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ABSTRACT

Regeneration as a therapeutic principle and regenerative medicine in
general are promising new strategies to add new therapeutic dimensions
to our current treatment options. Currently, reconstructive surgery,
drugs, and implants, including the cochlearimplant, can replace the func-
tions of damaged tissue. By contrast, regenerative therapies aim at the
replacement of damaged tissues themselves while at the same time re-
placing their lost tissue function. In this review article, new technologies,
including three-dimensional bioprinting and the application of decellu-
larized tissues as biomaterials, are introduced and explained. A summary
of current preclinical and clinical regenerative studies in otorhinolaryn-
gology complements these basic aspects.
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1. Regenerative Medicine

1.1 Principles of regeneration

Regeneration is defined as the ability of an organism to replace lost
tissue and organs. The term should be limited to mechanisms that
recapitulate processes during embryogenesis and fetogenesis [1].
Whereas in humans and most mammals this ability is mostly lost and
is restricted to certain tissues, including bone marrow, gastrointes-
tinal mucosa, liver, and skin [1], axolotls, Mexican salamanders, for
example, are able to regenerate entire extremities. Recently, rele-
vant mechanisms of this regeneration were determined [2]. Itis cur-
rently assumed that various progenitor cells with defined regenera-
tive potential are responsible for this form of regeneration [3]. How-
ever, macrophages also appear to play a key role in this process [4].

Following an injury in humans, inflammatory processes occur and
scars develop. In general, the original tissue function is at least part-
ly lost because the scar tissue is not identical to the original tissue.
Additionally, the immune system and remodeling of the extracellu-
lar matrix (ECM) play a crucial role in regeneration in other organisms,
including, for example, the axolotl. An increasing and better know-
ledge of these processes will most probably influence the develop-
ment of regenerative strategies [5].

1.2 Introduction to regenerative medicine

The term of regenerative medicine and thus the use of the term re-
generation as a therapeutic principle has in the meantime become
accepted and is considered as one of the most promising fields of
modern biomedicine. However, to date, no standardized definition
exists. The NIH defines regenerative medicine as the “process of crea-
ting living, functional tissues to repair or replace tissue or organ func-
tion lost due to age, disease, damage, or congenital defects” (https://
report.nih.gov/NIHfactsheets/ViewFactSheet.aspx?csid = 62). Re-
generative medicine has the potential to solve the problem of the
shortage of organs needed for organ transplantation [6].

Occasionally, this definition is even extended so that single tech-
nologies, including tissue engineering and the therapeutic application
of stem cells, represent only some aspects of regenerative medicine.
In addition, medical devices may be able to induce regenerative me-
chanisms and in specific cases even be a regenerative therapy. Further-
more, gene therapy is included in the notion of regenerative medici-
ne when it enables the activation of regenerative mechanisms.

Therefore, regenerative medicine is entirely different from com-
mon therapeutic procedures that simply replace the tissue function
but not the tissue itself. One obvious example is the cochlearimplant.
The cochlear implant is an extremely successful prosthesis that is
able to replace the function of deficient hair cells by directly stimu-
lating the auditory nerve. The cochlearimplant replaces the function
of theinner ear but not the inner earitself. By contrast, regenerative
therapy for inner-ear hearing loss and deafness would replace defi-
cient or lost hair cells either by applying gene therapeutic approa-
ches, by inducing regenerative mechanisms, or by differentiating
still-existing or externally-applied cells into hair cells.

In otorhinolaryngology, tissue defects after trauma, tumor resec-
tion, or in the context of congenital defects also need to be restored.
Furthermore, the natural ageing process leads to changes, including
the decrease of the hearing threshold, that require treatment. To date,
in addition to surgical and pharmaceutical therapies, particularly with
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regard to otology, hearing aids and prostheses are available that may
treat such alterations. However, nearly all fields of otorhinolaryngolo-
gy might also be the objective of regenerative, therapeutic approa-
ches. They range from the area of otology, where currently prosthe-
ses are used very successfully to restore hearing, to reconstructive fa-
cial surgery, where currently highly complex surgical procedures are
applied for reconstruction. These approaches include the application
of local flaps and grafts, the application of pedicled flaps, and micro-
vascular transplants as well as facial transplants [7], which was first
performed successfully in 2005. Since the first operation, only 35
further cases of facial transplants have been described in the literature
[8]. Innovative methods based on decellularized tissue and regenera-
tive therapy strategies might provide an alternative in this field [9].

In the following sections, 2 important technologies from the field
of regenerative medicine, namely three-dimensional (3D) bioprin-
ting and decellularized natural materials, and their applications, will
be presented.

2. 3D Bioprinting

Tissue engineering has undergone tremendous advances due to the
identification of novel stem cell sources and gene editing technolo-
gies as well as through the development of smart, responsive and
cell-instructive materials. Perhaps the biggest leaps made in the field
are being achieved through the combinations of these tools using
advanced fabrication techniques such as bioprinting (> Fig. 1) [10].
By means of 3D bioprinting, cell suspensions may be printed layer-
by-layer with biomaterials and thus highly complex three-dimensi-
onal structures can be created [11]. The potential advantages of bio-
printing for reconstructive surgery include reduced donor site mor-
bidity, reduced surgery time and improved aesthetic outcome.

2.1 Bioprinting techniques and bio-ink

Bioprinting differentiates itself from conventional 3D printing in that
the bioinks are solutions of hydrated polymers which can undergo
crosslinking at physiologic conditions in the presence of cells. The
3D model which is printed can be designed from a photogrammet-
ric scan of the patient or through reconstruction of MRI or CT data.
Companies like Materialise (http://www.materialise.com) have spe-
cialized in producing accurate 3D models for surgical planning and
clinicalimplants and prostheses. 3D models fabricated with bioprin-
ting use one of 3 processing methods (> Fig. 2). In laser-assisted bio-
printing (> Fig. 2, middle), a pulsed laseris positioned over an energy-
absorbing layer, causing drops of cell-containing bioink to be depo-
sited onto a substrate. Likewise in inkjet printing (> Fig. 2, on the
left), minute droplets of hydrogels and cells are pulsed onto a sub-
strate via the thermal or acoustic vibrations. In the most common
method for printing larger, clinically-relevant structures (> Fig. 2, on
the right), microextrusion is used to deposit strands of bioink onto
the substrate, the flow of which is controlled by pressure or the mo-
vement of a mechanical screw (> Fig. 2). The properties of the
bioinks for these 3 methods vary considerably. Materials for inkjet
printing and laser-induced printing have generally lower viscosity
and cell content, whereas bioinks for microextrusion require viscous
solutions and can contain high densities of cells [12].

The success of bioprinted organs is highly dependent on the bio-
logical and rheological properties of the bioink. At the very least, an
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»Fig. 1 Important developments that promote the progress of regenerative medicine. Courtesy of [10].

Inkjet bioprinting
Thermal Piezoelectric Surface acoustic
— waves
Acoustic
ejector

Orifice-free bioprinting

Extrusion Bioprinting

LIFT Pneumatic  Piston Screw

Absorbing b e l
Inter- i pulse
digitated M Y

gold

rings Lo DY '
¥ W N Ny
24 <(: 4
S o o g
o o Q o Donor
= g2 S ribbon )] |
s 8 2 00©% =l A e

Viscosity and cell density >

»Fig.2 Overview of different 3D-bioprinting procedures. Courtesy of [12].

5202

Rotter N, Zenobi-Wong M. Regeneration — A New... Laryngo-Rhino-Otol 2018; 97: S200-5213

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



¥

;g '_j_j@; A . Ideal Adva
i inks for L i
R Bioinks
3D printing
>, o
b= ”~
5
[g°] .
& ;
= Traditional
a Bioinks
Ideal cell
™ culture
- hydrogels
Biocompatibilit
Biofabrication P y. ;
Window ° o® P A

Cytotoxic  Cell adhesion Proliferation

»Fig.3 Description of the so-called biofabrication window. Cour-
tesy of [13].

ink must simultaneously provide excellent cytocompatibility and
good printing resolution. This so-called bioprinting window has been
non-trivial to achieve [13] (> Fig. 3). High water content hydrogels
are an excellent mimic of the native cartilage matrix and residing
cells can produce large amounts of extracellular matrix proteins. Hy-
drogels however do not print with good shape fidelity and are very
weak and brittle. Alternatively, many materials with excellent prin-
tability derive these properties from high polymer content and/or
high crosslink density which inhibits diffusion of nutrients and results
in poor cell viability [13] (> Fig. 3).

To address this problem, a popular approach is to strengthen the
properties of hydrogels through the coextrusion of a thermoplastic,
stiffer material [14, 15]. In addition, there is a concentrated research
effort to develop more advanced bioinks. The biological properties
of bioinks can be augmented through the addition of decellularized
matrix particles [16]. Likewise particles can enhance the mechanical
properties of inks by serving as crosslinking nucleation sites [13].

2.2 Bioprinting techniques for the head and neck

Advanced manufacturing or 3D printing has already made inroads
in maxillofacial reconstruction [17] but bioprinting approaches are
still largely investigated at the research level [18]. Due to its unique
and complex contours which are critical for the aesthetic appearance,
the human auricle has been a favorite target for 3D printing [141].
Already surgical planning tools for auricular reconstruction have
been utilized [14]. Many bioprinting approaches using a number of
cell types (auricular chondrocytes [19], mesenchymal stem cells [20],
induced pluripotent stem cells [21], and materials (nanocellulose
and alginate)), (> Fig. 4, bottom [22, 23]) have been reported. Pure
hydrogel ear constructs are soft post-printing and required in vitro
maturation to increase tissue properties. Thermoplastic reinforced
materials allow sufficient strength to resist skin contraction during
implantation and the reinforcement can fill the entire auricular
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shape, or be used to strengthen individual deconstructed modules
corresponding to for example the back plate, helix/tragus and crux/
antitragal regions (> Fig. 4 - top [142]).

In summary, bioprinting for craniofacial reconstruction has great
promise to make more functional, living, patient-specific grafts with
improve clinical outcome. However there are currently no bioprin-
ted products on the market and few tissue engineered products
which are commercially successful. The regulatory and financial chal-
lenges surrounding these complex combination products are consi-
derable [24].

3. Decellularized Scaffold Materials

Scaffold materials are important components of in vitro and in-situ
tissue-engineering techniques and of regenerative medicine in ge-
neral. They provide mechanical stability and the specific shape for
the tissue or organ that requires replacement. At the same time, they
are expected to allow differentiation of the cells and nutrient trans-
portation. The requirements of scaffolds are manifold and depend
on the specific application [25, 26]. Generally, a distinction is made
between artificial and natural biomaterials [27-29]. Inrecent years,
biological scaffolds have been successfully developed based on de-
cellularized tissue, also termed bioscaffolds, and applied both prec-
linically and clinically [30]. The main advantage of decellularized tis-
sues is that they preserve the natural complex structure of the ECM
of the original tissue and thus represent an excellent basis for in vivo
colonization with differentiated local and progenitor cells; further-
more, they contain numerous signal molecules that may induce func-
tional tissue remodeling [30]. These materials and their modifica-
tions have the potential to completely change current strategies of
tissue regeneration, also because of their specific interaction with
the immune system [31,32] (see also chapter 3.2).

3.1 Basics and decellularization

The ECM consists of structural and functional molecules that are pro-
duced and secreted by local cells [1]. It is now well known that the
ECM does not only create the structural preconditions but also con-
tains extensive biological information [33]; and is itself actively res-
ponsible for the structural and functional alterations of the cells
within the ECM. During development and growth, but also as a res-
ponse to tissue damage, these processes are activated [30]. The ECM
contains among others collagens, glycoproteins, glycosaminogly-
cans, proteoglycans, adhesion molecules, growth factors, chemo-
kines, and cytokines [30]. The essential role of those proteins beco-
mes clear from the fact that mutations that inactivate the function
of single proteins, for example, laminin and collagen, are frequently
lethal [34]. The ECM proteins as an important part of the so-called
micro-environment are able to influence the differentiation of cells,
including, in particular, stem cells [35]. In this context, the term
stem-cell niche is also used [35]. Furthermore, this micro-environ-
ment influences the immune system and thereby the activity and
function of macrophages, which was recently confirmed [31]. Based
on this knowledge, new biomaterial-based therapies can be develo-
ped that may induce pro-regenerative immune responses and thus
the desired tissue regeneration [31].

By means of various chemical, physical, and enzymatic methods,
the local cells can be removed from tissue and organs, which is ter-
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»Fig. 4 Auricle and parts of auricles produced by means of bioprinting procedures using different materials. Top: courtesy of [142]; bottom right:
courtesy of [22]. Copyright 2015 American Chemical Society, bottom left: courtesy of [23].

med decellularization [30]. Currently, it is possible to decellularize
nearly all tissues and organs and thus to obtain tissue-specific scaf-
folds [36].In 2011, Badylak used the term of (re)constructive tissue
modeling as defining the creation of functional location-specific tis-
sue by means of decellularized materials [37].

3.2 Role of macrophages

The role of macrophages as a relevant cellular component of rege-
nerative mechanisms was discovered in recent years among others
in the context of the regeneration of the extremities of the axolotl
[4]. Additionally, macrophages play a key role in the regeneration of
the zebrafish tail [38]. The role of macrophages in human wound
healing is well known. Macrophages migrate to the site of the dama-
ge, clean the wound by phagocytosis, and initiate scarring.
Nonetheless, the roles of macrophages are increasingly analyzed in
the context of the integration of biomaterials from decellularized tissue
and they are considered to be relevant for regenerative medicine [39].
The positive aspects of macrophage activation, in particular, have been
known for some time, whereby the shift of the pro-inflammatory M1
phenotype to the anti-inflammatory or remodeling M2 phenotypeis a
major aspect for functional tissue regeneration in contrast to scarring
[39]. These findings serve for the production of biomaterials that may
induce a regenerating phenotype instead of long-lasting inflammation.
In this sense, they are relevant for the further development and modi-
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fication of biomaterials that are essential, in particular, for the regene-
ration of supporting tissue, including tendons, bones, and cartilage.

4. Regenerative Medicine in Clinical Routine

4.1 Overview

Although regenerative procedures are increasingly applied in clini-
cal trials, they are only rarely found in clinical routine [40].

The manufacturing of cartilage tissue by means of tissue-enginee-
ring procedures is one of the most developed fields of regenerative
medicine. In orthopedics, autologous chondrocyte implantation (ACI)
and matrix-based autologous chondrocyte implantation (MACI) are
already established in clinical routine. In 1994, Brittberg et al. were the
first to publish this procedure, in the New England Journal of Medici-
ne. During the last 20 years, it has proven to be a significant clinical
option [41-44]. In the meantime, it has become an alternative for trau-
matic defects, particularly in younger patients. Because the applica-
tion of chondrocytes from the joints displays the relevant disadvan-
tage of causing secondary problems in the area of the donor site, cur-
rently, nasal chondrocytes have become the focus of interest [45].
Nasal chondrocytes derive from the neural crest [46]. Different inves-
tigations demonstrated that nasal chondrocytes are also able to dis-
play their effect, in particular, the synthesis of extracellular cartilage
matrix, in other locations and are thus suitable as a possible cell sour-

Rotter N, Zenobi-Wong M. Regeneration — A New... Laryngo-Rhino-Otol 2018; 97: S200-5213

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



ce for transplantation [46,47]. A clinical phase | study [45] has already
been conducted that confirmed these findings also in the clinical
practice. Currently, a larger phase /Il trial has started in Basel, Switzer-
land, which is expected to confirm these results and the effectiveness
of therapy in a larger patient cohort. In a clinical phase I trial, nasal
chondrocytes have also been applied for the reconstruction of the alar
lobule [48]. In this study, nasal septum chondrocytes were pre-cultu-
red on a collagen fleece made of type | collagen and then inserted as
an alar lobule transplant in combination with a forehead flap for re-
construction of the nostril. Because for transection of the forehead
flap and refinement and optimization of the appearance a second and
mostly even a third intervention was always required, tissue could be
collected from the reconstructed area for analysis. Hereby, tissue re-
generation could be proven histologically.

4.2 Lacking availability of regenerative therapies in
clinical routine

A comparison of scientific publications with our clinical practice
clearly shows that numerous experimental and preclinical studies on
awide range of topics are published without the possibility of apply-
ing them in clinical practice. A significant number of review articles
deal with the question of why commercialization of such therapies
is so difficult [40,49,50]. In general, the obstacles are found in the
clinical, commercial, and requlatory sectors [50]. Frequently, prec-
linical data allow only insufficient transferability to humans [50].
Study design and ethical and safety concerns are the issues focused
on in the clinic [51,52], whereas commercialization is impeded by
increasing costs and a high product-development risk [53]. Conti-
nuously higher safety level requirements and efficiency standards of
atherapy as well as different regulations in different countries are re-
levant problems in the legal context [54]. Further important specific
factors that have been identified, including the insufficient support
of preclinical and clinical trials, a lack of knowledge by basic and cli-
nical scientists about regulatory aspects that have to be observed
when conducting studies from a commercialization aspect, the
uncertain financial reimbursement of innovative therapies, and the
production and upscaling aspects that are essential for commercia-
lization [40,49]. One crucial factor for success for all actors in this
field is to be aware of all these obstacles and to address them speci-
fically already in the very early stages of research and development.
Thisis only possible based on close interdisciplinary cooperation bet-
ween industry and the regulatory institutions.

In addition to the above-mentioned factors, a fundamental re-
think for the whole field of regenerative medicine is currently requi-
red [55]. Many experimental investigations do not or only partly in-
clude the basic vascular, neural, and lymphatic provision; frequently
even the local microenvironment is not sufficiently considered [55].
Furthermore, immunological factors are frequently bypassed by
usingimmune-incompetent animals. However, these factors are es-
sential and of crucial relevance for clinical application. In future, it
will be important to perform regenerative medicine even more
within an interdisciplinary framework than is currently the case.
Knowledge in the fields of developmental biology and immunology,
as for example the role of macrophages in the limb regeneration of
salamanders [2,4], is only one such example. A close cooperation
with developmental biology and immunology will be essential for
regenerative medicine and is relevant for its viability.
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5. Regenerative Procedures in Otorhinola-
ryngology - State-Of-The-Art

In the following, the focus will be placed on areas where clinical ap-
plications of regenerative therapies have already been published or
preclinical trials approach clinical application. In addition, the abo-
ve-mentioned fields of 3D bioprinting and decellularized scaffolds
will be described in more detail, provided that they are relevant for
the respective area. An overview of clinical studies of the indicated
clinical applications is summarized in » Table 1.

5.1 Rhinology and plastic-reconstructive surgery

5.1.1 Nose

Defects in the region of the nose may be congenital, traumatic, or
iatrogenic. In rhinology and plastic-reconstructive surgery of the
head and neck, numerous clinical studies applying regenerative pro-
cedures for the reconstruction of cartilaginous tissue of the nose
have already been conducted and published. They start with the use
of autologous chondrocytes for augmentation of the nasal dorsum,
as first published by Yanaga et al. in 2004 [56]. In this publication, 8
patients were described from whom autologous chondrocytes were
isolated from the cartilage of the cavum conchae and amplified. Sub-
sequently, the generated gel-like suspension was injected into the
nasal dorsum and in one case into the chin for augmentation. The
assessment of the outcome was mainly performed macroscopically
and in one case by means of magnetic resonance imaging. In ano-
ther study from 2006 [57], further results achieved with this methods
were published. In 32 patients, a suspension of amplified auricular
chondrocytes was used for augmentation of the nose and other lo-
cations. The outcome here was also assessed mainly macroscopi-
cally. In 8 patients, a biopsy taken from the transplanted tissue sug-
gested the presence of cartilaginous tissue. Significant limitations
of these studies include insufficient study design without control
groups or standardized evaluation and a lack of a description of the
cell-culture technique, which makes repetition of the investigations
impossible. Therefore, it is clearly not possible to draw further con-
clusions from these studies, even though Yanaga and his team ap-
plied this technique again in another study with 18 patientsin 2013
[58]. This time, a slight modification of the cell-culture method was
performed and the tissue was first transplanted into the abdominal
wall. After approximately 6 months, the transplanted tissue, now
surrounded by fatty tissue, was used for augmentation of the nasal
dorsum and the chinin special cases with particularly thin skin. How-
ever, to date, no publications by other authors using this technique
are known. Yanaga and co-workers described this technique in
further publications, including for the creation of auricular cartilage
for the treatment of microtia (see chapter5.1.2).In 2017, a case re-
port was published by Ceccarelli et al. [59], who applied a micro-
grafting technique patented for the treatment of chronic wounds
(“Rigenera®”) [60] in open septorhinoplasty that required insertion
of spreader grafts. Unfortunately, this publication also failed to clear-
ly describe the methods and rationale.

Arelevant, and thus important, progress was achieved in a study
by Fulcoetal.in 2014 that was published in the Lancet [48]. The aim
of this phase | study was to investigate the safety and feasibility of
their method. The alar lobule of 5 patients was reconstructed after
tumor resection using cartilage tissue produced in vitro. Additionally,
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»Table 1 Different stages of the development of regenerative medicine in the head and neck regions.

Case reports and case series Phase | Phase I1]lll Commercial product Routine
Cartilage, Augmentation of the nasal dorsum Reconstruction of - - -
nose (n=8;n=32) lateral alar cartilage
Yanaga, Japan [57] (n=5)
Spreader graft (?) (n=1) Fulco, Switzerland
Ceccarelli, Italy [60] [48]
Cartilage, Partial and total reconstruction of the auricle (n=12) - - - -
auricle Yanaga, Japan [66]-[67]
Facial nerve - Facial nerve; lesion of a length of up to 3cm - - e.g. - PGA; NeuroTube® -
Navissano, Italy (n=7); NeuroTube [75] - Collagen I: NeuraGen®,
- Facial nerve Gunn, USA (n=1); Avance [79] NeuroMatrix®, NeuroFlex®
- Facial nerve - frontal branch Inada, Japan (n=2); - NeuraWrat®, NeuroMend®
PGA collagen tube, no commercial product [77] - decellularized human
- Chorda tympani Yamanaka, Japan (n=3); PGA allograft Avance®
collagen tube, no commercial product [78]
Vocal folds - - - - -
Larynx - - - - -
Trachea 12-year-old child, compassionate use, Hamilton, - - - -
UK [101-102]
Eardrum Gelatine + b-FGF (n=53), Kanemaru, Japan [104] Gelatine + b-FGF Gelatine + Alloderm® -
(n=11), Kanemaru,  b-FGF; ongoing  Tutopatch®
Japan [106] according to Audiomesh®
[106] Surgisis®
Mastoid Kanemaru, Japan (n=10) [115] - - - -
Kanemaru, Japan (n=26) [117]
Salivary PRP + ADSC + SVF, intraglandular, Cornella, Italy Phase I/1l study - - -
glands (n=1)[138] protocol, mesenchy-

mal stem cells
(n=30), Gronhoj,
Denmark [139]

a forehead flap or a nasolabial flap was used for the reconstruction
of the outer skin. The cartilage tissue was obtained from the cartila-
ge of the nasal septum, and chondrocytes were isolated and ampli-
fied in vitro and then cultured on a collagen | fleece (Chondro-Gide,
Geistlich Pharma, Wullhusen, Switzerland). This collagen | scaffold
had already been tested and approved for use in joints. In parallel, 2
scaffolds were cultivated. One scaffold was used for transplantation,
the second for in vitro analysis so that an assessment of the in vitro
chondrogenesis could be performed. After 6 months, the reconst-
ructions were refined and at the same time tissue for histologic ex-
amination was obtained from the transplanted area. The study con-
firmed the safety and feasibility of this method. Furthermore, it was
observed for the first time that in vitro-produced cartilage tissue was
still present on the site of transplantation, even if the amount was
highly variable. The secondary outcome parameters of patient satis-
faction and stability of the alar lobule, as assessed by means of na-
sal-flow measurement, also indicated that this technique was an al-
ternative for classic transplantation of septum or ear cartilage for the
reconstruction of lateral alar cartilages. A controlled study verifying
and refining these results is currently unavailable.
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5.1.2 Auricle

Defects of the auricle may be congenital or occur after trauma or
tumor resection. Despite a multitude of in vitro and animal experi-
mental studies confirming the possibility to produce cartilage in the
shape of a human auricle [61-65], currently, there are no high-qua-
lity trials that have applied this technique in clinical practice. Only
Yanaga et al. used the technique described above (see chapter5.1.1),
where it was applied for nasal augmentation, in a modified way for
auricle reconstruction [66,67]. The authors isolated chondrocytes
from the microtic auricles of 4 patients and used these cells to pro-
duce a cartilage matrix that developed 6 months after subcutane-
ousinjection of the cells in the abdominal region. Subsequently, wi-
thout an exact description of the technique, an auricular scaffold
[68,69] was shaped from this cartilage matrix and transplanted into
the auricular area. According to the authors, 12 patients have now
been treated, and up to 6 years after surgery no relevant resorption
of the auricular scaffold has been observed [67].

In particular, for complex 3D structures like the human auricle,
3D bioprinting appears to be optimal for restoration. In an initial pu-
blication, the principle could be clearly demonstrated [23]. Howe-
ver, in addition to the 3D shaping, the surrounding skin frequently
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represents a significant problem in auricular reconstruction, because
in most cases the available skin is much thicker than the auricular
skin. Therefore, a major objective is the creation of a vascularized
composite graft from cartilage and skin.

The decellularization of ear cartilage might also be a pioneering
innovation in the field of auricular reconstruction. Utomo et al. have
already characterized in detail the decellularized human auricle [70].
However, own results (unpublished) reveal an insufficient stability of
decellularized auricles after implantation in rabbits.

5.1.3 Facial nerve

Neural damage in the head and neck regions may be traumatic, can-
cer-related, but also iatrogenic. Frequently, the facial nerve is invol-
ved. The treatment encompasses end-to-end anastomoses when
the defect length is relatively short, whereas for longer gaps that can-
not be adapted tension-free, the application of autologous nerve
transplants is the current gold standard [71]. The use of autologous
nerve transplants is associated with donor site morbidity, including
sensitivity deficits; furthermore suitable transplants are not always
available regarding length and diameter [72]. With this background,
regenerative procedures are considered as being a promising alter-
native for nerve repair [73]. In recent years, a multitude of new tech-
niques have been developed for reconstructing nerve defects (nerve
tubes). Some of them have reached the clinic, but without being ex-
tended into the clinical routine. These procedures pursue among
others the principle of finding suitable tubes for the growth of the
axons while at the same time impeding the ingrowth of fibroblasts
from the environment [74]. For example, autologous veins have been
used successfully as neurotubes, but they are not always available.
Therefore, synthetic tubes are now a focus of research. Absorbable
materials are preferred, because secondary interventions may be
avoided for the removal of the non-absorbable materials. Polyglyco-
lic acid, which has been used as a component of surgical suture ma-
terial for many years, was approved as the first absorbable nerve
transplant (NeuroTube, Synovis, Birmingham). In addition to others,
Navissano et al. [75] reported the successful clinical application of
NeuroTube in lesions of the facial nerve with gaps of up to 3 cm. Ne-
gative aspects are the price, the possibly too rapid resorption rate,
and the risk of toxic metabolites [73]. In addition, tubes made of col-
lagen I were applied in many preclinical investigations and in clinical
studies, and appear to be equivalent to an as autologous nerve trans-
plant for gaps of approximately 1.5-2 cm [73]. Currently, 5 collagen
neurotubes are available for clinical use (NeuraGen, NeuroMatrix,
NeuroFlex, NeuraWrap, and NeuroMend). Nonetheless, their appli-
cation is not firmly implemented in clinical routine. Because the pu-
blished trials do not provide consistent results, it remains unclear
whether neurotubes are suitable for longer defects (>1.5cm), even
if they proved to be equivalent to a nerve transplant for short gaps
[76].1n 2007, Inada et al. applied a neurotube made of polyglycolic
acid (PGA) and collagen | to repair the frontal branch of the facial
nerve in 2 patients [77]. Furthermore, a small case series (n=3) was
published by Yamanaka et al., who successfully reconstructed the
chorda tympani using a similar tube of PGA and collagen 1 [78]. Both
products are not commercially available or approved in Germany. In
a case report, Gunn et al. described the repair of the tympanic and
mastoidal segments of the facial nerve using a decellularized human
implant (“Avance”) [79].
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Decellularized nerve transplants are currently being evaluated in
preclinical trials. The initial results indicate comparable outcomes
with respect to autologous nerve transplants [80, 81]. The use of 3D-
bioprinting techniques has been suggested for nerve regeneration,
because of the excellent possibility to produce clearly defined tubes
[82].

5.2 Laryngology and tracheal surgery

5.2.1Vocal cords
The vocal folds as a vibratory and complex multilayer part of the la-
rynx are responsible for respiration and phonation. Biomechanical
stress, smoking, inflammation, irradiation, or intubation may signi-
ficantly disturb the function of the vocal folds and lead to a signifi-
cantly impaired quality of life [83]. Voice therapy of various disorders
is not always sufficient, but surgical treatment is always associated
with the risk of additional scarring and further deterioration of the
voice [84]. Therefore, the treatment of functional disorders and de-
fects of the vocal folds is also an important aim of regenerative stra-
tegies. Research currently focuses on the application of bioactive
factors, biomaterials, and stem cells [85-87]. The requirements of
suitable biomaterials are extremely complex, because on the one
hand mechanical stability for insertion into the larynx is necessary
and on the other hand the vibratory ability of the vocal folds requi-
res enormous flexibility. Hydrogels were evaluated several times re-
garding injection into the vocal folds [88], with materials like colla-
gen and elastin play a key role as well as the combination with stem
cells or fibroblasts from the patients’ own vocal folds [89]. Stem-cell
application can be performed by injection or mobilization of endo-
genous stem cells [87]. This procedure has already been investiga-
ted in animal models, in particular in cases of acute damage of the
vocal folds. Clinical trials have not yet been performed

Like the application of decellularized vocal folds, 3D bioprinting
has only been described in 3D bioprinting and decellularization of
the entire larynx [90, 91].

5.2.2 Larynx

Because of the diversity of tissues in the larynx and the complex func-
tion for voice formation and swallowing, the creation of an artificial
larynx is a considerable challenge. Currently, the restoration of la-
ryngeal function after partial or total laryngectomy is only partly
possible and is associated with major impairment for the patients.
Hamilton and Birchall state in a recent review article that the treat-
ment of laryngeal cancer will be crucially influenced by the develop-
ments in the field of laryngeal regeneration over the next 10 years
[92]. Larynx transplantation is currently mainly a theoretical option
that can only be applied in exceptional cases and that is not suitable
for reconstruction after tumor surgery. However, it has been descri-
bed twice in the literature [93, 94]. To create an artificial larynx, the
production of various tissues, including cartilage, laryngeal muscles,
and laryngeal mucosa, must be coordinated. These tissues have to
be connected with the vascular and neural systems of the receiver
to restore laryngeal function. A potential alternative is the decellu-
larization of an allogenic larynx as a scaffold that could be seeded
with different cell types [91]. One major advantage of this strategy
is that the complex laryngeal shape and the various ECMs of the dif-
ferent tissues are available as sources for seeding. However, to date,
no preclinical or clinical applications of this strategy have been pub-
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lished. Another option for laryngeal reconstruction is the application
of bioprinting strategies, of which the general principles were de-
scribed in detail in chapter 2. However, for the larynx, no references
are available, but an individualized tracheal stent made of polycap-
rolactone by bioprinting has already been successfully implanted
[95]. Further progress in this field may well develop as rapidly as as-
sumed by Hamilton and Birchall [92].

5.2.3 Trachea

In general, tumors and trauma, but also congenital lesions may lead
to a situation where important parts of the trachea require recons-
truction. Because resection and end-to-end anastomoses are only
possible up to a length of approximately 5 cm in adults, the trachea
is also an important focus of regenerative procedures [96, 97].

Even if the trachea was considered as the first organ that could be
produced in vitro by means of stem cells [98], its attempted regene-
ration was a disaster within the entire field of regenerative medicine
because, patients underwent surgery without sufficient preclinical
data or a solid scientific basis [97]. The published data have to be
considered as scientific fraud [99, 100]. Only one case of the success-
ful application of a decellularized trachea seeded in vivo with auto-
logous cells can be cited [101]. In this case, a 12-year-old child suf-
fering from congenital long-segment tracheal stenosis was treated
with a decellularized trachea [102]. The child has to date survived 4
years since this treatment, although multiple revisions have been
necessary [101].

Even if decellularization and 3D printing are important approa-
ches for tracheal reconstruction, especially for tracheal surgery, ex-
tensive and thorough experimental and preclinical data are essential
before further clinical application.

5.3 Otology

5.3.1 Tympanic membrane

Defects of the tympanic membrane may occur during acute and
chronic otitis media, but also after trauma. While acute tympanic
membrane perforations have a very good rate of spontaneous
healing, chronic defects require surgical treatment. Although this
treatment is frequently successful when cartilage-perichondrium,
perichondrium, or muscle fascia transplants with a low donor site
morbidity are applied, nonetheless a surgical intervention is requi-
red under local or general anesthesia and is not always successful.
For this reason, the tympanic membrane is also an objective of re-
search in regenerative medicine; and cost-effective non-surgical the-
rapeutic options are being investigated [103].

Alreadyin 2011, Kanemaru et al. reported the successful clinical
closure of perforations of the tympanic membrane in chronic otitis
in more than 98 % of the patients [104]. In this study, the tympanic
membrane was surgically restored and then a small defect-adapted
block of gelatin with or without basic fibroblast growth factor (b-
FGF) was applied and fixed using fibrin glue. Only the addition of
b-FGF led to the high closure rates while only 1 of 10 perforations
could be closed in the control group. Jackler called this development
possibly the greatest progress in otology since cochlear implantati-
on [105]. The results of the first study published by Kanemaru et al.
were confirmed in a subsequent study in 2017 [106]. However, in
this later trial, only 11 patients were treated. In the sense of a phase
I study, first the safety of this therapy was analyzed without identify-
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ing therapy-induced adverse events. Long-term results have not yet
been published. Furthermore, the study design, in particular of the
2011 trial, does not correspond to current standards of a clinical
phase | study. Nonetheless, both clinical studies provided the first
evidence that regenerative therapy might be suitable for the closu-
re of tympanic membrane perforations. Another larger prospective
randomized clinical trial was initiated that according to the authors
is currently recruiting patients [106]. The technique to apply gelatin
with b-FGF was furthermore employed by the authors to treat audi-
tory meatus defects in 54 patients [107]. Unfortunately, the precli-
nical rationale of this study and its design is imprecisely described.
In preclinical research, 3D bioprinting is also used to regenerate the
tympanic membrane [108], which could be shown in the closure of
chinchilla tympanic membrane defects. Even decellularized tissue
has already been analyzed for tympanoplasty in preclinical studies
and in some clinical trials [109, 110]. In particular, AlloDerm (LifeCell
Corp., USA), which is a product of decellularized human skin, was de-
monstrated to be equivalent to temporalis fascia with regard to clo-
sure rates [109, 110] while at the same time requiring a shorter du-
ration of surgery [111]. However, in Germany, AlloDerm is currently
not available for tympanoplasty. An overview published by Kaftan
presents further decellularized materials in detail [112]. Currently,
these materials are not applied for tympanoplasty in Germany on a
larger scale. Our own investigations revealed that the acoustic pro-
perties of decellularized cartilage tissue are comparable with human
tympanic membranes and thin cartilage transplants [113]. Howe-
ver, this material is not currently available for clinical trials.

5.3.2 Mastoid

The mastoid is also a focus of regenerative medicine in otolaryngo-
logy [114,115]. In addition to the Eustachian tube, pneumatized
mastoid cells play a key role in pressure balance in the middle ear
[116]. Their presence and function can impede the development of
cholesteatomas and other chronic middle-ear diseases [115]. Inacli-
nical study, 3D hydroxyapatite (3D-HA) was applied in 10 patients
for reconstruction of mastoid air cells. After 12 months, in up to 60 %
of cases, re-epithelized mastoid cells were found during second-look
surgeries [115]. The authors postulate that in applying this method,
cases of chronic otitis might be treated that otherwise could not be
optimally treated. In another trial from 2013, Kanemaru et al. pub-
lished a positive effect of this therapy on the function of the Eusta-
chian tube [117]. In 26 patients, again 3D-HA was applied for rege-
neration of mastoid air cells in addition to conventional cholesteato-
ma treatment and tympanoplasty. In approximately 70 % of cases,
animproved tube function could be confirmed intraoperatively com-
pared to the pre-surgery situation, while this was only observed in
approximately 13 % of the conventionally-treated patients. Further-
more, there are other preclinical studies in which other materials, in-
cluding poly-D,L-lactide-poly-glycolic acid/polyethylene glycol
(PLGA/PEG) [118] and polycaprolactone/B-tricalcium phosphate
(PCL/B-TCP) [119], are used for reconstruction of mastoid air cells.
Neither 3D bioprinting nor decellularized tissues have to date been
used for mastoid reconstruction.

With regard to regeneration and preservation of hair cells, nu-
merous experimental investigations have been conducted. Recently,
pioneering publications on inner-ear regeneration have appeared
[120,121]. They demonstrate that the therapeutic regeneration of
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human hair cells might be a potential new way of treatment. Because
another review article of this issue deals with treatment of the inner
ear, this topic will not be considered here, rather we refer to the con-
tribution of T. Moser and the references [120, 121].

5.4 Salivary glands

Xerostomia after radiation or radioiodine therapy is a serious adver-
se effect of these therapies and significantly impairs the quality of
life of head- and neck-cancer patients. Currently, there is no causal
therapy for xerostomia. Even highly improved irradiation procedu-
res, including intensity modulated radiotherapy (IMRT) [122,123],
and the preventive application of amifostine [124] are unable to
completely prevent xerostomia. Innovative radiation procedures that
attempt to spare stem cell-containing glands [125] are not yet availa-
ble in the clinical practice. Therefore, salivary gland tissue is also an
important focus of regenerative therapy procedures. In addition to
classic tissue-engineering approaches to produce glandular tissue in
vitro, today stem cell-based procedures have come to the fore [126].
Arelevant aspect of radiation- and radioiodine therapy-induced da-
mage is the loss of acinar cells in addition to fibrosis, such that saliva
secetion after these therapies is severely reduced [127-129]. There-
fore, it may be beneficial that the original glandular structure is still
present, and by means of stem cells the function of the salivary
glands may be restored.

Alarge number of preclinical studies have been conducted in va-
rious animal models with different cell types that all revealed that
stem cells after tissue damage (i. e. surgical trauma or radiation) mi-
grate to the site of damage [130-133] and positively influence the
tissue there. Additionally, a direct positive effect of stem cells could
be confirmed in several animal models. The research team of Cop-
pes from Groningen, The Netherlands, has provided basic explana-
tions for the effective mechanism of stem cells originating from sa-
livary glands. They convincingly showed that these cells are able to
significantly increase saliva production [134-137].In 2017, 2 studies
were published that applied stem cells for the regeneration of radi-
ation damage in patients for the first time [138, 139]. One of these
studies is only a case report. The authors applied a mixture of plate-
let-rich plasma (PRP), adipose-derived stem cells (ADSC), and stro-
mal vascular fraction (SVF) from autologous lipoaspirate to the par-
otid glands and the submandibular glands of both sides. After 31
months, no severe adverse events were reported and according to
the authors, the patient wanted to further participate in the treat-
ment. Importantinformation with regard to the safety and effect of
such therapy cannot be retrieved from this report about the appli-
cation of the cell mixture in one patient [138]. Detailed planning of
a phase | study is required, as described by authors from Denmark:
They published the study protocol of a placebo-controlled, double-
blind randomized phase I/1I study that applies adult mesenchymal
stem cells for the regeneration of radiation damage in 30 patients
after radiation exposure (EudraCT, Identifier: 2014-004349-29; cli-
nicaltrials.gov, Identifier: NCT02513238) [139]. The clinical results
of the study are not yet available. It may be expected that also glan-
dular stem cells will be applied in the near future in first phase | or
phase I/l studies, so that salivary gland regeneration might be one
of afew areas where the findings of preclinical investigations really do
lead to clinical studies, even if it is not yet part of the clinical routine.
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Based on the current development in the field of 3D bioprinting,
cell- and biomaterial-based tissue-engineering strategies for saliva-
ry gland regeneration may also receive a new boost, because they
may enable the production of complex 3D structures, including the
salivary glands [140].

Conclusion

Whereas regenerative therapies for example in orthopedics are ap-
plied not onlyin clinical studies but also in clinical routine, only a few
approaches have reached the level of clinical phase | studies in oto-
rhinolaryngology, despite a variety of potential applications and a
similar variety of preclinical studies. These include the application of
tissue-engineered cartilage tissue for the reconstruction of the nose
and of stem cells for salivary gland regeneration after radiation.

Significant obstacles to the clinical translation and subsequent
extension into the clinical routine are the high costs that are associ-
ated with such individualized regenerative therapies. Even regulato-
ry preconditions for clinical application frequently cannot be suffici-
ently fulfilled. Despite all these obstacles, regenerative medicine as
innovative technology will fundamentally influence all areas of me-
dicine, including the discipline of otorhinolaryngology, in the fol-
lowing years and decades. It is essential to discontinue unsuccessful
strategies and to combine new findings from cell and developmen-
tal biology with the progress ofimmunology and new technologies,
including bioprinting [55].
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