procedures to ensure long-term safety and function, how to generate a cartilage graft
ex vivo with qualities and mechanical properties comparable to those of the native
tissue, and how to refine the surgical procedures to better preserve both the viability
and shape of the graft during surgical handling and after being implanted in the acute
inflammatory trauma environment coupled with fibrogenesis of the surrounding soft
tissue during wound healing. These issues support the need for a backward bed-to-
bench process with the aim of further improving the quality of the engineered
cartilage to better suit the clinical situation by refining each building block of tissue
engineering (Martin et al. 2018). Endeavors in bioengineering and more in-depth
collaborations between cell biologists, developmental scientists, materials experts,
engineers, surgeons, and officers who conduct clinical and market entrance regula-
tions are warranted to help tissue-engineered cartilage become a commercially viable
and widespread alternative to autologous reconstruction.
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Abstract

Skeletal muscle tissue exhibits significant regeneration capacity upon injury or
disease. This intrinsic regeneration potential is orchestrated by stem cells termed
satellite cells, which undergo activation and differentiation in response to muscle
insult, giving rise to fusion-competent myogenic progenitors responsible for
tissue rejuvenation. Skeletal muscle diseases such as Duchenne muscular dystro-
phy are characterized by progressive loss of muscle mass which precipitates
reduced motility, paralysis, and in some occurrences untimely death. A manifold
of muscle pathologies involve a failure to efficiently regenerate the muscle tissue,
rendering stem cell-based approaches an attractive therapeutic strategy. Here we
will present past and contemporary methods to treat skeletal muscle degeneration
by stem cell therapy, covering prominent challenges facing this technology and
potential means to overcome current hurdles. A primary focus of this chapter is
directed toward illustrating innovative ways to utilize stem cells alone or in
conjunction with biomaterials and tissue engineering techniques to remedy
Duchenne muscular dystrophy or volumetric muscle loss.

1 Introduction

Human locomotion is carried out by skeletal muscle, a soft tissue composed of
postmitotic multinucleated myofibers that contract to generate movement. In addi-
tion, skeletal muscle tissue contains mononucleated muscle resident cells in the form
of fibroadipogenic progenitors, satellite, and endothelial and hematopoietic cells
which play pivotal roles in skeletal muscle tissue homeostasis and repair (Fig. 1)
(Giordani et al. 2019; Dell’Orso et al. 2019; Wosczyna and Rando 2018; Rubenstein
et al. 2020).

Adult skeletal muscle harbors a high propensity for regeneration, which is
dependent on resident stem cells within the skeletal muscle tissue known as satellite
cells (Mauro 1961). These unique cells are located between the sarcolemma and
basal lamina and are typically quiescent under homeostatic conditions, undergoing
activation and proliferation during injury or disease to repair the tissue (Snow 1978;
Schultz et al. 1978). Skeletal muscle regeneration follows a well-defined process via
a myogenic differentiation program. In adult skeletal muscle, this process initiates
when quiescent satellite cells (QSCs) undergo activation to form transient-amplify-
ing activated satellite cells (ASCs) also known as myoblasts. These progenitors can
further differentiate into myocytes, which are fusion-competent cells that can merge
with muscle fibers to regenerate the tissue (Comai and Tajbakhsh 2014; Yin et al.
2013). This unique process is governed by key transcription factors specific to the
myogenic program. QSCs express high levels of the transcription factor Paired Box
Protein 7 (Pax7) as well as other unique genes such as Sprouty1 and Notch receptors
(Seale et al. 2000; Shea et al. 2010; Mourikis and Tajbakhsh 2014). Upon activation,
satellite cells downregulate quiescent genes while upregulating activation genes
such as myoblast determination protein 1 (MyoD) and Myf5 (Comai and Tajbakhsh
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2014; Yin et al. 2013). Myocytes further upregulate myogenin and MRF4, whereas
differentiated multinucleated myofibers express various myosin heavy chain
(MyHC) isoforms and a plethora of other differentiation-associated genes (Fig. 1)
(Yin et al. 2013; Comai and Tajbakhsh 2014). The capacity to regenerate skeletal
muscle is dependent on satellite cells, as their ablation completely abrogates skeletal
muscle regeneration following injury (Murphy et al. 2011; Lepper et al. 2011;
Sambasivan et al. 2011). In addition, mice lacking Pax7 exhibit growth retardation
and small muscle mass size and typically die several weeks to months post birth
(Seale et al. 2000; Oustanina et al. 2004). Recent research utilizing single cell
sequencing methods have demonstrated that satellite cells display a large heteroge-
neity during homeostasis or regeneration, which is mirrored in their transcriptional
expression profile (Yartseva et al. 2020; De Micheli et al. 2020).

Muscle regeneration is impaired in a wide array of pathological conditions such
as traumatic muscle injury in the form of volumetric muscle loss (VML)(Corona
et al. 2016), cancer-associated cachexia (Baracos et al. 2018), age-associated
sarcopenia (Dennison et al. 2017), or muscular dystrophies (Motohashi et al.

Fig. 1 Skeletal muscle tissue is composed of multinucleated aligned muscle fibers as well as other
muscle resident cells. Regeneration of skeletal muscle is a step-wise process initiated by activation
of quiescent satellite cells, which give rise to highly proliferative myoblasts and fusion-competent
myocytes that merge with each other or with damaged myofibers to regenerate the tissue. In addition
to muscle cells, a milieu of resident cells in the form of fibroadipogenic progenitors, endothelial,
white blood cells, and other cell types reside in skeletal muscle tissue, playing key roles in its
homeostasis and regeneration
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2019). The latter group comprise a cluster of diseases characterized by progressive
muscle wasting attributed to genetic mutations in genes that are critical for muscle
function (Motohashi et al. 2019). Duchenne muscular dystrophy (DMD) is the most
prevalent form of muscular dystrophy. It is an X-linked disorder that affects approx-
imately 1 in 5000 boys worldwide, inflicting progressive muscle atrophy during
early childhood, which eventually leads to complete muscle wasting and dysfunction
(Yiu and Kornberg 2015). Patients with DMD experience death during the second or
third decade of life as a result of cardiac or respiratory failure (Yiu and Kornberg
2015). The rapid muscle loss in DMD patients is attributed to a genetic mutation in
dystrophin, an essential protein for healthy muscle function (Hoffman et al. 1987;
Koenig et al. 1987). Dystrophin is expressed in differentiated myofibers, where it
connects the sarcolemma to the extra cellular matrix (ECM) (Nowak and Davies
2004). More recently, it was reported to be expressed also in satellite cells, where it
plays an essential role in asymmetric cell division during regeneration, and its
absence significantly impairs satellite cell self-renewal (Dumont et al. 2015). As of
today, there is a paucity of treatment for patients suffering from DMD and other
muscle diseases such as VML, cachexia, and sarcopenia, rendering novel approaches
in regenerative medicine and stem cell therapy attractive to treat these ailments as
was shown for other somatic tissues (Mao and Mooney 2015; Blau and Daley 2019).
For example, stem cell therapy via bone marrow engraftment is routinely used to
treat blood disorders and more recently has been successfully used to treat skin and
ocular diseases, raising hope for future stem cell therapies for skeletal muscle
diseases (Blau and Daley 2019).

In this book chapter, we will present various stem cell-based and tissue engineer-
ing approaches to treat muscle diseases, with emphasis on treating patients who
suffer from DMD or VML. We will further present past and contemporary chal-
lenges in utilizing stem cells or tissue engineering to treat muscle diseases and
discuss innovative ways to resolve them. Lastly, we will highlight future research
directions spearheaded by these technologies for skeletal muscle reparative therapy.

2 Cell Replacement Therapy for the Treatment of Muscle
Disorders

Cell replacement therapy is an attractive approach to treat muscle-associated dis-
eases characterized by cell death such as muscular dystrophies. The ultimate goal of
this approach is to repair muscle damage via engraftment of healthy donor-derived
cells into a disease-afflicted muscle tissue (Blau and Daley 2019). Candidate cell
types proposed for this therapeutic approach include muscle stem or progenitor cells
in the form of myoblasts (Partridge et al. 1989) or satellite cells (Montarras et al.
2005; Collins et al. 2005). Alternatively, other cell types can also be utilized via
systemic delivery (Cossu et al. 2015; Sampaolesi et al. 2003; Torrente et al. 2004).
The candidate cells can be healthy donor-derived allogeneic cells or autologous cells
which are derived from the patient and therefore may require an ex vivo gene
correction procedure (Fig. 2). To date, a majority of completed clinical trials have
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Fig. 2 Allogeneic and autologous cell replacement therapy approaches to treat muscular dystro-
phies. (a) Autologous myoblasts derived from healthy muscles are engrafted into dystrophic
muscles. (b) Autologous satellite cells are genetically corrected during a transient ex vivo phase
followed by engraftment. (c) Autologous myoblasts are transplanted back into muscles after
expansion and ex vivo genetic correction phase. (d) Patient-derived induced pluripotent stem
cells (iPSCs) are genetically corrected and differentiated into disease-free muscle precursors,
which are engrafted back into the patient. (e) Patient-derived induced myogenic progenitor cells
(iMPCs) are genetically corrected and engrafted back into the patient. (f) Engraftment of allogeneic
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investigated the potential of myoblasts to treat skeletal muscle disorders, as these
cells are relatively easy to isolate and expand in vitro, whereas very few studies have
investigated the potential of other cell types to assist in muscle repair (Cossu et al.
2015; Torrente et al. 2007). In this section, we will briefly summarize historical and
recent clinical trials conducted to treat muscle diseases by myoblast transplantation,
focusing primarily on Duchenne muscular dystrophy (DMD) as a model. We will
strive to introduce the main challenges and recent advancements in the field.

2.1 Myoblast Transplantation for the Treatment of Duchenne
Muscular Dystrophy

Cell-based therapy as an approach to treat muscle diseases was first conceptualized
in a 1978 seminal study by Partridge and colleagues (Partridge et al. 1978). High-
lights of this pivotal study demonstrated that mouse donor-derived myoblasts could
fuse with host cells upon intramuscular injection, leading to formation of hybrid
myofibers composed of both recipient and donor cells (Partridge et al. 1978).
Follow-up studies utilizing this approach established that injection of wild-type
mouse myoblasts could form dystrophin-positive hybrid myofibers in dystrophic
muscles of a mouse model for DMD (Partridge et al. 1989; Karpati et al. 1989),
providing the conceptual framework to attempt myoblast transplantation trials in
DMD patients during the 1990s (Law et al. 1991; Gussoni et al. 1992; Huard et al.
1992; Karpati et al. 1993; Tremblay et al. 1993a, b; Morandi et al. 1995; Mendell
et al. 1995; Miller et al. 1997). Between 1990 and 1997, several clinical trials were
conducted to assess myoblast transplantation as a potential therapy to treat DMD
patients. Law and colleagues conducted the first clinical trial for myoblast trans-
plantation in three DMD patients and detected dystrophin-positive myofibers in all
of the patients’ extensor digitorum brevis muscles 3 months post cell delivery (Law
et al. 1990, 1991). In the notable 1992 Gussoni and colleagues clinical trial, donor-
derived cultured myoblasts from a father or sibling were injected into the tibialis
anterior muscles of eight DMD patients, who were treated concomitantly with
cyclosporine to counteract immune rejection of donor-derived cells (Gussoni et al.
1992). One month post transplantation, dystrophin mRNA from donor-derived cells
was detected via PCR analysis in muscle samples from three patients; however it was
deemed inconclusive whether dystrophin protein was successfully restored (Gussoni
et al. 1992). Strikingly, re-analyses of muscle biopsies using fluorescence in
situ hybridization (FISH) of six patients after intramuscular myoblast injection
revealed fused and unfused donor nuclei in all examined muscles of the patients

�

Fig. 2 (continued) satellite cells derived from a healthy donor into dystrophic muscles. (g)
Engraftment of allogeneic myoblasts derived from a healthy donor into dystrophic muscles. (h)
Co-engraftment of muscle cells with other cell types involved in muscle repair could enhance
muscle regeneration and remedy dystrophic symptoms
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(Gussoni et al. 1997). In parallel and following the Gussoni study, additional clinical
trials utilizing similar experimental designs were completed, however differed in the
use of immunosuppressive drugs, injection strategies, and interpretation of outcome
(Karpati et al. 1993; Huard et al. 1992; Tremblay et al. 1993a, b; Morandi et al. 1995;
Mendell et al. 1995; Miller et al. 1997). An extensive comparison of these studies
has been previously reported (Skuk 2004). Collectively, these studies confirmed that
myoblast transplantation in humans is feasible and safe; however the clinical out-
come was deemed deficient (Karpati et al. 1993; Gussoni et al. 1992; Huard et al.
1992; Tremblay et al. 1993a, b; Morandi et al. 1995; Mendell et al. 1995; Miller et al.
1997). Of note, a few studies reported slight beneficial effects on muscle strength
following myoblast transplantation (Huard et al. 1992; Karpati et al. 1993; Tremblay
et al. 1993a; Law et al. 1991), however the majority of studies did not asses or report
on functional improvement and failed to detect dystrophin-positive myofibers in
patients (Morandi et al. 1995; Tremblay et al. 1993b; Mendell et al. 1995; Miller
et al. 1997). Possible explanations for the unfavorable clinical outcome have been
extensively discussed (Negroni et al. 2016; Skuk and Tremblay 2014), with attrib-
uting factors deemed to be (i) poor myoblast survival in host muscles; (ii) immune
rejection against donor-derived myoblasts; (iii) failure of myoblasts to efficiently
migrate from the injection site; and (iv) inability of cultured myoblasts to restore the
muscle stem cell reservoir and elicit robust regeneration (Karpati et al. 1993;
Wilschut et al. 2012; Maffioletti et al. 2014; Fan et al. 1996; Guerette et al. 1995;
Qu et al. 1998). The rather disappointing human clinical trials conducted during the
1990s impeded subsequent clinical trials and their ramifications linger to some
extent to this day.

2.2 Addressing Translational Roadblocks for Myoblast
Transplantation

Despite the results of the unsuccessful clinical trials conducted during the 1990s,
more recent studies performed on non-human primates have addressed a portion of
the aforementioned challenges with the objective of improving myoblast transplan-
tation (Table 1) (Skuk and Tremblay 2014).

One such approach is to modulate the type of immunosuppressive drugs admin-
istered to counteract immunological responses in patients. Administration of immu-
nosuppressive drugs for successful allogeneic myoblast transplantation has been
rigorously demonstrated in both rodent and non-human primate studies (Kinoshita
et al. 1994; Pavlath et al. 1994; Kinoshita et al. 1996). Historically, cyclosporine was
the preferred immunosuppressant used in the majority of early human trials (Gussoni
et al. 1992; Morandi et al. 1995; Mendell et al. 1995; Miller et al. 1997). However,
more recent studies have shown that cyclosporine impedes myoblast fusion and
differentiation (Hong et al. 2002). Alternative treatment of non-human primates with
the immunosuppressant tacrolimus have led to long-term engraftment of allogeneic
myoblasts (Kinoshita et al. 1996), resulting in tacrolimus replacing cyclosporine as
the immunosuppressant of choice.
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Table 1 Select studies that have investigated myoblast transplantation in non-human primates

Study/topic Primary experiments Results/findings

Kinoshita et al.
(1996)
Immune system

Intramuscular injection of allogeneic
myoblasts (LacZ) into NHPs treated
with tacrolimus or without
immunosuppressant

Lymphocyte infiltration and increase
in cytokines 7 days post MT in the
absence of tacrolimus. ß-Gal-
positive fibers were not detected
4 weeks post MT
Detection of ß-Gal-positive fibers 1,
4, and 12 weeks post MT with
significant reduced lymphocyte
infiltration and cytokines with
tacrolimus compared to no
tacrolimus administration

Skuk et al.
(1999)
Notexin

Allogeneic myoblasts (LacZ) were
injected with or without notexin and
varying cell number (4 � 106,
8 � 106, 24 � 106) with 35–40
injections (separated by 1 mm)

8 � 106 led to most ß-Gal-positive
fibers 4 weeks post MT
Injection of 8 � 106 myoblasts
suspended in notexin led to a 50%
increase of ß-Gal fibers 4 weeks post
MT

Skuk et al.
(2002)
Injection,
immune system

Injection of allogeneic myoblasts
(LacZ) with varying inter-injection
distances (1 mm, 1–1.5 mm, 2 mm)
and different concentrations of
tacrolimus alone or combined with
mycophenolate mofetil

Detection of 25–67% ß-Gal-positive
fibers 1 month post MT (injection
distance 1 mm)
Combination of tacrolimus with
mycophenolate mofetil enabled a
decreased dosage of tacrolimus

Lafreniere et al.
(2009)
Growth factors

Intramuscular injection of allogeneic
myoblasts (LacZ) combined either
with bFGF or IGF-1

Growth factors increased myoblast
migration 60 h post MT
No significant differences detected
in ß-Gal-positive fiber formation
4 weeks post MT

Skuk et al.
(2011)
Migration

Allogeneic myoblasts (LacZ) were
subcutaneously injected above a
needle-damaged muscle

Detection of migrated myoblasts
that formed ß-Gal-positive
myofibers within a damaged muscle
along the needle trajectories 1 cm
apart from injected site, 1 month
post subcutaneous MT

Skuk et al.
(2013)
Electroporation

A 1 mm2 muscle area was
electroporated with 3 pulses of
400 V/cm before allogeneic
myoblasts (LacZ) were injected
either in a matrix consisting of 25
injections or radial injection

Myofiber necrosis 1 day and
maximal tissue distortion 7 days post
electroporation
Complete muscle regeneration 2–
3 months post electroporation
Increased ß-Gal-positive fibers after
electroporation compared to injection
alone (1.6–6.3-fold for matrices and
2.5–9 for radial injections)

Skuk et al.
(2014)
Injection

Intramuscular injection of allogeneic
myoblasts (LacZ) with varying
needle sizes (27 G, 22 G, 18 G),
amount of cells (102, 103, 104, 105,
106/cm injection trajectory, and
injected volume (1 ul, 5 ul, 25 ul/cm
injection trajectory)

Muscle sections revealed that an
injection of at least 100,000 cells/cm
in 1 μl/cm trajectory with a 27 G
generated highest amounts of ß-Gal-
positive fibers 1 or 2 months post
MT

(continued)
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Inflicting localized muscle damage by irradiation, mechanical pressure, freezing, or
chemicals is a commonly used method to enhance muscle stem and progenitor cell-
engraftment in rodent transplantation models (Mueller and Bloch 2019; Hardy et al.
2016). Moreover, studies performed in non-human primates reported partial increase
in engrafted myofibers when myoblasts were transplanted into injured muscle tissue
by notexin or electroporation (Skuk et al. 1999, 2000, 2013). However, inflicting
muscle damage prior to transplantation is both ethically and technically challenging to
translate to human patients due to potential adverse side effects (Skuk et al. 2002).
Therefore, myoblast engraftment has been investigated without inducing muscle
damage with the exception of localized insult caused by the injection needle (Skuk
et al. 2002). Of note, the non-human primate studies demonstrated migration of
myoblasts toward damaged myofibers and engraftment at the injection site (Skuk
et al. 2002, 2011). Based on these observations, it was suggested that in the absence of
extensive muscle damage, multiple close proximity injections will be required to
achieve substantial engraftment of transplanted myoblasts (Skuk et al. 2002, 2006b,
2011). This hypothesis has led to two clinical trials involving human patients that
utilized several novel strategies (Table 2) (Skuk et al. 2004, 2006a, 2007, 2010; Skuk
and Tremblay 2016). In the first study, nine DMD patients were injected with high-
density allogeneic myoblasts in the tibialis anterior muscle while being treated in
parallel with the immunosuppressant tacrolimus (Skuk et al. 2006a). In contrast to
previous trials, between 3.5% and 26% dystrophin-positive myofibers were detected in
sampled muscles, while patients did not develop a major immune reaction (Skuk et al.
2006a). In a separate study, an entire thenar eminence muscle was injected with
myoblasts to assess the safety of high-density injections (Skuk et al. 2007). The
procedure was well tolerated by the patient without severe adverse effects or compli-
cations. The patient further showed an increase in force generation in comparison to
pre-transplantation (Skuk et al. 2007). Remarkably, donor-derived muscle cells

Table 1 (continued)

Study/topic Primary experiments Results/findings

Skuk and
Tremblay
(2017a)
Cell death

Injection of radiolabeled autologous
or allogeneic myoblasts (with or
without LacZ) into NHPs (with or
without immunosuppressant)

Majority of cells (80–92%) died
within the first 7 days regardless of
whether 1), they were autologous or
allogeneic or 2) if the recipient NHP
received an immunosuppressant
drug
No further cell death 3 weeks post
injection

Skuk and
Tremblay
(2017b)
Engraftment

Intramuscular injection of myoblasts
(LacZ) and subsequent assessment
of cell engraftment (after 1 h, 1 day,
3 days, 7 days and 3 weeks)

Detection of majority of myoblasts
in between the muscle bundle and
the perimysium 1 h and 1 day post
MT
Detection of ß-Gal-positive
myofibers along the injection
trajectories 3 weeks post MT

NHPs non-human primates, MT myoblast transplantation, ß-Gal ß-galactosidase
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remained at the engraftment site 18 months post transplantation, suggesting a long-
term engraftment potential (Skuk et al. 2007). Currently, safety and functional out-
come of myoblast transplantation throughout extensor carpi radialismuscles of DMD
patients are being tested in a clinical phase I/II trial (NCT02196467).

Inflicting confined muscle damage to provide a niche for cell engraftment carries
potential significant health risks for human DMD patients. However in the context of
blood diseases, bone marrow ablation by irradiation prior to blood stem cell infusion
is a well-established treatment procedure (Blau and Daley 2019). Therefore, it may
be of interest to assess if localized ablation of muscle cells by irradiation followed by
high-proximity injection of myoblasts into dystrophic muscles could elicit migration
beyond the injection site, achieving robust regeneration. Given evident experimental
success in animal models, there is potential to adapt this approach in human patients
during future trials.

2.3 Clinical Procedures Involving Autologous Myoblast
Transplantation

To date, only allogeneic myoblasts with or without immunosuppressive drug admin-
istration have been used to treat human DMD patients (Gussoni et al. 1992; Huard
et al. 1992; Karpati et al. 1993; Tremblay et al. 1993a, b; Morandi et al. 1995;
Mendell et al. 1995; Miller et al. 1997; Skuk et al. 2006a, 2007; Law et al. 1991). In
contrast, autologous myoblast transplantation has been successfully employed in
animal models and several clinical trials for urinary incontinence (Mitterberger et al.
2008; Sebe et al. 2011; Blaganje and Lukanovic 2012; Stangel-Wojcikiewicz et al.
2014; Jankowski et al. 2018; Eberli et al. 2012), fecal incontinence (Frudinger et al.
2015; Romaniszyn et al. 2015; Boyer et al. 2018; Bisson et al. 2015), as well as
oculopharyngeal muscular dystrophy (OPMD)(Perie et al. 2014). For further reading
on these procedures, we refer the readers to recently published reviews (Hillary et al.
2020; Simillis et al. 2019; Trebol et al. 2018). During these trials, immunosuppres-
sive drugs were not administered, thereby simplifying the procedure and reducing
the risk of adverse health complications. Notably, a recent success in utilizing
autologous myoblasts to treat OPMD has been reported (Perie et al. 2014)
(Fig. 2a). This type of muscular dystrophy is characterized by progressive degrada-
tion and weakening of the ocular and pharyngeal muscles, leading to ptosis and
dysphagia (Brais et al. 1998). OPMD is caused by an autosomal gene mutation that
results in amplification of GCG nucleotides in the PABPN1 gene (Brais et al. 1998).
Currently, symptoms are treated by a cricopharyngeal myotomy; however, the long-
term benefits of this procedure remain controversial (Duranceau et al. 1980; Perie
et al. 2014). In rare disparity to other muscular dystrophies, not all muscles of OPMD
patients are affected (Perie et al. 2006). Comparisons of myoblasts derived from
affected and non-affected muscles of OPMD patients have shown that the latter
exhibited higher proliferation and myogenic regeneration capacity (Perie et al.
2006). This observation was followed by a non-placebo controlled clinical trial
that tested myoblast transplantation in OPMD patients (Perie et al. 2014).
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Autologous myoblasts derived from unaffected quadriceps or sternocleidomastoid
muscles were injected into pharyngeal muscles of 12 OPMD patients after myotomy
(Perie et al. 2014). Remarkably, this procedure successfully ceased further degrada-
tion of pharyngeal muscles in patients 2 years post-surgery in addition to improving
quality of life criteria factors in all patients (Perie et al. 2014). To date, this study is
one of a handful to demonstrate a beneficial therapeutic outcome of myoblast
transplantation. In the future, it will be central to corroborate these promising results
with additional experiments that include placebo-controlled groups and patients
subjected to myoblast engraftment with or without prior myotomy. Autologous
myoblast transplantation from non-afflicted muscles may be applicable to other
muscular dystrophies such as facioscapulohumeral muscular dystrophy and could
provide a beneficial method to treat muscle diseases (Fig. 2a) (Vilquin et al. 2005).

Autologous myoblasts expressing a shorter but functional micro-dystrophin have
been successfully transplanted into non-human primates (Quenneville et al. 2007).
However, autologous myoblast transplantation in human cell engraftment patients has
not been reported, although rapid advances in genome engineering techniques may
pave way for investigating such an approach in the future (Doudna and Charpentier
2014; Briggs and Morgan 2013; Min et al. 2019) (Fig. 2c). Harnessing the CRISPR-
Cas9 genome editing system to correct the dystrophin mutation in the Dmdmdx mouse
model was recently reported by several seminal studies, demonstrating functional
restoration of the dystrophin protein in myofibers (Long et al. 2016; Tabebordbar
et al. 2016; Nelson et al. 2016) and potentially muscle stem cells (Tabebordbar et al.
2016; Nance et al. 2019). Dmdmdx myoblasts were also genetically corrected in vitro
using CRISPR-Cas9 and reported to give rise to dystrophin-positive fibers upon
transplantation (Zhu et al. 2017; Matre et al. 2019; Ousterout et al. 2015). With respect
to correction of human dystrophin mutations, Young and colleagues recently devel-
oped a strategy to fix a mutational hot spot by a CRISPR-Cas9 exon skipping-based
approach, which encompasses approximately 60% of all DMD patient mutations
(Young et al. 2016). In this elegant study, DMD patient-derived fibroblasts were first
reprogrammed into induced pluripotent stem cells (iPSCs) (Young et al. 2016).
Correction of the dystrophin mutation was performed at the pluripotent state, followed
by directed differentiation of the iPSCs into dystrophin-positive muscle cells (Young
et al. 2016). By taking a similar experimental approach, myoblasts could be expanded
from patients, corrected by genome engineering, and then transplanted back into
patients (Fig. 2c). Similarly, it might be feasible to correct satellite cells during a
short-lived ex vivo phase followed by engraftment (Fig. 2b). However, it is important
to note that restoration of dystrophin expression by transplantation of autologous
myoblasts carries the risk of eliciting an immune reaction against a “foreign” protein,
necessitating potential use of immunosuppressants (Selvaraj et al. 2019).

2.4 Further Considerations for Improvement of Myoblast
Transplantation

The overarching goal of cell replacement therapy for muscle diseases is to establish
the long-term regeneration potential of transplanted cells, which requires
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contribution to the muscle stem cell reservoir. However, it remains unclear whether
myoblasts carry an efficient propensity to induce such long-term regeneration
capacity, albeit some studies indicate feasibility (Yao and Kurachi 1993; Heslop
et al. 2001; Skuk et al. 2010). Notably, a clinical trial in DMD human patients
detected a presence of donor-derived mononuclear cells in muscles, suggestive of
contribution to the satellite cell niche (Skuk et al. 2006a, 2010). In support of this
observation, dystrophin-positive myofibers have been detected in DMD patients
18 months post myoblast transplantatio n (Skuk et al. 2007). Similar observations
have been documented in myoblast transplantation trials for the treatment of fecal or
urinary incontinences (Jankowski et al. 2018; Frudinger et al. 2015; Romaniszyn
et al. 2015), although cell engraftment was not thoroughly assessed (Jankowski et al.
2018; Frudinger et al. 2015).

Whereas the contribution of transplanted myoblasts to long-term muscle regen-
eration has yet to be fully elucidated, satellite cells exhibit a high regeneration
capacity and can efficiently contribute to the muscle stem cell reservoir (Montarras
et al. 2005; Collins et al. 2005; Cerletti et al. 2008). In the next sections, we will
discuss advances in direct isolation and transplantation of satellite cells or engraft-
ment after an ex vivo propagation phase. We will further discuss new techniques that
could allow partial retainment of satellite-cell characteristics in vitro. These novel
approaches could pave the way for utilizing satellite cells instead of myoblasts as the
preferred cells for engraftment in clinical settings.

3 Engraftment of Freshly Isolated Satellite Cells for Muscle
Regeneration

Despite the immense therapeutic potential of utilizing satellite cells to treat muscle-
associated diseases, unresolved challenges have limited their use in cell-based
therapies. Shortly after QSCs are mechanically and enzymatically dissociated from
muscle fibers they undergo activation, a process characterized by rapid upregulation
of myoblast-associated genes and commitment to a myogenic differentiation pro-
gram (Machado et al. 2017; Pietrosemoli et al. 2017; van Velthoven et al. 2017). This
renders the therapeutic use of satellite cells for muscle transplantation challenging, as
their engraftment potential decreases once expanded in vitro (Montarras et al. 2005;
Collins et al. 2005; Quarta et al. 2016; Xu et al. 2015b; Sacco et al. 2008). To
overcome this challenge, satellite cells can be isolated by a fluorescence-activated
cell sorting (FACS) machine and injected directly into muscles. A manifold of
reports have shown that by utilizing this approach, injected mouse or human satellite
cells could significantly contribute to muscle regeneration (Montarras et al. 2005;
Quarta et al. 2016; Xu et al. 2015b; Sherwood et al. 2004; Kuang et al. 2007).
Moreover, engrafted satellite cells can enter their respective niche under the basal
lamina (Xu et al. 2015b; Kuang et al. 2007), sustain multiple rounds of injury-
induced regeneration (Collins et al. 2005; Rocheteau et al. 2012), and in addition be
subjected to serial transplantation for up to seven rounds in mice (Rocheteau et al.
2012). Furthermore, engrafted myofiber fragments containing adjoined satellite cells
can promote robust muscle regeneration and repair (Collins et al. 2005; Hall et al.
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2010; Marg et al. 2014). Strikingly, a seminal study reported that a single satellite
cell can regenerate a significant segment of skeletal muscle tissue in mice (Sacco
et al. 2008).

Satellite cells comprise a subset of the mononucleated cell fraction in skeletal
muscle tissue (Dell’Orso et al. 2019; Giordani et al. 2019; Rubenstein et al. 2020).
This necessitates usage of genetic reporters or identification of surface markers for
prospective isolation and transplantation of homogenous cell populations. Genetic
reporters for Pax3 and Pax7 have been successfully employed to isolate murine
satellite cells (Fig. 3) (Bosnakovski et al. 2008; Sambasivan et al. 2009; Montarras
et al. 2005); however isolation of humans satellite cells using this approach is not
feasible. Alternatively, surface markers can be applied to isolate satellite cells by a
FACS machine. To this end, several murine-positive surface markers have been
identified including CD34, Cxcr4/ITGB1, Vcam1, and alpha-7 integrin (Sherwood
et al. 2004; Liu et al. 2013; Beauchamp et al. 2000; Fukada et al. 2004; Cerletti et al.
2008; Kuang et al. 2007). Similarly, several positive surface markers have been
successfully identified that allow prospective isolation of human muscle stem cells
including CD56/CD29 (Xu et al. 2015b), CD56/CD29/CXCR4 (Garcia et al. 2018),
CD56/ITGA7 (Castiglioni et al. 2014), CD82/CD318 (Uezumi et al. 2016), and
CD82 (Alexander et al. 2016). These efforts to identify, isolate, and characterize
muscle stem cells have provided a plethora of new knowledge in respect to trans-
plantation methods and assessment of satellite cell regenerative potential. For

Fig. 3 Pax7 nuclear GFP reporter expression in cultured myoblasts, iPSC-derived myogenic
precursors and fibroblast-derived induced myogenic progenitors (iMPCs). Scale bar, 100 μm
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example, studies have reported that freshly isolated human satellite cells efficiently
fuse with myofibers of immunodeficient or dystrophic mice (Alexander et al. 2016;
Uezumi et al. 2016; Xu et al. 2015b). Furthermore, 5 weeks post muscle transplan-
tation, human spectrin, and dystrophin-positive myofibers were detected in mouse
muscles, and putative human satellite cells were identified under the basal lamina,
suggesting contribution to the satellite cell niche (Xu et al. 2015b). Remarkably,
engrafted human satellite cells were also shown to sustain two rounds of serial
transplantation in mice (Garcia et al. 2018).

Akin to myoblasts, satellite cells cannot be delivered systemically and do not
efficiently migrate across the muscle beyond the injection area. Due to this limita-
tion, Garcia and colleagues opted to transplant satellite cells across multiple injection
sites within the same muscle, demonstrating that as few as 2000 human satellite cells
have led to the formation of approximately 155 human spectrin-positive myofibers
(Garcia et al. 2018). Additionally, they detected increased quantities of human
donor-derived Pax7+ cells around the injection sites (Garcia et al. 2018). The authors
suggest that satellite cell-delivery utilizing multiple injection sites is essential and
more important than the number of injected cells (Garcia et al. 2018). This obser-
vation is reminiscent of the enhanced myoblast engraftment potential seen in human
patients transplanted using close-proximity injections (Skuk et al. 2006a).

An additional limiting factor of using satellite cells for regenerative medicine
purposes is low extraction yield of cells from allogeneic muscle donors. An alter-
native source for obtaining high quantities of satellite cells could be cadavers, as
quiescent satellite cells have been shown to maintain their regenerative capacity in
muscles for up to 17 days post mortem (Latil et al. 2012) or following hypothermic
storage (Marg et al. 2014). These intriguing observations suggest that muscles of
deceased individuals could potentially be used for satellite cell extraction, similar to
donor-derived human organs purposed for transplantation.

Although pure myogenic stem cells can be isolated from muscles via a suite of
surface markers, no clinical trials to date have investigated the potential of freshly
isolated human satellite cells to remedy muscle-associated diseases in humans.
Taking into consideration evidence from transplantation experiments of human
myoblasts and satellite cells, one can cautiously postulate that engraftment of
satellite cells into dystrophic muscles of DMD patients will be superior to that
of myoblasts. To test this hypothesis, it will be of interest to assess the capacity of
freshly isolated human satellite cells and myoblasts to engraft into muscles of non-
human primates, similar to reports that have assessed myoblast engraftment in non-
human primates (Skuk et al. 2011; Skuk and Tremblay 2017a; Skuk et al. 2002).
Skeletal muscle of primates may provide a more receptive host niche for engraftment
of human muscle stem cells due to species similarity and size. Successes in gener-
ating human-primate hybrid muscles will provide salient insights into the propensity
of freshly isolated human satellite cells to engraft, migrate, and regenerate muscles,
in addition to bearing implications for adapting this technique in humans.

Notable challenges of satellite cell utilization in cell therapy include low cell
extraction yield, poor cell migration, and an inability to deliver the cells systemically.
In consideration of these limitations, it might be beneficial to exploit satellite cells in
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clinical settings for muscles that are of small size and in conjunction with close-
proximity injections. For example, localized satellite cell transplantation into finger
muscles of DMD patients might curtail muscle degeneration and thus provide
substantial improvement in life quality measures, despite not treating the underlying
cause of mortality (Fig. 2f).

Besides allogeneic satellite cells, autologous satellite cells could be isolated from a
patient’s biopsy followed by correction of the dystrophin gene and subsequent engraft-
ment into dystrophic muscles (Fig. 2b). While it was reported that quiescent satellite
cells cannot be transduced by adeno-associated viral (AAV) vectors (Arnett et al. 2014),
recent studies suggest that muscle stem cells can be targeted and gene corrected in vivo
using AAV serotype 9 (Tabebordbar et al. 2016; Goldstein et al. 2019; Nance et al.
2019). However, in vitro correction of satellite cells remains challenging, mainly due to
the conversion of satellite cells into myoblasts shortly after isolation and culture.

In summary, obtaining sufficient quantities of satellite cells for muscle injections
still remains a formidable challenge. This hurdle highlights the need for generating
expandable myogenic stem cells apt for regenerative medicine purposes. In the next
section, we will introduce alternative methods for generating copious amounts of
expandable muscle precursor cells in vitro.

4 Generation of Myogenic Precursors from Pluripotent
Stem Cells

An alternative cellular source for production of myogenic precursors are pluripotent
stem cells (PSCs) in the form of blastocyst-derived embryonic stem cells (ESCs) or
somatic cell-derived induced pluripotent stem cells (iPSCs) (Selvaraj et al. 2019;
Magli and Perlingeiro 2017). An advantage for using PSCs is their ability to expand
indefinitely in vitro, thus enabling the generation of high quantities of muscle
precursors (Selvaraj et al. 2019). The following section will briefly recount recent
works which reported on successful differentiation of PSCs into myogenic pre-
cursors. For a comprehensive overview of this approach, we refer readers to recently
published literature (Chal and Pourquie 2017; Kodaka et al. 2017; Selvaraj et al.
2019; Magli and Perlingeiro 2017).

ESCs are pluripotent cells that form the inner cell mass of blastocyst-stage
embryos. These undifferentiated cells can expand indefinitely in vitro while
maintaining the potential to differentiate into multiple cell types from the three
embryonic germ layers (Martin 1981; Evans and Kaufman 1981; Thomson et al.
1998; Itskovitz-Eldor et al. 2000). Unlike ESCs, iPSCs are generated from adult
somatic cells by overexpression of defined transcription factors (Takahashi and
Yamanaka 2006; Takahashi et al. 2007). Since iPSCs can originate from an autologous
cellular source, they could bypass immune rejection issues and ethical roadblocks
associated with use of fetus-derived allogeneic ESCs (Takahashi and Yamanaka 2006).

Early studies revealed that both mouse and human PSCs can successfully differ-
entiate into cells with myogenic potential (Barberi et al. 2007; Ozasa et al. 2007;
Zheng et al. 2006; Mizuno et al. 2010; Dekel et al. 1992). Two major approaches
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have since been successfully employed to differentiate PSCs into myogenic cells:
(i) transgene-dependent overexpression of canonical myogenic transcription factors
and (ii) treatment with small molecules involved in differentiation-related signaling
pathways (Kodaka et al. 2017; Chal and Pourquie 2017). Typical differentiation
protocols occur in a two-dimensional monolayer or three-dimensional embryoid
bodies. Given the highly heterogenous nature of these differentiated cultures, cell
purification by surface markers indicative of muscle stem or progenitor cells is often
employed (Kodaka et al. 2017; Chal et al. 2015).

Darabi and colleagues pioneering study first demonstrated that ectopic over-
expression of the early developmental myogenic transcription factor Pax3 can
form myogenic cells with capacity to engraft muscle in vivo (Darabi et al. 2008).
A subsequent notable work further demonstrated that conditional Pax7 expression
induces differentiation of human ESCs and iPSCs into expandable myogenic pre-
cursors (Darabi et al. 2012). Engrafted cells restored dystrophin expression in
dystrophic murine muscles and donor-derived Pax7 cells contributed to the satellite
cell pool, highlighting the immense potential of PSC-derived myogenic precursors to
remedy dystrophic symptoms (Darabi et al. 2011, 2012). A follow-up study further
demonstrated that ESC-derived myogenic precursors engraft and can fuse to form
dystrophin-positive myofibers in a model of severe muscular dystrophy (Filareto
et al. 2012). Continued research followed a similar trajectory demonstrating efficient
differentiation of ESCs and iPSCs into myogenic precursors or skeletal myocytes by
overexpression of MyoD (Goudenege et al. 2012; Tanaka et al. 2013; Pawlowski
et al. 2017; Maffioletti et al. 2015), Pax3, or Pax7 (Rao et al. 2018; Filareto et al.
2013). Whereas this approach was shown to be successful with respect to production
of engraftable myogenic cells, the use of ectopic transgenes renders it less favorable
for clinical application.

An alternative and safer method to facilitate conversion of PSCs into myogenic
precursors is via small molecule treatment. Several recent studies have reported on
PSC-differentiation into myogenic progenitors solely by small molecules which
include bFGF, Forskolin and GSK3-β inhibitor (GSK3-βi) (Xu et al. 2013),
GSK3-βi and FGF2 (Shelton et al. 2014; van der Wal et al. 2018), WNT3A
(Hwang et al. 2014), GSK3-βi and DAPT (Choi et al. 2016), BMP4, TGF-β and
GSK3-β inhibitors (Xi et al. 2017; Wu et al. 2018). A notable study by Chal and
colleagues uncovered genetic pathways upregulated during paraxial mesoderm
differentiation during mouse embryonic development, assisting in development of
a step-wise differentiation protocol for derivation of myogenic precursors from PSCs
by BMP4 and GSK3-β inhibitor treatment (Chal et al. 2015). A follow-up study
further refined this protocol by allowing for long-term capture of myogenic pre-
cursors in vitro when serum was added as a media supplement (Fig. 3) (Chal et al.
2018). The myogenic precursors both express Pax7 and promote muscle regenera-
tion in dystrophic murine muscles, further contributing Pax7 positive cells to the
satellite cell pool (Chal et al. 2015; Chal et al. 2018). Due to the heterogeneity of
PSC-derived differentiated cultures reported using this protocol, myogenic precur-
sors can be further purified by cell surface markers (Kim et al. 2017). Of note, such
FACS-sorting techniques have been successfully employed by multiple studies to
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efficiently purify muscle precursors from PSC-differentiated cultures (Magli et al.
2017; Borchin et al. 2013; Wu et al. 2018; Kim et al. 2017; Hicks et al. 2018).

Patient-specific iPSCs from Duchenne patients carry the same mutation as their
somatic parental cells (Park et al. 2008). Recent developments of the CRISPR-Cas9
genome editing system enable correction of the dystrophin mutation in iPSCs,
followed by directed differentiation into dystrophin-positive muscle cells (Young
et al. 2016; Li et al. 2015). Upon transplantation, corrected cells fuse to form
dystrophin-positive myofibers within host murine muscles (Young et al. 2016).
These findings illuminate the powerful therapeutic potential of combining genome
engineering and stem cell differentiation methods to streamline new therapeutic
treatments (Fig. 2d). However, the generation of gene-corrected iPSC-derived mus-
cle stem cells in vitro remains a challenge (Ortiz-Vitali and Darabi 2019). For a
comprehensive overview detailing PSC treatment methods of muscular dystrophies,
we refer readers to recent reviews (Selvaraj et al. 2019; Ortiz-Vitali and Darabi
2019).

An additional approach for generating PSC-derived myogenic precursors is via in
vivo developmental processes that can help further mature engrafted myogenic cells
(Incitti et al. 2019). PSCs form tumors commonly known as teratomas upon in vivo
engraftment, which contain differentiated cells indicative of all three embryonic
germ layers (Ben-David and Benvenisty 2011). In a recent captivating study, Chan
and colleagues capitalized on the PSC haphazard differentiation process during
teratoma formation to detect and purify myogenic progenitors with an astounding
regenerative capacity (Chan et al. 2018). FACS-sorted teratoma-derived α7-
Integrin+/VCAM-1+ myogenic progenitors promoted robust regeneration upon
engraftment into irradiated and cardiotoxin-injured dystrophic leg muscles in mice,
restoring dystrophin expression in 80% of the tibialis anterior muscle and contrib-
uting up to 50% of the total DNA content (Chan et al. 2018). The teratoma-derived
myogenic stem cells could further sustain regeneration in repeated injury and serial
transplantation assays, demonstrating bona fide stem cell attributes. These cells
exhibited a superior engraftment potential in comparison to previously published
PSC-derived myogenic precursor cells (Chan et al. 2018). This remarkable contri-
bution to muscle regeneration unleashes the vast potential of engrafted myogenic
precursors to regenerate large muscle areas, which to date has only been achieved
with partial success.

From a clinical perspective, a risk for teratoma formation by residual PSCs
precludes facile adoption of this approach for therapy, and as such it will be of
high interest to recapitulate this developmental process by a directed differentiation
assay. To this end, single-cell sequencing could decipher the molecular trajectory
PSC undergo during their differentiation into myogenic progenitors in teratomas.
Such analysis may uncover candidate genes and signaling pathways that could be
tested to produce teratoma-derived myogenic precursors in the culture dish, as was
recently demonstrated for in vitro paraxial mesoderm and somite formation (Chal
et al. 2018; Chal et al. 2015; Xi et al. 2017).

Prominent advances have been made in recent years in respect to generating PSC-
derived myogenic precursors with therapeutic applicability. However additional
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research is vital to translate bench lab findings to bedside treatments. Ethical
limitations involving use of embryo-derived cells, risks for teratoma formation,
and spurious differentiation of PSCs inhibit efforts to utilize PSC-derived myogenic
cells to treat muscle-associated diseases. In respect to myogenic precursors, further
investigation is certainly required to characterize the cells both molecularly and
functionally, as well as devise safe and efficient protocols for their induction,
purification, and in vitro maintenance. Future and ongoing human trials involving
PSC-derived cells to treat diseases such as macular degeneration and Parkinson’s
disease hold paramount implications for assessing the therapeutic potential of PSC
derived cells in clinical settings (Blau and Daley 2019). Successes are expected to
expand the appetite for utilizing PSC-derived cells to treat other diseases, strengthen
the nexus between scientists and clinicians, and may eventually destine PSC-based
therapy to become a leading technology in regenerative medicine.

5 Direct Reprogramming of Somatic Cells into Myogenic
Progenitors

Limitations of utilizing PSC-derived myogenic progenitors include both ethical and
safety concerns and challenges associated with inducing PSCs to differentiate into
adult mature cells. The aforementioned hurdles significantly hamper their utility in
clinical settings, necessitating the search for additional approaches to produce
expandable myogenic cells. An alternative method that can circumvent these chal-
lenges is direct lineage reprogramming, also known as “transdifferentiation.” This
approach denotes the conversion of one cell type into another by either ectopic
overexpression of cell-type-specific transcription factors or small molecule treatment
(Xu et al. 2015a). Historical pioneering studies spearheading this technique have
shown that forced overexpression of the myogenic transcription factor MyoD in
fibroblasts can convert them into skeletal myocytes via a short-lived myoblast stage
(Davis et al. 1987; Weintraub et al. 1989; Tapscott et al. 1988). Since the landmark
work by Davis and colleagues (Davis et al. 1987), a plethora of studies have reported
on successful generation of various cell types by direct lineage reprogramming
methods as reviewed (Xu et al. 2015a), including direct conversion into tissue-
specific progenitors such as cardiac and neural precursors (Lalit et al. 2016; Lujan
et al. 2012; Ring et al. 2012). Despite the formation of skeletal myocytes by MyoD
overexpression being the first representation of direct lineage reprogramming, sur-
prisingly only in recent years successful conversion into myogenic progenitors has
been achieved (Ito et al. 2017; Bar-Nur et al. 2018; Lee et al. 2018; Sato et al. 2019;
Bansal et al. 2019). We will next briefly introduce these new works, further
highlighting unresolved issues and desired research directions spanning this
technology.

Ito and colleagues were first to report that overexpressing various combinations
of transcription factors such as Pax3, Pax7, Pitx1, Mef2b, and MyoD in mouse
fibroblasts could give rise to myogenic progenitors (Ito et al. 2017). Reprogrammed
myogenic progenitors upregulate satellite cell markers such as endogenous Pax3 and
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Myf5, although intriguingly did not upregulate endogenous Pax7 expression (Ito
et al. 2017). Additionally, the myogenic progenitors generated dystrophin-positive
myofibers when injected into dystrophic murine muscles; however it is yet to be
determined if these cells can contribute to the satellite cell pool in vivo (Ito et al.
2017). Another recent work reported on the conversion of fibroblasts into induced
myogenic progenitor cells (iMPCs) by transient overexpression of MyoD in concert
with three small molecules treatment (Bar-Nur et al. 2018). In stark contrast to
overexpression of MyoD alone in fibroblasts, which generates myocytes (Davis
et al. 1987), the combined treatment with Forskolin, a cyclic-AMP agonist, RepSox,
a TGF-β inhibitor, and CHIR-99021, a GSK3-β inhibitor, surprisingly formed
heterogenous cultures containing both undifferentiated progenitors and differenti-
ated contractile myofibers (Bar-Nur et al. 2018). These progenitors can expand
extensively in vitro, express high levels of endogenous Pax7 and Myf5, and engraft
into both wild-type and dystrophic murine muscles (Fig. 3) (Bar-Nur et al. 2018).
Remarkably, iMPCs efficiently contribute to the satellite cell pool and sustain
multiple rounds of regeneration by repeated injury assay (Bar-Nur et al. 2018).
Two additional reports have recently further demonstrated reprogramming of fibro-
blasts into induced myogenic precursor cells (Lee et al. 2018; Sato et al. 2019). Lee
and colleagues have shown that overexpression of Six1, Eya1, Esrrb, and Pax3 can
generate myogenic precursors that express endogenous Pax7 and fuse to form
dystrophin-positive myofibers in dystrophic mice (Lee et al. 2018). In addition,
Sato and colleagues established that overexpression of Pax3, Heyl, and KLF4 in
concert with transient MyoD expression can generate myogenic precursors from
both mouse and human fibroblasts (Sato et al. 2019), these precursors can expand
long-term, upregulate satellite cell markers such as Pax7, Spry1, and Sdc4, and
efficiently engraft into dystrophic muscles including the satellite cell niche (Sato
et al. 2019). It will be of interest to assess if the induced precursors are true myogenic
stem cells that can both sustain regeneration in a repeated injury assay as well as
maintain engraftment by serial transplantation. Lastly, a new report demonstrated
that small molecule treatment alone in fibroblasts can elicit skeletal myocyte forma-
tion via a short-lived progenitor state (Bansal et al. 2019). Of note, several of the
small molecules (i.e., Forskolin, RepSox and CHIR-99021) are identical to the ones
used in conjunction with transient MyoD expression to form iMPCs (Bar-Nur et al.
2018) or maintain quiescence of satellite cells in vitro (Quarta et al. 2016). However,
myogenic cells produced by small molecule treatment alone did not permanently
capture a myogenic progenitor state in vitro nor was the capacity of the induced cells
to contribute to muscle regeneration in vivo investigated.

Generation of induced myogenic precursor/progenitor cells by direct lineage
reprogramming is an attractive approach to produce expandable cells for therapy;
however notable challenges and unresolved questions remain. An interesting ques-
tion that still requires further interrogation is how similar to one another are the
induced cells generated by the aforementioned methods. Likewise, it will be of
interest to assess how akin induced myogenic precursor/progenitor cells are molec-
ularly and functionally to both myoblasts and satellite cells, and whether they are
true myogenic stem cells that can sustain muscle regeneration by a serial
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transplantation assay. For translational purposes, future works will need to assess if
these cells can be generated without integration of viral vectors, thus mitigating risks
for insertional mutagenesis. To this end, synthetic mRNA transfection or protein
transduction could be adapted to generate induced myogenic precursor/progenitor
cells as was shown for iPSCs (Malik and Rao 2013). Similarly, production of these
cells by small molecule treatment alone may provide a safer and more scalable
approach to generate cells for translational purposes. Additional aspects of interest
include disease modeling of muscular dystrophies using these cells and investigating
their adoption for drug screens. In summary, this promising and nascent technique is
in its infancy, and as such a litany of remaining questions will need to be thoroughly
addressed prior to considering its potential use in clinical applications.

6 Maintaining Satellite Cell Potency In Vitro

Isolation of QSCs from skeletal muscle tissue is commonly performed by enzymatic
digestion and mechanical breakage vital to dislodge the cells from their association
with myofibers and the extracellular matrix (ECM). This harsh treatment mimics to
an extent dissociation of satellite cells from their natural environment during injury
or disease and likewise elicits rapid activation of myoblast-associated genes
(Machado et al. 2017; Pietrosemoli et al. 2017; van Velthoven et al. 2017). Typically,
freshly isolated satellite cells are separated from other mononucleated cell types by a
pre-plating procedure or by FACS-sorting followed by seeding onto culture dishes
coated with basement membrane substrates and in medium containing high serum
levels and basic FGF (Rando and Blau 1994). Under these conditions, it was shown
that nascent myoblasts rapidly proliferate and can fuse to form multinucleated
myotubes in low serum conditions (Rando and Blau 1994). Upon further in vitro
expansion, activated satellite cells promptly lose regenerative capacity as they form a
population of proliferative myoblasts (Montarras et al. 2005). In the following
section, we will outline various techniques that have been shown to ebb precocious
differentiation of isolated satellite cells cultured in vitro and further augment their
engraftment potential (Fig. 4a). We will focus on unique basement membrane sub-
strates, treatment with small molecules, and induction of genes that promote an
undifferentiated satellite cell state.

6.1 Basement Membrane Proteins that Support an
Undifferentiated Satellite Cell State

During homeostasis native satellite cells are located between the sarcolemma and a
structure of the basement membrane known as the basal lamina, providing an
anatomical environment known as the “satellite cell niche.” An intricate signaling
crosstalk between the cells and their surrounding governs the satellite cell quiescent
state (Rayagiri et al. 2018; Baghdadi et al. 2018). External stimuli such as the ones
experienced during muscle injury and disease induce a signaling cascade that
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promote satellite cell activation and proliferation, which are imperative for muscle
repair (Dumont and Rudnicki 2017). In their endogenous microenvironment, satel-
lite cells are embedded in ECM, which encapsulate myofibers and is associated
with different proteins during quiescence and activation, including laminins

Fig. 4 Biomaterial and tissue engineering strategies to enhance satellite cell expansion, engraftment
and reconstruction of skeletal muscle tissue. (a) Select approaches to expand satellite cells in vitro
while maintaining in vivo engraftment potential. Different methods can be utilized including expan-
sion on unique basement membrane proteins, treatment with small molecules and induction or
repression of genetic pathways. (b) Tissue engineering approaches to treat severe muscle dystrophy
or VML using in vitro generated muscle bioconstructs which consist of satellite cells, MRCs, and
aligned, multinucleated myofibers. Bioconstruct can be further innervated or vascularized to facilitate
engraftment and retention of grafts in muscles. (c) Strategies to enhance satellite cell engraftment
using injectable biomaterials which extend satellite cell viability and retention at the injury site
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(Yao et al. 1996), fibronectin (Bentzinger et al. 2013), and collagen (Urciuolo et al.
2013). Conventional basement membrane proteins such as laminin-111, collagen I,
Matrigel, and fibronectin are commonly used to expand satellite cells as myoblasts in
vitro (Urciuolo et al. 2013; Maley et al. 1995; Grefte et al. 2012; Wilschut et al.
2010; Boonen et al. 2009; Duffy et al. 2016; Kuhl et al. 1986; Foster et al. 1987;
Ocalan et al. 1988). These matrices are essential for attachment of freshly isolated
satellite cells to the culture dish; however basement membrane proteins such as
Matrigel are secreted by murine tumors and are composed of thousands of peptides,
rendering them unsuitable for therapeutic applications in humans (Hughes et al.
2010). In addition, other basement membrane proteins confer on myoblasts reduced
differentiation potential and loss of engraftment capacity during extended passaging.
We will next discuss recent studies that set to uncover basement membrane proteins
that could support satellite cell expansion while maintaining robust differentiation in
vitro and high engraftment capacity in vivo.

Laminins (LMs) are active protein components of the ECM and belong to a
glycoprotein family consisting of different chains including α, β, and γ. (Colognato
and Yurchenco 2000). These proteins can support in vitro growth of myoblasts,
albeit which laminin components form the satellite cell niche or are upregulated
during injury was only recently thoroughly assessed (Ishii et al. 2018; Rayagiri et al.
2018). In one recent study, extensive analysis of the different laminin isoforms in
skeletal muscle revealed that the satellite cell niche is composed of LM-α2, LM-α3,
LM-α4, and LM-α5, which could then be mimicked in vitro by using Laminin E8
(LM-E8) fragments, which are truncated proteins composed of the α, β, and γ chains
C-terminus domain (Ishii et al. 2018). Freshly isolated satellite cells cultured on LM-
E8 derivative substrates remained undifferentiated in comparison to satellite cells
cultured on Matrigel as indicated by higher quantities of proliferative Pax7+/MyoD�

cells (Ishii et al. 2018). Furthermore, mouse and human satellite cells expanded on
LM-E8 could robustly contribute to muscle regeneration in vivo and restore dystro-
phin expression in mouse dystrophic muscles (Ishii et al. 2018). Another recent
study examined conventional substrates in the form of Matrigel and LM-111 to
biologically relevant laminins present in muscles such as adult LM-211, embryonic
LM-521, and others (Penton et al. 2016). This meticulous analysis demonstrated that
freshly isolated mouse and human satellite cells cultured as myoblasts on LM-521
demonstrate a robust differentiation potential as assessed by myotube size and fusion
index in comparison to myoblasts cultured on conventional basement membrane
proteins (Penton et al. 2016). However, the number of Pax7 and MyoD positive cells
was similar among all tested conditions, and in vivo engraftment utilizing LM-521
cultured myoblasts was not assessed (Penton et al. 2016).

In concordance with these findings, a recent study reported that satellite cells
regulate their quiescence via secretion of LM-α1, and genetic ablation of this protein
impairs satellite cell self-renewal (Rayagiri et al. 2018). Similarly, another study
demonstrated that collagen V (COLV) is produced by satellite cells and is key for
their regeneration capacity, as blocking its production severely precludes satellite
cell proliferation and leads to depletion of the satellite cell pool (Baghdadi et al.
2018). It will be of interest to assess if overexpression of LM-α1, LM-521, or COLV
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could maintain satellite cell characteristics in vitro and augment muscle engraftment
of cultured cells. Determining which basement membrane protein can best support
satellite cell proliferation, and differentiation is expected to yield widespread impli-
cations with respect to the potential of human satellite cells cultured on these unique
matrices to regenerate muscles in vivo.

6.2 Inhibition of Satellite Cell Differentiation by Small Molecules,
Ligands, and Cytokines

Disruption of satellite cell quiescence by injury or disease is accompanied by
activation of cellular signaling cascades that promote proliferation and regeneration.
However, these pathways are altered in high-passage myoblast cultures, which is one
attribute to their loss of engraftment potential. Small molecules that affect signaling
pathways could mitigate this effect and promote maintenance of satellite cell char-
acteristics in vitro. We will briefly describe recent efforts to harness small molecules
to culture and propagate satellite cells.

The p38 mitogen-activated protein kinase (MAPK) pathway is upregulated
during activation of mouse satellite cells (Jones et al. 2005; Simone et al. 2004).
Furthermore, previous studies documented that p38 inhibitor treatment of satellite
cells attenuated muscle aging while increasing functionality of muscles in aged mice
(Cosgrove et al. 2014; Bernet et al. 2014). Charville and colleague recently corrob-
orated this observation by demonstrating that human satellite cells similarly
upregulate p38 pathway in vitro, and its inhibition blunted the differentiation of
satellite cells into committed myoblasts (Charville et al. 2015). Treatment of human
ASCs with p38 MAPK inhibitor SB03580 reportedly increased proliferation rate
while mitigating precocious differentiation into myoblasts and myotubes (Charville
et al. 2015). Remarkably, SB03580-treated satellite cells robustly engrafted into
healthy and dystrophic muscles in comparison to non-treated cells or freshly isolated
satellite cell controls and could contribute cells to the muscle stem cell reservoir
(Charville et al. 2015). Another study corroborated this finding by demonstrating
that p38 inhibition maintains satellite cell-like phenotype and proliferation of freshly
isolated bovine satellite cells (Ding et al. 2018).

Another well-studied pathway associated with satellite cell quiescence, activation,
and differentiation is the Notch pathway(Mourikis and Tajbakhsh 2014), first reported
to be upregulated during activation of satellite cells (Conboy and Rando 2002).
Subsequent studies have documented that Notch and its downstream targets Hey1,
HeyL, and Hes1 are highly expressed in QSCs and downregulated upon differentiation
(Mourikis et al. 2012; Bjornson et al. 2012; Brohl et al. 2012). Abrogation of Notch in
satellite cells mitigates their proliferation rate and elicits precocious differentiation into
mature muscle cells (Mourikis et al. 2012; Bjornson et al. 2012; Brohl et al. 2012). In
line with these observations, overexpression of Notch-1 abolishes expression of
muscle-associated differentiation genes (Conboy and Rando 2002), and over-
expression of constitutively active intracellular domain of Notch1 (NICD1) can rescue
precocious differentiation in satellite cells lacking Pax7 (Pasut et al. 2016). Different
Notch ligands have been implicated in regulating satellite cell quiescence and
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self-renewal (Baghdadi et al. 2018; Low et al. 2018; Verma et al. 2018). Of note, a
recent study highlighted the role of endothelial cells in maintenance of satellite cell
quiescence through the Notch ligand Dll4 (Verma et al. 2018).

These collective findings suggest that manipulating the Notch pathway could
impact proliferation and differentiation potential of cultured satellite cells and myo-
blasts. Indeed, Parker and colleagues were first to report that culturing canine freshly
isolated satellite cells in conditions that promote Notch activation blunted differenti-
ation and facilitated muscle engraftment, strikingly in equal levels to those of freshly
isolated canine satellite cells (Parker et al. 2012). Similarly, mouse and human satellite
cells expanded on Notch ligands reportedly proliferated better, elevated expression
level of Notch downstream targets, and reduced expression of differentiation-associ-
ated genes (Sakai et al. 2017). However, contribution of cells to engraftment in host
muscles was similar between treated and control cells (Sakai et al. 2017). In another
recent work, Gerli and colleagues cultured freshly isolated satellite cells and myoblasts
on Dll4 ligand in concert with PDGF-BB supplementation (Gerli et al. 2019). This
treatment attenuated proliferation and differentiation of cultured satellite cells,
increased the proportion of Pax7+/MyoD� cells and elevated expression of Notch
and its downstream targets (Gerli et al. 2019). The authors hypothesize that the
combined treatment augments perivascular and satellite cell attributes in cultured
myoblasts (Gerli et al. 2019). However, the in vivo capacity of treated myoblasts to
engraft into muscles in vivo is yet to be determined (Gerli et al. 2019). Collectively,
conflicting reports exist with respect to the capacity of Notch ligands to enhance
engraftment of cultured myoblasts in vivo; however this pathway undisputedly helps
in sustaining satellite cell attributes in vitro. More work is required to resolve if
alteration of this pathway can enhance engraftment of myogenic cells in vivo.

Forskolin is a small molecule that has been recently implicated in enhancement of
muscle stem or progenitor cell proliferation and engraftment potential (Xu et al.
2013; Bar-Nur et al. 2018; Quarta et al. 2016). Forskolin increases cAMP intracel-
lular levels that further activate the protein kinase A (PKA) pathway, which subse-
quently phosphorylates the transcription factor cAMP response element-binding
protein (CREB). Activation of this pathway was previously shown to be essential
for WNT-related induction of embryonic myogenesis (Chen et al. 2005). Recent
works implicated Forskolin in enhancing expansion of mouse satellite cells in vitro
(Xu et al. 2013). Freshly isolated satellite cells cultured in the presence of Forskolin
retained satellite cell characteristics in vitro, and treated cultures could engraft
robustly into dystrophic mouse muscles (Xu et al. 2013). Forskolin is also a
component of a small molecule cocktail which reportedly maintains muscle stem
cell quiescence in vitro in conjunction with engineered muscles fibers (Quarta et al.
2016). This artificial construct can regenerate muscle in vivo upon engraftment
(Quarta et al. 2016). Lastly, forskolin is one of three small molecules that have
been reported as critical for induction and proliferation of induced myogenic pro-
genitor cells from fibroblasts in concert with MyoD (Bar-Nur et al. 2018).

Muscle damage initiates infiltration of white blood cells to the injury site, where
these cells play important role in muscle repair via secretion of cytokines (Wosczyna
and Rando 2018). Growing amount of evidence suggest that cytokines can directly
affect satellite cells and myoblasts. Notable examples include leukemia inhibitory
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factor (LIF), which reportedly increases the proliferation of cultured myoblasts
(Austin and Burgess 1991; Austin et al. 1992; Alter et al. 2008). Accordingly, LIF
was recently shown to effectively enhance the transplantation potential of freshly
isolated myoblasts in a DMD mouse model, presumably by attenuating apoptosis
(Ito et al. 2016). LIF is one of several members of the IL-6 cytokine family, which
includes IL-6, IL-27, IL-11, and Oncostatin (OSM) (Stefan Rose-John 2018). It
functions by binding to the LIfr/gp130 receptor which activates JAK1 signaling
cascade leading to phosphorylation and activation of the transcription factor Stat3
(Nicola and Babon 2015). Similarly, IL-6 is a proinflammatory cytokine which is
upregulated during the initial phase of muscle regeneration and mediates its effect
through Stat3 downstream activation (Munoz-Canoves et al. 2013). Stat3 pathway is
crucial for myogenic differentiation, and absence of Stat3 signaling perturbs efficient
muscle regeneration (Tierney et al. 2014; Wang et al. 2008; Sun et al. 2007).
Accordingly, IL-6 supplementation upregulates MyoD expression through Stat3
signaling, promoting muscle regeneration (Tierney et al. 2014). Attenuating Stat3
expression enhances myoblasts proliferation; however engraftment potential of these
cells was not assessed (Tierney et al. 2014). In accordance with this observation,
another cytokine of the IL-6 pathway that activate the Stat3 pathway is OSM, which
reportedly blocks differentiation of myoblasts and keeps them in a progenitor-like
state (Xiao et al. 2011). A recent study revealed that OSM is secreted by muscle
fibers, exerting a quiescent phenotype on muscle stem cells (Sampath et al. 2018).
OSM treatment of cultured myoblasts maintains their stemness in vitro as judged by
Pax7-GFP reporter expression, and this treatment dramatically enhances myoblast
engraftment potential and further enables serial transplantation of cells (Sampath
et al. 2018). Wnt4 is another recently reported niche-specific factor secreted from
myofibers that regulates satellite cell quiescence (Eliazer et al. 2019). It will be of
interest to assess if akin to OSM treatment of freshly isolated satellite cells, admin-
istration of Wnt4 can help support in vitro muscle stem cell quiescence and enhance
in vivo engraftment potential. Building upon the notable effects cytokines have on
muscle stem cells, Fu and colleagues screened multiple proinflammatory cytokines
to find combinations of cytokines that promote satellite cell expansion (Fu et al.
2015). This effort uncovered culture conditions that consist of the T-cell secreted
cytokines IL-1α, IL-13, TNF-α, and IFN-γ to support extensive expansion of
satellite-like cells (Fu et al. 2015). Expanded cells treated in these conditions
could very efficiently engraft into muscles and further replenish the satellite cell
reservoir (Fu et al. 2015).

6.3 Genetic Alteration that Support Satellite Cell Self-Renewal
and Regeneration

Aside from basement membrane proteins and small molecule treatment, alteration of
genes and genetic pathways is an additional method to augment satellite cell expansion
potential. An elegant manifestation of this approach was recently reported by Filareto
and colleagues who demonstrated that transient overexpression of the transcription
factor Pax3 in freshly isolated satellite cells abates spontaneous differentiation into
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myoblasts, and further enhances cell proliferation without compromising satellite cell
capacity to give rise to myotubes in response to differentiation cues (Filareto et al.
2015). Moreover, treated satellite cells could robustly restore dystrophin expression in
DMD mice and contribute cells to the satellite cell pool (Filareto et al. 2015). To
further investigate the translation potential of this approach, freshly isolated satellite
cells extracted from DMD mice were subjected to transient Pax3 overexpression and
infected with a construct encoding human micro-dystrophin (Filareto et al. 2015).
Following this procedure, cells were engrafted into dystrophic mouse muscles and
could restore dystrophin expression and remedy symptoms of the affliction, demon-
strating an elegant autologous satellite cell-based approach to treat DMD in a mouse
model (Filareto et al. 2015), which can be adapted to humans (Fig. 2b).

A few additional studies have recently reported means to sustain satellite cell
expansion in vitro by altering genetic pathways. One study demonstrated that
deletion of the lysine methyltransferase Setd7 enables in vitro expansion of
undifferentiated freshly isolated human and mouse satellite cells and could further
enhance their engraftment potential in vivo (Judson et al. 2018). This phenotype is
mediated via interaction of Setd7 with β-catenin and modification of its methylation
state, which subsequently induces a differentiation myogenic gene commitment
program that is abated in Setd7 deleted cells (Judson et al. 2018). Inhibition of
Setd7 can be mimicked by pharmacological treatment, providing a facile approach to
utilize this method for therapeutic interventions (Judson et al. 2018). Another study
reported that inhibition of HIF2A support satellite cell proliferation (Xie et al. 2018).
Quiescent satellite cells express the hypoxia-inducible factor 2A (HIF2A) and are in
a hypoxic state during homeostasis (Xie et al. 2018). This state is rapidly altered in
normoxic state during in vitro growth (Xie et al. 2018). Capitalizing on this unique
observation, it was shown that short-lived inhibition of HIF2A by pharmacological
modulation accelerates muscle stem cell proliferation, while deletion of HIF2A
abrogates muscle regeneration due to depletion of the satellite cell reservoir (Xie
et al. 2018). It will be of interest to assess whether satellite cells subjected to this
short-lived treatment can better engraft into muscles in vivo.

Culturing satellite cells using the aforementioned treatments has been demonstrated
to mitigate precocious differentiation and enhance engraftment potential of cells.
Further research is required to investigate the mode of action by which these treatments
work. Additionally, a manifold of these studies have been reported in mouse cells, and
it is of interest to assess which method can efficiently adapt to expand human satellite
cells. Lastly, it will be of interest to investigate the effects of combinatorial adminis-
tration of small molecules on human satellite cells to assess if combined treatment can
facilitate the expansion and engraftment of cells in comparison to individual treatment.

7 Enhancing Muscle Stem Cell Engraftment Using
Biomaterials

Delivery methods of myogenic cells into recipient muscles could impact transla-
tional outcomes by increasing engraftment efficacy and decreasing the requirement
for high quantities of donor-derived satellite cells (Fig. 4c) (Boldrin et al. 2007).
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In early myoblast transplantation trials, engrafted cells were typically resuspended in
HBSS or PBS prior to injections (Huard et al. 1992; Tremblay et al. 1993a; Mendell
et al. 1995). However, aftereffects of these trials were disappointing, and low cell
survival may have accounted for the unfavorable outcome (Beauchamp et al. 1999).
This observation raises an interesting question whether delivery of muscle stem or
progenitors cells in conjunction with unique substances such as biomaterials could
manifest better therapeutic outcomes.

Biomaterials are defined as a synthetic or natural substance, or combination of
substances, that can remedy or replace tissues and organs in the body (National
Institutes of Health Consensus Development 1983). To date, numerous natural and
synthetic biomaterials have been widely investigated for their potential to boost
skeletal muscle regeneration (Cezar and Mooney 2015; Qazi et al. 2015). Biomate-
rials can encapsulate cells, for instance, in the form of soft hydrogels that are created
by the crosslinking of hydrophilic polymers or 3D scaffolds, which are generated by
various techniques including chemical crosslinking, freeze-drying, or electro-
spinning (Qazi et al. 2015; Wolf et al. 2015; Hu et al. 2019). An injectable or
implantable biomaterial can protect the engrafted cells from apoptosis and increase
cell proliferation while negating immunological responses (Han et al. 2017). More-
over, degradable biomaterials can be replaced over time by a regenerated tissue,
which is important once a therapeutic objective is achieved (Han et al. 2017).
Commonly used biomaterials which have been reported to sustain cell delivery
into skeletal muscle tissue include natural alginate (Wang et al. 2014; Hill et al.
2006), hyaluronic acid (HA) (Rossi et al. 2011; Davoudi et al. 2018), ECM (Rao
et al. 2017), or fibrin (Matthias et al. 2018; Page et al. 2011; Gerard et al. 2012), as
well as synthetic scaffolds in the form of poly(ethylene glycol) (PEG) (Han et al.
2018, 2019), poly(lactic-co-glycolic acid) (PLGA) (Boldrin et al. 2007, 2008), or a
combined PEG-fibrinogen constructs (Fuoco et al. 2012, 2014, 2015).

Several studies have reported on the beneficial effects of utilizing synthetic or
natural biomaterials during myoblast engraftment into murine muscles (Boldrin et al.
2007, 2008; Hill et al. 2006; Wang et al. 2014; Rao et al. 2017). For example, high
quantities of donor-derived myofibers were detected when myoblasts were encap-
sulated inside micropatterned PGA scaffolds and engrafted into pre-injured mouse
muscles (Boldrin et al. 2007, 2008). A subsequent study demonstrated enhanced
muscle regenerative capacity upon delivery of myoblasts embedded in alginate
scaffolds compared to injection of cells alone (Hill et al. 2006). In these studies,
scaffolds containing myoblasts in their native size were implanted into muscles
(Boldrin et al. 2007, 2008; Hill et al. 2006). However, an injectable biomaterial
could additionally enable a less invasive cell delivery method (Qazi et al. 2015). This
can be achieved by using shape-memory scaffolds (Wang et al. 2014) or injectable
biomaterials that can be polymerized into gels in situ due to a temperature shift
(Davoudi et al. 2018), light (Rossi et al. 2011; Fuoco et al. 2015), or ions (Sleep et al.
2017). Shape-memory scaffolds can be compressed during transplantation and then
expand back to their original size in situ (Lendlein and Langer 2002). An alginate-
based shape-memory scaffold has been suggested as a vehicle for myoblast delivery,
as it enables a minimally invasive transplantation procedure (Wang et al. 2014).
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Upon engraftment into pre-injured muscles, increased myoblast viability, muscle
regeneration, and reduced fibrosis were reported (Wang et al. 2014). Further, robust
myoblast proliferation and engraftment efficacy were demonstrated upon assembly
of myogenic cells inside an ECM hydrogel and injection into ischemic muscles in
conjunction with fibroblasts (Rao et al. 2017).

Prolonged in vitro expansion of myoblasts reduces engraftment potential as
compared to freshly isolated satellite cells (Montarras et al. 2005). As such, bioma-
terial-based delivery of satellite cells has been recently investigated with hope of
increasing engraftment efficacies (Sleep et al. 2017; Davoudi et al. 2018; Han et al.
2018, 2019; Rossi et al. 2011). In a notable study, Rossi and colleagues delivered
myoblasts or satellite cells embedded in a photocrosslinkable hyaluronan hydrogel
into pre-injured mouse muscles, reporting both increased detection of donor-derived
myofibers and improved contraction forces (Rossi et al. 2011). Recently, Sleep and
colleagues reported on a method to embed satellite cells in a liquid crystalline
scaffold prior to intramuscular injections (Sleep et al. 2017). The scaffold stiffness
was adjusted to physiological values, in agreement with previously published works
highlighting the effects of mechanical properties on myogenesis (Engler et al. 2004;
Gilbert et al. 2010; Sleep et al. 2017). Utilizing a unique apparatus that forms aligned
scaffolds in vivo, freshly isolated satellite cells were encapsulated in a biomimetic
scaffold and engrafted into muscles, demonstrating robust regeneration in compar-
ison to control non-encapsulated cells (Sleep et al. 2017). Of interest, the scaffold
degradation pace was akin to the typical time period necessary for muscle tissue
regeneration, leading the authors to suggest that this temporal concordance is key for
vascularization and innervation of the regenerating tissue (Sleep et al. 2017).

In a recent study, a hydrogel-based cell delivery system promoting cell viability,
proliferation, and differentiation has been reported (Han et al. 2018). The synthetic
hydrogel consisted of both four-arm PEG and maleimide groups (PEG-4MAL) and
was further functionalized with arginine, glycine, and aspartic acid (RGD) peptides
(Han et al. 2018). RGD motifs are found in fibronectin and other extracellular matrix
proteins that are essential for both satellite cell expansion and myoblast differenti-
ation (Ruoslahti and Pierschbacher 1987; Garcia et al. 1999; Lukjanenko et al. 2016)
and are frequently used to support cell adhesion (Wang et al. 2014; Hill et al. 2006;
Han et al. 2018, 2019; Borselli et al. 2011). Utilizing this delivery system, RGD
functionalized hydrogels increased freshly isolated satellite cell viability, prolifera-
tion, and migration, and the RGD adhesive sites were key for cell fusion in vitro
(Han et al. 2018). Of interest, utilizing a protease-degradable crosslinker enabled
degradation of the hydrogel and further enhanced cell viability and proliferation in
vitro (Han et al. 2018). Lastly, satellite cell survival and proliferation were also
improved via hydrogel delivery during “supra-muscular” injections onto the muscle
surface of aged or dystrophic mice (Han et al. 2018). In another notable study,
Davoudi and colleagues demonstrated that satellite cell delivery in a hyaluronan and
methylcellulose (HAMC) hydrogel resulted in a 45% increase of donor-derived
myofiber engraftment compared to saline control (Davoudi et al. 2018). The authors
noted improved dispersion of regenerated myofibers, suggesting that cell migration
was enhanced by use of the hydrogel (Davoudi et al. 2018). They further
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conducted several experiments to elucidate the mechanisms governing the
enhanced engraftment observed with HAMC usage (Davoudi et al. 2018). For
instance, hydrogels have been shown to protect various cells from mechanical
forces during the injection process (Aguado et al. 2012). To note, HAMC did not
affect the viability of extruded satellite cells however led to a 6% increase in cell
number (Davoudi et al. 2018). Collectively, the authors suggest that the enhanced
engraftment could be attributed to elevated muscle stem cell proliferation, protec-
tion from active clearance by the immune system and detaining precocious differ-
entiation (Davoudi et al. 2018).

An additional advantage of cell encapsulation inside biomaterials entails the
potential of cell delivery with incorporation of various growth factors. Whereas
growth factors mixed in a saline solution tend to diffuse rapidly inside a recipient
tissue, a scaffold can support gradual release of growth factors into the tissue (Qazi
et al. 2015; Han et al. 2017; Sleep et al. 2017). To this end, Borselli and colleagues
encapsulated myoblasts in conjunction with the growth factors VEGF and IGF-1
inside an alginate scaffold and delivered the bioconstruct into pre-injured murine
muscles (Borselli et al. 2011). This technique reportedly improved cell engraftment
and further stimulated vascularization and myogenesis in the host tissue (Borselli
et al. 2011). In another study, Hill and colleagues embedded myoblasts in an alginate
scaffold in the presence of HGF and FGF2 prior to delivery (Hill et al. 2006). They
reported increased cell viability, prevention of terminal differentiation, and improved
regeneration in muscles engrafted with this construct (Hill et al. 2006). Additional
studies further demonstrated that sustained release of bFGF from engineered con-
structs facilitated myoblast or satellite cell engraftment (Hagiwara et al. 2016; Sleep
et al. 2017). Lastly, another recent report demonstrated the assembly of a PEG-
4MAL hydrogel with muscle stem cells and the protein Wnt7a (Han et al. 2019), a
pro-myogenic factor involved in muscle repair and stem cell migration (von
Maltzahn et al. 2011; Bentzinger et al. 2014). This effort has led to an increase in
muscle mass and regeneration following construct delivery into pre-injured muscles
and strikingly also elevated stem cell migration (Han et al. 2019). Collectively, the
aforementioned reports suggest that the delivery of biomaterials together with
unique small molecules and growth factors could augment myogenic engraftment
efficacy.

The various studies discussed in this section indicate that synthetic or natural
materials can enhance muscle stem cell engraftment. However, the molecular mech-
anisms that mediate this process are not completely understood and additional
research is warranted. Furthermore, it will be of interest to assess whether combining
different cell types inside a biomaterial could enhance regeneration capacity. Ideal
candidates include cell types that are associated with skeletal muscle repair
(Wosczyna and Rando 2018), such as resident endothelial cells, fibro-adipogenic
progenitors, or macrophages which reportedly promote muscle regeneration
(Lukjanenko et al. 2019; Wosczyna et al. 2019; Latroche et al. 2017; Joe et al.
2010). Collectively, amassing inside a biomaterial multiple cell types native to
muscle tissue and essential for its repair could boost the therapeutic competence of
this tissue engineering approach.
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8 Stem Cell-Based Approaches to Engineer Skeletal Muscle
Tissue

Volumetric muscle loss (VML) denotes the irrecoverable structural and functional
deficits of skeletal muscle tissue induced by acute injury or surgical removal
(Greising et al. 2019). Due to extensive muscle loss, satellite and other muscle
resident cells fail to repair the tissue damage which is often times replaced by fibrotic
tissue (Greising et al. 2019; Corona et al. 2019). Harvest of healthy muscle frag-
ments known as “muscle flaps” followed by engraftment into VML-afflicted muscle
sites can partially treat this muscle loss; however this complicated surgery is often
associated with donor site morbidity (Lin et al. 2007; Klinkenberg et al. 2013;
Gilbert-Honick and Grayson 2019). Several late-stage muscular dystrophies such
as DMD share resemblances to VML, as the muscle tissue is both severely damaged
and typically replaced by adipogenic and fibrotic tissues (Klingler et al. 2012;
Hooijmans et al. 2017; Skuk et al. 2007). If an entire muscle segment is acutely
damaged, muscle stem cells cannot efficiently regenerate skeletal muscle, and
myogenic cell engraftment is expected to fail in the absence of a supportive tissue.
Notably, this has previously been shown for DMD patients following allogeneic
myoblast transplantation, which was reportedly effective when cells were engrafted
into an intact muscle tissue, however failed to engraft following injections into
highly dystrophic muscles devoid of parenchyma (Skuk et al. 2007). An alternative
therapeutic approach to cell transplantation involves reconstructing a functional
skeletal muscle tissue in vitro that could incorporate into VML-afflicted muscle
sites or acutely dystrophic muscles (Fig. 4b) (Juhas and Bursac 2013). In the
following section, we will highlight attempts to engineer tissue-like muscle con-
structs in vitro utilizing myogenic stem or progenitor cells seeded on designated
scaffolds prior to engraftment. For further reading into other approaches that involve
tissue engineering of skeletal muscle, we refer the readers to recently published
literature (Kwee and Mooney 2017).

8.1 Engineering Skeletal Muscle Tissue In Vitro Using Myogenic
Precursors

Historically, early attempts to engineer bioartificial skeletal muscle tissue utilized
avian myotubes or immortalized mouse myoblast cell lines such as C2C12
(Vandenburgh and Kaufman 1979; Vandenburgh et al. 1988, 1998, 1996). The latter
have been oftentimes used as “biological vehicles” to deliver growth factors into
muscle tissue (Vandenburgh et al. 1996, 1998). Vandenburg and colleagues reported
on a method to produce a bioartificial muscle (BAM) consisting of parallel myotubes
that upon muscle engraftment secreted recombinant human growth factors and
attenuated muscle atrophy in mice (Vandenburgh et al. 1998). The BAMwas formed
by coalescing collagen and Matrigel with C2C12 myoblasts, which were genetically
engineered to express a specific growth factor (Vandenburgh et al. 1988). This pre-
gel solution was allowed to solidify in long casts, thus forming aligned myotubes
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which were successfully subcutaneously transplanted (Vandenburgh et al. 1996,
1998). Multiple groups have since utilized C2C12 to produce muscle constructs in
vitro by various tissue engineering techniques (Engler et al. 2004; Costantini et al.
2017; Zhang and Guo 2017; Kang et al. 2016). Furthermore, C2C12 has also been
incorporated into engineered muscle constructs to replace muscle tissue in vivo
(Levenberg et al. 2005; Koffler et al. 2011; Kaufman et al. 2019). While these
studies provided the experimental framework to engineer skeletal muscle cells,
C2C12 is an immortalized cell line which is physiologically distinct from normal
myogenic cells, necessitating usage of physiologically relevant and therapeutically
acceptable primary cells (Yaffe and Saxel 1977; Morgan et al. 1992; Wernig et al.
1991). To this end, skeletal muscle constructs have also been generated from primary
myogenic cells derived from rodent (Juhas et al. 2014; Corona et al. 2014;
Machingal et al. 2011) or human (Gholobova et al. 2015; Quarta et al. 2017; Madden
et al. 2015; Powell et al. 1999) sources. To induce muscle construct formation,
parallel alignment of differentiated myotubes is typically generated by patterned
scaffolds and substrates (Neal et al. 2014; Kang et al. 2016; Takahashi et al. 2013;
Bian et al. 2009; Nakayama et al. 2019), or platforms that induce unidirectional
tension in muscle bundles (Powell et al. 1999; Gholobova et al. 2015; Vandenburgh
et al. 1998). A uniform muscle architecture has been elegantly demonstrated using
parallel multinucleated myofibers and sarcomeric striations (Juhas et al. 2014;
Madden et al. 2015). Moreover, several studies reported on functional muscle
contractions involving active calcium signaling in vitro and contribution to force
generation in vivo (Madden et al. 2015; Quarta et al. 2017; Vandenburgh et al. 2008).
Interrogating the regeneration potential of an engineered muscle construct in vitro is
key for predicting therapeutic outcomes in vivo. This can be achieved by inflicting
muscle damage and recording the regeneration capacity of the engineered tissue in
vitro (Juhas et al. 2014). In a notable study, Juhas and colleagues generated 3D
engineered muscle bundles from neonatal rat myogenic cells and intriguingly
observed Pax7 satellite-like cells under the basal lamina in these constructs (Juhas
et al. 2014). In concordance with this observation, the engineered construct could
regenerate muscle fibers in vitro following localized cardiotoxin muscle injury
(Juhas et al. 2014).

An alternative myogenic cell source for tissue engineering of skeletal muscle are
iPSCs, as they can potentially differentiate into an unlimited number of myogenic
precursors that can be used for muscle reconstruction (Pantelic and Larkin 2018; Del
Carmen Ortuno-Costela et al. 2019). Rao and colleagues recently reported on the
first generation of functional skeletal muscle tissue entirely from human iPSCs (Rao
et al. 2018). Human iPSCs were exposed to the GSK3-β inhibitor CHIR-99201 in
conjunction with transient Pax7 overexpression, resulting in differentiation into
myogenic precursors that express endogenous Pax7 (Rao et al. 2018). These cells
were further cultured in 2D dishes or in 3D fibrin hydrogels (Rao et al. 2018). The
authors demonstrated that using a 2D culture system, skeletal muscle was partially
formed, while usage of the 3D culture system gave rise to mature muscle bundles
that expressed adult myosin heavy chain isoforms (Rao et al. 2018). Strikingly, the
muscle bundles were functional in vitro and in vivo as demonstrated by induction of
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contractions and calcium transits using electrical and chemical stimuli (Rao et al.
2018).

Collectively, the findings described thus far illustrate eminent advancements in
skeletal muscle cell organization in vitro; however engineering functional muscle
tissue is expected to require vascularization and innervation of the muscle constructs.
In the next sections we will briefly describe methods to vascularize or innervate in
vitro engineered muscle cells.

8.2 Vascularization of Skeletal Muscle Tissue Constructs

Skeletal muscle is a highly vascularized tissue, as blood vessels are essential for in
vitro formation of large-sized tissue since they enable nutrient and oxygen supply
across large tissue segments (Kaully et al. 2009). Several studies have therefore
investigated the ability to vascularize tissue-engineered muscle constructs by in vivo
endothelial cell recruitment or in vitro pre-vascularization (Gilbert-Honick and
Grayson 2019). With respect to the first approach, some studies reported on host
vessel infiltration into small muscle constructs (Juhas et al. 2014; Kang et al. 2016);
albeit for larger muscle constructs this is deemed a limiting factor. To address this
limitation, several studies documented recruitment of host blood vessels by engi-
neering cells or scaffolds to secrete growth factors such as VEGF to facilitate vessel
migration (Zhou et al. 2015; Koffler et al. 2011; Osaki et al. 2018a; Borselli et al.
2010). In one notable study, muscle constructs consisting of myoblasts that ectop-
ically express VEGF have been reported to induce robust vascularization in vivo
(Zhou et al. 2015). Furthermore, interactions between C2C12-derived muscle bun-
dles that ectopically express angiopoietin-1 and endothelial cells have been studied
(Osaki et al. 2018a). Angiopoietin-1 secretion evoked endothelial cell sprouting
toward the muscle fiber bundles, and this interaction increased myofiber contraction
force strength (Osaki et al. 2018a).

Whereas enhancement of host cell infiltration is a promising research direction,
replacing a muscle tissue in vivo may be more advantageous for therapy if the tissue
is composed of multiple cell types with different physiological roles. Co-culturing
myoblasts together with endothelial cells is an established method to improve
vascularization of muscle grafts (Levenberg et al. 2005; Koffler et al. 2011;
Gholobova et al. 2019; Nakayama et al. 2019). For example, co-culturing murine
myoblasts with endothelial cells and fibroblasts have been reported to form muscle
constructs consisting of vascular networks in vitro (Levenberg et al. 2005), and these
findings were further recapitulated using human cells (Gholobova et al. 2015, 2019;
Maffioletti et al. 2018). In a recent study, Kaufman and colleagues investigated
vascularization of muscle grafts consisting of C2C12, endothelial cells, and fibro-
blasts in mice afflicted with injured abdominal walls (Kaufman et al. 2019). Utilizing
this approach, robust graft integration into host muscles has been documented,
consisting of parallel donor-derived myotubes and absence of fibrotic structures
(Kaufman et al. 2019). Similarly, using human umbilical vein endothelial cells
(HUVECs) with human myoblasts reportedly created endothelial cell networks in
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BAM constructs, highlighting the importance of vascularization of myotubes for
production of larger bio-artificial muscle constructs (Gholobova et al. 2019). Lastly,
patterned scaffolds seeded with myoblasts and vascular endothelial cells have been
recently demonstrated to positively guide parallel myotube alignment and organize
microvasculature of engineered skeletal muscle constructs (Nakayama et al. 2019).
In comparison to randomly aligned myotubes, these parallel aligned myofibers gave
rise to coordinated contractions, upregulation of myogenic genes, and exceedingly
improved integration into VML lesions in a mouse model (Nakayama et al. 2019).
This work highlights the potential of combining endothelial cells in concert with
unique scaffolds to induce vascularization in addition to muscle regeneration upon
engraftment.

8.3 Innervation of Skeletal Muscle Tissue Constructs

Motor neurons induce muscle contractions via secretion of neurotransmitters in
neuromuscular junctions (Slater 2017). This intricate molecular crosstalk allows
muscle innervation by motor neurons, a process which plays a pivotal role in skeletal
muscle function, and its derailment rapidly elicits muscle atrophy (Afshar Bakooshli
et al. 2019; Osaki et al. 2018b; Kaufman et al. 2019). Generation of tissue-
engineered muscle constructs therefore may require extensive innervation to enable
optimal graft function inside host muscles. To this end, multiple factors have been
assessed with respect to their capacity to innervate muscle constructs including
neurotization (Dhawan et al. 2007; Kaufman et al. 2019), chemicals (Wang et al.
2013; Ko et al. 2013), co-culture with neural cell types (Larkin et al. 2006; Morimoto
et al. 2013; Afshar Bakooshli et al. 2019), and exercise (Quarta et al. 2017).

Neurotization is a well-established method that can elicit tissue innervation via
transfer of host nerves into a de-innervated tissue. For example, attaching an
engineered muscle construct to femoral nerves reportedly increases innervation of
flaps (Kaufman et al. 2019). Innervation of muscle tissue is key for achieving
therapeutic success as lack of innervation in muscle flaps culminates in adipogenic
or fibrotic tissue replacement (Chang et al. 2018). Furthermore, proper innervation of
muscle constructs has also been associated with enhanced muscle maturation and
increased force production (Dhawan et al. 2007).

Aside from neurotization, “preconditioning” innervation in vitro could also
provide means to accelerate innervation in vivo, particularly for large muscle
constructs (Ko et al. 2013). This can be achieved by inducing expression of
acetylcholine receptors which are pivotal for neuromuscular junction function (Ko
et al. 2013). To this end, multiple studies have reported on beneficial effects for
utilizing the motor neuron secreted factor agrin on skeletal muscle cells (Bian and
Bursac 2012; Bentzinger et al. 2005; Bezakova and Ruegg 2003). Agrin is an
acetylcholine receptor cluster-inducing factor and accordingly muscle constructs
that were pre-treated with agrin prior to transplantation demonstrated an increase
in acetylcholine receptors as well as large quantities of neuromuscular junctions both
in vitro and in vivo (Ko et al. 2013). In addition to chemical stimulation, co-culturing
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muscle and neural cells was also studied as a method to enhance innervation of
muscle constructs (Morimoto et al. 2013; Cvetkovic et al. 2017; Happe et al. 2017;
Martin et al. 2015; Larkin et al. 2006). In one such study, Morimoto and colleagues
reported on a technique to co-culture mouse muscle bundles with neural stem cells
that were further differentiated into motor neurons (Morimoto et al. 2013). This co-
culture system enabled formation of neuromuscular junctions and muscle contrac-
tion following chemical stimulation (Morimoto et al. 2013).

Human iPSC-derived neural and muscle cells have similarly been co-cultured in
3D, reportedly enabling maturation of neuromuscular junctions by such technique
(Osaki et al. 2018b; Afshar Bakooshli et al. 2019; Maffioletti et al. 2018). In a recent
study, innervated skeletal muscle constructs have been generated by co-culturing
human muscle progenitors cells and pluripotent stem cell-derived motor neurons
inside a fibrin/Geltrex hydrogel (Afshar Bakooshli et al. 2019). Following 2 weeks
of culture, motor neuron clusters were detected at the periphery of the newly formed
muscle bundles (Afshar Bakooshli et al. 2019). Importantly, an epsilon acetylcholine
receptor subunit, indicative of adult synapse formation, was detected in the newly
formed neuromuscular junctions in 3D but not in a 2D co-culture system (Afshar
Bakooshli et al. 2019). In line with these results, the authors detected calcium transits
in response to motor neuron stimulation in the fibers, which suggests functional
innervation (Afshar Bakooshli et al. 2019). Collectively, these results highlight the
importance of 3D co-culture systems for production of functional neuromuscular
junctions in vitro.

8.4 Integrative Tissue Engineering Approaches to Treat VML

The extent by which current therapeutic interventions assist in treating VML in
humans is still not completely understood. However, a recently published large-scale
meta-analysis comparing different VML regenerative medicine-based treatment
options in animal models concluded that interventions improve functional recovery
in comparison to untreated injury (Greising et al. 2019). Importantly, of all examined
interventions, delivery of acellular biomaterials seeded with cells was deemed the
most beneficial therapeutic approach (Greising et al. 2019). However, previous
works have revealed the potential of ECM based-scaffolds to treat VML. Acellular
scaffolds alone have been implanted in rodents and humans to counteract VML;
however, these constructs solely depend on infiltration of host cells, which presents a
challenge (Greising et al. 2019; Sicari et al. 2014; Dziki et al. 2016; Corona and
Greising 2016). An alternative approach is engineering skeletal muscle constructs in
vitro for the treatment of VML or late stage DMD. Notably, success of this approach
depends on integration of different techniques and approaches, such as combining
different cell types with various biomaterials. Such an approach involves selection of
an appropriate biomaterial, the type of muscle precursor cell to utilize, as well as
methods to innervate and vascularize the muscle constructs. In the last section, we
will introduce several studies that successfully assimilated different techniques to
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produce engineered skeletal muscle tissue constructs in vitro that further demon-
strated functional therapeutic outcome in vivo.

A powerful approach to engineer muscle tissue involves combination of acellular
scaffolds with live cells prior to implantation, thus circumventing the dependency on
host cell-infiltration. Therapeutic applicability of this approach has been successfully
investigated in rodent VML models (Mintz et al. 2019; Quarta et al. 2017;
Nakayama et al. 2019). In one recent study, engineered muscle bundles have been
created from adult rat myogenic cells seeded with bone marrow-derived macro-
phages, an essential cellular component for muscle regeneration (Novak et al. 2014;
Bencze et al. 2012; Lesault et al. 2012; Juhas et al. 2018). The incorporation of
macrophages into engineered muscle constructs was deemed a critical step following
cardiotoxin injury in vitro, enabling extensive structural and functional tissue repair
(Juhas et al. 2018).

Directed differentiation of iPSCs is an elegant approach to produce muscle cells
or other cell types that comprise skeletal muscle tissue. Indeed, a few recent studies
reported on new disease models for muscular dystrophies using iPSC-derived
muscle cells (Long et al. 2018; Maffioletti et al. 2018). In one notable study,
Maffioletti and colleagues cultured human iPSC-derived muscle progenitors
together with endothelial cells and pericytes inside a fibrin hydrogel, demonstrating
formation of vessel-like structures inside muscle bundles (Maffioletti et al. 2018).
Furthermore, iPSC-derived neural precursors were incorporated into these
engineered muscle bundles and gave rise to motor neurons (Maffioletti et al.
2018). This artificial skeletal muscle tissue-like construct consist of multiple
human iPSC-derived cell types that conjunctionally mimic physiological muscle
tissue, offering an elegant platform for disease modeling or a tissue source to treat
VML lesions (Maffioletti et al. 2018).

A growing number of new studies have unearthed the roles of muscle resident
cells (MRCs) in mediating skeletal muscle tissue regeneration and repair (Wosczyna
and Rando 2018). In a recent elegant study, Quarta and colleagues assessed the
MRCs capacity to assist engineered muscle constructs in repairing VML lesions in a
mouse model(Quarta et al. 2017). As first step, freshly isolated satellite cells were
suspended in collagen I or ECM hydrogel solutions and seeded onto decellularized
muscle scaffolds (Quarta et al. 2017). To test the effects of MRCs on muscle
regeneration, FACS-purified MRCs including hematopoietic, endothelial, fibro-
adipogenic, and fibroblast-like cells were coalesced with muscle stem cells and
engineered muscle constructs and further delivered into VML lesions (Quarta et al.
2017). Remarkably, combination of muscle stem cells and MRCs dramatically
increased the regeneration potential of the engrafted constructs, culminating in
increased muscle mass and force production of treated lesions compared to control
mice treated with constructs consisting of muscle stem cells alone (Quarta et al.
2017). Moreover, this bioconstructs restored biomechanical properties in a murine
model of VML and reduced fibrosis (Quarta et al. 2018). Lastly the potential of
running exercise to assist in the regeneration process was further assessed, demon-
strating improved innervation of the muscle constructs in lesions, which facilitated
functional recovery of treated mice (Quarta et al. 2017). It will be of interest to
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further delineate the molecular mechanisms that enable exercise to potentiate muscle
regeneration in this model and whether it can be harnessed to assist other engraft-
ment paradigms such as stem cell delivery into dystrophic muscles.

Reconstructing skeletal muscle tissue in vitro is a formidable feat that involves a
plethora of cellular and acellular components as well as engineering techniques. The
breadth of recent research in the tissue engineering field is spearheading efforts to
achieve this goal. Novel approaches to grow cells on scaffolds or hydrogels,
improved methods to vascularize or innervate engineered tissues as well as
harnessing muscle resident cells for repair streamline novel assistive means to
engineer muscle tissue. This melting pot of different techniques and approaches is
expected to yield new therapeutic applications to treat VML and other muscle-
associated diseases.

9 Conclusions

Healthy skeletal muscle tissue harbors a prodigious regenerative capacity to restore
muscle loss during injury or disease states. However, this capability is often derailed
in patients with severe pathological conditions such as muscular dystrophies,
sarcopenia, cachexia, and VML. Intramuscular transplantation of muscle stem or
progenitor cells provides an attractive approach to treat some of the aforementioned
conditions, albeit significant challenges still inhibit use of this approach in clinical
settings. Notably, for therapeutic interventions to succeed, it will be imperative to
formulate methods to match a treatment to a specific disease condition, while taking
into consideration the severity grade of the affliction. For example, muscle stem cells
are expected to engraft better when delivered into early-stage dystrophic muscles
which contain sufficient amount of myofibers that could enable donor-derived cells
to engraft. Contrastingly, late-stage DMD and VML is characterized by extensive
muscle lesions and replacement with fibrotic or adipogenic tissues, rendering muscle
stem cell transplantation futile in the absence of sufficient muscle volume. In such
occurrences, incorporation of 3D tissue-engineered skeletal muscle constructs could
provide a more valuable therapeutic method to restore muscle mass.

An additional important criterion to consider for cell replacement therapy is the
choice of engrafted cells. To date, a majority of research studies have focused
primarily on relatively undefined myoblast cultures for human transplantation.
Rapid advances in isolation and ex vivo culture of human satellite cells could
provide a superior cell source for engraftment, thus allowing a long-term therapeutic
effect. It is therefore of interest to assess whether direct injection of freshly isolated
satellite cells, or in vitro expanded satellite-like cells, could promote dystrophin
restoration and potential recovery in DMD patient’s muscles. Building upon decades
of myoblast transplantation trials in humans can lend useful insights when
embarking on such new translational endeavors and assist in overcoming current
translational roadblocks. Moreover, novel studies have also recently illustrated ways
to generate unlimited number of therapeutically applicable myogenic precursors,
either from PSCs or by direct reprogramming of somatic cells. It is of interest to
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further investigate these new conversion paradigms and compare the generated
myogenic precursors molecularly and functionally to satellite cells and myoblasts.
Such comparison could assist in finding the most suitable cell type for therapeutic
applications.

Lastly, the role of muscle resident cells in mediating muscle tissue repair has been
increasingly elucidated in recent years. Single cell sequencing technologies have
helped map the various cell types that comprise muscle tissue, shedding new light on
the cellular and molecular pathways involved in muscle regeneration. From a
translational perspective, it will be of interest to investigate in detail whether
injections of MRCs with muscle stem cells could better alleviate dystrophic symp-
toms and increase therapeutic outcomes in animal models. It is foreseeable that
regenerating a patient’s dystrophic muscles may require injections of three to five
different cell types, each carrying a unique role in mediating tissue repair. Further
research is also warranted in respect to tissue engineering of bioconstructs by
incorporating MRCs and muscle stem cells. The majority of research to date has
incorporated myoblasts into muscle constructs, whereas recent work nicely
implemented muscles stem cells and MRCs to achieve muscle regeneration utilizing
tissue-like constructs. Transplantation of an in vitro engineered muscle-like tissue
that harbors satellite cell niches and consists of multiple cell types could provide a
promising treatment strategy for patients suffering from VML or late-stage muscular
dystrophies.

In conclusion, muscle-associated diseases inflict tremendous burden and pain on
patients, their families, and society. New research in stem cell biology, biomaterials
and tissue engineering immensely elevates our ability to remedy degenerative
muscle tissue, bringing new hope for novel therapeutic treatments. It is anticipated
that a synergistic approach combining different disciplines and assimilating various
techniques will provide the most suitable way for achieving this goal.
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Ligament Tissue Engineering: The Anterior
Cruciate Ligament
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Abstract

Due to ongoing problems with reconstructive surgery and recent advancements in
the field of musculoskeletal tissue engineering, regeneration of ligaments in
general and of the anterior cruciate ligament (ACL) in particular has gained an
increasing research interest. It is the aim of this chapter to review the current
research efforts and highlight promising ligament engineering strategies.

The four main components of tissue engineering also apply to several ligament
regeneration research efforts. Scaffolds are made of biologic materials, biode-
gradable polymers, and composite materials. The main cell sources are
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mesenchymal stem cells and ACL fibroblasts. In addition, growth factors and
mechanical stimuli are applied. So far, the regenerated ACL constructs have been
tested in few in vivo studies, and the results are encouraging although the real
breakthrough has not been achieved thus far.

The different strategies reaching from in vitro ACL regeneration in bioreactor
systems to bio-enhanced repair and true regeneration are under constant devel-
opment. We expect considerable progress in the near future that will result in a
realistic option for ligament reconstructive surgery soon.

1 Introduction

Tendons and ligaments are important connective tissues which enable the motion of
the musculoskeletal system. Tendons connect muscle to bone, whereas ligaments
connect bone to bone to provide static stability as well as support the transmission of
loads between the bones. Considering the composition, ligaments are densely
packed bundles of collagenous fibers. Collagen makes up approximately 70–80%
of the tissue’s dry weight. Type 1 collagen accounts for 95%; type 3 and type
5 collagens are found as well. The extracellular matrix (ECM) also contains elastin,
glycoproteins, proteoglycans, and water, which accounts for 65–75% of the wet
weight (Rumian et al. 2007). This ECM is organized in a highly hierarchical and
specified structure in order to provide its mechanical strength (Alberts et al. 2014).
Collagen molecules have a triple-helical alpha domain, consisting of three alpha
chains (two α1-chains and one α2-chain) with glycine at every third residue. Apart
from glycine, collagens are also abundant in the amino acids proline and hydroxy-
proline. Collagen molecules are cross-linked and form fibrils with a wavy pattern.
Fibrils are assembled to form a fiber with an average diameter of 10 μm. Fibers are
organized into fiber bundles or fascicles, and many fascicles are in turn forming the
ligament. Collagen fibers of ligaments are not as parallel as those of tendons, because
the more random orientation allows multiaxial loading patterns (Rumian et al. 2007).

The cell content of ligaments is relatively low. Fibroblasts are the predominant
type and have a role in normal tissue turnover, repair, and regeneration. They are
producing collagen and other ECM components, but also cytokines in case of injury
and healing. Stem cells are found in ligament tissue as well. The existence of
mesenchymal stem cells (MSCs) in ACL in low numbers was just recently reported.
In comparison with other MSCs, ACL-derived MSCs show a higher proliferative
capacity and stay undifferentiated when treated with basic fibroblast growth factor
(bFGF) (Fu et al. 2016).

The ACL is definitely the most prominent and intensively debated ligament in the
medical literature. Due to its unique hierarchical structure, it has ligament-specific
properties, such as high mechanical strength and a stress-strain as well as a stress-
relaxation behavior. These properties are crucial for the ACL to withstand high loads
under physiological conditions. At low strain rates, the ligament is more easily
deformed and can absorb more mechanical energy. At higher strain rates, it becomes
stiffer and more resistant to deformation (Wang et al. 2012). A classic stress-strain
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curve of the ACL, usually done in a uniaxial pattern, demonstrates three phases, the
toe region, the linear region, and the yield region (Fig. 1). Immediately after applying
strain, the crimped collagen fibers are stretched out in the direction of the force
applied. As strain increases, elastic deformation occurs during the linear phase.
Microscopic failure of the fibrils usually starts at stretching beyond 4% and con-
tinues to macroscopically visible failure at around 10%.

Whereas the classic stress-strain behavior is tested in a uniaxial pattern, the
native human ACL is a much more complex structure. It is approximately 27–
32 mm long and has a cross-sectional area of 44.4–57.5 mm2 (Freeman et al. 2007).
Functionally and macroscopically, the ACL has two distinguished bundles, the
anteromedial (AM) and the posterolateral (PL) bundles. Their names derive from
the location at the tibial insertion area. Throughout the course of the ligament, from
distal-anterior-medial to proximal-posterior-lateral, the ACL undergoes a 180° twist
between its bony attachments (Duthon et al. 2006). The two bundles behave biome-
chanically different, depending on the movement of the knee joint, and are therefore
crucial for the functional integrity of the joint motion. The tensile strength of the native
human ACL has been reported to be 1800–2196 N (Noyes et al. 1984). The properties
of the femur-ACL-tibia complex showed a tensile strength of 2160 N and a mean
stiffness of 242 N/mm for specimen in the age of 22–35 years (Woo et al. 1991).

Knee injuries frequently result in ruptured ligaments, with high-pivoting sporting
activities such as skiing, football, and basketball as the predominant causes. In 2005,
around 400,000 physician office visits in the United States were related to knee
injuries (Goodwin 2005). The worldwide estimation of young sports players that
require surgery following a knee injury lies between 17% and 61% (Louw et al.
2008). The ACL as a main stabilizing structure of the knee is one of the most
common injured ligaments. In the United States alone, around 350,000

Fig. 1 Stress-strain curve for tensile testing of ligament tissues. Collagen fibril straightening and
failures in relation to different regions (toe region, linear region, yielding and microfailures and
catastrophic failure) of the stress-strain curve are schematically depicted
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reconstructive surgeries of the ACL are performed annually. According to the
National Center for Health Statistics, the annual costs for the acute care of these
injuries are around $6 billion. Besides the immediate functional deficit, ACL injuries
carry the considerable long-term risk for knee osteoarthritis.

Historically, different approaches have been used to treat ACL injuries, reaching
from nonoperative care to several surgical procedures (Seitz et al. 2013). Simple
primary suturing of the torn ligament in the 1970s had been abandoned due to bad
functional results. Although augmented ACL repair using natural as well as syn-
thetic grafts showed improved results compared to the simple suturing, the failure
rate still remained unacceptably high. From the early 1990s onwards, ACL recon-
struction with autograft or allograft material has gained popularity and become the
widely accepted method of choice for most surgeons. However, despite the good
results of autografts, problems mostly associated with donor site morbidity remain,
such as anterior knee pain, infrapatellar contracture, tendinitis, patellar fracture,
muscle weakness, and limited graft availability (Ma et al. 2012). Allograft material
on the other hand still carries the theoretical risk for disease transmission; also the
delayed biological intracorporation is known as a major disadvantage (Jackson et al.
1977). In addition, high failure rates of ACL reconstruction, especially in young and
active patients, have been reported for allografts (Kaeding et al. 2011). The incidence
of posttraumatic arthritis after injury and reconstruction of the ACL still lies around
50% within 7–14 years and thus is considered to be the main drawback of this
surgical strategy, resulting in enormous ongoing research interest on that topic (Roos
2005; Lohmander et al. 2004).

Regenerating musculoskeletal tissues has become a very popular topic in ortho-
pedic research. Structures that are injured or lost due to trauma and disease represent
the ideal candidates to be engineered. Tissue engineering, as a multidisciplinary
effort, includes strategies of engineering, material science, and biology with the aim
to regenerate tissues that are not only recreating the morphology but also restoring
the normal function. In the late 1980s and the early 1990s, Langer and Vacanti
emphasized the classic four basic components that are needed in tissue engineering
(Fig. 2): a structural scaffold, a cell source, biologic modulators, and mechanical
stimuli (Langer and Vacanti 1993).

The ACL has only limited healing capacity; therefore, reconstructive surgery
remains the method of choice for the majority of cases. Consequently, it certainly
represents an attractive but also challenging structure for tissue engineering. In
contrast to extraarticular ligaments, such as the medial collateral ligament (MCL),
the intra-articular location of the ACL prevents its primary healing. The disruption of
the synovial sheath does not allow a local blood clot to be formed which is known to
be crucial for the onset of the inflammatory response that would initiate the healing
process (Leong et al. 2013). In addition, the complex three-dimensional architecture
of the ACL, with different tensioning patterns throughout the knee path of motion,
contributes to the difficulty to regenerate this ligament in terms of form and function.

In the following, the current strategies in ACL regeneration are presented, to
provide an overview of the approaches and their limitations and to present future
directions of this evolving research technology.
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2 Scaffolds for ACL Regeneration

A variety of biomaterials have been introduced as potential scaffold for ACL tissue
engineering. The ideal scaffold is biocompatible, and its mechanical properties
should mimic the natural ACL as close as possible. It also needs to be biodegradable
to enable tissue ingrowth, which is crucial for the new ligament to form. Biologic
materials, biodegradable polymers, and composite materials have all been or still are
under evaluation for ACL regeneration (Dunn et al. 1995).

The first biological scaffolds for ACL regeneration were made of collagen fibrils.
It was shown that ACL fibroblasts adhered to these scaffolds and remained viable
in vitro as well as in vivo. Unfortunately, after 6 weeks, the constructs were
completely resorbed (Dunn et al. 1995; Bellincampi et al. 1998). The decreased

Fig. 2 Generally, tissue engineering strategies of the anterior cruciate ligament comprise at least
one of the four basic components: (1) structural scaffolds made of synthetic or native biomaterials;
(2) cells, mainly mesenchymal stem cells or primary ligament/tendon cells; (3) growth factors as
biological modulators; or (4) mechanical stimulation via bioreactors or physical therapies; or
multiple combinations thereof are used
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mechanical strength of collagen scaffolds was also reported after seeding with ACL
fibroblasts. Collagen-glycosaminoglycan composite scaffolds supported cell growth
as well as the expression of fibroblast markers (Murray and Spector 2001). Several
techniques have been explored to improve the mechanical properties of collagen-
based scaffolds, including cross-linking the collagen or a special braid-twist design
(Koob et al. 2001; Caruso and Dunn 2005; Walters et al. 2012). However, despite
considerable improvements of the mechanical properties, collagen-based scaffolds
thus far have not been able to match the strength of the natural ACL.

Similar problems regarding the mechanical strength were reported for other
biologic materials as well, such as alginate, chitosan, and hyaluronic acid (Hansson
et al. 2012; Shao et al. 2010b; Masuko et al. 2005; Yamane et al. 2005; Majima et al.
2005). Many different composites of these materials have been explored, and it has
been shown that some of them may represent an interesting option in terms of cell
attachment and cell proliferation. However, the mechanical weakness of these
biologic materials remains a considerable problem for their routine practical use in
ligament regeneration. To overcome the mechanical weakness, a collagen-silk com-
posite was developed, and it was shown that a scaffold with >25% silk provides
sufficient mechanical support, very close to the properties of the native ACL (Panas-
Perez et al. 2013).

Silk has been used as a scaffold material for ligament regeneration even without
the combination with other biomaterials. In various studies its functionality in
diverse tissue engineering approaches, especially in the musculoskeletal field, has
been proven (Wang et al. 2006a, b; Hofmann et al. 2006; Meinel et al. 2006; Park
et al. 2010; Macintosh et al. 2008). Silk is an attractive candidate as biomaterial due
to its remarkable strength and toughness compared to other natural as well as
synthetic biomaterials (Jin and Kaplan 2003; Rockwood et al. 2011). Most studies
dealing with silk as raw material for scaffold production use fibers from cocoons of
the mulberry silkworm Bombyx mori. Due to biocompatibility requirements, silk
requires the removal of the surface protein layer sericin, which can cause adverse
immune responses (Vepari and Kaplan 2007; Teuschl et al. 2013). Once sericin is
removed, the remaining silk fibroin fibers are non-immunogenic, biocompatible, and
capable of promoting cell adhesion, growth, and differentiation in the case of
progenitor cells such as MSCs. The classical way to remove this protein layer is to
boil raw silk fibers in alkaline solutions such as sodium carbonate. Recently, our
group developed a procedure to remove sericin from a compact and highly ordered
raw Bombyx mori silk fiber scaffold using borate buffer-based solutions (Teuschl
et al. 2013). The removal of sericin after the textile engineering process eases the
production of complex 3D structures in tissue engineering applications because the
gliding properties of the silk fiber due to the gumlike sericin assist during textile
engineering steps such as braiding and weaving. The pioneers in using silk fibers as
raw material for ACL scaffolds are Altman and Kaplan, who could demonstrate that
the mechanical properties of their twisted fiber scaffolds match that of the native
human ACL (Altman et al. 2002b). Furthermore, the same group demonstrated the
processability of silk fibers with a large number of different textile engineering
techniques enabling the generation of complex hierarchical structures with defined
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properties (Horan et al. 2009). An additional characteristic that makes silk an
attractive candidate for ACL regeneration is its slow rate of degradation (proteolytic
degradation). Thus, silk fiber-based ACL scaffolds can provide the primary stability
over an extended period of time, allowing ingrowing cells to regenerate tissue
without exposing the knee joint to periods of instability. Moreover, the gradual
transfer of stabilizing properties from the silk scaffold to the new forming tissue
should allow a neotissue formation similar to the initial native tissue regarding
collagen alignment, vascularization, etc.

A number of silk-based ligament grafts have been tested in animal models (Chen
et al. 2008; Fan et al. 2008; Liu et al. 2008; Altman et al. 2008). Historically, former
ACL studies with synthetic materials have shown that the eventual translation of
findings from animal data to humans needs large animal studies, using goat, sheep,
or pig models. In a pig model, Fan et al. were the first to show that their woven silk
ligament scaffold in conjunction with seeded MSCs supported ligament regeneration
after 24 weeks post implantation period. In conclusion, these very promising in vivo
studies suggest that ACL scaffolds fabricated from silk fibroin have a great potential
for the translation into clinic applications. Our group developed and introduced a
novel silk fiber-based scaffold for ACL regeneration more recently (Teuschl et al.
2016, 2019). The scaffold was tested in an in vivo study in sheep with an observation
period of 12 months. Ligament regeneration was initiated and in parallel, silk
degradation was observed. In one experimental group, additional cell seeding with
the stromal vascular fraction including adipose derived stem cells showed increased
regeneration for 6 months. Interestingly, after 12 months, this effect was not present
anymore. The hard tissue histology revealed excellent osteointegration of the con-
struct. A bony capsule was formed, and a fibrous interzone between the scaffold and
this capsule was seen. Sharpey-like fibers spread from the interzone into the bone to
anchor the construct. About 50% of the silk was degraded, and the joints did not
show signs of foreign body reaction, inflammation, or advanced degeneration. Based
on these encouraging results, we initiated another study using the same sheep model,
which includes a longer observation period of 24 months as well as a thorough
biomechanical workup, which is currently under way and will be presented shortly.

Apart from biologic materials, synthetic biodegradable polymers have been
introduced in ligament tissue engineering. The advantages of synthetic polymers,
such as proper selection and different manufacturing techniques, allow for an exact
adaptation of the mechanical properties, cellular response, and degradation rate
(Petrigliano et al. 2006). In 1999, a scaffold composed of polyglycolic acid coated
with polycaprolactone was introduced (Lin et al. 1999). A braided polydioxanone
scaffold in an in vivo animal study reported on an early loss of mechanical properties
(Buma et al. 2004). In a comparison of different synthetic braided materials, poly-L-
lactic acid (PLLA) scaffolds had the best results in terms of mechanical properties as
well as in terms of fibroblast proliferation (Lu et al. 2005). Another PLLA scaffold,
braided in a three-dimensional fashion, with distinct regions for the bony portions
and the intra-articular portion of the construct was introduced (Laurencin and
Freeman 2005). The same group subsequently compared different PLLA scaffolds
with different manufacturing techniques and demonstrated that a braid-twist scaffold
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had the most favorable viscoelastic properties (Freeman et al. 2007, 2009). In
another study, a polyethylene glycol hydrogel was added to the PLLA scaffold,
which resulted in even better viscoelastic performance of the construct, but on the
other hand also in a decreased pore size of the scaffold which may negatively
influence cell proliferation (Freeman et al. 2010).

More recently, electrospinning has been used for the development of ligament
scaffolds (Cardwell et al. 2012). With this technique, very thin fibers in the nano-
meter to micron range can be produced, to allow for a more exact adaptation of the
mechanical properties. Some of the studies using electrospinning reported on better
cell proliferation and extracellular matrix production (Cardwell et al. 2012; James
et al. 2011). However, these techniques are under constant investigation, and while
early in vitro studies show interesting results, the overall biological and mechanical
performance has still to be examined further to draw any conclusions for a later
clinical use of these materials.

3 Cell Sources for ACL Regeneration

In general, two different cell types are considered to be the primary choice for ACL
regeneration: MSCs and ACL fibroblasts (Chen et al. 2003).

MSCs are present in almost all tissue types of the body (Sinclair et al. 2013;
Al-Nbaheen et al. 2013). However, for cell therapeutic purposes, bone marrow and
adipose tissue are known to be the main feasible sources to isolate MSCs (Pendleton
et al. 2013; Ong and Sugii 2013). MSCs have the potential to differentiate into
various mesenchymal lineages, including fibroblastic, osteogenic, chondrogenic,
and myogenic. Various applications of MSCs to enhance repair in different muscu-
loskeletal tissues, in particular in the bone and ligament, have been introduced (Fan
et al. 2008; Keibl et al. 2011; Peterbauer-Scherb et al. 2010; Butler et al. 2010).

Harvesting ACL fibroblasts certainly involves the risk of local infection in the
knee. Considering that the seeded cells should rebuild the ligament tissue by ECM
deposition, ACL fibroblasts would be the most appropriate cell type, as they
represent the native cell type in the intact ligament. Therefore, they are used as
control cells for cell behavior such as protein expression, especially in in vitro
studies. Different studies could also show that the ACL tissue contains populations
of cells sharing MSC characteristics such as cluster of differentiation markers or
multipotency (Cheng et al. 2009; Steinert et al. 2011). Stem cells are present in the
ACL tissue, but their regenerative capacity is too low to be capable of healing
ruptured ligaments. As ACL tissue can only be harvested reasonably in diagnostic
arthroscopic procedures following ACL rupture, other ligament fibroblast sources
have been suggested, such as the medial collateral ligament (Nagineni et al. 1992).
However, the majority of studies involving cell therapy strategies in ACL tissue
engineering uses MSCs as cell source, since they can be obtained easily in higher
numbers as well as show higher proliferation and collagen production rates com-
pared to ligament fibroblasts (Huang et al. 2008; Ge et al. 2005).
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The knee joint comprises different sources of cells (ligament tissue, synovium,
etc.) that have been shown to participate during the ligament regeneration process
such as the above-described ACL fibroblasts or MSCs that are natively recruited
after ligament ruptures or tears (Morito et al. 2008). The activation and recruitment
of regenerating cells can be augmented mechanically, for instance by the surgical
procedure (e.g., drilling of bone holes for the graft which gives access to the
vasculature of bone tissue) or biochemically via growth factors or gene therapeutic
approaches.

4 Growth Factors and Gene Therapy

Growth factors can be directly applied either via inserted cells, which produce these
biochemical signal molecules in situ, via local delivery of growth factors or via gene
therapeutic approaches, where vehicles are encoding the chosen growth factor.

The most frequently used factors belong to proteins that directly stimulate the
deposition of extracellular matrix proteins such as the bone morphogenic proteins
(BMPs) or the degradation of ECM components assisting in remodeling impaired
tissue. BMPs are part of the TGFβ superfamily. They are known to induce the
differentiation of MSCs into the osteogenic or chondrogenic lineage. One special
class of BMPs, however, the growth and differentiation factors (GDFs) 5/6 and
7, has been shown to ectopically induce neotendon/ligament formation in vivo
(Wolfman et al. 1997). Aspenberg and Forslund (1999) could demonstrate the
enhanced regenerative effect of GDFs 5 and 6 in an Achilles tendon rat model.
Interestingly, the effects of GDFs depend on the mechanical loading of the injection
site. The injection of GDF 6 in unloaded Achilles tendon defects induced bone
formation, which in contrast was not observed in control groups of loaded tendons
(Forslund and Aspenberg 2002). This clearly indicates the interaction of growth
factors and mechanical stimulation.

Other factors have also been shown to enhance the repair of tendon/ligament
structures but are not directly associated with ECM turnover, such as insulin-like
growth factor 1 (IGF1) (Letson and Dahners 1994), vascular endothelial growth
factor (VEGF) (Wei et al. 2011), epidermal growth factor (EGF) (Yasuda et al.
2004), or platelet-derived growth factor (PDGF) (Li et al. 2007; Nakamura et al.
1998; Thomopoulos et al. 2009; Hildebrand et al. 1998). VEGF, for instance, is well
known to stimulate angiogenesis, or IGF1 is a good example for having an anti-
inflammatory effect (Kurtz et al. 1999), since functional analysis revealed a
decreased recovery time but no biomechanical improvement in an Achilles tendon
injury model.

A clinically widely established approach to augment tendon and ligament healing
with growth factors is the use of platelet-rich plasma (PRP). PRP is obtained by
plasma separation and consists of platelets, blood proteins such as fibrinogen, and a
mixture of diverse growth factors (PDGF, VEGF, TGFβ, IGF, etc.), which are parts
of general healing processes (de Mos et al. 2008). The major advantage of PRP is its
autologous nature as well as its combination of growth factors in native proportions
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(Marx 2004). This feature of PRP is important, as various studies have proven the
synergistic effects of different growth factor combinations. Although beneficial
effects of PRP were demonstrated in cell culture (Chen et al. 2012) as well as in
in vivo models (Mastrangelo et al. 2011; Fernández-Sarmiento et al. 2013) on
tendon/ligament regeneration, the effectiveness of PRP in clinical uses is still
debated due to varying outcomes (Figueroa et al. 2013; Yuan et al. 2013). These
variances are mainly attributed to non-optimized treatment protocols and the still
relatively low number of randomized clinical trials.

Another strategy to improve the regenerative capacity is to deliver therapeutic
genes, either in vivo with vehicles or ex vivo in cells which are subsequently
implanted. In an ACL rabbit model, it was shown that autologous graft remodeling
can be enhanced by local administration of TGFβ-1/VEGF165 gene-transduced
bone MSCs leading to superior mechanical properties compared to solely TGFβ-1
gene-transduced cells (Wei et al. 2011). MSCs have been genetically modified to
co-express Smad8 and BMP2 (Hoffmann et al. 2006) and consequently enhanced
the regeneration of the Achilles tendon in mice. Single-gene therapeutic approaches
seem to be less efficient compared to the co-expression of growth factors.

5 Mechanical Stimulation in ACL Regeneration

Mechanical stimuli and dynamic loading are necessary for ligaments to maintain
their strengths. Numerous studies have shown that immobilization leads to weak-
ened mechanical properties of ligaments (Woo et al. 1982, 1987, 1999). On a cellular
level, it is known that cells react to mechanical stimuli via integrin-mediated focal
adhesions and cytoskeleton deformation (Tetsunaga et al. 2009; Henshaw et al.
2006; Berry et al. 2003b). Mechanical stimuli are able to influence stem cell
differentiation and ECM production (Altman et al. 2002b). MSCs differentiated
into fibroblast-like cells, as seen by the upregulation of ligament ECM markers
including tenascin C and collagen types I and III and the formation of collagen
fibers, were observed (Vunjak-Novakovic et al. 2004). Petrigliano et al. (2007)
showed that uniaxial cyclic strain of a three-dimensional polymer scaffold seeded
with MSCs resulted in upregulated tenascin C and collagen types I and III. Berry
et al. (2003b) demonstrated the proliferative effect of uniaxial strain on young
fibroblasts. Another study showed that 8% cyclic strain in ligament fibroblasts
resulted in higher cell proliferation and collagen production compared to 4% strain
and unloaded controls (Park et al. 2006). Despite the well-accepted fact that
mechanical stimuli play an important role in ligament tissue engineering, the timing,
direction, and magnitude of the stimuli remain largely unclear (Leong et al. 2013).
Another study demonstrated that immediate mechanical stimulation of MSCs after
seeding results in inhibited expression of collagens I and II. In contrast, the opposite
effect was observed when the mechanical loading was applied at the peak of MSC
proliferation (Moreau et al. 2008). Leong et al. mentioned that in case of ACL tissue
engineering, the mechanotransduction pathways that are necessary for tissue forma-
tion and maintenance still need to be explored in more detail. They also stated that up
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to this date, it is not known if any mechanical stimulation is required prior to
implantation of tissue-engineered ACL constructs.

6 Future Directions in ACL Regeneration

In a questionnaire study, 300 orthopedic surgeons were asked if they would consider
using a tissue-engineered ACL if it were an available option (Rathbone et al. 2012).
In 86% the answer was positive, if the construct demonstrates biological and
mechanical success. For 63%, improved patient satisfaction was important, and
76% of the participants mentioned that a tissue-engineered ACL would be superior
to any of the currently used autograft materials. A fully load-bearing construct for
early weight bearing is needed at the time of implantation, and several tissue
engineering strategies should address this need for mechanical integrity. The cur-
rently used ACL reconstruction techniques with autograft or allograft material
provide an immediate load-bearing environment. Therefore, any tissue-engineered
solution will have to meet these standards as well. Any type of regenerated ACL that
would require a prolonged period of immobilization or non-weight bearing would
most probably not represent a feasible option for the orthopedic surgical community
(Nau and Teuschl 2015).

For a true translation into clinical practice, different strategies seem to be prom-
ising. One approach focusses on the ex vivo engineering process with subsequent
implantation, wherein (?) the optimal timing remains an open question. Our group
presented that mechanical stimulation of silk grafts with a custom-made bioreactor
system could increase the maturity of cell-loaded grafts prior to implantation
(Hohlrieder et al. 2013). In accordance to a study of Altman et al., MSCs can be
stimulated to produce layers of ECM on silk-based grafts. Our hypothesis is that the
applied mechanical stimulation triggers MSCs into ligamentous cells, which – in
conjunction with the secreted ECM – leads to improved functionality of the cell/
scaffold construct and therefore will fulfill its tasks, once it is implanted. Future
studies, using a procedure starting with an in vitro ligament engineering step using a
bioreactor followed by subsequent in vivo implantation, are certainly needed to gain
a deeper insight into this complex topic.

On the other hand, engineering scaffolds with adequate mechanical properties
that are implantable at any time also seem to be a good option. Future research efforts
may also demonstrate which cell type seeded on those scaffolds is the ideal candidate
for direct in vivo implantation.

Furthermore, there is also some interest to explore the regenerative potential of
solely implanting scaffolds that would recruit cells in vivo when provided with the
appropriate mechanical and physiological environment. Our own strategy has
shifted somehow away from using additional cell seeding of a newly developed
silk fiber-based scaffold. The results of our 12-month study in sheep indicate that cell
seeding was beneficial only for 6 months post implantation, whereas after 12 months
this advantage was not seen anymore. Apparently, in the case of implantation of the
scaffold alone, cells are recruited and ligament regeneration is initiated. This seem to
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be an even more important finding, as any eventual translation into clinical practice
will pass through the official regulatory bodies and receive approval for clinical use
in humans in a much easier way compared to any strategy that requires the
harvesting and manipulation of human cells.

Murray et al. (2010) introduced the strategy of repair and regeneration. Here,
tissue engineering efforts are undertaken to overcome the obstacles to native ACL
healing. This group proposed a bio-enhanced ACL repair (BEAR) technique that
uses a collagen scaffold saturated with PRP. In a number of large animal studies, they
could demonstrate improved mechanical and biological healing of the ACL (Vavken
et al. 2012; Murray et al. 2010; Joshi et al. 2009; Murray and Fleming 2013b). In a
randomized trial in pigs, BEAR achieved equal results compared with ACL recon-
struction. It was also shown that the knees treated with enhanced ACL repair had
significantly less signs of osteoarthritis in contrast to those treated with ACL
reconstruction after 1 year (Murray and Flemming 2013b). This BEAR technique
has already advanced to a first-in-human study with 2-year results just recently
published (Murray et al. 2019). BEAR demonstrated similar subjective and objective
clinical results compared to conventional ACL reconstruction. Despite these encour-
aging results, it has to be mentioned that BEAR seems to be suitable only for certain
types of ACL ruptures, in which the tear occurs at the proximal end of the ligament
with a long stump (>50%) of good tissue quality remaining. However, the results are
definitely encouraging, and future research will show if a “repair and regenerate”
strategy for all types of ACL tears can be developed.

7 Conclusions

There is a growing research interest in the tissue engineering of the ACL, and the
clinical need seems obvious. Different strategies reaching from in vitro engineering
of ACL grafts, with or without additional cell seeding, to bio-enhanced repair and
regeneration are followed. For the surgical community, any type of engineered ACL
may represent a future option, provided that it is easy to implant, does allow for at
least the same aggressive rehabilitation protocol as currently used, and will lead to
better patient satisfaction and long-term outcome.
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Abstract

The physiology of tendons and the continuous strains experienced daily make
tendons very prone to injury. Excessive and prolonged loading forces and aging
also contribute to the onset and progression of tendon injuries, and conventional
treatments have limited efficacy in restoring tendon biomechanics. Tissue engi-
neering and regenerative medicine (TERM) approaches hold the promise to
provide therapeutic solutions for injured or damaged tendons despite the chal-
lenging cues of tendon niche and the lack of tendon-specific factors to guide
cellular responses and tackle regeneration. The roots of engineering tendon sub-
stitutes lay in multifactorial approaches from adequate stem cells sources and
environmental stimuli to the construction of multiscale 3D scaffolding systems.
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To achieve such advanced tendon substitutes, incremental strategies have been
pursued to more closely recreate the native tendon requirements providing struc-
tural as well as physical and chemical cues combined with biochemical and
mechanical stimuli to instruct cell behavior in 3D architectures, pursuing mechan-
ically competent constructs with adequate maturation before implantation.

1 Introduction

Tendon is composed mainly of water (70% of dry weight) and a solid matrix (30% of
dry weight) (Sharma and Maffulli 2005) mostly of collagen (70–80%), which is the
force-transmitting unit of tendon (Magnusson et al. 2003; de Aro et al. 2012).
Collagen type I is the main type of collagen within tendons (95% of total collagen
and 60–85% of matrix dry weight (Screen et al. 2015)) followed by collagen type III
and collagen type V. The alignment of collagen type I is recognized as the principal
structural feature of healthy tendons (Lipman et al. 2018). Together with collagen
type I, type V, and type XI, collagen type III is a fibril-forming collagen and widely
distributed in collagen I containing tissues. Upon injury, collagen type III increases.
This has been associated to its rapid cross-linking contributing to stabilize the repair
site and to the remodeling process of the matrix highlighting the importance of
collagen type III in tendon healing processes. However, collagen type III forms
smaller and less organized fibrils than the ones of collagen type I. Abundant collagen
type III results in a tendon with inferior mechanical properties, which has been
related to a degenerative process (Millar et al. 2015). Collagen type V is important
for regulation and stabilization of collagen type I structures during self-assembly
(Wenstrup et al. 2004), while collagen type VI regulates collagen I fibrillogenesis to
form a functional and mature tendon (Izu et al. 2011).

Tendons are mainly composed of tenoblasts and tenocytes approximately
90–95% of tendon cells (Schneider et al. 2017) whose major function relies in the
synthesis and maintenance of the tendon extracellular matrix. Tenoblasts are roundly
shaped cells with a large, ovoid nucleus that mature to spindle-shaped tenocytes with
elongated nuclei in response to mechanical regulators and to growth factors during
tendon development. These cells are discriminated based on morphology; however,
precise identification based on specific markers is still lacking. Nevertheless, there
are tendon-associated markers that may assist the establishment of tenogenic pro-
tocols and offer new perspectives for studying tendon biology.

The transcription factor scleraxis (Scx) is expressed from immature to fully
differentiated stages of tendon cells. Other factors, namely, Mowahk (Mwk), Egr1,
and Egr2 are detected at the stage of tenoblasts. Both tendon-progenitor cells and
tenoblasts also express collagen I, Tenascin (TNC), Thrombospondin (Thbs4), and
Tenomodulin (Tnmd). Mature tenocytes typically express Scx and Mwk as well as
Egr1 and Smad3. Developmental and in vitro studies have been pointing Scx and
Mwk as tendon-specific factors despite the fact they can be detected in other tissues.
The ECM matrix produced by tenocytes is rich in collagen I, III, V, and XIV;
Decorin; Fibromodulin; Lumican; and Tnmd.
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The tenocytes are organized in longitudinal rows between collagen fibers and
respond to mechanical forces. These cells establish communication with adjacent
cells usually through connexins 26, 32, and 43 in gap junctions. Tendon cell activity
declines with age leading to unbalanced processes thus contributing to tissue degen-
eration and to incremental severity of injuries.

More recently, stem progenitor cells (TSPCs) were identified in tendons shown to
possess regenerative capabilities (Salingcarnboriboon et al. 2003; Bi et al. 2007; de
Mos et al. 2007; Zhang and Wang 2010). TSPCs exhibit the typical surface antigens
of adult mesenchymal stem cells (MSCs), self-renewal, clonogenicity, and tri-line-
age differentiation, fitting the classical MSCs criteria, and highly express tendon-
specific factors, namely, Scx and Tnmd (Bi et al. 2007).

Paratenon, epitenon, and endotenon are the non-tenogenic components of ten-
dons. The paratenon allows tendon to move freely and continues to the fascia, while
epitenon is defined as a dense connective tissue sheath covering tendon. Both are
vascularized and enervated. Endotenon is formed by collagen fibers surrounding the
tertiary fascicles of the tendon. Not all tendons are sheathed by paratenon although
there is evidence of its involvement in tendon healing (Dyment et al. 2013; Muller
et al. 2018).

During the last decade, tremendous effort has been done pursuing the key features
of tendon niches to recapitulate tendon biology enabling the identification of specific
tissue requirements guiding the mechanisms underlying healing and regeneration
phenomena. Undoubtedly, the mechanical forces applied to tendons are critical for
the maintenance of the homeostasis in healthy tendons, and that misuse or overuse
can deregulate the physiological balance inflicting pathological alterations at a
biomolecular and cell levels, thus contributing to impaired healing and abnormal
tissue functionality. Understanding how mechanical forces regulate (stem) cell
behavior and matrix features may provide key insights on tendon biology and assist
the development of regenerative therapies (Vining and Mooney 2017).

This chapter overviews tendon engineering approaches to mimic tendon niches
envisioning sophisticated alternatives to stimulate tendon healing and regenerative
processes, anticipating functional contributions for improved tendon-oriented ther-
apies and treatments.

2 Tendon Injuries and Repair Mechanisms

Along with the socioeconomic burden, tendon pathologies are a significant cause for
disability for both working and ageing populations. The incidence of tendon injuries
is rising and becoming a paramount problem without effective therapeutics. Despite
tendons are designed to withstand mechanical forces, they are prone to lesions that
aggravate with the time, compromising articular performance and the quality of
movements and physical activities. Damage in the joint may eventually lead to
morbidity, pain, and osteoarthritis (Wang et al. 2012). Although genetic predisposi-
tion factors make individuals more or less susceptible to injury (Riley 2004; Rees
et al. 2006; Docheva et al. 2015), tendons become more prone to degeneration and to
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injuries with advanced stages of life. Moreover, aging and age-related pathogenesis
are also associated to impaired healing, presenting a huge opportunity to address the
unmet needs for new therapies and customized treatments for tendon diseases.

Excessive mechanical loading resulting from small repetitive strains may lead to
accumulation of tendon microinjuries (Soslowsky et al. 2000; Willett et al. 2007)
contributing for the progression of tendinopathic conditions. Tendinopathy typically
defines a non-rupture injury in the tendon or paratenon, which is exacerbated by
mechanical loading and typically accompanied by pain/swelling of injured tendon.
Pain and functional limitation are frequent symptoms conventionally treated with
nonsteroidal anti-inflammatory drugs (NSAIDs), corticosteroids, and physical reha-
bilitation. However, the prolonged systemic action of these drugs has been reported
to cause significant long-term side effects as changes in blood pressure, myocardial
infarction and strokes, increased bleeding, osteoporosis, or peptic ulcers. The more
severe cases typically require surgical intervention, which rely on tissue replacement
with auto- or allografts (Rodrigues et al. 2013). However, these are often accompa-
nied with donor site morbidity, pain, inferior functionalities, and eventually graft
failure. The limited long-term success of surgical procedures compromises tendon
functionality impacting the quality of life of patients.

The healing capacity of tendons varies according to severity of injury and
anatomical location, and it is classically divided in three main stages. The first
stage is a short inflammatory phase that initiates after injury. The vascular perme-
ability increases as well as the influx of inflammatory cells (platelets, macrophages,
monocytes, and neutrophils) to the site of injury. These cells release chemotactic
agents responsible for the recruitment of blood vessels, fibroblasts, and intrinsic
tenocytes that together with inflammatory cells form a hematoma (Lin et al. 2004).
As part of the inflammatory response, macrophage phagocyte injured tissue frag-
ments and has an important role on tenocytes proliferation and angiogenesis (Woo
et al. 1999). The second stage is characterized by an abundant proliferation of
tenocytes at the site of injury with concomitant production of collagen. This phase
lasts from a few days to a couple of weeks. The remodeling phase is the third and
final stage and can last several months (Sharma and Maffulli 2005). The extracellular
matrix is reorganized with a gradual change in the direction of collagen fibers from
fibrous to scar-like tissue accompanied by a cellular decrease and reduction of
vascular vessels (Sharma and Maffulli 2006).

Tendon healing was traditionally described to be intrinsic or extrinsic in nature.
The intrinsic process was mediated by tenocytes from epitenon and endotenon, and
the repaired tissue evidenced higher mechanical properties and fewer complications.
Extrinsic healing was dependent on cell migration from adjacent tissues resulting in
scar tissue leading to adhesions formation (Sharma and Maffulli 2005; Zhao et al.
2015). Although the repair process depends on the anatomy and physiology of each
tendon, tendon healing is now described to occur from the interplay of local tendon
cells and external cells, including immune, vascular, synovial, and mesenchymal
stem cells.

Understanding and modulating the mechanisms underlying healing will allow
more effective treatments and rehabilitation. Moreover, as a key process in tendon
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tissues, insights tendon healing and the research of tendon mechanobiology will
likely contribute to advanced clinical solutions resourcing to tissue engineering and
regenerative medicine strategies.

3 Mechanoregulation Mechanisms

As mechanosensitive and mechanoresponsive tissue, the main function of tendon is
transmitting tensile loads that varies with the anatomical location and can reach to
several tens of megapascal (MPa). This incredible feature of tendons is extremely
dependent on its structure and cellular organization, and it is critical for the proper
function of joints (Killian et al. 2012; Lavagnino et al. 2015). The unique structure
and composition confer tendon a characteristic mechanical behavior which is clas-
sically described in a stress-strain curve (Fig. 1). The initial “toe” region represents
the flattening of crimp pattern when tendon is strained up to 2%. In the linear region,
tendon is stretched up to 4%, and collagen fibers lose the crimp pattern. Altogether,
these regions represent the physiological response of tendon. If tendon is stretched
more than 4%, a microscopic failure of collagen fibers occurs. However, when the

Fig. 1 Typical stress-strain curve of tendon tissues exposed to increasing mechanical loads
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forces applied are below this value, tendon remains in the elastic zone and can return
to its original shape when a load is removed. Macroscopic failure of collagen fibers is
observed in loads between 8 and 10%, while rupture of collagen fibers is verified
with mechanical loads higher than 10%.

Thus, the sensing of mechanical forces by the cells and further translation of the
cellular response to microenvironmental cues is of utmost importance in deciphering
precise mechanisms of action toward tenogenic recipes and opens avenues of
research seeking to develop efficient therapies.

Mechanotransduction is the ability of cells to respond to mechanical stimuli
through biochemical signals (Santos et al. 2015) being important to maintain
musculoskeletal tissue development, homeostasis, repair, and regeneration (Wang
2006). Cells are able to sense distinct mechanical stimulus within the matrix and to
respond accordingly and rapidly by adjusting physical ligands or rearranging its
cytoskeleton. These adjustments affect the perception of loading in the
mechanosensory elements of cells, present in the cellular membrane and nucleus.

Signaling cascades are the main routes of communication between the membrane
and intracellular regulatory targets. The two main signaling pathways identified as
being involved in tendon development are TGFβ-SMAD2/3 and FGF-ERK/MAPK
pathways (Havis et al. 2014a). FGF signaling from the myotome was firstly associ-
ated to induction of Scx-expressing tendon progenitors in adjacent somatic sub-
compartment of developing axial tendons in chick (Brent et al. 2003).

Interestingly, in pharmacologically immobilized chick embryos, both FGF and
TGF-β signaling cascades were downregulated, suggesting that FGF and TGF-β
ligands regulate tendon differentiation acting downstream to mechanical forces
present in developing embryo (Havis et al. 2016).

In mammalians, there are three isoforms of TGF-β, and all are involved in
tenogenic differentiation. Studies reported that in the presence of TGF-β1 the
expression of Scx and Mkx is highly upregulated (Farhat et al. 2012), and the
decline of mechanical properties was significantly hindered (Katsura et al. 2006).
The isoform TGF-β2 increased the expression of Col1a1 and Scx genes (Havis et al.
2014b; Liu et al. 2015), while TGF-β3 promoted tendon differentiation of equine
embryo-derived stem cells (Barsby and Guest 2013). Furthermore, TGF-β3 was
suggested to be an essential element of a recently proposed tenogenic differentiation
cocktail (Stanco et al. 2019).

Generally, in a signaling cascade, the ligand requires two types of serine/threo-
nine kinases receptors, a type I and a type II that form a receptor complex. Some
ligands require additional co-receptors for binding between the ligand and the
complex receptor. In the receptor complex, the cytoplasmic domain of the type II
receptor is active and phosphorylates the type I receptor on serines and threonines in
a highly conserved glycine- and serine-rich domain, neighboring the region that
crosses the membrane. The activated type I receptor supplies a ligand binding site for
the downstream substrates, the receptor-regulated SMADs (R-SMADs) that will
transduce the signal to the nucleus (Wrighton et al. 2009; Wakefield and Hill
2013). The TGF-βs, activins, and NODAL signal through SMAD2 and SMAD3
(Wakefield and Hill 2013; Zhang et al. 2018a). In humans, there are seven type I
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receptors known as activin receptor like-kinases (ALK) each being responsible to
regulate the phosphorylation of different R-SMADs. ALK1, ALK2, ALK3, and
ALK6 phosphorylate SMAD1, SMAD5, and SMAD8, while ALK4, ALK5, and
ALK7 phosphorylate SMAD2 and SMAD3 (Schmierer and Hill 2007).

Furthermore, the synergistic effect of mechanical stimulation and the activation of
TGF-β/SMAD2/3 cascade has an important role on the regulation of mechanical and
biochemical signaling pathways that regulate Scx expression (Maeda et al. 2011;
Goncalves et al. 2018b).

4 Tendon Tissue Engineering

4.1 Challenges of Cell-Based Approaches

Tendon tissue engineering has been challenged by a significant lack of understand-
ing in the identification and characterization of tendon niches. As functional living
entities, cells are of critical importance on the interplay of biological responses
leading to tissue repair and regeneration. Despite the growing knowledge, the precise
culture conditions and environment cues to stimulate tendon resident cells and guide
cell fate require further developments.

In 2007, Bi et al. reported a novel stem/progenitor cells (TSPCs) population
within the tendon fascicle (Bi et al. 2007). Despite the efforts, the origin of resident
tendon-progenitor/stem cells and the factors that influence their differentiation is still
poorly understood, compromising the design and development of novel repair and
regenerative strategies.

TSPC subsets have been identified in peritenon (Cadby et al. 2014; Mienaltowski
et al. 2014) holding unique signatures yet both capable of tenogenic differentiation
and forming collagen-rich structures (Cadby et al. 2014, Mienaltowski et al. 2014).
Mienaltowski MJ et al. reported that stem cells from tendon proper are more suited
for regeneration of tendon structure, while stem cells from peritendon secreted
tendon-promoting factors that bolster expression of tendon markers in tendon proper
stem cell and tenocytes (Mienaltowski et al. 2014). Cadby JA et al. observed that
cells from the peritenon migrated faster replicate more quickly holding higher
expression of progenitor cell markers (Cadby et al. 2014).

Within paratenon tissues, fibroblastic, vascular, synovial, neural, and fat cells may
be detected. TSPC subsets expressing vascular (Mienaltowski et al. 2014) markers
have also been described which emphases the intercellular role in homeostasis and in
the healing processes. In particular, the vicinity of vascular cell populations of
pericytes or perivascular cells has attracted a lot of attention in tendon biology not
only because perivascular niche may be source for epitenon-derived stem cells,
known to express vascular markers but the fact that extrinsic healing in tendons
rely on the migration of cells from surrounding tissues, including blood vessels.
These mechanisms are central to our understanding of the onset and development of
tissue pathologies and to guide cellular responses with precise regenerative action.
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The origin of stem cells populations relates to distinctive signature profiles yet
with complementary roles in tendon biology. Moreover, cell plasticity of tendon core
and peritendinous sources may provide particular contributions for tendon repair
mechanisms and for improved therapeutic solutions for tendon pathologies.

Despite the therapeutic promise of TSPCs, the limited number of local TSPC
populations, especially in adult and elder patients, and the invasiveness of the
harvesting procedures from a relatively hypocellular tissue can compromise their
availability and use in the clinical practice. Moreover, local cell sources require the
patient to wait for cell expansion procedures until a suffice number of cells is achieved
for implantation. Thus, alternative cell sources have been investigated for tissue
engineering and regenerative medicine strategies. Mesenchymal stem cells from
bone marrow and adipose tissue are heterogeneous sources described not to incite
immunologically adverse responses or to raise ethical constrains as pluripotent stem
cells (ESCs and iPSCs) and have been pursued for tenogenic phenotype with evidence
of improving tendon healing in in vivo models of tendon injuries (Gonçalves et al.
2013; Shen et al. 2018). Unlike TSPCs, bone marrow and adipose tissue-derived stem
cell sources are considerably available and have recognized potential to be used for the
regeneration of different types of tissues including tendons (Yin et al. 2016; Perucca
Orfei et al. 2019). Tendon-oriented strategies employing non-tenogenic MSCs cul-
tures typically rely on inductive factors to stimulate tenogenic cues such as TGF-β
(Gonçalves et al. 2013), GDF-5, and connective tissue growth factor (CTGF), despite
the fact that cocktails have not been fully established (Yin et al. 2016, Perucca Orfei
et al. 2019). Moreover, previous studies by our research group (Rada et al. 2011a, b,
2012; Mihaila et al. 2013, 2014, 2015; Goncalves et al. 2018a) and others (Miranville
et al. 2004; Sengenes et al. 2007) show that human adipose stem cells (hASCs) are
composed of subpopulations with distinct differentiation potential, which highlights
the differential role of subpopulations to lineage commitment and toward tissue-
oriented applications. ATenomodulin positive subpopulations demonstrated increased
tenogenic differentiation potential (Goncalves et al. 2018a) when compared to the
crude population and also when compared to SSEA-4+ hASCs subpopulation
(Gonçalves et al. 2019).

The control over stem cell fate, either from tendinous or non-tendinous tissues for
cell-based therapies or as part of a multiscale approach offers new possibilities into
improved healing and treatment intervention of tendon pathologies. However, find-
ing tendon-specific markers enabling standardization of protocols and proper char-
acterization of the cellular roles within tendon tissues are still unmet features to be
addressed in the following years.

4.2 Biomaterial Approaches for Tendon Tissue Engineering

Tendon TE strategies where the tenogenic niche is being mimicked are prone to
induce a more adequate response regarding cell phenotype and fate. Different studies
have emerged in this field in which several aspects of tendons’ ECM structure and
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composition were recapitulated into mechanically competent constructs and cell
behavior assessed, aiming to induce endogenous tissue repair.

4.2.1 Fibrous Scaffolds for Tendon Tissue Engineering
Two- and three-dimensional (2D and 3D) structures designed to resemble native
tendons have been developed over the years (Chainani et al. 2013). Attending to
their architecture, some authors developed systems mainly based on fibrous scaf-
folds where the fiber diameter, alignment, and overall stiffness were considered as
topographic beacons to guide cell fate. Others valued the mechanical demand these
tissues are subjected to and considered mechanical stimulation.

Strategies Involving Topographic Cues
Concerning 2D systems, these are mostly developed to evaluate how different
stimuli influence cell behavior, once they usually lack appropriate mechanical
properties for potential clinical application (Spanoudes et al. 2014, Santos et al.
2017). Fiber diameter and alignment have been proven to modulate cell’s behavior
conjointly. Systems with topographic cues in the nanoscale seem to be more
effective in allowing cell growth and synthesis of glycosaminoglycans (GAGs)
and collagen overtime, in either random 4 or aligned (Erisken et al. 2013a; Lee
et al. 2017) conformations. Micro-cues, on the other hand, have been shown to
suppress cell growth and collagen synthesis (Gilchrist et al. 2014; Lee et al. 2017).

Regarding cell morphology, both tendon cells (Erisken et al. 2013b; English et al.
2015) and MSCs (Bashur et al. 2009) present higher cell aspect ratio when exposed
to substrates with microfeatures compared to nanocues (Yu et al. 2013). Addition-
ally, anisotropic constructs are more prone to induce the tenocyte-like spindle-shape
morphology and alignment along nanofibers’ axis in the seeded cells, as opposed to
the arbitrarily oriented cell morphologies acquired in random substrates (Moffat
et al. 2009; Xie et al. 2010). Nonetheless, grooves’ depths as small as 40 nm did not
induce tenocyte alignment despite their parallel organization, suggesting that there is
a minimum size cells can perceive (English et al. 2015). Accordingly, Domingues
et al. used a solution of poly-E-caprolactone (PCL) and chitosan (CHT) reinforced
with rod-shape nanofillers, cellulose nanocrystals (CNCs), to produce random and
aligned meshes through electrospinning with increased mechanical properties.
Tenocytes seeded onto the anisotropic constructs maintained their elongated pheno-
type with aligned arrangement, as opposed to the cells on the random meshes
(Domingues et al. 2016).

Furthermore, the expression of tendon-related markers as Scx, Tnmd, ColI, andMkx
by stem cells is enhanced in aligned surfaces, indicating that tenogenesis is encouraged,
while in randomly oriented membranes, osteogenic genes are upregulated (Zhang et al.
2015). Schoenenberger et al. also correlated substrate alignment with ECM turnover,
demonstrating that tendon cells on PCL random nanomats are polygonal and show
decreased Mkx, ColI, and ColIII expression getting further from a tenogenic profile, as
well as decreased MMP1 suggesting less matrix remodeling, as opposed to aligned
constructs (Schoenenberger et al. 2018).
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Submicron 2D systems typically display limited dimensions and pore size, do not
respond properly to the mechanical demand necessary to support tendon healing,
and are generally too weak to be surgically implanted (Barber et al. 2013; Hakimi
et al. 2015; Zheng et al. 2017). Thus, 3D systems that mechanically sustain tissue
regeneration and mimic tendon architecture have been considered (Santos et al.
2017). By stacking multiple electrospun PCL aligned membranes, clinically relevant
sized constructs can be generated, allowing hASCs infiltration, alignment, and
higher Tnmd and ColIII expression than random multilayered scaffolds. In addition,
the tensile mechanical properties are improved upon cell seeding for anisotropic
constructs (Orr et al. 2015).

Mimicking the native tendon highly anisotropic and hierarchic architecture has
been a research priority (Brennan et al. 2018). Textile techniques, as braiding,
twisting, and weaving, enable the construction of 3D tendon scaffolds of incremental
organization and mechanical performance, from threads or yarns (Freeman et al.
2007, Czaplewski et al. 2014, Santos et al. 2017). Electrochemically aligned colla-
gen (ELAC) threads have shown to induce tenogenic differentiation of human
MSCs, unlike random collagen threads, evidenced by the superior expression of
Scx, Tnmd, TNC, and ColIII, accompanied by enhanced ECM deposition and
alignment (Kishore et al. 2012). When assembled into yarns, these natural-based
woven textiles exhibited a significant increase in their mechanical properties,
reaching an average tensile Young’s modulus between 500 and 600 MPa and
ultimate tensile strength (UTS) of 60–70 MPa, within the range of the native tendon
(Younesi et al. 2014). Additionally, the yarns maintained their tenoinductive ability,
with MSCs showing an increased expression of Tnmd and ColI overtime, parallel to
the inhibition of osteogenic markers (Kishore et al. 2012).

Following the same principle, Laranjeira et al. recreated the nano-to-macro
hierarchical and anisotropic structure of the native tendon by assembling woven
scaffolds of continuous and aligned electrospun nanofibrous threads, made of PCL
and CHT mechanically reinforced with CNCs (Domingues et al. 2016). The weaved
structures exhibited the native tendon nonlinear mechanical behavior with evidenced
toe region. The woven scaffolds presented a Young’s modulus smaller than 200 MPa
and UTS of approximately 40 MPa, whereas the yarn 12 of 300–400 MPa and
60 MPa, respectively (Laranjeira et al. 2017). As outcome, these structures not only
avoided the tenogenic phenotypic drift of human tenocytes but also triggered the
tenogenic differentiation of hASCs without biochemical supplementation, increas-
ing the expression of tendon-related markers TNC and SCX.

Strategies Involving Mechanical Stimulation
Besides topographic cues, cells are sensitive to applied mechanical forces within the
physiological range, capable of modulating their lineage commitment and ECM
biosynthesis and degradation (Wang et al. 2013; Gonçalves et al. 2018). Tendons
high physical demand and mechanosensitive behavior led to the development of
bioreactors as exogenous sources of mechanical stimulation, to recapitulate the in
vivo microenvironment native cells are exposed to (Wang et al. 2013; Spanoudes
et al. 2014; Gonçalves et al. 2018).
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Subramony et al. assessed the role of nanofiber alignment and mechanical
stimulation on MSCs differentiation, in the absence of biochemical supplementation,
using electrospun unaligned and aligned poly(lactide-co-glycolic acid) (PLGA)
nanofibrous membranes, placed on a bioreactor that applied uniaxial tensile strain.
The authors stated that tenogenic differentiation was induced on aligned substrates
with load application, whereas loading nonaligned scaffolds or exposing cells just to
aligned substrates did not induce proper differentiation, reinforcing the importance
of mechanical stimulation (Subramony et al. 2013).

Nonetheless, the use of bioreactors faces some shortcomings, as the inability to
use upon implantation and the cell impairment that may result from their physical
presence in culture environments (Riehl et al. 2012). Therefore, scaffolds incorpo-
rating magnetic responsiveness, which can be remotely actuated by the application
of an external magnetic field, allowing cell guidance and stimulation following
implantation have been recently developed (Goncalves et al. 2016). Considering
this, Tomás et al. used the setup proposed in a previous study (Laranjeira et al. 2017)
to produce yarns of continuous and aligned electrospun threads of PCL and CNCs
coated with iron oxide magnetic nanoparticles (MNPs) (Fig. 2). Cell studies revealed
that hASCs express tendon-related genes both in static and dynamic conditions after
11 days of culture (Tomás et al. 2019), in agreement with previous studies
(Laranjeira et al. 2017; Almeida et al. 2019). Furthermore, mechanical stimulation
lead to marked upregulation of Scx and Tnmd at the gene and protein levels (Fig. 2)
and downregulation of Runx2, suggesting a synergistic effect of nanotopography
and mechanical actuation on the tenogenic commitment.

4.2.2 3D Printing for Tendon Tissue Engineering
Over the past decade, 3D printing has evolved from layer-by-layer deposition of
materials to fabricate 3D scaffolds to bioprinting, which allows patterning and
assembly of cells and materials with a defined 3D organization to produce
bioengineered structures serving in regenerative medicine, pharmacokinetics, and
basic cell biology studies. Although there are many promising examples of the
application of this technology in various tissue engineering and regenerative med-
icine strategies (Bracaglia et al. 2017; Lim et al. 2017; Derakhshanfar et al. 2018;
Moroni et al. 2018a, b), its use for the fabrication of tendon TE scaffolds is a field
under development, and very few studies have been published. One of the first works
in the field was developed by Merceron et al. to fabricate a muscle-tendon unit
construct (Merceron et al. 2015). The combination of polymeric materials to print the
structural component with cell-laden bioink to print the cellular component resulted
in customizable hybrid/multimaterial constructs with anisotropic patterns, mimick-
ing tendon and muscle characteristics. Thermoplastic polyurethane (PU) and C2C12
myoblasts were used for the muscle side and PCL and NIH/3 T3 fibroblasts for the
tendon side. These constructs showed over 80% cell viability 1 week after printing,
and the cell organization was consistent with the native tissue interface. In a more
recent study, 3D musculoskeletal-tendon-like tissues were printed alternating layers
of gelatin methacryloyl and cells (tenocytes and myoblasts) around and between
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posts created in a culture well, envisioning a screening platform. The cells showed
high viability in culture and tissue differentiation markers (Laternser et al. 2018).

The development of a magnetic scaffold by 3D printing for tendon tissue appli-
cations was described by us (Goncalves et al. 2016), based on a polymeric blend of
starch and PCL (SPCL) incorporating magnetic nanoparticles. The purpose was to
combine structural features of the 3D scaffold with mechanomagnetic actuation to
study the differentiation of hASCs to the tenogenic phenotype and assist tendon
regeneration. The anisotropic scaffolds promoted the tenogenic differentiation of
hASCs under magneto-stimulation with evidence of good biocompatibility and
integration in an ectopic rat model (Goncalves et al. 2016). In a different strategy,
anticipating patient-specific therapies, 3D printed scaffold sleeves made of PCL-
PLGA-β-TCP were developed considering the size and shape of the tendon and bone
tunnel. Then, these scaffolds were seeded with MSCs and tested in vivo for up to
12 weeks in an anterior cruciate ligament (ACL) reconstruction model in rabbits
(Park et al. 2018). The construct enhanced osteointegration between the tendon and
tunnel bone in the ACL reconstruction (Park et al. 2018).

4.3 Role of Biological Cues in Tendon Tissue Engineering
Strategies

Substrates providing instructive cues through cell-surface contact guidance have
been associated with biochemical signals to add functionality, creating microenvi-
ronments for cell differentiation that closely resemble native tissues (Santos et al.
2017). Several bioinductive elements have been investigated as intermediaries of cell
destiny, as media supplements or surface modifications (Spanoudes et al. 2014; Lin
et al. 2018).

4.3.1 Strategies Involving Medium Supplementation with Growth
Factors

Strategies based on growth factors and other small cell-signaling molecules have
emerged in the context of tendon tissue regeneration. These have been identified as
potent modulators of cell fate, acting on chemotaxis, proliferation, matrix synthesis,
and/or differentiation (Baldwin et al. 2018; Dalby et al. 2018).

TGF-β3 is a modulator of tenocyte function and tendon development, since its
signaling is known to induce the expression of Scx, a potent tenogenic marker
(Leung et al. 2013). When used as a medium supplement in combination with
aligned PCL/CHT meshes, TGF-β3 has a synergistic effect on the expression of
tenogenic markers by BM-MSCs, suggesting that its individual action cannot trigger

�

Fig. 2 (continued) (blue) and actin filaments (red). Scale bar: 100 μm; and (c) normalized mean
fluorescence intensity quantification of SCX and TNMD. Adapted from Tomás et al. (2019) with
permission from the Royal Society of Chemistry
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the lineage commitment as structural cues do, but helps in tenocyte maturation
(Leung et al. 2013). Therefore, this growth factor is often used as a component of
tenogenic differentiation medium (Yang et al. 2016; Rothrauff et al. 2017; Wu et al.
2017). Accordingly, Yang et al. studied the combined effect of native tendon-derived
ECM obtained from decellularized tissues with TGF-β3 on the tenogenic commit-
ment of hASCs. They observed that on tissue culture plastic, the dual action of TGF-
β3 and decellularized tendon ECM markedly enhanced the expression of Scx and
Tnc when compared to their individual effect. Furthermore, this same trend was
observed on PCL aligned scaffolds (Yang et al. 2017). Moreover, hASCs seeded in
decellularized tendon ECM-supplemented collagen gels showed upregulation of
tendon-related genes and downregulation of bone-related genes, in comparison to
pure collagen scaffolds (Yang et al. 2013).

A different approach was considered by Engebretson et al. that used tendon
lysates as a form of supplementation together with cyclic mechanical stimulation
of human umbilical vein scaffolds with seeded MSCs. The tendon lysates used in a
static system increased the expression of tendon-related genes more than in non-
supplemented conditions, while when associated with cyclic mechanical stimulation,
it resulted in tissue enhanced tensile strength and fibril alignment, as in the native
tissue (Engebretson et al. 2017).

Several studies have demonstrated the positive impact of bone morphogenetic
protein-12 (BMP-12) on the tenogenic differentiation of MSCs and tissue healing
(Shen et al. 2013; Dale et al. 2018). Aligned gelatin methacryloyl/alginate yarns
loaded with BM-MSCs were exposed to static mechanical stretching and BMP-12
supplementation both independently and simultaneously (Rinoldi et al. 2019). This
combination enhanced stem cells tenogenic commitment although it inhibited col-
lagen gene expression (Rinoldi et al. 2019).

4.3.2 Biofunctionalization of Scaffolds with Growth Factors
Growth factors may present a very quick inactivation and short half-life when used
as medium supplements (Sahoo et al. 2010; Font Tellado et al. 2018). Therefore,
systems in which these therapeutic agents are incorporated for in situ action and
gradual delivery while ensuring their biological activity and stability hold numerous
advantages.

Knitted silk scaffolds coated with (FGF-2)-releasing ultrafine PLGA promoted
superior MSCs viability and proliferation although its role on tenogenesis was not
fully assessed (Sahoo et al. 2010). Likewise, tenocytes cultured on braided PCL/
collagen-FGF-2 scaffolds exhibited enhanced proliferation and expression of COLI,
COLIII, and TNC, and scaffolds subjected to dynamic stimulation and further
implanted in vivo enabled the deposition of aligned collagen after 12 weeks
(Jayasree et al. 2019).

The conjugation of connective tissue growth factor (CTGF) in hierarchically
electrospun scaffolds encouraged the proliferation of MSCs and the deposition of
COLI and III in vitro and in vivo; however stem cell differentiation was not
completely evaluated (Pauly et al. 2017). Even though CTGF has been positively
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correlated with tendon regeneration, further studies should be conducted to better
understand its influence on tenogenic commitment (Lee et al. 2015; Shen et al. 2018).

A PDGF delivery system was developed using PLGA-monomethoxy-poly(eth-
ylene glycol) (PLGA-m-PEG) nanoparticles. These were then associated with col-
lagen to form aligned fibers through an electrochemical process. The alignment of
the collagen fibrils resulted in increased Tnmd gene expression by hASCs, with the
controlled release of PDGF boosting this effect and leading to higher Scx expression,
in comparison with randomly oriented fibers (Cheng et al. 2014). Accordingly,
hASCs seeded on porous membranes with reverse gradients of PDGF-BB and
BMP-2 exhibited a tenogenesis-like behavior in the sections with higher PDGF-
BB and lower BMP-2 content, correspondent to the immunohistochemical observa-
tion of higher TNMD and lower bone sialoprotein expression, while osteogenesis
was promoted on the inverse situation (Min et al. 2014). More recently, PDGF was
immobilized on the surface of electrospun aligned structures of poly(l-lactic acid)
(PLLA) through a polydopamine (PDA) coating, forming a gradient of concentra-
tions. hASCs adhered and spread similarly along the gradient, proliferating better
than in the random scaffolds. Regarding the tenogenic differentiation, these cells had
the highest protein expression of SCX and TNMD in the sections with highest
amount of surface-bound PGDF, gradually decreasing with lower PDGF content
(Madhurakkat Perikamana et al. 2018).Both strategies are particularly interesting for
tendon to bone repair.

Silk fibroin scaffolds with isotropic (bone-like) and anisotropic (tendon-like)
sections were functionalized with heparin to immobilize TGF-β2 and growth differ-
entiation factor-5 (GDF-5). In the aligned segment, the presence of TGF-β2 allowed
the highest deposition of COLI and slightly increased ColI, Mkx, and Tnc expres-
sions, while in the isotropic region, the expression of the chondrogenic markers
Sox9, ColII, and aggrecan was upregulated in the simultaneous presence of TGF-β2
and GDF-5, therefore unveiling new possibilities for enthesis-targeting strategies
(Font Tellado et al. 2018).

Considering the reduced expression of histone deacetylases (HDACs) in native
tendon stem/progenitor cells, Zhang et al. tried to enhance their tenogenesis on
PLLA/poly(ethylene oxide) (PEO) aligned scaffolds using an HDAC inhibitor,
trichostatin A. This small molecule incorporated on the aligned PLLA fibers led to
increased mRNA expression of Scx and Mkx by TSPCs and superior SCX, COLI,
COLV, and TNMD protein expression. Random fibers, on the other hand, proved to
be the less efficient on TSPC tenoinduction (Zhang et al. 2018c).

4.3.3 Biofunctionalization of Scaffolds with ECM Components
Tendons are characterized by a scarce cell population within a very dense ECM
composed of several macromolecules, each playing a distinct role on the mechanical
function and biochemical signaling of the tissue (Yang et al. 2013). Hence, scaffolds’
biofunctionality in terms of cell adhesion and stem cell tenogenic commitment might
be enhanced with surface coatings of ECM components, to resemble the native
musculoskeletal tissue (Lin et al. 2018; Jenkins and Little 2019).
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Collagen, the main component of tendon’s ECM, has been shown to improve the
adhesion and growth of tenocytes, when used either as a bulk material (Theisen et al.
2010) or as a coating (Qin et al. 2005; Czaplewski et al. 2014). Tong et al. replicated
native tendon’s microenvironment, namely, surface topography and elasticity, using
bio-imprinted substrates of polydimethylsiloxane (PDMS). When the surface chem-
istry was modified using a collagen type I coating, MSCs showed increased TNMD
expression without using exogenous growth factors (Tong et al. 2012). Additional
tendon-related markers needed to be evaluated to better understand the impact on
cell differentiation.

Fibronectin, another well-defined cell adhesion enhancer, has been used along
with collagen in a strategy targeting to the bone-to-tendon transition (Sharma and
Snedeker 2010; Lin et al. 2018). Sharma et al. evaluated the influence of both
biochemical and biomechanical gradients on bone marrow stromal cells differenti-
ation along osteogenic and tenogenic lineages. For that, hydrogels of varying
stiffness at a cell length-scale (within the kPa range) were functionalized with
collagen and fibronectin. Osteoblast differentiation was observed on the stiffer
(80 kPa) and fibronectin-coated substrates. Tenogenic markers, on the other hand,
were upregulated on collagen-coated substrates with a stiffness of 40 kPa (Sharma
and Snedeker 2010). In general, softer substrates are more prone to induce tenogenic
differentiation, while rigid surfaces induce the expression of chondrogenesis and
osteogenic genes (Engler et al. 2006; Zhang et al. 2018b).

Elastin is another tendon ECM fibrous protein, responsible for tissue reversible
recoil (Miranda-Nieves and Chaikof 2017; Jenkins and Little 2019). In a recent

Fig. 3 (a) Schematic representation of the general strategy to immobilize TROPO on the surfaces
of yarns mimicking tendon collagen fascicles via PDA linking; and (b) confocal images of
immunolabeled samples against elastin (ELN – green) expressed by hASCs after 21 days of culture,
with stained nuclei (blue) and cytoskeletons (red). Scale bar for low and high magnifications: 100
and 50 μm, respectively. Reprinted (adapted) with permission fromAlmeida et al. (2019). Copyright
(2019) American Chemical Society
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work, the surface of PCL/CHT/CNCs yarns (Laranjeira et al. 2017) was
functionalized with tropoelastin (TROPO), the soluble precursor of elastin, through
PDA linking (Fig. 3), thereby tuning its elasticity and composition to mimic the
tendon native ECM (Almeida et al. 2019). Upon the decrease of surface stiffness
with the incorporation of PDA and TROPO, hASCs acquired faster the tenocyte-like
spindle-shape morphology and exhibited a sustained expression of Scx and Tnmd, up
to 21 days of culture. Even though all conditions led to the production of a tendon-
like ECM, immunocytochemistry data shows that only in the presence of TROPO,
cells synthesized and deposited elastin creating a more mimetic matrix in compar-
ison with the other conditions (Fig. 3) (Almeida et al. 2019).

5 Conclusions

The cellular interactions and mechanisms underlying tendon tissues remain to be
fully elucidated, challenging strategies that would greatly benefit from the knowl-
edge of tenogenic benchmarks as specific biomarkers for tendon cell maturation,
appropriate stimuli conditions, and/or the factors leading to impaired tendon healing.
As a mechanoresponsive tissue, mechanical cues are key features for tendon homeo-
stasis and function. Several works have been emphasizing scaffolds’ topographic
cues and mechanical stimulation as powerful modulators of cell fate. All the
proposed strategies provide insightful information about the interactions between
cells and their substrates. However, these systems are often considered overly
simplistic as do not consider the biological signaling present in the in vivo niche.
Therefore, associating bioactive prompts to scaffolds is an increasingly trend in
tendon tissue engineering.

In the years to come, cellular interactions with the different stimuli should be
deeply investigated, and the spatiotemporal dynamics of cellular differentiation and
tissue maturation assessed in the presence of artificial tenogenic stimuli to determine
preferential rankings among conditioning factors. Another aspect to be considered in
future strategies is the anatomical location of tendon tissues. Distinct locations
within the body relate to dissimilar microenvironments, which likely influence
different responses to stimuli and to repair mechanisms.

In summary, multiple aspects of tendon physiology in combinatorial strategies have
been explored in the context of tendon TERM. The combination of both biomechan-
ical and biochemical cues has been shown to produce biomimetic tendon scaffolds
from nano- to macro-scales, although the optimal strategy to achieve tendon regener-
ation continues an unmet research and clinical need. The recreation of tendon niche
complexity demands for the assessment of suitable cellular and environmental condi-
tions and for the development of more sophisticated tendon substitutes with improved
tenogenic functions for therapeutic application in tendon pathologies.
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Abstract

Due to the important role of the meniscus concerning the integrity of the knee
joint, meniscus tissue preserving techniques for the therapy of meniscal injuries
seem to be reasonable. Due to a diminished self-healing capacity of meniscus
particularly in the avascular zone, meniscus restoration is not always possible.
Meniscus deficiency leads to functional restrictions and osteoarthritic changes in
mid- and long term. Regenerative treatment augmentation for meniscal therapy
and Tissue Engineering are promising approaches to preserve and restore as much
meniscus tissue as possible. This chapter gives insights on current preclinical and
clinical treatment strategies of meniscus and emphasizes on future perspectives
like biological treatment augmentation for meniscal regeneration and Tissue
Engineering of meniscus.

1 Introduction

Meniscal lesions represent one of the most common intra-articular knee injuries, and
are therefore the most frequent cause of surgical procedures in orthopedic surgery.
The mean annual incidence of meniscal lesions has been reported to be 66/100,000
inhabitants, 61 of which result in partial or subtotal meniscectomy (Makris et al.
2011). The changes in “pivoting” sports activities in the past few decades have
resulted in increased injury rates of the meniscus (1.5 million injuries in Germany/
year) (Stein et al. 2010). Especially in combination with anterior cruciate ligament
injuries a high incidence of acute meniscal lesions (40–80%) can be detected.

Additionally, an increasing number of degenerative meniscus lesions can be
detected over the last decades. Although it is still under debate whether these
meniscus lesions are better treated conservatively or operatively, there is no discus-
sion about the fact that such degenerative meniscal changes promote and accelerate
the development of osteoarthritis of the knee.

Meniscus integrity is the key for joint health of the knee. Untreated meniscus tears
cause intermittent pain, joint swelling, recurrent mechanical symptoms (clicking,
catching, giving way), and, therefore, significant reduction in quality of life in
predominately young and active patients (McDermott 2011).

In the long-term, meniscus tears can result in the onset of joint degeneration and,
finally, knee osteoarthritis with all its consequences including pain, immobility, and
knee arthroplasty (Lohmander et al. 2007; Stein et al. 2010; Borchers et al. 2011;
Jeong et al. 2012; Badlani et al. 2013). In a recent published case-control study
(Level of evidence 3), specific meniscus tear morphologies (meniscus extrusion,
complex tears, tears with large radial involvement) have shown to be significantly
more common in patients with progressive development of osteoarthritic changes in
a 2-year follow-up indicating that these meniscus tears represent a negative prog-
nostic risk factor for later development of osteoarthritis (Badlani et al. 2013).

Removal of meniscus tears lead to short term relief of clinical symptoms, but also
to knee osteoarthritis in long-term (Salata et al. 2010; Papalia et al. 2011; Paxton
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et al. 2011; Jeong et al. 2012). Especially the amount meniscus removed, lateral
meniscectomy, concomitant injuries like ACL ruptures, axis deviation, high BMI,
and longer duration of clinical symptoms preoperatively have been identified as
negative prognostic risk factors for the onset of osteoarthritis in systematic reviews
(Papalia et al. 2011; Jeong et al. 2012). Elevated expression levels of arthritis-related
markers in meniscus tears in patients under 40 years old, compared to patients over
40 years, and in patients with meniscus and anterior cruciate ligament tears, com-
pared to patients with isolated meniscus tears, indicate an increased catabolic
response suggesting a higher risk for progression of osteoarthritis following partial
meniscectomy (Brophy and Matava 2012).

Knowing the risk for the onset of osteoarthritis after meniscectomy, the majority
of meniscus tears are still treated with partial meniscectomy as shown in a huge
cohort of more than 1000 young patients undergoing anterior cruciate ligament
reconstruction (Fetzer et al. 2009).

Therefore, the main goal of every meniscus treatment should be the maintenance
of as much meniscus tissue as possible (Fetzer et al. 2009; Starke et al. 2009; Stein
et al. 2010; Abrams et al. 2013). This includes repair of meniscus tears and
regeneration of meniscus defects after meniscectomy with regenerative treatment
approaches like biological augmentation or Tissue Engineering.

In recent years, there has been a growing interest in using mesenchymal stem cells
or other cell types to enhance meniscal healing or to regenerate damaged or lost
meniscus tissue. Especially pluripotent cells are able to fulfill a dual role for
musculoskeletal repair, because they have the potential to differentiate into the repair
cells themselves and to produce special trophic factors like growth factors for its
repair (Caplan and Dennis 2006). This chapter focuses on the present and future
treatment options especially for meniscus repair and meniscus regeneration given by
Tissue Engineering.

2 Clinical Aspects

The meniscus plays a decisive role for the integrity of the knee joint. This includes
shock absorption and transmission, but also joint stabilization, proprioception,
lubrication, and nutrition of the articular cartilage (Makris et al. 2011). Biomechan-
ical studies have shown that a loss of meniscus integrity leads to remarkable changes
in kinematics and load distribution in the knee joint. The pressure on the surrounding
native articular cartilage subsequently increases. Even a resection of only 15–34% of
meniscus tissue enhances the load on the surrounding hyaline cartilage up to 350%
(Radin et al. 1984).

In accordance to that, osteoarthritis of the knee, as a resulting effect of
meniscectomy, has already been described a long time ago (Fairbank 1948).
According to the current literature partial meniscectomy is also well known to
predispose the knee for the development and an early onset of osteoarthritis
(McDermott and Amis 2006; Petty and Lubowitz 2011). Especially the following

Meniscus Regeneration Strategies 533



criteria are defined as risk factors for the development of degenerative changes in
context to meniscus injuries (according to Mordecai et al. 2014):

• Partial meniscectomy of the lateral meniscus
• Resection of larger portions of meniscus tissue
• Radial tears reducing or cancelling the meniscus ring tension (functional

meniscectomy)
• Preexisting cartilage lesions
• Persisting ligamentous joint instability
• Axis deviation (varus-medial, valgus-lateral)
• Obesity
• Age >40 years
• Low activity level

According to the increasing knowledge concerning the biology and function of the
meniscus there is a consensus to preserve as much meniscus tissue as possible in the
treatment of meniscus injuries. Thus, different techniques for the therapy of meniscus
tears have been developed over time. Today, the meniscus suture matters as gold
standard for the regenerative treatment of meniscus lesions particularly in vascularized
portion. Whereas initially this procedure was performed as an open procedure, up to
now it is almost exclusively performed arthroscopically. Different techniques for
meniscus suturing have to be distinguished: all-inside, outside-in, inside-out.

The vascularization and nutritional situation of the injured meniscus area as well
as the type of meniscus tear are decisive of the success of a meniscus reconstruction.

While the inner 2/3 of the meniscus (“white-white”) is nourished by diffusion
from the synovial fluid, the periphery in the so-called red-red zone has a vascular
supply. Between the white-white zone and the vascularized portion a red-white
transition zone is located. Especially the outer third and, to a lesser extent, the
red-white transition zone show a regenerative potential with good conditions for a
successful meniscus suturing (Arnoczky 1999).

However, meniscus still remains a challenging structure for repair and restoration.
The question that arises is whether the diminished self-healing capacity mainly in the
inner thirds of the meniscus can be overcome by innovative treatment options or
modern treatment strategies like for example cell-based treatment augmentation.
Additionally, over the last decades different Tissue Engineering approaches came in
the focus of research to enhance the healing potential in order to save or to rebuild as
much meniscus tissue as possible to improve long-term outcome after meniscus
treatment and to prevent the onset of osteoarthritis. This chapter summarizes differ-
ent aspects of Tissue Engineering of Meniscus and gives an overview on the variety
of treatment strategies and their specific aims.

2.1 Endogenous Repair Cells in Case of a Meniscus Injury

Currently, a number of potential repair cells for meniscus regeneration are available.
Repair cells of meniscus injury can either be located in the meniscus tissue itself or
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entering the meniscus predominately via circulation. In this section, we will focus on
the availability of repair cells and repair potential of the meniscus in clinical reality in
case of a meniscal injury.

Endogenous repair of meniscus injury seems to be dependent of the different
vascularization of the outer and the inner zone of the meniscus (Scotti et al. 2013).
Repair in the vascularized outer zone can be achieved, but fail to encourage healing
in the avascular inner zone of the meniscus. However, in several studies also
regeneration could be seen in the inner zone of the meniscus indicating regenerative
potential independently from the vascularization (Pabbruwe et al. 2010).
Hennerbichler et al. have shown in an experimental setup that punch defects,
which were directly filled with the removed punches, showed no significant differ-
ence in healing potential between the vascularized and avascularized meniscus zone
(Hennerbichler et al. 2007). Croutze and coworkers could demonstrate equivalent
differentiation potential toward chondrogenic phenotype and extracellular matrix
production of isolated human meniscus cells from the inner and the outer zone
(Croutze et al. 2013). Different studies stated that milieu factors like oxygen tension
and growth factors may play a key role in modulating redifferentiation of meniscal
fibrochondrocytes at least in vitro.

From a clinical standpoint, meniscus cells from meniscectomized tissue would be
the ideal cell source for repair. However, is this approach applicable? Nakata et al.
have shown feasibility of meniscus regeneration by expansion of human meniscus
cells from meniscectomized tissue (Nakata et al. 2001). With the same cell source
Baker et al. could achieve repair tissue with equivalent mechanical properties than
native meniscus tissue (Baker et al. 2009). However, the low proliferation rate and
matrix production limit the use of this cell type. In addition, potential candidates for
meniscus transplantation have already undergone partial meniscectomy with the
necessity to find alternative cell sources.

Stem cells are characterized by self-renewal capacity and multilineage differen-
tiation potential to a variety of cell types of mesenchymal tissue like bone, cartilage,
or fat (Caplan and Dennis 2006). Recently, the stem cell perspective has changed by
identification of pericytes around almost every blood vessel in the body, which
contain stem cell characteristics (Crisan et al. 2011). The existing traditional view,
which focuses on the multipotent differentiation capacity of these cells, has been
expanded to include their equally interesting role as cellular modulators that bring
them into a broader therapeutic scenario.

With this background, it is not surprising that Osawa et al. have identified in the
vascularized region of the meniscus more blood-vessel derived stem cells (CD34-
and CD146-positive cells) than in the avascular region. These meniscal-derived stem
cells were multipotent and contributed to meniscal regeneration, which they proof
via transplantation in knee joints of athymic rats (Osawa et al. 2013).

Does also the avascular inner zone of the meniscus contain stem cells? Stem cells
have been identified in the surface zone of other avascular tissue, mainly in the
articular cartilage (Williams et al. 2010), but little is known about meniscus stem
cells. Mauck et al. describes regional multilineage differentiation potential of menis-
cus cells in both zones available, however showed differences in pluripotency
between the zones (Mauck et al. 2007). Especially, pluripotent cells from the
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avascular tissue seem to lack osteogenic differentiation potential, which could be of
clinical interest for meniscus regenerative approaches.

Besides existence of mesenchymal stem cells in the meniscus, the synovium and
the synovial fluid contain stem cells for meniscus regeneration (Matsukura et al.
2014). Matsukura and coworkers found elevated levels of mesenchymal stem cells in
the synovium fluid after meniscus injury compared to normal knee joints suggesting
that mesenchymal stem cells in the fluid may play a role in regeneration of meniscus.
Horie and coworkers showed promotion of meniscal regeneration in rat massive
meniscal defects by intra-articular injection of synovial stem cells. The injected cells
adhere to the lesion site, directly differentiate in meniscus cells, and promote
meniscal regeneration without mobilization to distant organs (Horie et al. 2009).

In summary, local or systemic stem cells seem to play a fundamental and essential
role in the regeneration of meniscus injury, either as direct repair cells or as a source
for secretion of bioactive modulators or immunomodulation.

2.2 Meniscus Reconstruction Improves the Knee Function
in Long-Term

The first description of a meniscus suture technique was published by Annandale in
1885 (Di Matteo et al. 2013). Since then, the treatment options for the reconstructive
therapy of meniscus lesions have been significantly advanced, especially by the
development of arthroscopic techniques. Regarding studies and meta-analysis
describing the long-term outcome after meniscal reconstructive therapy the technical
development of the treatment options (open versus arthroscopic procedures) have to
be considered.

Tengrootenhuysen et al. retrospectively compared the clinical outcome after
successful and failed meniscus suture in 119 patients after a mean follow-up of
more than 5 years (Tengrootenhuysen et al. 2011). The successful reconstruction of
the meniscus was associated with a significant improvement of the knee function
according to the IKDC and Lysholm score.

Xu et al. evaluated the long-term outcome of meniscus reconstruction in com-
parison to the long-term outcome after partial meniscectomy (Xu and Zhao 2015).
According to the inclusion criteria, 367 patients of 7 studies were included in this
meta-analysis. After a mean follow-up of 84 months, they detected a significant
improvement of the IKDC and Lysholm score in the group of patients receiving a
meniscus suture in contrast to the group of patients who have had partial
meniscectomy. Regarding the Tegner score, the results of both groups were reduced
in comparison to the activity level before the meniscal injury. Nevertheless, further
differentiation of both groups showed a reduced loss of function over the time in the
group of patients who had received a meniscus suture. So, they summarized that the
preservation of meniscus tissue is associated with an improved clinical and func-
tional outcome over a mid- and long-term period.

In addition to that, Stein et al. showed that 96.2% of the patients who had
a meniscus reconstruction were able to restore their pre-injury activity level within
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a mean follow-up of almost 9 years in comparison to 50% of the patients who had a
partial meniscectomy. These results go along with the observations of Majewski
et al. who analyzed isolated and longitudinal meniscus tears in stable knee joints
after a mean follow-up of 10 years (Stein et al. 2010).

Overall, the current literature shows a significant positive effect of a meniscus
tissue preserving therapy on the knee joint function in long-term. However, the
question remains to what extend meniscus preserving techniques, such as meniscus
suture, are able to positively influence the development of degenerative changes
within the knee joint.

2.3 Prevention of Osteoarthritis by Meniscus Suturing
in Long-Term

The integrity of the meniscus is of impact for the prevention of osteoarthritis, such as
shown by (partial) meniscectomy. It usually goes along with a loss of symptoms and
functional improvement in short-term (Mezhov et al. 2014). However, the long-term
outcome after (partial) meniscectomy shows a trend to degenerative effects. Englund
and Lohmander described an association between the degenerative effect and the
amount of lost meniscus tissue (Englund and Lohmander 2004). Even if the partial
meniscectomy does not show that extended destructive effect, osteoarthritic changes
are also documented after a follow up of 16 years after partial meniscectomy
(Englund et al. 2003). So, Papalia et al. defined the amount of resected meniscus
tissue as a predictive factor for the development of osteoarthritis (Papalia et al.
2011).

In a systematic review concerning the outcome after arthroscopically performed
partial meniscectomy with a minimum follow-up of 8 years and a mean age of
36 years. Satisfying results concerning the functional outcome (i.e., Lysholm scor-
ing, Tegner scoring,or IKDC scoring) were found by Petty and Lubowitz (2011).
Nevertheless, all included studies evaluating radiologically based signs of osteoar-
thritis in the index and contralateral site detected significantly enhanced signs of
osteoarthritis in the partially meniscectomized knee. Comparing the medial and
lateral meniscus, especially partial meniscectomy of the lateral meniscus shows a
negative influence on the development of degenerative changes (Salata et al. 2010).
In this context, Lee et al. examining 49 patients after subtotal resection of the lateral
meniscus and having lateral meniscus replacement throughout after a mean of
4.5 years. The authors observed a significant development of signs of osteoarthritis
according to the Kellgren-Lawrence classification and a progressive loss of the joint
line. Though, the process of progressive joint degeneration could have positively
been influenced by meniscus replacement (Lee et al. 2016).

In contrast to the (partial) meniscectomy meniscus preserving techniques such as
meniscus suturing show a cartilage protective effect in long-term. Noyes et al.
evaluated the meniscal status of 33 patients having meniscus suture after a mean
follow-up of 16.8 years by MRI scan. No degenerative changes in the operated
compartment or differences concerning the status of degeneration in comparison to
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the healthy, contralateral site were found in patients after having successful meniscus
reconstruction (Noyes et al. 2011). Further studies described a progress of radiolog-
ical signs of osteoarthritis after meniscus suture in long-term; however, these results
showed just a mild progress of degenerative changes (Nepple et al. 2012). Johnson
et al. compared the injured and contralateral knee joint 10 years after meniscus suture
on a radiological base (Johnson et al. 1999). Only 8% of these patients developed
osteoarthritic signs on the operated site while degenerative changes were also found
in even 3% of the contralateral, intact knee joints. Furthermore, Tengrootenhuysen
et al. analyzed differences between patients after a successful meniscus suture and
patients in whom the meniscus suture failed (Tengrootenhuysen et al. 2011). In 14%
of the patients having a successful reconstruction of the meniscus signs of osteoar-
thritis were documented in X-ray. In contrast to that, in more than 80% of the patients
with a failed meniscus preserving therapy signs of an osteoarthritis were seen.

Regarding the development of osteoarthritis of the knee, techniques preserving a
functional intact meniscus tissue show advantages in comparison to partial
meniscectomy. Stein et al. showed no progress of radiological signs of osteoarthritis
in 81% of the evaluated patients after almost 9 years after meniscus suturing,
whereas a reduction of a degenerative progress was only seen in 40% of the patients
after partial meniscectomy (Stein et al. 2010). Similar results were found by Paxton
et al. (2011). While 78% of the patients had no progress of the osteoarthritic status
according to the X-ray after having reconstruction of the meniscus, just in 64% of the
patients, who had partial meniscectomy, no further development of osteoarthritis was
detected. Especially in younger patients further studies showed also clear advantages
of the meniscus preserving techniques in contrast to the partial meniscectomy
regarding osteoarthrosis preventing qualities (Sommerlath 1991).

Despite promising results for successful meniscus reconstruction regarding func-
tional outcome and prevention of osteoarthritis, there is still the need to improve the
healing rate after meniscus suture.

2.4 Stimulation of the Regenerative Potential of the Meniscus
Tissue

The aim of any meniscus therapy should be to preserve as much meniscus tissue as
possible, such as performed by reconstructive techniques like meniscus suture. The
regenerative potential of the meniscus can be further supported by various measures.

Refreshing of the margins of the meniscus tears is an obligate procedure before
each meniscus suture (Fig. 1). Different further techniques, such as the trephination
of the meniscus margins by awls or K-wires as well as roughening of the defect sites
by special meniscus tissue rasps, are available. In a comparative study, Zhang et al.
analyzed the effect of such a refreshment of the meniscus defect site by trephination
before meniscus suturing (Zhang and Arnold 1996). They found a significantly
lower failure rate of the meniscus suture when, in addition to the suture, a trephina-
tion was performed before.
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In addition to that, a beneficial joint milieu can positively influence the meniscus
regeneration. Cannon et al. detected an increased healing rate of 93% in patients after
meniscus suture and simultaneous anterior cruciate ligament (ACL) reconstruction
in comparison to a healing rate of 50% in patients, who had an isolated meniscus
suture without simultaneous ACL replacement (Cannon and Vittori 1992). This fact
has led to a marked increase of the number of meniscus sutures in combination with
an ACL replacement in recent years. However, the positive effect presumably can be
ascribed to on the opening of the bone marrow space by drilling the femoral and
tibial tunnels for the ACL reconstruction. Via these medullary tunnels mesenchymal
stem cells as well as bioactive substances, which support the meniscus regeneration,
may arrive to the meniscus defect site and influence the joint milieu. To imitate this
effect, some authors also recommend a trephination of the notch before meniscus
suture to support meniscus healing (Mordecai et al. 2014).

However, although improvements regarding successful regeneration after menis-
cus reconstruction could be seen in recent years, there is still a lack of treatment
options for meniscal injuries particularly in the avascular zone and for critical size

Fig. 1 Meniscus reconstruction: Arthroscopic images of an 18-year-old man with a bucket handle
tear of his left medial meniscus. (a) The “bucket handle part” of the meniscus tear in the notch
lateral to the medial femoral condyle. (b) The tear is located in the red-red and the red-white zone of
the meniscus from the posterior horn until the far anterior part of the pars intermedia. (c)
Arthroscopical reposition of the meniscal tear with a probe. (d) Reconstruction of the medial
meniscus with outside-in sutures (purple) and all-inside sutures (blue)
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defects. Tissue Engineering approaches might be possible future perspective for this
kind of meniscal pathologies.

3 Meniscus Tissue Engineering

3.1 Cell Sources

The classical strategy for Tissue Engineering is to seed cells on a scaffold and after a
period of preconditioning in culture the cell matrix construct is placed in the
meniscal defect.

The cells used for tissue engineering of meniscus can be classified in precursor
cells and adult differentiated cells (Haddad et al. 2013; Bilgen et al. 2018).

3.1.1 Stem Cells
In addition to the capacity for chondrogenic differentiation, MSCs have the potential
to improve local microenvironment, immunoregulation, and anti-inflammatory bio-
logical activities through the secretion of exosomes, growth factors, cytokines, anti-
inflammatory factors, and other bioactive substances. Besides direct differentiation
to the repair cells studies suggest that MSCs contribute to joint regeneration by
regulation of local inflammation, apoptosis, and proliferation of cells through para-
crine mechanisms. Additionally, stem cells are also self-renewing and highly prolif-
erative. Therefore, several sources of stem and progenitor cells have demonstrated
promise for use in meniscus repair.

3.1.2 Mesenchymal Stem Cells

Bone Marrow Derived Stem Cells
Bone marrow derived stem cells are the most commonly explored source of MSCs
used for meniscal repair. These cells can be extracted autologously through mini-
mally invasive bone marrow aspiration procedures. They have been analyzed in
many preclinical studies for meniscus tissue engineering with promising results.
However also disadvantages like osteogenic differentiation or the propensity for
hypertrophy have been described. To address these problems, coculture with
meniscal cells seem to be beneficial. However, a large number of meniscal cells
are needed to reduce the tendency of hypertrophy of MSCs during the culture period.
Therefore, one of the main focus of research on bone marrow derived MSCs for
meniscal regeneration should be to address the limitation of hypertrophy to over-
come the burden to translate MSC-based meniscal repair techniques in daily clinical
practice.

Due to their potential for differentiation, trophic modulation, and good availabil-
ity, MSCs appear to be the best cell source to support meniscal healing (Zellner et al.
2017). In different animal models, MSCs showed promising results regarding the
development of differentiated meniscus-like repair tissue in small or large meniscus
defects or meniscus tears, even in the avascular zone (Angele et al. 2008; Zellner
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et al. 2010, 2013; Koch et al. 2018). Vangsness et al. injected allogenic MSCs for
meniscal treatment following partial meniscectomy in a clinical setting and detected
meniscus regeneration and improvement in knee pain (Vangsness Jr. et al. 2014).

Synoviocytes
Lineage tracing studies in mice have demonstrated that articular cartilage and
synovium have a common developmental origin. Therefore, in vitro studies have
discussed the superiority of MSCs from the synovium for cartilage formation and
meniscal repair. These cells have a similar gene expression profile to meniscus cells.
Preclinical meniscal repair studies have investigated the use of synovium-derived
MSCs with moderate success (Niu et al. 2016).

Adipose Tissue-Derived Stem Cells
Another source for harvesting MSCs is adipose tissue obtained from liposuction or
subpatellar fat pad, centrifugated and digested by collagenase I to prepare concen-
trated adipose-derived MSCs. These adipose-derived MSCs have demonstrated
positive effects on pain reduction and knee function without cell-depended adverse
events after injection in osteoarthritic knees. Jo et al. showed a significant dose
dependency of the outcome after adipose-derived MSCs with the need of further
studies to confirm clinical advantages of high-dose injection. However, in a com-
parative study, adipose-derived MSCs reveal a lower chondrogenic potential, lower
cartilage specificity of matrix protein production, and lower expression rate of
collagen I gene than bone marrow-derived MSCs. Additionally, comparable to
synovium-derived cells isolation of ASCs requires initial surgery for tissue extrac-
tion. However, ASCs were reported to improve healing of lesions in the avascular
meniscal region in a rabbit model dependent on the defect size and the time between
surgical creation of the lesion and treatment.

Meniscus-Derived Stem Cells
Meniscus-derived stem cells are a target for enhancement of meniscus healing or
restoration. After a meniscal injury, the level of MSCs in the synovial fluid is
elevated and a migration of MSCs in the meniscus towards the meniscal injury can
be detected. Meniscal cells may be isolated from the tissue and then reinserted within
a carrier back into the patient. These cells have been evaluated in vitro, while also
demonstrating multilineage differentiation potential (Hennerbichler et al. 2007;
Mauck et al. 2007; Zellner et al. 2015). However, there is a lack of in vivo data
concerning the use of meniscal cells for tissue repair in previous studies. Regional
differences regarding their chondrogenic potential exist, as meniscal cells derived
from the outer vascularized zone show a higher chondrogenic capacity than meniscal
cells from the inner nonvascularized part (Zellner et al. 2015). Thus, meniscal cells
alone are not wholly responsible for the reduced intrinsic self-healing capacity.
Hennerbichler et al. (2007) showed that reinserted meniscal plugs in the outer and
inner zone of the meniscus reintegrated into the surrounding meniscal tissue in vitro
with stable connecting fibers between the meniscal cells. Explants from the avascular
inner zone and vascular outer zone of the meniscus exhibit similar healing potential
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and repair strength in vitro. In an own study we have shown the repair capacity of the
meniscus cells in an in vivo situation for meniscal punch defects in the avascular
zone (Zellner et al. 2017). The reason for the enhanced repair in these previous
investigations may be the existence of progenitor populations within the meniscus
particularly from the outer meniscus (Mauck et al. 2007; Makris et al. 2011). The
problem with meniscal cells or meniscal-derived stem cells are their availability.
However, the use of allogenic meniscus derived stem cells might be a practical
approach that has shown to promote of meniscal healing.

Cartilage-Derived Stem Cells
MSCs can also be found in the articular cartilage called cartilage-derived
chondrogenic progenitor cells (CPCs). These cells can be isolated from mature
cartilage, cultured and differentiated in different mesenchymal linages (Williams
et al. 2010). Like MMSCs, CPC also migrate to cartilage injuries or trauma. They are
fibrochondrocyte-like in appearance and can therefore be considered as a potential
repair cell for meniscus regeneration. In comparison to BM-MSC CPCs from
healthy cartilage are more resistant to terminal differentiation and hypertrophy.
However, for a clinical reason, again the bioavailability might be critical as they
make up less than 1% of all cells in articular cartilage. According to the clinically
established method of autologous chondrocyte transplantation, it is conceivable to
harvest cartilage from a non-weight bearing area, isolate and differentiate CPCs, and
treat meniscal injuries with these cartilage-derived MSCs.

3.2 Mature Cells

3.2.1 Meniscus Fibrochondrocytes
Meniscus cells are often used for seeding and testing of scaffolds designed for
meniscus replacement. Meniscal fibrochondrocytes from the inner and from the
outer zone show a high capacity for differentiation and regeneration which can be
improved by the application of dynamic hydrostatic pressure in an in vitro meniscus
cell pellet model (Zellner et al. 2015). Similar to meniscus-derived MSCs also adult
meniscus fibrochondrocytes have the disadvantage of limited bioavailability. Com-
parison of different cell types for Tissue Engineering of meniscus showed favorable
results for MSCs compared to adult meniscal cells. Zellner et al. revealed regener-
ative potential of the meniscus by an autologous cell-based Tissue Engineering
approach even in a challenging setting of early osteoarthritis (Zellner et al. 2017).
Autologous MSCs and meniscal cells were found to have improved meniscal healing
in an animal model, thus demonstrating its feasibility in a clinical setting. However,
donor site morbidity, less availability, and reduced chondrogenic differentiation of
human meniscal cells from debris of meniscal tears favors autologous MSCs for
clinical use for cell-based meniscus regeneration. However, the use of allogenic
meniscal fibrochondrocytes for meniscus repair or coculture of MSCs seems
feasible.
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3.2.2 Articular Chondrocytes
Autologous chondrocyte transplantation has become the standard of care for carti-
lage defects of the knee. The technique of cell harvest, culture, and matrix-based
transplantation is routinely used in daily clinical practice. A limited amount of
studies has been performed to evaluate the use of adult chondrocytes also for
meniscal repair in conjunction with scaffolds, showing positive results. Further
studies are needed for better understanding of the positive effect of allogenic or
autologous mature chondrocytes for cell-based meniscal repair (Bilgen et al. 2018).

4 Biomaterials for Meniscus Tissue Engineering

Biomaterials for meniscus Tissue Engineering can be synthesized from natural or
synthetic components. The aims of a scaffolds are to provide a 3D structure,
biomechanical support, and to foster differentiation into meniscus-like repair tissue.
Cell-free as well as cell-loaded scaffolds are described for Tissue Engineering which
can be applied in different forms like gels or solid stiff structures. Solid matrices can
provide extended mechanical force as an important function of meniscus tissue and
can protect repair cells at the defect site (Rongen et al. 2014).

4.1 Acellular Biomaterials

Cell-free matrices often provide 3D shape support and could be bioactive or bioinert.
Many different biomaterials and components have been tested or are still under
investigation in search of the optimal scaffold for meniscus Tissue Engineering.
Nondegradable materials may cause friction and damage the surrounding articular
cartilage. However, degradable matrices may be too weak and shrink over time if it is
not enforced by developed repair tissue.

Silk scaffolds are natural biomaterials that were developed for partial meniscal
regeneration currently undergoing clinical trials. In animal models, the biomaterial
showed chondroprotective effects.

Fibrous scaffolds like polycaprolactone polymers have been electrospun to create
cell-free biodegradable biomaterials for Tissue Engineering of meniscus. They were
shown to provide early mechanical function and slow degradation during the time of
meniscus tissue regeneration.

Non-biodegradable scaffolds for meniscus tissue engineering were, e.g., fabri-
cated of poly-vinyl alcohol hydrogels imitating the mechanical meniscal properties.
However, animal models showed more cartilage degeneration over time than
meniscal allograft transplantation.

An alternative approach for biomimetic cell free bioscaffolds is the
decellularization of meniscus tissue having the advantage of preserving the special
zonal organization of meniscus ultrastructure and extracellular matrix. A major issue
for repair tissue development is to facilitate cell infiltration into these scaffolds due to
its dense extracellular matrix structure. As frozen allograft often has dead cell debris
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with potential adverse events on cell ingrowth and differentiation, the decellularization
process may make up this disadvantage by cleaning up the cell debris.

Other examples for biomaterials which were tested for meniscal regeneration
without cell loading are synthetic scaffolds like carbon fibers, PLLA, polyurethane,
polyethylene, and PCL-polyurethane. Natural cell-free scaffolds are hyaluronan-
collagen composite matrices, fibrin glues, and small intestinal submucosa.

4.2 Clinical Use of Cell-Free Scaffolds

Due to regulatory burdens, implementation of cell-free scaffolds in clinical practice
can be easily achieved than cell-based approaches. Striving for optimal restoration of
meniscal tissue biocompatible scaffolds came in the focus for treatment of large
meniscal defects in the last decade. The rationale for using such cell-free biomate-
rials after extensive loss of meniscal tissue is based on repopulation of the scaffold by
host cells recruited from the synovium or the meniscal remnants (Scotti et al. 2013).

At least only one biomaterial is currently in clinical use. The collagen meniscus
implant (CMI) was the first scaffold for meniscus replacement. It is porous, derived
from bovine collagen I, molded in shape of a medial or lateral meniscus, and
available off the shelf (Rodkey et al. 2008). Some authors report of satisfactory
clinical outcome while MRI and histological results are controversial. Some cell
infiltration can be seen over time; however, Steadman et al. saw a tendency of
shrinking over time and no histological remnants of the collagen scaffold 5–6 years
after implantation (Steadman and Rodkey 2005). Predominantly, scar tissue forma-
tion instead of fibrocartilage was described after implantation. Another clinically
used biomaterial was a polyurethane-based scaffold called Actifit with clinical
results similar to CMI. The first 12-month report showed tissue ingrowth into the
scaffold at this time and consistent MRI and histology data (Verdonk et al. 2011). In
an animal model, this biomaterial showed an accelerated in growth in the surround-
ing native cartilage when seeded with mesenchymal stem cells (Koch et al. 2018).
However, at the moment this biomaterial is not available for clinical use. Despite
promising short-term results of meniscal implants, none of them has currently
demonstrated regeneration of a functional, long-lasting meniscal tissue.

In order to restore the biomechanical environment for the knee joint, a cell free
anisotropic synthetic biomaterial called NuSurface was developed. The idea of this
implant is not the ingrowth or the induction of meniscal repair tissue but more a
replacement of lost meniscus tissue to provide shock absorption for the medial knee
compartment of the knee. The implant is designed for free floating in the medial
compartment and requires an intact meniscal peripheral rim for keeping the implant
in place (Shemesh et al. 2014).

As biomaterials for meniscal substitution need a stable and intact rim of the native
meniscus, meniscal transplantation is actually the only biologic treatment option
available for totally meniscectomized knee joints (Lubowitz et al. 2007). A recently
published meta-analysis concluded that this procedure is an effective technique for
these very selected patients (Elattar et al. 2011). However, fixation of the allograft,

544 J. Zellner and P. Angele



the limited availability, and the frequent mismatch of graft and host tissue are still
problems of this procedure. Additionally, there is no consensus in the optimal
storage protocols for meniscal allografts which leads to variations in cell viability
in meniscus allografts potentially affecting the outcome. Therefore, development of
biomaterials that can be used for total meniscus replacement are areas of
improvement.

4.3 Scaffolds for Cell-Based Meniscus Therapy – Preclinical

Cell-based Tissue Engineering of meniscus has the advantage to deliver potential
repair cells and bioactive agents directly at the defect site. Scaffolds with different
natural or synthetic components have been used as a supportive cell carrier. Inject-
able biomaterials like hydrogels are often applied with cells because of the ease with
which they can be seeded with cells and applied in the knee or at the defect. In
contrast solid scaffolds provide a biomechanically more robust 3D structure that
protects the cells at the defect during the regeneration process.

Examples for natural matrix components are: collagen type I or II, decellularized
or devitalized meniscus, hyaluronan, chitosan.

Examples for synthetic matrix components for meniscus Tissue Engineering are:
polylactic acid, PGA, agarose, and alginate (Hasan et al. 2014).

Most biomaterials used for Tissue Engineering of meniscus try to match the
biochemical and mechanical properties of the meniscus. An alternative approach is
the self-assembling of different allogenic or autologous cells to create a zonally
differentiated tissue-engineered construct. Alternatively, cocultured cells can be used
for such a self-assembling scaffold-free approach to mimic the zonal organization of
meniscal matrices. The need for high amounts of cells and subsequent use of matrix
degrading enzymes are reasons that might inhibit clinical application in the future
(Niu et al. 2016).

5 Potential Ways for Healing Enhancement by Suture
Augmentation

5.1 Augmentation of Meniscus Suture with Mesenchymal
Stem Cells

Preclinical trials by ourselves and others have shown enhanced healing of meniscal
lesions with the application of mesenchymal-based cells (Izuta et al. 2005; Angele
et al. 2008; Zellner et al. 2010, 2013; Makris et al. 2011; Hasan et al. 2013). Locally
applied expanded mesenchymal stem cells from the bone marrow have achieved
regeneration of longitudinal meniscus tears in the avascular zone in the lateral
meniscus of New Zealand White Rabbits. Control groups with untreated tears,
treatment with meniscus suture alone, or meniscus suture in combination with
implanted cell-free biomaterials revealed no recognizable healing indicating the
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development of a critical size meniscus tear model. In contrast, mesenchymal stem
cells from the bone marrow in combination with hyaluronan collagen carriers
resulted in meniscal repair with differentiated meniscus-like tissue detected by
histology, immunohistochemistry, and biomechanical analysis.

It is not clear whether this is a direct action of the mesenchymal-based cells or is
rather mediated by secretion of certain stimulating factors (Starke et al. 2009).
Despite the fact that meniscus regeneration seems to be feasible by growth factors
and mononucleated cells, not many of the cell-based strategies has entered clinical
practice to date (Scotti et al. 2013). The implementation of cell-based strategies is
mainly limited by the necessity to expand cells prior to transplantation resulting in
high treatment costs.

Whitehouse et al. conducted a first in human safety study of five patients with a
critical avascular meniscal tear. Autologous MSCs were taken from the iliac crest,
expanded, cultured, and seeded on a collagen scaffold. These MSC-scaffold con-
structs were implanted in the meniscal tears and secured in the defect with sutures.
At 2-years post-op, three patients were asymptomatic with functional improvement
and no signs of a re-tear in the MRI. Two patients required subsequent
meniscectomy due to nonhealing after approximately 15 months (Whitehouse
et al. 2017). Further clinical studies are needed to show the benefit of cell-based
treatment for meniscus injuries. As the meniscus plays an essential role for joint
integrity of the knee, its restoration is a key factor in a whole joint approach for cell-
based regenerative treatment of the knee.

5.2 Regeneration of Large-Size Meniscus Defects

In experimental trials, different settings have been tested for mesenchymal stem cell-
based Tissue Engineering approaches for treatment of meniscus defects. Ischimura
et al. showed a faster and improved healing of avascular meniscal defects in a rabbit
model by using bone marrow fibrin clot constructs compared to fibrin clot alone
(Ishimura et al. 1991). They postulated that the benefit of this treatment is due to the
pluripotential stem cells in the bone marrow. In a scaffold-free engineered meniscal
tissue, AufderHeide et al. found a high-tensile modulus and improved mechanical
properties by a high density coculture of fibrochondrocytes and mesenchymal stem
cells in ring-shaped molds (AufderHeide and Athanasiou 2004). However, for
in vivo application of mesenchymal stem cells scaffolds seem to be a useful tool
to ensure a lasting effect of the cells directly at the defect site. Yamasaki et al. using
cell-seeded rat decellularized meniscus scaffolds concluded that constructs are more
effective than scaffolds alone (Yamasaki et al. 2008). Multiple natural and synthetic
scaffolds have been used to deliver cells to the meniscal injury (Buma et al. 2004). A
hyaluronan collagen composite matrix was found to be suitable for chondrogenic
differentiation of mesenchymal stem cells (Angele et al. 2009). Treatment of
meniscal full-size defects with this scaffold seeded with autologous mesenchymal
stem cells after resection of the pars intermedia of the medial meniscus in a rabbit
model resulted in a complete defect filling after 3 months in vivo. Only treatment
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with mesenchymal stem cells was able to repair this critical size meniscal defects
with stable differentiated meniscus like tissue compared to untreated defects or the
treatment with a cell-free hyaluronan collagen scaffold (Angele et al. 2008). Similar
results were detected for treatment of isolated avascular meniscal punch defects in
the pars intermedia of the lateral meniscus in a rabbit model (Zellner et al. 2010).
After 3 months, in vivo meniscal defects were filled with differentiated repair tissue
after treatment with a hyaluronan collagen composite matrix seeded with mesen-
chymal stem cells. Interestingly, precultured stem cell matrix constructs showed a
reduced integration in the native meniscus while non precultured stem cell matrix
constructs resulted in a completely integrated repair tissue indicating that also the
grade of differentiation of the stem cell matrix construct seems to be an important
factor for successful treatment of meniscus with stem cell-based Tissue Engineering.
In the same model, growth factors applied by autologous PRP failed to repair the
avascular meniscal punch defect. So, mesenchymal stem cells seem to play an
essential role for treatment of meniscal defects.

5.3 Growth Factors

In preclinical trials and in vitro studies various growth factors have been identified to
have therapeutic positive effect and the potential to enhance meniscal repair. PDGF,
FGF-2, IGF-I, and TGF-ß have shown positive effect on activation of cell prolifer-
ation and survival. TGF-ß and SDF-I also revealed influence and cell migration. In
different studies, growth factors like PDGF, TGF-ß, BMP7 HGF, FGF-2, and IGF-I
stimulated anabolic pathways, while IL-I receptor antagonist, TNF antibody, inhib-
itors of MMPs, and TGF-ß inhibit inflammatory and catabolic pathways. The
activation of biomechanical signaling pathways are also pro-anabolic or anti-
catabolic.

In daily clinical practice, a single stage regenerative treatment would be prefer-
able for meniscus injuries. Especially, clinically applicable bioactive substances or
isolated growth factors like Platelet Rich Plasma (PRP) as a cocktail of bioactive
substances or Bone Morphogenic Protein 7 (BMP7) are in the focus of interest.
However, in literature results of the use of, e.g., PRP or isolated growth factors are
ambiguous in preclinical and first clinical studies.

In an own study, the effects of PRP and BMP7 on the regeneration of avascular
meniscal defects were evaluated. In vitro analysis showed that PRP secretes multiple
growth factors over a period of 8 days. BMP7 enhances the collagen II deposition in
an aggregate culture model of MSCs. However, applied to different-shaped meniscal
defects in vivo PRP or BMP7 in combination with a composite matrix failed to
improve meniscus healing in the avascular zone in a rabbit model. In a similar
model, Koch et al. saw no effect by additional application of PRP to the suture for
repair of a vascular meniscal tear. However, the augmentation of a meniscal suture
with autologous bone marrow concentrate showed improved healing of tears in the
avascular zone of the meniscus in a rabbit model (Koch et al. 2019) (Fig. 2).
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Theoretically, a highly angiogenic growth factor like VEGF might have a positive
effect on the regeneration of an avascular tissue like the inner zone of the meniscus.
However, there are reports that VEGF-coated PDLLA sutures failed and showed
even worse results than uncoated sutures when meniscal tears in the avascular zone
of meniscus were reconstructed in a rabbit model (Petersen et al. 2007).

Further information of the repair mechanism at the defect site is needed to
develop special release systems or carriers for the appropriate application of growth
factors to support biological augmentation of meniscus regeneration.

5.4 Gene Transfer

As direct application of recombinant factors to meniscal lesions is potentially
hindered by their short half-lives, gene delivery procedures may help to improve
the therapeutic effect.

Different gene vehicles are currently available to genetically modify relevant target
cells and tissues like nonviral vectors, adenoviral vectors, retro-/lentiviral vectors,
Herpes simplex virus vectors, and recombinant adeno-associated virus vectors. All
vectors show different transduction efficiency for meniscal cells or progenitor cells.
Strategies for application are direct injection, administrating modified cells, implanting
biocompatible materials that deliver recombinant factors, or a gene transfer vector or
implantation of a cell-scaffold construct with genetically modified cells.

Therapeutic gene transfer in vivo has been performed by transplantation of
meniscal cells modified by an HGF adenoviral vector using a PGA scaffold in an
athymic nude mouse model or by progenitor cells (MSCs) modified with an IGF-I
nonviral vector using alginate in goat meniscal lesions, leading to an enhanced repair
of the treated lesions for up to 16 weeks. In general, more information will be needed
on the possible deleterious effects of the different approaches especially when viral
vectors are being manipulated in vivo for a safe future application in a clinical setting
(Cucchiarini et al. 2016).

5.5 Animal Models for Tissue Engineering of Meniscus

As already mentioned above, many animal models were tested for the evaluation of
Tissue Engineering products for meniscus regeneration in vivo. Described models
vary in the biomaterials and the cells used. Models for many defect situations exist like
complete resection, critical size defects like resection of parts of the meniscus (e.g.,
pars intermedia) with or without an intact rim at the periphery or meniscal lesions in
the vascularized or avascular zone of the meniscus like tears or punch defects. The
defect model used depends on the intention of a potential later indication in clinical use
or the question that needs to be answered for the specific research issue.

The development of new treatment options for meniscus injuries is directly
related to the appropriateness of animal models for their investigation. Data suggest
that the main structural features that influence meniscal repair like cellularity,
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vascularity, and collagen structure differ between animals and human. High similar-
ity was seen between sheep and human meniscus (Chevrier et al. 2009). Other large
animal models for investigation of meniscus issues are horse, calf, swine, and goat
(Deponti et al. 2015). For specific questions also small animal models are described
in literature. Rats, mice, rabbits, and dogs were also used for testing Tissue Engi-
neering approaches in vivo (Pereira et al. 2011). Therefore, the need and the
appropriateness of an animal model should be taken into intensive consideration
before planning an in vivo meniscus research project.

5.6 3D Printing

Three-dimensional printing is a promising method to fabricate scaffolds for menis-
cus replacement to address special requirements of shape, size-matching, and ultra-
structure of the meniscus. A 3D printed scaffold made of fibrous polycaprolactone
was combined with polymer microspheres providing growth factor release for
successful cell differentiation and induction of cellular homeostasis. In vitro studies
with this scaffold also showed that seeded MSCs differentiated into fibrochon-
drocytes. An animal model revealed zone-specific deposition of collagen type I
and II. Therefore, 3D printing is a promising approach to address the meniscus-
specific challenge of special shape and zonal variations (Shimomura et al. 2018).

6 Conclusions

Meniscus integrity is the key for joint health. Therefore, the main goal of every
meniscus treatment should be the maintenance of as much meniscus tissue as
possible. Meniscus preserving techniques to obtain a functional intact meniscus
after meniscus injury in long-term are of great importance for the prevention of the
development of osteoarthritis in the knee joint. In recent years, huge steps have been
taken regarding the awareness of the importance of meniscus tissue for knee joint
integrity. Healing rates for meniscus reconstruction have been improved. However,
strategies for a successful meniscus regeneration should be developed for every
meniscal zone and all meniscal defect situations. Tissue Engineering of meniscus is a
promising approach and important future perspective for meniscus regeneration.
Due to growing knowledge in recent years and improved techniques for application,
we have the chance to implement meniscus Tissue Engineering in daily clinical
practice. Efforts in all research fields should be taken to translate these approaches in
clinical practice as the standard of care for meniscus regeneration where needed.
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Abstract

Rapid progress is being made in developing bioengineered corneas to restore vision
in patients with corneal opacity or irregularities that result in blindness. Human donor
corneas have served well in the past for corneal transplant surgery and surgical
innovation, especially lamellar endothelial replacement which has helped to improve
outcomes. However, the massive shortage of suitable donor tissue combined with the
expense and technical challenges of eye-banking leaves a substantial proportion of
the world’s population without access to treatment. This is mainly the case in lower-
income nations, where corneal blindness is most prevalent. This chapter reviews the
many different advances in the development of bioengineered substitutes for improv-
ing or replacing the human cornea for vision restoration. Cell-based therapies are part
of mainstream clinical practice for replacing the corneal epithelium. Recent trials
show promise for endothelial replacement, and 3D printing of the corneal stroma has
begun. Traditional keratoprostheses that are well-established but lack bio-integration
with host tissue are now being designed to encourage seamless integration. Cell-free
pro-regeneration implants have been used successfully in human trials and allow
incorporation of bioactive substances. Finally, the regulatory pathway should be a
consideration in bioengineering corneal substitutes or implants.

1 Introduction

1.1 The Human Cornea and Corneal Blindness

The cornea is the clear window at the front of the eye and constitutes the major
refractive component of the eye, helping to focus light onto the retina. Around
11–12 mm in diameter and 550 μm thick centrally, its unique structure and
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configuration of mainly collagenous fibers makes the cornea highly transparent with
a high tensile strength. It also functions as an effective barrier to microorganisms, is
richly innervated, and has the ability to rapidly regenerate the epithelium layer in
response to injury.

Over 90% of the thickness of the cornea consists of mainly extracellular matrix,
of which type I collagen (70% of the dry weight of the cornea) is predominant, with
types III, V, and VI also present. Collagen in the cornea is organized into fibrils with
a nearly uniform diameter of 30 nm and an interfibrillary distance of 60 nm (Brunette
et al. 2017). This highly ordered arrangement, with distances much less than half the
wavelength of visible light (which is 400–700 nm), means that any scattering of light
by the collagen fibrils is largely cancelled out by interference. Parallel collagen
fibrils form 200 to 300 lamellae, each around 2 μm thick. Cellular components
constitute around only 3–5% of the corneal stromal volume. These comprise stromal
cells or keratocytes with a stellate morphology, connected by extended cellular
processes (Lakshman et al. 2010). Normally quiescent in the stroma, keratocytes
transform into a myofibroblast-like phenotype following corneal injury and migrate
toward the injured area. Transformed stromal cells produce significant amounts of
disordered collagen that contributes to hazing and opacity during ulceration or
scarring when there is pathological inflammation leading to vision loss.

The stroma is sandwiched by two cellular layers. The epithelium or outer layer of
the cornea comprises 5–6 layers of non-keratinized, stratified epithelial cells. Basal
epithelial cells at the limbus (far periphery of the cornea) have stem cell character-
istics with a high proliferative capacity. Rapid proliferation and migration of cells
from the limbus characterizes repair of the epithelial surface. By contrast, the inner
surface of the stroma is lined by a single layer of endothelial cells, which under
normal physiological conditions have minimal, if any, proliferative potential.
A decline in endothelial cell density occurs with age while the integrity of this
layer is maintained by spreading and migration of neighboring cells. The endothe-
lium plays a critical role in maintaining corneal transparency by actively keeping the
stroma relatively dehydrated. Marked loss of endothelial cells, somewhere below
1000 cells/mm2, results in corneal edema and clouding.

A recent systematic review and meta-analysis, using Bayesian hierarchical
modeling, estimated that globally there are 36 million people blind, and another
217 million with moderate to severe vision impairment (MSVI) (Bourne et al. 2017;
Flaxman et al. 2017; World Health Organization 2018a). The majority of those blind
patients are found in developing countries and around 80% of blindness is estimated
to be avoidable. Corneal opacity (apart from trachoma) was estimated to account for
blindness in 1.3 million and MSVI in 2.9 million, with corneal opacity from
trachoma estimated to affect an additional 0.9 and 1.6 million, respectively. Corneal
visual impairment has been named by the WHO as a priority eye disease (World
Health Organization 2018b). By definition, blindness requires loss of vision in both
eyes; however, there is huge underreporting of vision loss in only one eye. While
robust data is lacking, it has been estimated that there are well over 1.5 million new
cases of unilateral blindness each year worldwide, mainly in the developing world
(Whitcher and Srinivasan 1997). Major causes of corneal opacity have traditionally
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been attributed to trachoma, xerophthalmia, measles, neonatal ophthalmia, and
leprosy. However, ocular trauma with subsequent corneal ulceration and infection
is being increasingly recognized as a “silent epidemic” (Whitcher et al. 2001). Vision
loss from corneal disease in developed countries tends to be more from degenerative
or inherited disorders such as keratoconus and Fuchs’ Endothelial Dystrophy, as well
as corneal infections, with contact lens use playing an important role in this context.

1.2 Corneal Transplantation and Challenges

Corneas are the most commonly transplanted tissue globally, with 185,000 trans-
plant surgeries estimated to have been performed in 2012 (Gain et al. 2016). Donor
corneal transplantation can replace selective layers of the cornea (lamellar kerato-
plasty), or involve a full-thickness replacement (penetrating keratoplasty, PK). It was
first performed at the beginning of the twentieth century, but only gained popularity a
few decades later with improvements in surgical technique and the use of steroid eye
drops (Tan et al. 2012). Eye retrieval is performed within 24 h post-mortem and
transported to an eye bank where the cornea can be stored for up to 4 weeks in organ
culture media (Joint United Kingdom (UK) Blood Transfusion and Tissue Trans-
plantation Services Professional Advisory Committee 2016). Until recently, PK was
the only real option for corneal transplant surgery. Over the last couple of decades,
however, lamellar corneal transplant surgery has become the preferred option.
Endothelial keratoplasty (EK) is now commonly used where endothelial dysfunction
is present causing corneal edema, but the host cornea is otherwise healthy, such as
with Fuchs’ Endothelial Dystrophy. Only the corneal endothelium, with or without a
thin layer of stroma, is transplanted. This is greatly advantageous in avoiding many
of the complications associated with PK, such as astigmatism, and markedly reduc-
ing the postoperative recovery time. If, on the other hand, the host endothelium is
healthy and there is disease affecting only the anterior cornea, as is commonly the
case in keratoconus or with scarring after infectious keratitis, then an anterior
lamellar keratoplasty (ALK) can be performed. This has the great benefit of avoiding
endothelial allograft rejection, a major cause of transplant failure after PK (George
and Larkin 2004).

The most common indications for PK between 1980 and 2014 were keratoconus
(in Europe, Australia, the Middle East, Africa, and South America), pseudophakic
bullous keratopathy/aphakic bullous keratopathy (in North America), and keratitis
(in Asia) (Matthaei et al. 2017). Corneal grafts have a short-term survival rate of 86%
at 1 year which does not withstand the readily believed notion that the cornea is an
immune privileged organ (Williams et al. 2006, 2008). The graft survival rate
steadily declines to 73%, 62%, and 55% at 5, 10, and 15 years post-operation
respectively, reaching rates similar to other transplanted organs (Williams et al.
2006). The success rate for corneal transplantation is not equal among patients,
with excellent outcomes of >90% survival at 10 years seen with “low-risk” patients
that have an avascular and non-inflammatory corneal disease like keratoconus
(Di Zazzo et al. 2017; Inoue et al. 2000; Williams et al. 2008). Patients with disease
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resulting in inflammation and vascularization of the cornea are considered “high-
risk”with rejection rates greater than 55% ; rates that are worse than heart and kidney
transplantation (Bartels et al. 2003; Coster and Williams 2003; Yu et al. 2016).
Although the definition of a high-risk patient is a relative term (often compared to
grafts indicated for uncomplicated keratoconus), a consensus (but non-comprehen-
sive list) of characteristics defining high-risk transplantation is summarized below
(Coster and Williams 2003; Di Zazzo et al. 2017; Williams et al. 2008; Yu et al.
2016).

1.2.1 Risk Factors Defining High-Risk Corneal Transplantation
• Indications for graft: Bullous keratopathy, herpetic eye disease, scar, and

opacifications
• Previous graft rejection (40% risk with first rejection and risk increases ~1.2-fold

with every subsequent rejection.)
• Previous and current keratitis
• Past or current ocular inflammation
• Neovascularization of the host cornea or a previous graft (increasing risk with a

greater number of quadrants involved. Risk doubles with all four quadrants
involved.)

• Aphakia
• Increased intraocular pressure after graft
• Larger graft diameter (>8 mm)
• Limbal stem cell deficiency

Although PK provides a means to improved visual outcomes, ocular pain relief, or
both, graft failure in high-risk patients requires re-transplantation. The rejection risk
doubles with every subsequent transplantation (survival rates <20% after the third
rejection) (Claesson and Armitage 2013; Williams et al. 2008).

Healthy corneas and those in low-risk patients are immune-privileged for a
number of reasons (Di Zazzo et al. 2017; Hori et al. 2019; Qazi and Hamrah 2013):

1. Low expression of antigen-presenting major histocompatibility complex (MHC) I
and lack of MHC II.

2. Lack of lymphatics (afferent arm of the immune system which carries antigen
presenting cells (APC) to local lymph node to activate and promote clonal
expansion of T cells).

3. Lack of vessels (efferent arm of immune system which transports immune cells to
the graft).

4. Lack of activated APCs in allograft corneas in turn minimizes activated Tcells via
direct allorecognition pathway.

5. Anterior chamber-associated immune deviation (ACAID), a phenomenon in
which the shedding of alloantigen into the anterior chamber suppresses the
delayed-type hypersensitivity reaction resulting in immune tolerance (Vendomele
et al. 2017).
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6. Expression of proapoptotic Fas-ligand by corneal endothelium and epithelium
mediate immune cell destruction.

7. Corneal cells express programmed death ligand-1 that suppresses T-cell prolifer-
ation and production of inflammatory mediators (e.g., interferon gamma (IFNγ))
(Liechtenstein et al. 2012; Shen et al. 2007).

These protective mechanisms are abrogated in high-risk patients due to ocular
inflammation promoting neovascularization, lymphangiogenesis, and recruitment of
APCs to the cornea (Di Zazzo et al. 2017).

The success rate for corneal grafts in high-risk patients remains disappointing
despite the use of immunosuppressants, pharmacological agents to inhibit neo-
vascularization, optimizing surgical techniques to minimize inflammation, and
performing partial-thickness corneal transplantation (lamellar keratoplasty) to
decrease the exposure to alloantigens (Di Zazzo et al. 2017).

1.3 Alloimmune Corneal Graft Rejection

Corneal graft rejection is primarily mediated by a delayed-type hypersensitivity
immune response via the indirect allorecognition pathway (Fig. 1). Allogenic sen-
sitization begins with corneal grafting, which triggers inflammation and the release
of various inflammatory chemokines/cytokines including interleukin (IL)-1, IL-6,
chemokine ligand 2, IFNγ, and tumor necrosis factor alpha (TNF-α) (Coster et al.
2005; Coster et al. 2009). Inflammation mediates the recruitment and activation of
neutrophils, macrophages, lymphocytes, and APC to the cornea (Coster et al. 2005;
Di Zazzo et al. 2017). Host APCs are exposed to shed donor antigen as they mobilize
to the corneal limbus or migrate into the graft. As APCs process the alloantigens,
they drain via lymphatic system to local lymph nodes where they activate naïve
T cells (Coster et al. 2009). Conversely, in the direct allorecognition pathway, donor
APCs housed within the graft directly activate naïve host T cells, although this
pathway plays minor role given the lack of APCs in the cornea (Qazi and Hamrah
2013; Williams and Coster 2007). Inflammation also promotes angiogenesis and
lymphangiogenesis which enhance the sensitization to alloantigens (Niederkorn
2010).

Corneal graft rejection is primary mediated by CD4+ Th1 cells (Chauhan et al.
2015). The exact mechanism by which CD4+ Th1 cells mediate graft rejection is
unclear. However, evidence suggests that CD4+ Th1 cells mediate corneal endothe-
lial apoptosis via direct cell-cell interaction independent of the Fas ligand pathway
(Chauhan et al. 2015; Hegde et al. 2005). Corneal endothelial apoptosis is also
mediated by prolonged exposure to cytotoxic cytokines (e.g., IL-1, TNF-α, IFNγ)
produced by CD4+ Th1 cells. In addition to CD4+ Th1 cells, multiple effector cells
may play a role in corneal graft rejection including T-cells with a Th2 phenotype, and
Th17 cells which also promote lymphangiogenesis (Chauhan et al. 2011; Chen et al.
2009; Qazi and Hamrah 2013). Inevitably, the irreversible destruction of the corneal
endothelium results in corneal edema, opacification, and vision loss. As such,
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various strategies have been adopted clinically to minimize the sensitization to
alloantigens including the use of topical or systemic immunosuppressants (e.g.,
corticosteroids, cyclosporine A, tacrolimus), anti-vascular endothelial growth factor
(VEGF) drugs, human leukocyte antigen matching, and intraoperative optimization
(e.g., suturing techniques to minimize inflammation); this topic is covered in detail
by another review (Di Zazzo et al. 2017).

Despite these perioperative optimizations, improving the survival of corneal graft
surgery in high-risk patients remains a challenge and hence the need for
bioengineered corneas and/or therapies designed to avoid or suppress adverse
immune responses.

1.4 Limitations to Human Corneal Transplantation

The overwhelming shortage of donor corneas, particularly in the developing world,
is a significant drawback to relying on donor corneas for reducing blindness from

Fig. 1 Diagram showing the mechanism of corneal allograft rejection
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corneal disease in the global context. A 2016 survey estimated a waiting list of 12.7
million individuals worldwide, and only one donor cornea is available for every 70
needed, with over 53% of the world’s population having no access to corneal
transplant surgery (Gain et al. 2016). Eye banks face increasingly stringent regula-
tion and are expensive and complex to establish and maintain (Armitage 2011).
Religious and cultural beliefs can present a serious barrier to tissue donation in some
countries. Even in well-resourced countries with an established corneal transplanta-
tion service, a lack of donor corneas presents a challenge (Gain et al. 2016). A few
countries, principally the USA, export corneas for transplant surgery, but procuring
these corneas is prohibitively expensive for most healthcare systems (Gain et al.
2016). The surgery itself requires highly skilled staff and prolonged postoperative
care, usually requiring the patient to use eye drops for one or more years. The use of
allogenic tissue brings it with the possibility of immunologically mediated rejection
even with the avascular nature of the cornea and graft rejection is a major cause of
failure. A myriad of other potential complications limit good visual outcomes such
as corneal astigmatism and primary graft failure (Tan et al. 2012). While the risk is
considered low, corneal transplants have been known to transmit a range of infec-
tions (Armitage 2011). Transplant surgery using donor corneal tissue has a high risk
of failure in certain situations and may not be appropriate to even attempt in cases
with multiple previous transplants, or severe ocular pathologies complicated with
marked inflammation of the ocular surface and corneal neovascularization.

1.5 Potential of Bioengineered Corneas

Bioengineering refers to the use of engineering principles to address issues in
biology and medicine. As such, bioengineering covers a very wide area that includes
genetic engineering to medical imaging and other biological disease diagnostic
devices, to tissue engineered organs. Here, we define “Bioengineered Corneas” as
substitutes for human donor corneal tissue that are designed to replace part or the full
thickness of damaged or diseased corneas. These therefore range from prosthetic
devices that are designed to exclusively replace the cornea’s function to transmit
light into the eye, to tissue-engineered hydrogels and fully reconstructed tissues that
allow regeneration of the host tissue. Furthermore, there are also implantable
lenticules that may be implanted into the cornea to improve vision by altering the
refractive properties of the eye as alternatives to wearing spectacles or undergoing
refractive surgery.

In recent years, there have been very significant developments in many areas of
bioengineered corneas from the addition of regenerative capacities to prosthetic
devices to the use of stem cells to repopulate pathologic corneas. In keeping with
the theme of this book on Organ Tissue Engineering, however, we will focus on the
design requirements for bioengineering substitutes to improve or replace portions or
the entire human cornea. We will also focus on technologies designed to restore
vision rather than correction of refractive errors, and in particular, bioengineered
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corneal implants developed to restore eyesight to patients who are at high-risk of
rejecting conventional donor cornea transplantation.

2 Cell-Based Implants

An excellent and comprehensive review of stem cell technologies for eye tissue
restoration, including derivation of therapeutic cells, can found in Stern et al. (2018),
so we will only provide a synopsis relating to corneal regeneration here. Briefly, the
combination of bioengineering with therapeutic cells (Stevens and Murry 2018) has
allowed for the reconstruction of different corneal layers. Expansion of corneal-
derived stem cells, particularly from autologous sources has been used to offset the
shortage of donor corneas as well as to circumvent immune challenges, as we show
below. However, despite successes, it would be pertinent to note the regulatory and
scientific challenges of cell-based therapies and the specialized cleanrooms and
staffing needed, as well as adverse immune reactions against donor cells from
allogeneic sources (Burdick et al. 2013).

2.1 Bioengineered Corneal Epithelium

The corneal epithelium benefits from having excellent regenerative capacity. So long
as the limbal stem cells are intact, epithelial replacement is unnecessary. However, in
situations where the stem cells are damaged or dysfunctional, such as after a severe
chemical injury or Stevens-Johnson syndrome, a challenging situation is faced.
Adjacent conjunctival epithelium, which is translucent and vascularized, is able to
invade the corneal surface resulting in severe visual loss. While not normally
considered under the umbrella of corneal transplant surgery, ocular surface recon-
struction can be attempted in cases of limbal stem cell failure with techniques such as
conjunctival limbal autograft (CLAU) from the contralateral eye if it is healthy, or
from a living relative or donor eye. Cultivated limbal epithelial transplantation
(CLET), using ex vivo expansion of limbal stem cells, either autologous or alloge-
neic, is successful and gaining popularity (Buznyk et al. 2015; Pellegrini et al. 1997;
Rama et al. 2010).

Various biomaterials have been tested as substrates for stem cell transplantation
including human amniotic membranes, fibrin, silk, and various electrospun meshes
that allow the cultivation of entire epithelial sheets. Figure 2 shows a CLET implant
performed in Canada using a fibrin substrate (Le-Bel et al. 2019). More recently, a
simple limbal epithelial transplantation (SLET) has been developed which bypasses
the need for expansion of stem cells in expensive cleanrooms (Sangwan et al. 2012).

When the limbal stem cells of both eyes are damaged or nonfunctional, then an
alternative solution is needed. Allogeneic transplantations have not been as success-
ful as autografts. Oral mucosa from the patient as an autologous cell source has been
tested and is used in clinical practice, termed cultivated oral mucosa epithelial
transplantation (COMET) (Utheim 2015). More recently, allogeneic bone marrow
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mesenchymal stroma/stem cells grown on human amniotic membrane have been
tested clinically for treating epithelial stem cell deficiency (Calonge et al. 2019).

2.2 Bioengineered Corneal Endothelium

The cells in the monolayered corneal endothelium are post-mitotic and damage to
these cells, for example, after surgery or in Fuchs Endothelial Dystrophy, leads to
corneal edema and vision loss. However, a dormant population of replication-
competent endothelial progenitor cells has been identified (Amano et al. 2006).
A number of different cell sources and substrates have been used in an attempt to
activate the dormant endothelial progenitor cells for expansion, including amniotic
membrane, decellularized cornea, and different collagen types (Levis et al. 2015;
Navaratnam et al. 2015).

Approaches to activate the dormant endothelial progenitor cells also include the
use of Rho-associated kinase (ROCK) inhibitor Y-27632 (Koizumi et al. 2014).
ROCK signaling is involved in a wide range of cellular events including adhesion,
motility, differentiation, proliferation, and apoptosis, and also in a variety of different
diseases. ROCK inhibitors have been found to enhance corneal endothelial cell
proliferation (Okumura et al. 2017). Preliminary studies in humans have shown

Fig. 2 Preparation of a corneal epithelial limbal graft, showing the steps. (a) Limbal biopsy from
the patient’s contralateral eye; bar: 1 mm. (b) expansion by co-culturing with irradiated human
dermal fibroblasts; bar: 200 μm. (c) Cells on fibrin. (d) Histology (Masson’s Trichrome staining) of
the tissue-engineered epithelium, showing a differentiated epithelium on a fibrin substrate; bar:
10 μm. Reproduced from Le-Bel et al. (2019) with permission from Elsevier.
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promising effects in clearing the cornea in cases of endothelial dysfunction, poten-
tially combined with injection of corneal endothelial cells into the anterior chamber
of the eye (Okumura et al. 2017). Injection of corneal endothelial cells in combina-
tion with a ROCK inhibitor has now been demonstrated in human clinical trials
(Kinoshita et al. 2018).

2.3 Bioengineered Corneal Stroma

Stem cell replacement within the stroma by direct infusion of mesenchymal stromal
cells is now entering preclinical and early clinical trials with promising results (Basu
et al. 2014; Shukla et al. 2019). Most recently, extracellular vesicles from the
mesenchymal stromal cells have been shown to restore clarity to hazy corneas by
reducing the fibrosis in mouse corneas (Shojaati et al. 2019). Alió del Barrio and
Alió (2018), Brunette et al. (2017). Matthyssen et al. (2018) provide a thorough and
comprehensive review of cornea stromal bioengineering.

Recent advances in stromal bioengineering also include the 3D bioprinting of
stromal constructs. The first report by Connon and colleagues (Isaacson et al. 2018)
was of a 3D bioprinted stroma that used human corneal stromal keratocytes, sodium
alginate, and methacrylated collagen type 1 as an “ink” for printing corneal stromal
implants. The team printed their implants into formed molds (Fig. 3). Subsequently,
Duarte Campos et al. (2019) reported the printing of a stroma comprising human
corneal stromal keratocytes incorporated into an “ink” comprising 0.5% agarose and
0.2% type 1 rat tail collagen. A drop-on-demand technique was used to print the
corneal stromas on a custom-made 3D bioprinter.

The Connon group has also produced corneal stroma using a tissue-templating
approach based on poly-tetrafluoroethylene nanogrooves to direct the orientation of
keratocytes and their deposited extracellular matrix, together with a smart peptide
amphiphile coating that allows the self-assembled stroma to release into a curved
tissue with aligned collagen fibrils (Gouveia et al. 2017a, 2017b).

2.4 Bioengineered Multilayered Corneal Replacements

There are several cell-based tissue-engineered corneal replacements. The most
widely known ones are those that are self-assembled from sheets of extracellular
matrix elaborated by cells under the influence of ascorbic acid. A review that
includes these engineered constructs can be found in Simpson et al. (2019).

Gonzalez-Andrades and colleagues (Gonzalez-Andrades et al. 2017, 2018)
reported on the clinical trial of patients with ulcers that were nonresponsive to
conventional treatment who received combination corneal constructs comprising
epithelial and stromal cells in a fibrin-0.1% agarose scaffold. The five initial
patients performed well enough in the initial safety evaluation to merit continua-
tion of the trial for a total of 24 months in another 15 patients. Results are expected
in 2020.
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Fig. 3 Using support structure to facilitate the printing of a corneal structure with 3% alginate
(nozzle diameter ¼ 200 μm) and optimization of bio-inks for corneal 3D bioprinting. (a) Digital
cornea is imported to the computer driving the 3D printer software slic3r and a preview of the
concentric directionality of print is displayed. (b) The support structure is coated with FRESH to
facilitate the 3D bioprinting of corneal structures. (c) View of the 3D bioprinting process. Corneal
structures were printed with 3% alginate bio-ink stained with trypan blue to increase visibility. (d)
Image of 3D bioprinted corneal structure captured prior to incubation. (e) FRESH is aspirated after
8 min of incubation and corneal structure is carefully removed from support, but begins to unravel
1-day post-printing once keratocytes were combined with the alginate bio-ink. (f) Images of corneal
structures 3D bioprinted from composite bio-inks. (g) Relationship between nozzle diameter and
printed thickness of corneal structures (left) and depiction of transparency of corneal structure 3D
bioprinted from Coll-1 bio-ink. (h) Brightfield image of 3D bioprinted corneal structure containing
cells at day 1 (left) and cell viability measurements over 7 days (right). (i) Representative live/dead
stain images using fluorescence microscopy at days 1 and 7 after 3D bioprinting in Coll-1.
Reproduced from Isaacson et al. (2018), licensed under CC BY 4.0
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3 Keratoprostheses

The earliest bioengineered corneal replacements were prostheses known as
keratoprostheses (KPros), designed to replace the minimal function of the human
cornea. Although a plethora of KPros have been designed and tested in vitro and in
vivo, only a handful are used in clinical practice. Traditional KPros were designed as
core-and-skirt models, with an optically transparent core that allowed light trans-
mission into the eye for vision and a skirt that allowed for integration with the hosts
tissues. The Boston Keratoprosthesis is the most widely used KPro today, with over
12,000 units transplanted worldwide since 2015 (Salvador-Culla et al. 2016). The
device combines PMMA and titanium. Critically, however, it still requires a donor
corneal tissue skirt for attachment to the host cornea, thereby failing to overcome the
shortage of donor tissue. The osteo-odonto-keratoprosthesis (OOKP) uses a piece of
tooth to house an optical portion of PMMA. It requires multiple, complex operations
and is performed in only a handful of locations worldwide. Other keratoprostheses
have been also been developed. All of the different designs, however, tend to come
with a high risk of severe complications including glaucoma, retroprosthetic mem-
brane formation, retinal detachment and extrusion, leading to a high risk of failure
(Matthyssen et al. 2018). Several recent reviews of the performance and advances in
keratoprostheses can be found (Klufas et al. 2015; Salvador-Culla and Kolovou
2016), including a policy article from the NHS in the UK on when KPros would be
used (Specialised Commissioning Team 2018).

3.1 Recent Advances in Keratoprosthes is Design for Improved
Bio-integration

While traditional keratoprostheses restore minimal function, bio-integration between
the carrier cornea and the optic stem is critical for maintaining the longevity of the
KPros. Although PMMA is an inert, nontoxic material suitable for implantation,
corneal cells adhere poorly to the surface owing to its hydrophobicity, neutral charge,
and lack of bioactive ligands (e.g., collagen) needed for cell attachment (Riau et al.
2017). Lack of adhesion causes the formation of gaps between the cornea–optic stem
interface resulting in: 1) stromal downgrowth; 2) leakage of aqueous humour;
3) migration of microorganisms into the eye causing corneal necrosis/melt and/or
endophthalmitis; 4) loosing of the optic stem or device extrusion. Therefore, it is
essential to allow epithelization to restore cellular barriers of the eye.

Corneal epithelization can be promoted by using regenerative KPros that support
the adhesion of cells and allow the penetration of nutrients and primary glucose to
maintain the healthy environment whereas cellular barriers prevent the entry to
contaminants to prevent infections (Griffith et al. 2012; Myung et al. 2008). Addi-
tionally, different sterilization methods such as gamma irradiation could facilitate
corneal epithelization of PMMA compared to ethylene oxide (the most commonly
used method for sterilizing KPros) (Gonzalez-Andrades et al. 2018).
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Various PMMA surface modifications have been investigated to enhance bio-
integration. For example, Patel and colleagues (Patel et al. 2006) developed a two-
prong approach to modify the PMMA surface to either promote or abrogate cell
adhesion at a desired location. PMMA surface modified with di-amino-PEG
conjugated to a peptide motif enhanced corneal cell adhesion while the non-
conjugated di-amino-PEG prevented adhesion. This strategy promoted bio-inte-
gration between the cornea and the KPros while inhibiting RPM growth over the
optics. Recently, hydroxyapatite (HAp), a major component in bone composed of
complexed calcium and phosphate molecules, has been widely used to enhance
bio-integration of PMMA. HAp coated surfaces promote cell adhesion or binding
to collagen (major component of corneal stroma) via electrostatic interaction (Riau
et al. 2017; Wang et al. 2011). Wang and colleagues (Wang et al. 2011) deposited a
HAp coat using a dopamine-activated PMMA surface. Dopamine acts as a versa-
tile adhesive macromolecule with excellent affinity to a wide variety of inert
materials. They also incorporated an 11-mercaptoundecanoic acid (11-MUA)
coat to provide additional carboxyl functional groups to enhance HAp deposition.
The HAp-coated PMMAwas superior at promoting corneal fibroblast growth and
improving cell viability compared to uncoated PMMA. In addition, HAp-coated
PMMA cylinders adhered strongly to explanted porcine cornea and required a
force 14.7-fold greater to detach it from the cornea compared to the uncoated
PMMA. Implantation of the HAp-coated PMMA into rabbit cornea lamellae was
well tolerated and generated a milder inflammatory response compared to
uncoated material. Similarly, Riau and colleagues (Riau et al. 2015) demonstrated
cell growth and improved long-term collagen hydrogel (major component of
corneal stroma) adhesion to HAp-coated PMMA after surface activation with
dopamine and 11-MUA. The same group produced an alternative method of dip
coating HAp onto PMMA without having to activate surface chemistry. Instead,
they used chloroform to introduce cavities on PMMA surface which trapped
titanium or HAp nanoparticles. This resulted in a HAp layer that was strongly
resistant to delamination and capable of cell growth and adhesion (Riau et al.
2016).

Alongside bio-integration, some researchers have attempted to develop KPros
with antimicrobial properties in order to prevent infection of the implanted
material. Baino and colleagues (Baino et al. 2016) used a radio-frequency
sputtering technique to deposit a coat of silver/silica nanoparticles onto PMMA.
The coated surface released silver ions with bactericidal effects on Staphylococcus
aureus. Unfortunately, antimicrobial properties are normally short lived, dissipat-
ing once all the silver ions have been released. For a more permanent solution,
surfaces can be coated with titanium oxide which improves cell adhesion (Salva-
dor-Culla et al. 2016) and also exhibit antimicrobial properties by limiting bacte-
rial adhesion (Tan et al. 2011). Similarly, Behlau et al. (2011) demonstrated that N,
N-hexyl,methyl-polyethylenimine (HMPEI)-coated PMMA or titanium inhibited
biofilm formation by S. aureus. Compared to plain PMMA or titanium, the
HMPEI-coated materials did not exert additional cytotoxic effects on cultured
corneal cells or produce adverse inflammatory reaction in vivo after implantation
into rabbit corneas.
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4 Cell-Free Pro-Regeneration Corneal Implants

Despite the successes of cell-based therapies, it faces is various regulatory and
scientific challenges such as the need for specialized cleanrooms requiring highly
trained personnel and, adverse immune reactions against donor cells from allogeneic
sources (Burdick et al. 2013; Pashuck and Stevens 2012). Acellular biomaterials that
can serve as scaffolds or templates to stimulate endogenous repair mechanisms and
regeneration of the target organ would potentially circumvent adverse immune
reactions directed against allogeneic cells. They are also advantageous regarding
the strict regulatory control of advanced therapy medicinal products as cell-free
implants are considered medical devices. To date, most biomaterials that have pro-
regeneration properties are based on or inspired by the macromolecules of the
extracellular matrix or synthetic derivatives and analogs.

4.1 Decellularized Corneas

A number of methods can be used to remove all cellular components from a donor
cornea, leaving only extracellular matrix. The decellularized corneas have the
potential advantage of reducing immunological rejection.

There have been several clinical studies using glycerol-preserved human corneal
tissue compared to fresh donor corneas. In one study of 68 patients in a randomized
trial, high-risk patients (with viral, bacterial or fungal keratitis or ocular burns) were
grafted with either acellular glycerol cryopreserved (stored at �78 �C) corneas or
fresh donor corneas (in Optisol-GS eye banking medium) with deep anterior lamellar
keratoplasty (DALK) (Li et al. 2011). The glycerol preserved corneas were stored for
an average of 9.6 � 2.8 months prior to use. At 2 years post-operation, 100% of
acellular corneal grafts were still stable while only 78.8% of fresh donor corneas
remained. Better survival in glycerol-preserved corneas was attributed to the lack of
antigen-presenting cells in the preserved tissues (Gupta and Upadhyay 2017).
However, the shortage of donor corneal tissue still needs to be faced, even if poor
quality tissue unsuitable for standard transplant surgery is considered.

Xenogeneic alternatives have also been proposed to address the donor tissue
shortage, although caution is needed to avoid adverse immune reactions. Aamodt
and Grainger (2016) provide a comprehensive review of the host response to
extracellular matrix-based biomaterials, with a focus on decellularization and
methods for ensuring proper removal of unwanted contaminants. Decellularization
of porcine corneas has been achieved by using ionic detergent, such as SDS, which
produce biocompatible acellular matrices with biomechanical and optical properties
similar to that of native cornea (Gonzalez-Andrades et al. 2015, 2011; Islam et al.
2019; Yoeruek et al. 2012). The use of nonionic detergents such as Triton X-100 was
encouraged as it maintains the biocompatibility, tensile strength, and optical char-
acteristics of the matrix (Xu et al. 2014). To minimize the toxic effects of chemicals,
high-hydrostatic pressurization (HHP) has also been used to decellularize porcine
corneas, which in turn were successfully grafted into the corneas of rabbits without
any adverse immune reaction and achieving optical clarity (Hashimoto et al. 2010).
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The decellularizing agent used and the sterilization method are both critical as they
will determine the transparency of the implant and the stromal architecture of the
matrix (Islam et al. 2019). Recent zoonotic viral transmission leading to a pandemic
indicates that caution with xenogeneic corneas is paramount (Coronaviridae Study
Group of the International Committee on Taxonomy of Viruses 2020).

Decellularized porcine corneal stromas have been used for anterior lamellar
keratoplasty (ALK) in 47 patients with fungal keratitis failing to respond to medical
therapy (Zhang et al. 2015). Epithelialization successfully occurred in 43 patients,
with gradual improvements in transparency seen over time, and regression of
preoperative corneal neovascularization. No rejection episodes were seen, although
follow-up was only a minimum 6 months. Improvement in more than two lines of
best corrected visual acuity was noted in 34 eyes. Further studies will help clarify the
potential role for acellular porcine corneas.

Meanwhile, more controversial methods for derivation of potential donor organs
have been explored, such as the recent report of the development of monkey-human
hybrids by the Belmonte group in China (MIT Technology Review 2019).

4.2 Recombinant Human Collagen Implants

In 2009, the initial report was published of 10 patients in Sweden who had under-
gone corneal transplantation with cell-free, bioresponsive recombinant human col-
lagen type III (RHCIII) implants, with the 24-month and 4-year follow-up data
subsequently released (Fagerholm et al. 2009, 2010, 2014). Eight of the patients
were male, and the age range was 18–75 years. Nine of the patients had advanced
keratoconus and were contact-lens intolerant, and the other patient had a central
corneal scar from previous bacterial keratitis. Inclusion criteria included being on the
waiting list for a first corneal transplant surgery, having a clear posterior corneal
stroma and a normal endothelium, and with a clear, non-vascularized peripheral
cornea. Implants were produced following Good Manufacturing Practice guidelines
using RHCIII produced in the yeast Pichia pastoris. Cross-linking was performed
with EDC-NHS, with these reactants not incorporated into the final product.
Implants were thoroughly characterized showing excellent light transmission of
95.1 � 0.05%, compared to >87% in human cornea, but a much lower tensile
strength of 0.286� 0.062 MPa, compared to 3.81� 0.40 MPa in human cornea. The
mean central corneal thickness of the implants was 493 � 27 μm.

ALK was performed with a trephination diameter of 6.0–6.5 mm at a depth of
370–400 μm, using a manual excision to leave residual posterior stroma and an intact
endothelium. Implants of 6.25–6.75 mm diameter were secured in place with three or
four 10–0 nylon overlying mattress sutures and a bandage contact lens (implants
were not sufficiently robust for sutures at the host-graft interface). Postoperatively,
steroid and antibiotic drops were used three times daily for 3 weeks, at which point
the bandage contact lens and sutures were typically removed and drops were
continued for a further 4 weeks only. An additional nine patients who underwent
penetrating keratoplasty with human donor cornea with a peripheral continuous
suture were used for comparison (5 with keratoconus, 2 with endothelial
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decompensation, 1 with a deep central scar, and 1 with pseudophakic bullous
keratopathy). Twenty volunteers with healthy corneas were also included for further
comparison. Postoperative assessments were conducted at 1, 3, 6, and 9 months and
1, 2, and 4 years and included slit-lamp examination, corneal sensitivity with
Cochet-Bonnet esthesiometry, anterior segment ocular coherence tomography
(OCT), and in vivo confocal microscopy (IVCM).

Full epithelialization of the biosynthetic implants took a mean of 2.5 months.
Initial epithelial cell migration was impeded by the mattress sutures and removal of
these facilitated epithelial coverage (Fagerholm et al. 2010). One patient received an
amniotic membrane patch graft at 3 months to aid epithelialization which was
complete at 5 months. The shape and thickness of the biosynthetic implants
remained largely stable over 4 years with no signs of wound dehiscence or implant
extrusion and good optical clarity (Fig. 4).

The mean central corneal thickness after 4 years in patients with a biosynthetic
implant was reduced, at 358 μm � 101 compared to 534 μm � 30 in controls, and
576 μm � 50 in patients with donor corneal transplants. Biosynthetic substitute
corneas showed flattening of the preoperative keratoconic cone and mild improve-
ment in central astigmatism. However, there was still significant surface irregularity
with a tendency towards hexagonal, paracentral bulging corresponding with tension
from the overlying mattress sutures in these early implants. Preoperative best
spectacle corrected visual acuity was counting fingers in two patients and 0.74
logMAR in the rest (range 0.5–1.0). After 4 years the mean BSCVA for all 10
patients with biosynthetic implants was 0.88 logMAR (range 0.4–1.0). Most patients
became tolerant of rigid contact lenses after surgery, and the best contact-lens
corrected visual acuity was 0.44 logMAR (0.1–1.0).

The major achievement, however, was the immune compatibility due to the
induced in situ tissue regeneration without addition of exogenous cells. No episodes
of immune rejection were observed in the biosynthetic implant patient cohort, despite
having steroid drops for less than 2 months after surgery. One patient with in the control
donor cornea group developed a rejection episode after a year that resolved with topical
dexamethasone treatment. Biosynthetic implants had similar numbers of dendritic cells
to control corneas, while donor corneas had significantly greater numbers of mature and
immature dendritic cells. Biosynthetic implanted corneas showed partial population
with keratocytes and reinnervation to the central cornea. Touch sensitivity was better
than in donor corneas, but reduced compared to unoperated eyes. One patient with a
biosynthetic implant was unable to tolerate contact lenses and underwent further
transplantation surgery. Histological sections through the operated cornea shows the
implant to have undergone marked remodeling with only a thin remnant left and
surrounding deposition of what looks like healthy, lamellar collagen. A healthy,
stratified epithelium had been formed and the host endothelium is present.

This pioneering piece of research was the first to use a cell-free biosynthetic
analog of human collagen for stimulating endogenous progenitor cells from within
the patients’ own eyes to regrow corneal tissue. The implants remained largely clear
with improvements in visual acuity over the 4-year follow-up period. Steroid drops
were only used for the first few weeks, in marked contrast to donor corneal surgery,
with no episodes of rejection. A major limitation of the implants was the weak tensile
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strength compared to donor cornea. This required overlying mattress sutures with
resulting surface irregularity and impedance of epithelial cell migration. Overall,
however, this was a very encouraging piece of work, with the initial implant design
providing a template for further improvement and development as seen below.

4.3 Recombinant Human Collagen Implants for High-Risk
Patients

A synthetic phospholipid, 2-methacryloyloxyethyl phosphorylcholine (MPC), has
been shown to have inflammation suppressing properties. It has previously been
shown to reduce neovascularization in a rabbit model of severe pathology with
corneal alkali burn when incorporated into the RHCIII implants (Hackett et al.

Fig. 4 Gross appearance of the regenerated cornea of all 10 patients who received bioengineered
corneal implants comprising recombinant human collagen. Left two columns: patients at 2 years
post-operation. Right two columns: The same patients at 4 years post-surgery. Compiled figures
adapted from Fagerholm et al. (2010, 2014), with permission from AAAS and Elsevier
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2011). Two case series of patients considered high risk for rejection and/or failure
have received these RHCIII-MPC implants (Buznyk et al. 2015; Islam et al. 2018).
The first three pilot patients were from Ukraine, two with chemical burns and one
with a rejected PK, who all had painful recurrent/persistent corneal ulceration and
vision ranging from Snellen 6/600 to light perception (Buznyk et al. 2015). Surgery
was performed to remove the ulcerated areas. The patients were then given tectonic
patches. Surgery were performed in a similar manner to the initial Swedish cohort
with a smaller 4–5 mm trephine of host tissue and a lamellar dissection at
250–300 μm. Postoperative steroid drops were discontinued after 6 weeks. Epithe-
lialization occurred after a mean of 6 weeks with implants remaining free of
neovascularization or erosions in the 9–12 months follow-up period, and all patients
experiencing improvement in pain. Two of the patients had improvement in vision to
6/38 and 6/75 with the third patient developing conjunctivalization of the corneal
surface and no change in vision.

A clinical trial of seven patients from Ukraine and India with a mixture of
previous microbial keratitis, chemical/thermal burn, graft rejection, and neurotrophic
keratitis received the RHCIII-MPC implants by ALK (Islam et al. 2018). All patients
had severe vision loss in the operated eye and persistent/recurrent episodes of pain
were present in five of the patients. Surgical technique in India included the use of a
femtosecond laser to perform the lamellar dissection at 350 μm with an 8 mm
trephine; fibrin glue was used to help secure the implants as well as overlying
sutures. All patients received bandage contact lenses in the initial postoperative
period with sutures removed between 3 and 12 weeks and steroid drops used only
for the first month. One patient developed a fungal infection after implantation that
was unrelated to the biosynthetic implant which was not affected by the infection.
The patient was treated by PK and excluded from the study. Follow-up ranged from
14 to 35 months, with a mean of 24 months. Figure 5 shows the pre- and post-

Fig. 5 Clinical trial of RHC-MPC implants in six high-risk patients, before and after grafting at last
follow-up. Patients were divided into three groups based on their preoperative diagnoses: infection
(herpes simplex viral and fungal keratitis), burns (alkali and thermal), and others (failed graft and post
stroke neurotrophic keratitis). Patients with scarred or ulcerated corneas from severe infection showed
better vision improvement, followed by corneas with burns. Grafting promoted nerve regeneration in all
patients. These two case series show impressive results, both for improving vision, especially in
relatively uncomplicated cases with simple corneal scarring, and for improving pain in complex cases
with recurrent corneal ulceration. Figure reproduced from Islam et al. (2018), licensed under CC BY 4.0
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operation images of the treated corneas. Full epithelial cell migration took place
between 4 and 50 weeks, being slower in patients with stem cell deficiency.
However, all patients were reported to be free from pain and irritation at 1–2
weeks postoperatively. Some notable improvements in visual acuities were seen,
especially in those patients who only had scarring from previous microbial keratitis
without stem cell deficiency or neovascularization (cataract and end stage glaucoma
also limited visual improvement in some patients). The more complex patients with
stem cell deficiency and previously rejected donor corneal transplant developed
some neovascularization of the biosynthetic implant, but they remained pain-free
as above. Surprisingly good improvements in corneal sensation were noted.

4.4 Collagen-Like Peptides (CLPs) as Collagen Analogs

Human collagens are large proteins that are difficult to manipulate and modify,
leading to interest in short peptides that retain the properties of the full-length
macromolecules. Short collagen mimetic peptides (CMPs) or collagen-like peptides
(CLPs) have been developed by various groups. Like collagen, they can self-
assemble and form triple helical structures. They are also readily prepared and
customized, for example, conjugated to polymers for increased mechanical strength,
making them potentially attractive alternatives to collagen (Rubert Perez et al. 2015).
For example, CLPs can be conjugated to polymers such as polyethylene glycol
(PEG) (Rubert Perez et al. 2014; Stahl et al. 2010). Most importantly, they have been
shown to be successful in promoting regeneration in a number of different tissue and
organ systems (Rubert Perez et al. 2015). Implants made from a CLP designed by the
Hartgerink group (O’Leary et al. 2011) conjugated to a polyethylene glycol (PEG)
backbone through a short amino acid linker have been used for ALK in rabbit and
mini-pig animal models in a similar technique to the RHCIII-MPC human studies
above (Islam et al. 2016; Jangamreddy et al. 2018). The CLP-PEG implants showed
excellent light transmission with stable integration into animal eyes with good
epithelial regeneration, showing that these collagen analogs were functionally
equivalent to implants made from RHCIII-MPC that were successfully tested in
patients in clinical testing (Fig. 6).

Interestingly, Jangamreddy et al. (2018) found that the regenerated corneal
epithelium had secreted a large number of extracellular vesicles that were positively
stained for exosome markers into the stroma. Among the contents of these vesicles
was collagen type V that was enriched within the cornea. The tensile strength of the
CLP-PEG was even lower than RHCIII-MPC implants, but this was partially
compensated for by being more elastic and showing greater elongation during
surgical handling. Overall however, the CLP-PEG and RHCIII-MPC implants
performed in a very similar manner. The main advantage of using short CLPs over
full-length recombinant human collagen is the ease in manufacturing. Short
sequences can be synthesized on solid support by any contract research laboratory
that produces clinical grade materials, and do not require the complex manufacturing
processes of having to recombinantly co-produce enzymes like prolyl-4-hydroxylase
and pepsin needed to obtain the final product, to lengthy purification processes
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(Yang et al. 2004), and hence are less costly. They are fully customizable and hence
can incorporate bioactive groups as desired. They can also be blended or hybridized
to polymeric groups for additive manufacturing. Overall, the use of CLP allows for
versatility.

Fig. 6 RHCIII-MPC and CLP-PEG corneal implants and their performance in the corneas of
Göttingen mini-pigs, showing optical clarity at 12 months post-implantation, like the unoperated healthy
cornea (a). The boundaries of the implants are indicated by arrows. In vivo confocal microscopy shows
that both RHCIII-MPC and CLP-PEG implanted corneas had regenerated their epithelium (b), stroma
(c), and subepithelial nerve plexus (d) to resemble their counterparts with normal, healthy corneas. Bars,
150 mm. Adapted from Jangamreddy et al. (2018), licensed under CC BY 4.0
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5 Bioengineered Corneal Constructs Incorporating Delivery
Systems

Bioengineered corneal implants are now being developed that incorporate nano-
particles or other carriers of drugs or other bioactive molecules, allowing them to be
tailored to specific corneal indications. To help bioengineered implants remain free
from infection during the early healing process in particular, anti-infective agents
have been incorporated, for example. One potential advantage of this is to help
overcome poor post-surgical compliance to multiple drops.

Riau et al. (2015) reported the inclusion of the antibiotic, vancomycin,
within a collagen-based hydrogel. When implanted into the corneal stromas of
rabbits, the implants were found to have prophylactic activity against infection
by S. aureus bacteria. Because of increased bacterial resistance to antibiotics,
silver nanoparticles have been proposed as alternatives to antibiotics. In
Alarcon et al. (2016), silver nanoparticles (AgNPs) with antibacterial properties
were incorporated into corneal constructs made from collagen (Fig. 7). Two out
of three different constructs with silver nanoparticles showed in vitro efficacy in
blocking Pseudomonas aeruginosa growth that was comparable to that of
gentamicin.

Fig. 7 (Top) From left to right: collagen-based corneal implant; green and blue implants compris-
ing different shaped nanoparticles within a collagen matrix. The differentially shaped nanoparticles
confer different absorbance properties, and hence, different colors. (Bottom) Left: Absorption at
600 nm for bacterial suspension of Pseudomonas aeruginosa (strain PAO1) in the presence of
hydrogels without and with the different types of AgNPs assessed in this work measured after 24 h.
The dashed line in the plot indicates the absorbance of the samples measured at time 0. (Right)
Survival colonies cultured after 24 h incubation of incubation of P. aeruginosa cultures in the
presence of hydrogels containing the different types of AgNPs employed in this work. Dashed line
shows the initial bacteria density. Adapted from Alarcon et al. (2016), with permission from the
Royal Society of Chemistry
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6 From Bench to Bedside

The regulatory pathway of different bioengineered corneas or corneal implants differ
according to whether they contain cells or are cell-free, and whether they contain any
drugs or bioactives that confer pharmacologic properties. They may be classified as
advanced therapy medicinal products (ATMPs), biologics, or medical devices. There
are various national regulatory agencies and a central European Medicines Agency,
but most are harmonized following various standards; those from the International
Standards Organization (ISO) being the most widely used from guiding safety and
efficacy testing to cleanroom requirements for manufacturing to conduct of clinical
trials. Pellegrini et al. (2016) and Rico-Sanchez et al. (2019) provide thorough
reviews of the process from research to regulatory approval for clinical use of
corneal products containing stem cells. Brunette et al. (2017) discuss the regulatory
requirements for translation of corneal stromal replacements, and in particular, cell-
free implants that are regulated as medical devices.

If clinical translation is the goal, researchers need to carefully consider regulatory
requirements in order to design biomaterials compatible for clinical applications. For
a medical device such as a cell-free, pro-regeneration corneal implant for example,
there are a number of steps from the bench to the bedside.

Development of novel biomaterials, whether biomimetics, designer polymers
chemically synthesized from monomers to mimic ECM molecules, designer recom-
binant proteins, etc., the choice of raw materials used must take into consideration
patient safety and desired time to clinical application. Use of approved biomaterials
as a starting point enables faster regulatory approval as the biocompatibility of the
material in patients has been documented. Novel materials can result in high impact
research papers, but if the materials are difficult to purify or to produce in large
quantities for widespread use, there will be issues getting these into regular clinical
application. Testing according ISO 10993 standards is needed to determine cytotox-
icity, genotoxicity, acute and systemic toxicity, and biocompatibility within the target
site and/or bodily fluids. The likelihood of allergic reactions against the materials
and presence of any known contaminants that are hard to remove, ease of procure-
ment or production (scalability) and costs are also considerations.

Next, the manufacturing methods should be considered. For example, whether
molding or additive manufacturing would be more appropriate to obtain a corneal
implant would need to take into account the optics of the implant and the ability of
that manufacturing method to produce an implant that allows for maximal light
transmission with minimal back scatter. Selection of the manufacturing method
should also consider the ease of incorporation of stem cells and micro- and nano-
particles for delivery of drugs or bioactive factors.

Characterization of the various physical, mechanical, and chemical properties
will help determine the appropriateness of the manufacturing methods in order to
control the implantation, stability, degradation, and ultimate biointegration of the
construct. In parallel, in vitro testing of biomaterials for bio- and immune-compat-
ibility toxicology is performed. This can be done on cell lines as 2D cultures or cell-
based organotypic models. Many organ-on-a-chip models are being developed for in
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vitro testing. Bennet et al. (2018), for example, have developed a “corneal epithe-
lium” on a chip, albeit for eye drop evaluation. The steps from biomaterials design
through in vitro testing are generally iterative. To ensure that the 3Rs of Humane
Animal Experimentation – Replacement, Reduction, and Refinement – are being
followed, most of the testing to identify the most optimal implants should be
performed in vitro. The best two or three models would then proceed to testing in
small animals, for example, rodents. Finally, the best or most optimal implant is
tested for toxicology and biocompatibility under Good Laboratory Practice (GLP) at
a certified Contract Research Organization (i.e., third-party unbiased laboratory) and
also for efficacy in a large animal model such as a mini-pig, also under GLP. GLP
testing is recommended for results that are relevant for submission to the ethics
boards and regulatory authorities for authorization for clinical trials.

We recommend early pre-submission meetings, wherever possible, with the
relevant national regulatory authority to ensure that the necessary testing is
conducted to ensure safety of the products patients, and that all clinical studies
planned take into consideration the appropriate inclusion-exclusion criteria, primary
and secondary endpoint, trial design, endpoints, and numbers of patients enrolled for
statistical relevance.

7 Conclusions

Awatershed point in corneal transplant surgery is rapidly being approached. Donor
cornea has served well in the past to help restore vision in those with corneal opacity,
and innovations in lamellar surgery have helped to improve outcomes, especially for
endothelial keratoplasty. However, the massive shortage of donor tissue, combined
with the expense and technical challenges of eye-banking, means operations with
donor corneal tissue are prohibitive for much of the world’s population, particularly
in lower income areas.

Bioengineering corneas has now become a sizeable field in tissue engineering,
regenerative medicine, and ophthalmology. Over recent years, there have been a
plethora of approaches to develop biosynthetic alternatives to donor corneas, both
cell-based and scaffold-based. It was not possible to discuss each innovation, so we
have selected the ones that have now reached clinical evaluation, clinical applica-
tion, or will soon enter this arena for discussion in this review. Other references have
been included as appropriate.

Cornea bioengineering remains a fast-growing and exciting field. Technologies
developed for the cornea are now being applied to other target organs in regenerative
medicine. For the patients in countries without eye banking or with a deficit of
available, good quality corneas, or those high-risk patients who are not amenable to
conventional donor cornea transplantation, bioengineered corneas represent a hope
for eyesight restoration in corneal blind patients.
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