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Simone Spuler, Johann Pratschke, Igor M. Sauer,* and Marco N. Andreas

Diaphragmatic impairments exhibit high morbidity as well as mortality while
current treatment options remain unsatisfactory. Tissue engineering (TE)
approaches have explored the generation of an optimal biocompatible
scaffold for diaphragmatic repair through tissue decellularization or de novo
construction, with or without the addition of cells. The authors conducted a
systematic review on the current state of the art in diaphragmatic tissue
engineering (DTE) and found 24 articles eligible for final synthesis. The
included approaches studied decellularization-based graft generation (9) and
de novo bioscaffold construction (9). Three studies focused on in vitro
host-scaffold interaction with synthesized, recellularized grafts (2) and
decellularized extracellular matrix scaffolds (1). Another three studies
investigated evaluation tools for decellularization efficacy. Among all studies,
recellularization is performed in both decellularization-based (4) and de novo

the diaphragm exerts a distinct role in sev-
eral somatic processes such as body pos-
ture, cardiac function, lymphatic drainage,
anti-reflux barrier and emesis, coughing,
and swallowing.'3] The diaphragm’s ex-
ceptional physiological role in the organ-
ism is reflected in its composition of ra-
dially aligned myofibers sprouting form a
central tendon, forming a dome-shaped,
mesothelial-lined flat muscle which is con-
stantly working while being exposed to a
varying thoracoabdominal pressure gradi-
ent at all times (see Figure 1).2] Based on
its multifunctionality, failure in this skeletal
muscle affects the physiology of the whole
organism, especially in the fetal develop-

generated scaffolds (4). De novo constructed biocomposites as well as
decellularized and recellularized scaffolds induced pro-regenerative
remodeling and recovery of diaphragmatic function in all examined animal
models. Potential therapeutic applications comprise substance defects
requiring patch repair, such as congenital diaphragmatic hernia, and
functional diseases demanding an entire organ transplant, like muscular
dystrophies or dysfunction after prolonged artificial respiration.

1. Background

The diaphragm is a life-sustaining skeletal muscle which has
gained increasing interest in regenerative medicine and the field
of tissue engineering (TE). Apart from being the main respira-
tory muscle which takes on 80 % of the work in tidal breathing,

mental period.[*]

The integrity of the diaphragm muscle
may be compromised by congenital de-
fects, like congenital diaphragmatic hernia
(CDH) or rare cases of diaphragmatic age-
nesis. Although mortality rates of CDH,
which has a total prevalence of 2.6 cases
per 10 000 births, have gradually decreased,
they remain at a total of 30% to 60% ac-
cording to a recent international multicen-
ter, retrospective study.®’! Other etiologies
of impairment include prolonged artificial respiration, trauma,
muscular dystrophies, and carcinogenesis of the pleura, peri-
toneum, and diaphragm itself.(®8]

Morbidity continues to pose multiple serious risks to infants
affected by CDH, both on the basis of prenatal lung hypoplasia,
persistent pulmonary hypertension, and resultant cardiopul-
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Figure 1. Schematic illustration of diaphragm anatomy.

monary failure, as well as postnatal treatment-associated
insufficiencies.*° These allude to: 1) high recurrence rates; 2)
morbidities arising from lack of growth (chest wall deformities
in 50% and scoliosis in 27% of cases); and 3) surgical com-
plications like adhesion-induced small bowel obstruction and
intraoperative acidosis in thoracoscopic intervention.['*-16] In
muscular dystrophy patients, respiratory muscle weakness—of
the diaphragm in particular—is the main cause of morbidity
and mortality.'”18] Pronounced respiratory dysfunction requires
non-invasive or invasive ventilation, which not only leads to an
impaired quality of life, but also causes considerable economic
expenses with high hospitalization rates and costs due to asso-
ciated complications.['8-2] Up to now, there is no treatment for
these patients to strengthen the diaphragm to delay or prevent
the necessity of ventilation.

With regard to substance defects, conventional treatments dif-
fer depending on defect size and underlying condition. In di-
aphragmatic hernia repair, primary repair (PR) via sutures is pre-
ferred, but only feasible in smaller lesions.[*"??] For larger de-
fects, treatment options include abdominal or thoracic muscle
flaps, free fascia lata and prerenal grafts, as well as prosthetic
meshes.[#1% Patches applied in the clinical setting can be di-
vided based on their original material and degradation behav-
ior into the four main categories of: 1) synthetic non-resorbable
(e.g., Gore-Tex [GTX], Marlex, Teflon, Silastic, Dacron); 2) nat-
ural resorbable (e.g., porcine small intestinal submucosa; Sur-
gisis [SIS], Permacol, AlloDerm); 3) composite resorbable (e.g.,
collagen-coated Vicryl mesh); and 4) composite non-resorbable
(e.g., Marlex/GTX, Surgisis/GTX, Dacron/GTX), from natural
and synthetic base materials, respectively.[!*! Despite their dif-
ferent material-derived properties, multiple retrospective clinical
studies reported no significant differences in recurrence rates
among non-absorbable meshes (e.g., Dacron and GTX), which
amount to 30%, and resorbable scaffolds (e.g., PermacolTM and
Surgisis) in infant CDH treatment.['*!3] Expansion deficiency of
nonabsorbable meshes as well as loss of strength owing to rapid
degradation in absorbable scaffolds predispose for poor clinical
performance.l>11:12:21.23]
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An ideal prosthesis, which is supposed to be defect-
compensating, biomechanically coequal, pro-regenerative, anti-
adhesive, non-toxic, low-immunogenic, resistant to infection
and enzymatic degradation, easily applicable and available on-
demand, should integrate adequately into the host tissue and
restore native tissue function while evoking minimum adverse
effects.11:24-26] The two- to threefold cross-sectional expansion
of the infant diaphragm sets specific demands for application
in congenital defects: a) fast integration; b) the ability to ad-
just to rapid growth; and c¢) maintenance of regenerative po-
tential through either an innate stem cell pool or provision of
optimal survival conditions for native stem cells.[>! Establish-
ing a balance between fast degradation and resistance to shear
forces and a constant pressure gradient is an additional demand
for graft failure prevention. Besides preventing hernia recur-
rence, minimizing morbidity of patch repair originating from
poor growth potential, and pronounced host inflammatory re-
sponse outlines one of the main objectives addressed by inno-
vative tissue-engineering approaches.

Manifold novel strategies based on de novo scaffold construc-
tion and decellularization of allogeneic and xenogeneic tissues
or organs, with or without subsequent recellularization, have
arisen over the last decade to construct biomaterials suitable for
restoration of diaphragmatic function.?®! Various variables dur-
ing the development process comprising the choice of under-
lying base material, construction and processing methods and
addition of bioactive components enable fine-tuning of scaffold
characteristics, such as immunogenicity, degradability rate, ar-
chitectural composition, and biomechanical properties.!?¢-28! Im-
planting a scaffold which inheres similar characteristics to the
host extracellular matrix (ECM) may provide an ideal foundation
for regenerative processes within the scaffold and the surround-
ing tissue. Effective tissue regeneration is premised on stem cell
or progenitor cell invasion, extracellular neo-matrix deposition
and—in the best case—deposition of native tissue-resembling
matrix with coequal functionality.?>3] Sufficient vascularization
for oxygen and nutrient supply, tissue homeostasis and immune
functions embodies another integral factor to guarantee tissue
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maintenance and regeneration.!'3*!l Inadequately prepared ECM
scaffolds with cellular residues and immunogenic synthetic com-
posites provoke an intense inflammatory host foreign body re-
action (FBR), which predisposes for chronic inflammation and
scar tissue formation.?>3% Reduction of patch-repair associated
morbidities and thus improvement of long-term outcomes is a
main rationale for engineering a bioscaffold that successfully
overcomes these challenges.

2. Results

Out of 56 eligible studies spanning the last ten years (dated back
from the 25th June 2021), 32 were excluded due to not meet-
ing the inclusion criteria as mentioned above and a total of 24
studies were included in the final synthesis (Table 1). The se-
lection process from identification of studies to inclusion in fi-
nal synthesis is depicted in Figure 2. From those 24 studies,
12 based their studies on decellularized diaphragmatic (DD) tis-
sue. Eight studies investigated different stages of decellularized
extracellular matrix (dECM) tissue treatment, processing, facul-
tative recellularization, and implantation. Three studies investi-
gated decellularization efficiency qualitatively and quantitatively,
one study assessed in vivo reaction to decellularized matrices. De
novo biocomposites were studied by 12 approaches, from which
10 studies reported on their construction and performance. One
study focused on evoked cellular response to subcutaneously im-
planted stem cell seeded matrices while another assessed stem
cell viability on different scaffold types.

All studies with two separate treatment arms were appraised
for risk of bias (Figure 3).

2.1. Decellularization-Based Scaffolds

The method of decellularization has been employed for various
tissues, organoids, and whole organs from the dermal, respira-
tory, cardiovascular to musculoskeletal system.[2632-3¢] Decellu-
larization of pre-existing tissues constitutes an attractive TE ap-
proach as the complex network of ECM remains intact while cel-
lular components are removed. Whereas the processed tissue re-
tains its macro- and ultrastructure, matrix and basement mem-
brane proteins and even growth factors can be preserved depend-
ing on the applied decellularization technique.®?! Removal of cel-
lular components is realized by the sole application or a combi-
nation of physical, chemical, and enzymatic methods.*>3¢1 How-
ever, thorough decellularization often runs at the expense of ECM
preservation as harsh processing methods and substances may
cause ECM component reduction, disruption, and loss.?*3”] The
balance between thoroughness of cell removal and preservation
of ECM components depends on adjustable processing parame-
ters, including type of detergent and time of exposure. Shorter
exposure for ECM preservation can be counterbalanced by el-
evated perfusion pressure to ensure cell removal in perfusion-
based approaches.®**] Subsequent to decellularization, tissues
can undergo supplementary in vitro manufacturing, for instance
processing to hydrogels or crosslinking, or be directly implanted
onto the recipient structure.[**] Constructive in vivo tissue remod-
eling of the dECM-derived scaffolds depends on processing de-
terminants, such as: a) thorough decellularization; b) a suitable
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amount of chemical crosslinking; and c) the absence of micro-
bial contamination.[*>#°] The prosthetic should ideally be applied
in an intact microenvironment with adequate mechanical stress
stimuli.[293]

2.2. Decellularization Methods for Diaphragmatic Tissue

Engineering of acellular matrices via detergent enzymatic treat-
ment (DET) constitutes the most established method for di-
aphragmatic decellularization (11313641421 Cellular material is
eroded through repetitive cyclic exposure to detergent substances
like the tensides sodium dodecyl sulfate (SDS), sodium deoxy-
cholate (SDC), ethylenediaminetetraacetic acid (EDTA), tri(n-
butyl)phosphate (TnBP), and Octoxinol 9 (Triton X-100), most of-
ten followed by an enzymatic step with DNase and rinsed with
deionized water. Optimal cycle duration and periodicity depend
on tissue density and size. In the first implantation approach of
donated human hemi-diaphragms in a canine model, 25 DET
cycles lasting almost 60 days were necessary to ensure proper
decellularization.”"! In comparison, cycle duration for murine
diaphragms usually ranges from 1 to 4 cycles lasting ~1 to ~3
days. DET is most commonly applied via continuous agitation on
an orbital shaker,*3#] whereat retrograde perfusion through the
inferior vena cava combined with standard agitation is feasible
as well."!] Physical freeze-and-thaw-based decellularization with
three cycles of freezing at —80 °C followed by thawing for 15 min
proved unsuitable for the diaphragm, completely destructing its
ECM network.[*’l Various decellularization protocols for DTE in
the last ten years are listed in Table 2.

2.3. Pre-Implantation Evaluation Tools for
Decellularization-Based Grafts

Quality criteria for decellularization efficiency are set upon: a)
a residual DNA concentration of less than 50 ng dsDNA per
mg ECM dry weight; b) a maximum DNA fragment size of
200 bp; and c) negative histology for nuclear material in tissues
stained with 4’,6-diamidino-2-phenylindole (DAPI) or hema-
toxylin and eosin (H&E).?2*}] DNA quantification can be per-
formed using DNA quantification kits followed by spectrophoto-
metric analysis.'"*42] Evaluation of decellularization efficiency
in dECM grafts is usually realized through semi-quantitative his-
tological assessment.[>11:24313741.42] Agide from qualitative as-
sessment, quantitative measurement methods are key to estab-
lishing defined standards for decellularization efficacy. Addi-
tional non-invasiveness is favorable as it enables qualitative scan-
ning for every individual graft without its destruction for histolog-
ical preparation. The Krasnodar group has recently examined both
quantitative and qualitative non-invasive evaluation tools for ver-
ification of decellularization efficiency.'!3#4%] Accordingly: 1)
quantitative determination of cell viability through electron para-
magnetic resonance spectroscopy; and 2) monitoring free radi-
cal generation through chemiluminescence may serve as objec-
tifiable decellularization quantification tools. Ultrasound imag-
ing as a clinically proven safe examination method can likewise
be employed for decellularized, as well as recellularized tissues
through high-frequency acoustic microscopy prior to implanta-
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excluded due to publication date

c studies identified through
S . . .
g2 electronic research in Medline
P Library via Pubmed
= n=77
(0]
=)
A.

records screened
n =56

(exceeding last 10 years)
n=21

exclusion of not elligible types of
publication

A

studies assessed for eligibility
via title and abstract
n=40

Screening and Eligibility Assessment

(e.g. review, lectural speech)
n=16

exclusion of studies not intended for
diaphragmatic application (e.g.

— >
S v
[}
3 studies included in
L= final qualitative synthesis
n=24
—

cardiac repair, abdominal wall
defects, wound healing)
n=16

Figure 2. Selection process for study inclusion into systematic review. From initially 77 identified studies from data bases, 24 studies were finally included

into synthesis.

tion. This could especially benefit evaluation of growing and re-
generating tissues with a high turnover, as those are particularly
sensitive to detrimental radiation from conventional visualiza-
tion techniques (e.g., X-ray, computer tomography).[*]

2.3.1. Properties and In Vivo Performance of dECM Scaffolds

Decellularized grafts emulate native tissue function by ex-
hibiting biomechanical resistance and morphologically func-
tional performance when implanted.'!] Depending on thor-
oughness of cell residue removal, dECM matrices are low-[31]
to non-immunogenic.''l The induced host alloresponse differs
from that of synthetic patches regarding cell invasion, tissue
integration, myogenic induction, and angiogenic and neural
response.[103146] Accordingly, limited adversel’] and even posi-
tive inflammatory responsel*’! carried by a macrophage polariza-
tion switch characterizes the pro-regenerative environment cre-
ated upon dECM scaffold implantation. DD ECM grafts can se-
cure long-lasting angiogenic stimuli as fundament for success-
ful angiogenesis.!'%31] Their pro-angiogenic potential is based on
the preservation of angiogenic cytokines like vascular endothe-
lial growth factor (VEGF) and angiopoietin, matrikines and en-
dothelialization enzymes (e.g., endothelin), and metalloproteases

Adv. Therap. 2022, 5, 2100247 2100247 (9 of 24)

(e.g., matrix metallopeptidase 9) which stimulate new vessel for-
mation within the implanted dECM patch.*!! Tissue regener-
ation with angiogenesis was seen to be more pronounced in
dECM treated diaphragms than upon expanded polytetrafluo-
rethylene (ePTFE) application, which evokes clear FBR, aggra-
vation of inflammation and lack of cell migration.[*!) Decellu-
larized grafts are capable of inducing muscle tissue regenera-
tion by myofiber ingrowth from the surrounding tissue and new
muscle fiber generation. Activation and migration of satellite
cells,®3] initial fusion of myogenic progenitor cells and signifi-
cantly upregulated markers for muscle fiber regeneration char-
acterize this myoregenerative state.l'”) The expression of embry-
onic myosin heavy chain Myh3 positive fibers combined with in-
creased muscle thickness indicates the presence of newly syn-
thesized muscle.*!l One study suggests that although early post-
injury responses of the muscle self-regenerating properties can
be independent of patch material (dECM versus ePTFE), the dis-
tinguishable feature of dECM-treated scaffolds is securing a pro-
longed pro-myoregenerative state.[') In-depth functional mus-
cle regeneration is accomplished when not only muscular struc-
tures are reforming, but neuronal connectivity is reestablished
as the basis for active contraction rather than merely passive co-
movement. Complete fusion of dECM-patches with the native
diaphragmatic environment was confirmed by Schwann cell in-

© 2022 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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filtration and the presence of functional neuromuscular junc-
tions (confirmed via a-bungarotoxin staining), for which ePTFE-
treated controls were negative.[*!l In dECM-treated specimens,
morphological contractibility of the reconstructed diaphragmatic
muscle was validated via phrenic nerve hemidiaphragm assay by
electrical stimulation of both preserved phrenic nerves.['%

2.4. De Novo Generated Biocomposites

The appeal of grafting a biocompatible scaffold de novo not only
lies in the possibility to initially calculate and implement bio-
and physicomechanical requirements for the composite, but also
in evading the necessity of a one-on-one donor organ as op-
posed to whole tissue decellularization concepts. Base materials
of organic nature, such as donated animal-derived or human tis-
sues, and synthetic polymers can be manufactured by numer-
ous techniques including 3D printing,!*! electrospinning,>%2]
liquid nitrogen freezing,?’! and multilayering via compres-
sion assembly,®*l and optionally further processed for specific
qualities.[213647]

Regaining complete diaphragmatic tissue functionality in
large defects is based on the presence of muscle cells, which
can be realized through promoting ingrowth from the surround-
ing tissue or providing optimal conditions for growth originat-
ing from either in vitro or in vivo recolonized stem cells. As
opposed to—particularly skeletal-muscle-derived—dECM scaf-
folds, de novo constructed meshes do not inherently hold bioac-
tive factors and the naturally assimilated extracellular network
for optimal skeletal muscle cell function and growth. Manufac-
turing methods may optimize the prosthetic’s features to facili-
tate myoregenerative processes by emulation of the native ECM.
The ECM synthesized by its resident cells provides them an op-
timal microenvironment, and thus rebuilt should attract, nour-
ish, and replenish new resident cells to form their original tis-
sue in the best way possible. Variations of scaffold pore size and
fiber alignment through liquid nitrogen freezing have shown
to create a radial fiber alignment similar to native diaphragm
(ND) structure.[?”] Further constructional parameters to authen-
tically mimic the macroscopic ND muscle include 3D shape
(dome/cone shape versus flat) and structural layering of pleural—
mesothelium, muscle, and peritoneal-mesothelium.

2.5. Natural Bioscaffolds

Manufacturing of natural bioscaffolds for current DTE is based
on either: a) ECM-derived scaffold construction; b) cell-derived
graft generation; or c) autologous in vivo biosheet creation.
Collagen-based scaffolds are of major interest in bioengineering
as collagenous connective tissue can generate multiple cell types
and tissues derived from all three embryonic germ layers.[!?]
Collagen as a main ECM component affects cell migra-
tion and attachment and promotes structural ingrowth and

www.advtherap.com

remodeling.[“0®%] Processed collagen is utilized in forms
of hydrogels®! or as scaffold, either as suspended base
material(22730 combined with reinforcing meshes®* or as
component of a hybrid-scaffold.>*”) However, matrices made
from purified forms of collagen often fail to maintain integrity
when applied in clinical settings (e.g., wound dressing, her-
nia repair).**>!] Only recently, the first skeletal-muscle-derived
dECM hydrogel, builtin a “collagen-based self-assembly process”
supplemented by natural genipin-crosslinking, was introduced
for DTE by Boso et al.[*] The acellular porous composite exhibited
minimized enzymatic degradation, increased viscosity, and opti-
mized biomechanical stability compared to non-crosslinked scaf-
folds. In vitro biocompatibility studies by co-seeding of human
dermal fibroblasts and human skeletal muscle cells affirmed ac-
tive cell proliferation and myogenic regeneration on these dECM
scaffolds.**] Radial myofiber alignment within the diaphragm
can be emulated by processing fibrillar type I collagen with a
freezing liquid nitrogen technique.l?””] When the collagen sus-
pension is poured into a mold in a central stainless-steel freez-
ing tube setup, it freezes from the center outwards creating the
desired radial fiber alignment. Stainless-steel affects the colla-
gen to create pore sizes of 70-100 ym, which could be suit-
able for muscle cell ingrowth in the diaphragm as resident my-
ofibers measure 8-109 ym in diameter.””l A dual layered col-
lagenous composite consisting of a radially aligned porous col-
lagen layer reinforced by a layer of compressed collagen con-
firmed that radial pore alignment facilitated deeper ingrowth
into the graft and provided for satisfactory integration into the
surrounding tissue.[*’! In a leporine model, diaphragms sup-
plied with radial pore oriented collagen scaffold composites (RP-
Composites) exhibited similar compliance and pressure resis-
tance compared to NDs, as opposed to GTX.[] Moreover, all SIS
failed with a 100% reherniation rate in comparison to 22 % in RP-
Composite and 17 % GTX recipients.[*] Overall, the absorbable
biocomposite induced significantly lower foreign body giant cell
reaction and increased collagen deposition, though a slight ten-
dency for calcification as against the conventional synthetic mesh
was notable. Surprisingly, the two scaffold types did not differ
with regards to reherniations rates, even though RP-Composites
reestablished native diaphragmatic compliance more closely.[*¢!]
An additional comparative study not included in our initial search
contrasted the clinical gold standard GTX, the most commonly
employed non-crosslinked acellular collagen matrix (ACM) SIS
and a highly cross-linked novel ACM (Matricel). Matricel was as-
sociated with pronounced adhesion formation and reduced com-
pliance in comparison to NDs, and its use to treat diaphragmatic
defects was discouraged.>?]

Combining several layers of materials with different proper-
ties for augmentation of in vivo stability is realized through mesh
reinforcement or multilayer assembly in the sense of a “sand-
wich technique”.l®) Vicryl-mesh reinforced collagen composites,
which have been characterized previously,?! failed to maintain
tensile strength which was reflected in bulging at implantation

Figure 3. Evaluation of Risk of Bias using SYRCLE's risk of bias tool. Studies were assessed for 10 bias parameters and categorized according to not
fulfilled (x), fulfilled (v), not available (n/a) and unclear (?). Three groups (Arai et al. 2020, Boso et al. 2021 and Shieh et al. 2017) did not use animals
in their studies, so the assessment parameters 'random animal housing’ and 'animal assessment for outcome’ could not be answered. Another three
papers (Gubareva et al. 2018, Gubareva et al. 2019 and Sotnichenko et al. 2018) were assessed n/a in all columns because they did not compare two

intervention groups, thus the SYRCLE’s risk of bias tool could not be applied.
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site.[*] This can be traced back to the fact that Vicryl only retains a
fifth of its initial tensile strength two weeks post-implantation (as
reported by the supplier), even though it should withstand degra-
dation until 60 to 90 days in vivo.I>>] Beyond mesh reinforcement,
a widely studied approach proposes a tri-layer scaffold combin-
ing two layers of ingrowth-promoting, elastic material with high
tensile strength (e.g., ECM scaffolds) which enclose a layer of cell
delivery vehicle (e.g., a collagen-based hydrogel).®>*>¢] However,
multilayering bears the risk of loss of strength due to delamina-
tion, which represents a major limitation in multi-layered dECM
scaffolds like Surgisis.[*"!

Regarding cell-derived composites, a novel tissue-engineered
approach for diaphragmatic repair established a solely cell-based
tubular construct from multicellular spheroids (MCS). Bearing
in mind the potential side effects of foreign prosthetic scaffolds
on the host tissue, such as granulation, allergic reaction and
infection, Zhang et al. created initially scaffold-free grafts.l>”]
Normal human dermal fibroblasts (NHDFs) and human um-
bilical vein endothelial cells (HUVECs) were arranged via 3D-
printing on a needle-array and further processed to create flat
cellular patches. These cell-based fibroblast sheets integrated ad-
equately during growth and allowed for regeneration of striated
muscle fibers and neuronal networks whilst stimulating neo-
vascularization in the rat model. No reherniations, rib cage defor-
mities, or postoperative adhesions were observed until 710 days
after transplantation, whereat control Vicryl scaffolds performed
poorly with a 17 % survival and—within that—100 % herniation
rate at 7 weeks post-implantation.®”]

Apart from in vitro fabrication, an in vivo preparation method
was recently introduced by Suzuki et al., showing that the gen-
eration of autologous collagen connective tissue can be induced
by subcutaneous embedding of silicon plates which function as
a biosheet mold. After 4 weeks, the biosheets are extracted and
used as sheet-type collagenous scaffold patches, which makes
clinical application in cases of recurring diaphragmatic hernia
and—through maturation in a parent—in neonatal CDH care
conceivable.['?] Unlike GTX Soft tissue Patches and Seamdura,
the tissue-engineered two-ply biosheets exhibited low herniation
rates and showed signs of diaphragmatic muscle regeneration.!2]

2.6. Synthetic Biocomposites

The clinical standard prosthesis in diaphragmatic repair is the
synthetic non-degradable biomaterial ePTFE (GTX).*®! Novel
scaffolds made of biopolymers such as polylactic acid (PLA)*?
and polycaprolactone (PCL)I! are employed in TE for their
biodegradable nature, which makes them attractive for soft tis-
sue repair, for example, wound healing.[*l Nanofibrous scaffolds
can be constructed via electrospinning technique which manu-
factures biodegradable polymers upon requested 3D structure,
and biomechanical, physical and chemical properties.[?? Only re-
cently has electrospun PLA been assessed and affirmed for its
support of cellular adherence and proliferation in a subcutaneous
immunocompetent rat implantation model, with application in
diaphragmatic hernia repair as a future objective.[?? In a murine
orthotopic repair model, aligned electrospun PCL/collagen type
I hybrid scaffolds exhibited highly elastic behavior, allowed for
early muscle fiber ingrowth and myotube formation, and pos-
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sessed mechanical properties similar to the ND at 2, 4, and 6
months after implantation.[?]

2.7. Ameliorating Tissue Function through Processing and
Bioactive Additives

Diverse techniques have been tested in attempt to improve in
vivo performance of bioscaffolds, including the incorporation of
materials such as glycosaminoglycans and amino acids, different
nanostructures like carbon nanotubes, hydroxyapatite nanocrys-
tals, and zirconium oxide nanoparticles, as well as physical,
chemical, and enzymatic crosslinking methods.***) The de-
gree of crosslinking influences the balance between resistance
to degradation and allowance for cellular infiltration. Chemi-
cal crosslinking is a delicate matter as evoked cytotoxicity and
denaturation may impair scaffold functionality.®®! To address
the difficulties of adverse cytotoxic effects, natural crosslink-
ers such as genipin are employed.*®%°1 Overall practicability
of currently available physical crosslinking methods remains
unsatisfactory.[>]

Non-functionalized  crosslinking  primarily  enhances
scaffold stability. Crosslinked random porous type I
collagen scaffolds chemically crosslinked with 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide =~ (EDC) and  N-
hydroxysuccinimide (NHS) showed no evidence of reherniations
on a macroscopic level when implanted in murine diaphragmatic
defects. On the microscopic level, slow scaffold degradation,
muscle cell ingrowth, and deposition of ECM proteins and
mesothelial cells were observed at transplantation site.[?!]

Upon mounting of bioactive components, which translates to
functionalized crosslinking, unique characteristics of the supple-
mented agent are added.[®!] One main target of functionalized
crosslinking in DTE is vascularization. Blood vessel growth is
a complex process finely coordinated by ECM components, res-
ident endothelial cells, stimulatory molecules, and growth fac-
tors. Guided vascularization may either be achieved by stimula-
tion of the native ECM or incorporation of allogenic ECM, with
or without the addition of angiogenic agents, such as hepato-
cyte growth factor (HGF), VEGF, and stromal cell-derived factor
la (SDF-1a).?! Crosslinking the polysaccharide heparin stimus-
lates myogenic or vascular regeneration at the implantation site
as heparin is capable of sequestering and binding growth fac-
tors such as HGF and VEGF.[?8] Prior studies assessed the in-
fluence of VEGF added to porous silica gels with or without my-
oblasts, which applied on acellular diaphragmatic matrices in-
creased vascularity yet at the expense of aggravated inflamma-
tion, fibrosis, and contraction.[?862] A current study observed hep-
arin to accelerate early angiogenesis in collagen scaffolds, how-
ever a post-operative levelling off phenomenon was visible after
12 weeks with adjusted levels to those of comparison groups that
received VEGF- and HGF-functionalization.[?®! Long-term vascu-
larization across all groups was not improved significantly.?8] An-
other desirable feature alludes to boosting tissue regeneration by
addition of growth factors, such as insulin-like growth factor 1
(IGE-1). Unexpectedly, adding IGF-1 as a highly mitogenic fac-
tor with eminent muscle regenerative potential to Vicryl collagen
scaffolds did not reinforce muscle ingrowth from the ND.[3363]
Although morphological integration was given, eventrations oc-
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curred in all cases, indicating poor scaffold resistance and rapid
degradation.l>®!

A preclinical functionalization approach not delivered by our
search investigated advancements of GTX. Preliminary findings
of this in vitro study reported possible enhancement of tissue
integration by coating with a combination of polydopamine and
platelet-rich fibrin (currently used in oral or maxillofacial surgery
for its tissue regenerative capacity).[>!

2.8. Recellularization

Full and functional coalescence with the ND is based on cellu-
lar recolonization of the implanted graft, which is either initi-
ated prior to implantation in a laboratory setup or induced within
the host organism. Recolonization of both de novo generated and
dECM-based grafts has advantageous effects on their integrative
and regenerative capacity. For instance, while sole decellulariza-
tion may negatively impact the tissues’ in vitro biomechanical
properties, recellularization can further recover essential micro-
circulation and functional contractile properties in the host.[!!]
Graft recellularization is generally based on three core concepts:
1) in vitro cell seeding; 2) in vitro retrograde perfusion of pre-
existing vascular structures; and 3) direct cell injection into the
targeted structure in vitro or in vivo. In DTE, cellular applica-
tion is only obtained by scaffold repopulation via direct seed-
ing of cells through various techniques, including 3D printing,
growth-factor induced colonization, pressurized cell infusion
systems, and specific bioreactors.*11:22374254] deal cell popula-
tions for restoration of native tissue function should demonstrate
high-grade proliferation, differentiation, and self-regeneration
capability.[?3#2] On that basis, stem cells are the preferred cell
type ranging from induced pluripotent stem cells, mesenchymal
stromal cells (MSCs) to adult muscle stem cells. Mesenchymal
stromal cells derived from amniotic fluid (AF-MSCs),*?>>3], adi-
pose tissue (AdMSCs),*! and bone marrow (BM-MSCs)!'!) are
comprehensively investigated for diaphragmatic tissue repopu-
lation. MSCs create an anti-inflammatory, pro-angiogenic envi-
ronment and prevent exuberant inflammatory reactions trough
three major action modes: a) the expression of interleukin-1 re-
ceptor antagonist; b) secretion of anti-inflammatory cytokines
which downregulate macrophage response; and c) regulation of
macrophage switch from a pro-inflammatory M1-state to a more
regulatory or anti-inflammatory M2-state.?264] What is more,
MSCs induce extracellular matrix deposition by resident cells
and their proliferation, differentiation, and repopulation upon
the newly synthesized structures.[?’] The use of AF-MSCs is
mainly intended for application in congenital diaphragmatic de-
fects, as extracting these undifferentiated cells from an autolo-
gous source via amniocentesis offers the advantage of minimal
immune response and secured disposability.*?2545565] Cells can
be harvested, processed, and prepared for implantation precisely
timed from prenatal diagnosis of the congenital diaphragmatic
defect to calculated date of birth. Alternatively, BM-MSCs consti-
tute an inherently available cell type with known immunomod-
ulatory effects.l'%] Application of more lineage-committed cell
types is another viable option for muscle regeneration, for in-
stance by the use of human muscle progenitor cells (hMPCs).[*?]
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A broad overview on recellularization TE methods for diaphrag-
matic repair can be found in Table 3.

Many factors ought to be considered for repopulation of acel-
lular scaffolds. One study found scaffold type, seeding density,
and time in 3D culture to interact in a significant manner. In
the corresponding study, under almost all seeding conditions, a
human-derived hydrogel (Vitrocol) provided superior cell viabili-
ties for the culture of AF-MSCs compared to a bovine-derived col-
lagen sheet (SurgiMend).[>* Another approach endorsed electro-
spun PLA to be a suitable scaffold material for short-term culture
of AF-MSCs, as it supported cell adherence and proliferation.!??]
In vivo host inflammatory responses observed in heterotopi-
cally implanted unseeded and seeded PLA scaffolds differed in
cell composition and remodeling processes. In contrast to un-
seeded grafts, AF-MSCs seeded scaffolds presented reduced lev-
els of eosinophils, increased matrix degradation and collagen
fiber deposition.l?”] In a recent murine study by Liao et al., AF-
MSCs were seeded onto decellularized matrices using an infu-
sion system based on pressurized perfusion of a cellular suspen-
sion through the fixated scaffold.””) The generated AF-MSCs com-
posites displayed enhanced regenerative capacities for diaphrag-
matic skeletal muscle repair as opposed to dECM alone, through
vascularization and functional recovery of muscular, neuronal,
and tendinous structures 4 months after implantation. No her-
nia recurrence or clinical signs of weakness could be detected.l!
Apart from AF-MSCs colonized grafts, the first pre-clinical ap-
proach to transplant a dECM scaffold reseeded with allogeneic
rat BM-MSCs in murine diaphragmatic defects was likewise suc-
cessful in reestablishing a native diaphragmatic biomechanical
function.[!!]

A more lineage-committed recellularization approach with hu-
man muscle progenitor cells (hMPCs) seeded onto a dECM scaf-
fold examined the progenitor cells to grow into and repopulate
all layers of the dECM scaffold that further regained functional-
ity (confirmed by metabolic active myotubes inside the dECM)
in a murine model.l*?] As a sign of stem cell niche preservation,
the scaffold was able to respond to damage with constructive re-
modeling. A cytotoxicity assessment detected characteristic indi-
cators of stem cell niche reconstitution such as: a) an increase
in the PAX7* cell population; b) progressive satellite cell carried
remodeling with fibronectin production; and c) increased gene
expression of LAMA1.110:42]

3. Discussion

3.1. Novel Tissue-Engineered Grafts Outperform Conventional
Grafts

Altogether, dECM matrices restore, maintain, and improve in
vivo diaphragmatic tissue function by advancing constructive re-
modeling and inducing myogenic, vascular, and neuronal re-
generation in small animal models."'*! DECM scaffolds: 1) in-
duce less severe immunological response with little to no en-
capsulation compared to conventional patches;!'%! 2) have a pro-
angiogenic influence and promote in situ vascularization;[1011:31]
3) encourage efficient local muscle regeneration;[>-1131:43:44] 4)
promote neuronal integration;1%1143] 5) improve post-operative
outcomes with lower reherniation rates; %241 and 6) restore
diaphragmatic function.®-11:314142] Decellularization-based scaf-
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Figure 4. Overview of TE for the diaphragm. The two main pillars of ECM-based scaffold construction are de novo construction and decellularization,
whereby these two methods can be combined (tissue reconstruction). For recellularization, cells are seeded onto ECM scaffolds in a conventional cell
culture setup or cellular infusion system. Cell-derived matrix synthesis in current DTE is either attained by cellular 3D printing or in the sense of "in vivo
de novo construction" as host cells repopulate a subcutaneously implanted scaffold.

folds provide an excellent base material for recellularization and
additionally sustain myogenic differentiation on the proteomic
level from early on, which is reflected in the reestablishment of
organotypic properties instead of scar tissue formation.!'!]

Due to their diverse nature, de novo generated scaffolds ex-
hibit distinct properties in restoring diaphragmatic function.
Non-functionalized crosslinking in collagen scaffolds tended to
increase biomechanical resilience and resistance to degrada-
tion, while ensuring muscular and ECM regeneration.[?!! While
RP-Composites exhibited tendencies for enhanced regenera-
tion and mitigated alloresponse, no differences in rehernia-
tions rates were observable in comparison with conventional
scaffolds in clinical use.[**] Vicryl reinforced collagen compos-
ites demonstrated rapid degradation and limited strength, re-
flected in high recurrence rates, whilst functionalized crosslink-
ing with IGF-1 had no relevant impact.5”33] Functionalization
with pro-angiogenic agents resulted in no beneficial long-term ef-
fect either.[?!] A novel dECM-based hydrogel outperformed a non-
crosslinked scaffold in terms of resistance to degradation and
biomechanical stability.**] Both cell-based fibroblast sheets!*!
and autologously grafted biosheets!*?! induced muscular regener-
ation, while vascular and neuronal connectivity was reestablished
in fibroblast sheet repair. PCL/collagen hybrid scaffolds likewise
showed signs of muscular regeneration and proved to be biome-
chanically coequal to the ND.}l Synthetic PLA was affirmed to be
suitable for in vitro cell recolonization.!??]

Recellularized matrices have the potential to improve biome-
chanical behavior and interaction with the microenvironment at

Adv. Therap. 2022, 5, 2100247 2100247 (17 of 24)

graft site.[''42] Besides, composite tissues with stem cells have
been ascertained to lead to improved functional tissue regener-
ation and ameliorated healing.!>!!! Current TDE approaches are
illustrated in Figure 4. An overview comparing tissue-engineered
scaffolds to meshes in current clinical use as their controls, ex-
tended by other current patches for CDH treatment, is provided
in Table 4.

3.2. Intrinsic Challenges: Engineering Around Diaphragmatic
Issues

Scientific dissent on fundamental questions about definitional
parameters, preferred animal models, and favorable tissue and
cell types for DTE shape the experimental scope in this diverse
field, generating manifold engineering approaches.

What is considered to be successful skeletal muscle decellu-
larization is defined inconsistently. In general, decellularization
refers to the removal of cellular material and quality criteria al-
lude to remnant nuclei content. As skeletal myofibers form a
functional syncytium originating from fused progenitor cells—
per definition—removal of cellular content would include the
elimination of myofiber structures. In a study by Piccoli et al., de-
cellularization was rated successful when dECM were depleted
of nuclei content while myofibers were preserved. By contrast,
the Gubareva study group defined effective decellularization by
complete depletion of nuclei content and concurrent myofiber
removal."*] Tt remains unclear whether the potential advan-
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tages of myofiber preservation outweigh the possible disadvan-
tages.

As growth restriction is one of the leading causes for patch fail-
ure in neonatal defect care, fast-growing and larger animal mod-
els like rabbits and lambs are preferred in CDH models, yet many
studies rely on murine models, likely for their practicability.

The diaphragm as a musculotendinous organ raises the cen-
tral question whether full dynamic and functional recovery is
ideally attained by reconstruction with a tendinous or muscular
tissue-engineered prosthetic, and likewise whether repopulation
should be performed with the corresponding progenitor cells.
While tendinous or muscular patches could be applied in mi-
nor lesions, major disabilities requiring a partial or complete di-
aphragmatic surrogate potentially call for force-generating skele-
tal muscle grafts. For diaphragmatic defect closure in CDH an-
imals models, tendinous grafts are preferred as the diaphragm
consists of a considerable tendinous portion and native mus-
cle residue in diaphragmatic lesions may compensate for a non-
contractile graft.[®>*74] Diseases with muscular insufficiency as
the underlying pathological mechanism necessitate contractile
properties for active movement. In an atrophic murine model,
the auspicious outcome of dECM patches ameliorating host di-
aphragmatic function opens new prospects for construction of
diaphragmatic supports or surrogates.[*!]

A definite prerequisite for regeneration and maintenance of
muscular grafts is neuronal connectivity with the surround-
ing tissue, in contrast to tendinous scaffolds.#7>7¢] The pres-
ence of neuronal networks and re-innervation have only been
described in murine models.'%”) Another integral factor for
muscle functionality and proper force transmission is based on
muscle fiber continuity, whereas discontinued myofiber architec-
ture presupposes to volumetric muscle loss.['*”7] To assess func-
tional restoration, an in silico finite element model of murine
diaphragms approximates maximum contractile force and excur-
sion ability in patch-repaired diaphragms.!*! In the clinical con-
text, sonographic measurement of diaphragmatic excursion ratio
has been identified as a predictor for long-term respiratory out-
come, making in silico studies an interesting tool for preclinical
patch performance assessment.l’8] Bearing in mind the concept
of imitating native diaphragmatic architecture and composition,
preservation of the heterogenous local muscle structures could
be favorable.[*>7] In a volumetric muscle loss model, the combi-
nation of resident adult muscle stem cells (“satellite cells”) with
other muscle resident cells (e.g., endothelial cells) on decellular-
ized tissue, showed restoration of muscle function as opposed to
single-cell-type grafts.”’] Combined cellular application has only
been realized in cell-derived scaffold construction with NHDFs
and HUVECs, but not in recellularization of dECM diaphrag-
matic patches.>’]

Reduction of patch repair associated morbidities is feasible
if challenges originating from inherent scaffold properties and
their interaction with the implantation environment are under-
stood. Augmentation of in vivo performance depends on the scaf-
fold’s ability to integrate ideally into the host tissue, for which
sufficient vascularization is crucial. Vascular insufficiency may
result in hypoxia and nutrient deficits leading to the formation
of fibrotic areas and necrotic cores, hence increasing the risk
of mechanical and immunogenic graft failure.?!l One attempt
to improve blood supply at implantation site is to attach the
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highly vascularized omentum to the scaffold. However, applying
this technique in Vicryl collagen scaffold repair was a likely con-
tributor to more rapid scaffold degradation.l”’”] An advantage of
dECM scaffolds may be their maintenance of bioactive molecules
such as growth factors, whereby Omics — which are yet to be
done for the diaphragmatic muscle and derived dECM scaffolds
— could provide essential insights on the tissue’s regenerative
properties. Even though the finding that dECM scaffolds are
non-immunogenic leaves systemic immunosuppression redun-
dant, deliberate regulation of the host response by induction of
a M1 to M2 macrophage shift could create a pro-regenerative in-
flammatory state conducive for efficient integration into, and dy-
namic restoration of the native tissue.l''*%l Heterotopic subcuta-
neous implantation of dECM-grafts can serve as an assessment
method for host immune response, allowing scaffold sensitivity
testing for high risk of rejection without the need for necropsy af-
ter orthotopic implantation for histological evaluation. However,
it must not be neglected that the immune reaction to hetero-
topic and orthotopic transplantation (OTX) may differ to some
extent.[11:3]

Besides patch properties, in vivo performance of tissue-
engineered constructs depends on multiple characteristics of the
diaphragmatic defect itself. Complications of thereupon required
patch repair occur in varying degrees according to pivotal vari-
ables — the 4 “S”: implant site, affected side, defect size, and
integration speed.

1) Implantation site: Scaffold position as a crucial determinant
for muscle ingrowth cannot be ensured when the scaffold is im-
planted into the diaphragmatic central tendon, resulting in ab-
sent ingrowth from the tendinous side.[2147]

2) Affected side: Adhesions most frequently occur on the
abdominal diaphragmatic side facing the liver,311212843] while
eventrations and reherniations are often observed in the left
hemi-diaphragm,[*3# although liver herniations are reported in
patch repair as well.l}%1247] Clinical data reports similar morbidity
rates in right- and left-sided CDH, yet higher postoperative mor-
tality rates in patch-repaired right-sided diaphragmatic CDH.[®!
For realistic assessment of relevant complications, a right-sided
hemi-diaphragmatic defect model may be favorable.

3) Defect size: Defect size represents a decisive factor, as
biomechanical force distribution along the scaffold surface and
sufficient blood supply influence long-term in vivo scaffold per-
formance in extensive impairments.*?! In clinical CDH treat-
ment, defect size is one of the main relevant neonatal predictive
outcome parameters, along with positional factors in accordance
with (2) (e.g., liver herniation, stomach position).['32381]

4) Integration speed: Non-growing synthetic meshes or slowly
adapting scaffolds may hamper integral growth within the host
organism, and with increasing disproportion lead to the “tether-
ing effect.”?3] Gauging an equilibrium between scaffold degra-
dation and maintenance of integrity is essential for dynamic en-
durance and functionality.

3.3. Extrinsic Challenges: Tackling the Transferability Concern
and Clinical Implementation
Bridging the gap between experimental research and clinical ap-

plication constitutes a considerable TE quest which ought to be
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addressed for larger-scale implementation. Main extrinsic chal-
lenges refer to: 1) on-demand availability, which depends on fast
and efficient producibility as well as easy storability; 2) ethical
innocuity; and 3) simple surgical handling. As the impairments
vary in their urgency to be treated, realistically implementable
TE options are limited to on-demand availability. For example,
while prenatally diagnosed diaphragmatic diseases come with
a certain time frame until birth, some diaphragmatic injuries
require immediate defect repair which is best supplied with a
readily retrievable prosthetic. De novo generated scaffolds includ-
ing an adaptable and potentially 3D-printable dECM-derived hy-
drogel deliver on this promise, yet further studies on applica-
bility as “stand-alone patch” in larger diaphragmatic defects are
indispensable.l*®) Furthermore, cost-effective storage conditions
should be realized for long-term clinical usability. One study con-
firmed the best storage conditions for dECM scaffolds to be 2
weeks at 4 °C for fast use or 2 months in liquid nitrogen for
longer storage.!*?] Cryo-conservation as found a proper method
for storing multi-spheroids.!®?] For cell-seeded composites, best
suitable culture conditions with relevant parameters like oxygen
tension, mechanical stimuli and dynamic cultures are yet to be
determined. Considerations for efficient producibility like cell
source, time of harvest, and culture are extended by the aspect
of ethical compliance. For feasibility of larger-scale implementa-
tion, one must consider that cells and tissues are to be provided
in sufficient amounts and from ethically innocuous sources, cur-
rently led by autologous sources as both cell (e.g., AF-MSCs) and
scaffold source (e.g., biosheets).[122257]

Beyond engineering a suitable graft, there is no clear con-
sensus in the clinical field in securing its in vivo func-
tionality through effective surgical modality. Tissue protective,
fast, and minimally traumatic surgery facilitates preservation
of the mesothelial lining, which naturally prevents adhesion
formation.[*’] Thoracoscopic patch repair as a minimally inva-
sive surgical approach affects lower post-operative morbidity and
mortality, but comes at the cost of higher recurrence rates.!8384]
Moreover, tension-reduced defect closure should be achieved;
nonetheless no standardized tolerable tension threshold has
been defined yet.[3] Retrospective data comparing tension-free
dome-shaped GTX patches and PR with similar recurrence
rates (5.4 % GTX versus 4 % PR) indicates that they might be
traced back to extrinsic technical hardships rather than intrin-
sic patch characteristics.®] Retrospective studies report ambigu-
ous data on whether dome-shaped or flat prosthetics should be
preferred.[8647]

4, Future Outlook

Concerning TE methodology, although there’s a myriad of stud-
ies dedicated to finding the best DET protocol, there is no data
on comparisons of different DET modalities within diaphrag-
matic TE.[?#-01 While DET constitutes the most established
decellularization method for the diaphragmatic muscle, future
approaches could employ apoptosis-based concepts,® vacuum-
assisted decellularization,!¥#) or other agents, like latrunculin
B, which was recently reported to achieve the most efficient
skeletal muscle decellularization when contrasted with other
DET.[#%!l Functional comparison of in vivo performance of dif-
ferently decellularized or de novo generated biocomposites is

Adv. Therap. 2022, 5, 2100247 2100247 (21 of 24)

www.advtherap.com

yet to be performed. To our knowledge, there are no studies
contrasting decellularized tendinous to muscular grafts for the
diaphragm. A point of future investigations for recellulariza-
tion could focus on preserving the heterogeneity of native di-
aphragmatic composition and comparing different recellulariza-
tion methods in DTE.[92%]

In substance defect repair, while there is no methodological
DTE standard, all novel tissue-engineered grafts tended to be su-
perior in general outcomes compared to patches in current clin-
ical use. Based on the imposing advantages of some of these
novel scaffolds, the next step would entail translation from an-
imal studies to phase-I-studies. TE research for treatment of di-
aphragmatic muscular insufficiency has not gained much trac-
tion yet. Though no curative therapy, one study reported an indi-
vidual tissue-engineered graft to provide diaphragmatic support
and ameliorate residual atrophic muscle function, which opens
an innovative area of application.[*!]

In times of organ shortage, creating a tissue composite that
closely resembles or even enhances native diaphragmatic func-
tion poses a substantial milestone in regenerative medicine.
Common shortcomings in transplant medicine, like donor organ
scarcity, life-long immunosuppression, and ethical and organi-
zational hardships could be evaded by utilizing an on-demand,
non-immunogenic, biologically coequal, and ethically responsi-
ble tissue-engineered surrogate.

5. Conclusion

To our knowledge, this is the first systematic review to provide a
broad overview on the current state of the art in TE for diaphrag-
matic applications. The aim of this review is to gather research
from the last decade focused on creating an optimal bioscaffold
for diaphragmatic repair. Decellularized matrices and de novo
constructed biocomposites largely exhibited enhanced behavior
in terms of evoked alloresponse, tissue regeneration, and long-
term outcome in comparison to prostheses in current clinical
use, whereby recellularization even improved their properties. In
the light of these findings, translational studies should be envis-
aged to establish a new clinical standard.

6. Experimental Section

The systematic research on the Medline library was performed via
Boolean search on Pubmed and according to PRISMA-P Guidelines.[®*]
Inclusion criteria comprised the following items:

1) The study is available in full text.

2) The published article is available in English.
Reflecting the current state of the art in diaphragmatic tissue engineer-
ing (DTE), the study is not older than 10 years.

4) Only original articles are included.

5) The study makes TE for the diaphragm subject of discussion.

The authors included in vivo, in vitro and in silico studies of any ani-
mal (e.g., canine, murine, porcine models) or human tissue dealing with
conventional TE approaches and assessment methods. Animal models
with healthy animals and/or autologous control within the same individ-
ual were eligible, whereby controls were suitable if untreated or treated
with a different intervention.

Publications were excluded if they met one of the following criteria:
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1) The publication was published over 10 years ago and/or does not re-
flect the current state of the art of the described model.

2) The article is a review, meta-analysis, lecture speech or clinical trial.

3) There is no English version of the article available.

4) The article treats any other than TE and/or diaphragmatic modification
related topics.

5) The TE approach is not intended for diaphragmatic repair or augmen-
tation.

6) The study compares two or more TE methods in different animal mod-
els.

7) The article does not report any relevant outcomes for DTE.

The Boolean Search was carried out using the following search term:
(decell*[tw] OR recell*[tw] OR tissue engineering [MeSH Terms] OR Tissue
scaffold [MeSH Terms]) AND “Diaphragm”[Mesh]. Aiming at providing a
wider view, the authors included a free word search for “diaphragm*”, thus
the alternative search command was: (decell*[tw] OR recell*[tw] OR tis-
sue engineering [MeSH Terms] OR Tissue scaffold [MeSH Terms]) AND (“Di-
aphragm”[Mesh] OR “diaphragm*"[tw]).

Two independent reviewers conducted data extraction from text,
graphs, and attachments of selected studies. In case of missing data,
authors were contacted to provide missing information. In case of dis-
crepancies (e.g., relevance of extracted data), a consensual agreement
was sought and/or a third independent party was consulted. Risk of bias
was evaluated for controlled studies with separate treatment arms; for any
other study design risk of bias was not assessed. For animal studies, risk
of bias was estimated using SYRCLE’s risk of bias tool adapted for animal
studies.[®®] For in vitro studies, questions 4) “Were the animals randomly
housed during the experiment?” and 6) “Were animals selected at random
for outcome assessment?” were excluded. Two independent researchers
conducted the quality assessment. Again, in case of discrepancies, a con-
sensual agreement was sought and/or a third independent party was con-
sulted.
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