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Abstract
Effective restoration of extensive tracheal damage arising from cancer, stenosis, infection or congenital
abnormalities remains an unmet clinical need in respiratory medicine. The trachea is a 10–11 cm long
fibrocartilaginous tube of the lower respiratory tract, with 16–20 tracheal cartilages anterolaterally and a
dynamic trachealis muscle posteriorly. Tracheal resection is commonly offered to patients suffering from
short-length tracheal defects, but replacement is required when the trauma exceeds 50% of total length of
the trachea in adults and 30% in children. Recently, tissue engineering (TE) has shown promise to
fabricate biocompatible tissue-engineered tracheal implants for tracheal replacement and regeneration.
However, its widespread use is hampered by inadequate re-epithelialisation, poor mechanical properties,
insufficient revascularisation and unsatisfactory durability, leading to little success in the clinical use of
tissue-engineered tracheal implants to date. Here, we describe in detail the historical attempts and the
lessons learned for tracheal TE approaches by contextualising the clinical needs and essential requirements
for a functional tracheal graft. TE manufacturing approaches explored to date and the clinical translation of
both TE and non-TE strategies for tracheal regeneration are summarised to fully understand the big picture
of tracheal TE and its impact on clinical treatment of extensive tracheal defects.
Introduction
Tracheal damage associated with narrowing, weakening or discontinuity of the airways is often a
life-threatening condition. Defects in the conducting portion of the lower respiratory tract may arise from a
wide variety of pathologies or clinical conditions. In particular, there is a significant unmet clinical need in
terms of treatment options for long and extensive tracheal defects [1]. Currently, short-length tracheal
damage is typically corrected by thoracic surgery including tracheal resection and end-to-end anastomosis,
although this is not advised for those defects exceeding 2 cm in children and 5 cm in adults [2]. In such
cases, patients are treated using slide tracheoplasty, tracheal reconstruction and novel artificial prostheses.
Several complications, however, including granulation tissue formation and weakening of the implant over
time, critically endanger their performance [1, 3]. Therefore, there is an urgent need to develop novel
solutions to promote the regeneration of native tracheal tissues [4].
In light of this unmet need and the evolving initiatives to potentially solve it, this review seeks to highlight
the historical attempts at tracheal replacement and how the lessons learnt have impacted and directed
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current tissue engineering (TE) research attempts. First, we contextualise clinical needs with an overview
of relevant epidemiology and physiological characteristics of the functioning trachea and thus the design
requirements of a tracheal graft. Thereafter, an overview of current repair strategies is outlined, before
summarising the significant experiences of clinical trials of various technologies.
The clinical need for tracheal replacement and regeneration
Tracheal damage or dysfunction in adults is commonly caused by traumatic injury, several types of cancer
and benign conditions including tracheobronchomalacia (TBM) (table 1) [2, 5–16]. Although exact case
numbers are unknown and challenging to estimate, tracheobronchial injuries are reported to represent 2.5–
3.2% of trauma-associated deaths and 0.5–2% of admitted trauma patients with chest and neck injuries [5, 6].
Malignant tumours affecting the airways can cause tracheal obstruction and collapse leading to the need
for tracheal resection and reconstruction, including primary tracheal tumours such as squamous cell
carcinoma and adenoid cystic carcinoma [9, 10]. Another pathology that can result in tracheal damage is
TBM, an under-reported disease characterised by the weakening of airway walls due to softening of
cartilage tissue covering the trachea and bronchi [11]. Finally, intensive care unit patients with prolonged
intubation may develop laryngotracheal injuries due to endotracheal intubation procedures and
tracheotomies. The incidence of post-intubation tracheal stenosis has been estimated as 6–21% of patients
that underwent intubation [12, 13]. Moreover, recent studies suggest that around 10–15% of coronavirus
disease 2019 patients require invasive mechanical ventilation and could develop tracheal stenosis once
extubated [17].
In infants, congenital abnormalities present another unmet need for novel tracheal replacement solutions
including tracheoesophageal fistulas, oesophageal atresia and birth abnormalities [14]. On the other hand,
tracheal agenesis, a rarer abnormality, affects fewer than one in 50 000 births [14–16]. Airway stenosis in
infants and children is more challenging to treat than in adults, as resection and anastomosis are not
feasible when the defect affects more than one third of the total tracheal length (>2 cm [1]). A range of
stents have been used in attempts to support such patients, including Palmaz stents and biodegradable
stents with limited success [18]. Although the reported incidence of pathologies affecting the trachea might
seem low, factors such as death before reaching the hospital and common symptoms similar to other
diseases (such as asthma) masks the true rate at which these conditions affect patients worldwide [19].
Furthermore, this misdiagnosis often leads to a high morbidity or mortality rate. Therefore there is a
significant clinical need for tracheal regeneration [20].
Replacing the trachea: an overview of its characteristics and implant design requirements
In order to develop new implants as tracheal substitutes that replicate physiological form and function, the
complex biological and anatomical characteristics of the trachea must be understood, including cellular
function, mechanical properties and vascularisation.
Although the tracheal structure appears to be a simple tube, in reality it is composed of challenging
structural and compositional features to recapitulate. The trachea is the conducting portion of the
respiratory tract, connecting the upper and lower respiratory tract, and is responsible for allowing air flow
to and from the lungs, mucociliary clearance, and humidification of inspired air. It is composed of 18–22

TABLE 1 Epidemiology of tracheal defects
Pathology

Epidemiology

Traumatic tracheobronchial injuries

Cause of 2.5–3.2% of trauma-associated deaths
Present in 0.5–2.0% of trauma patients showing chest/neck injuries
<1% of elective orotracheal intubations
0.05–0.37% of endotracheal intubations
Tracheal malignancies present in <1% of people
Primary tracheal carcinomas present in <1% people each year
Overall epidemiology is unknown, but TBM is present in 23% of COPD patients, 44% of patients
with chronic bronchitis and 1% of all patients undergoing bronchoscopy
6–21% of patients that underwent intubation
<1% of births
<1% of births
<1% of births

Tracheal tumours
TBM
Post-intubation tracheal stenosis
Oesophageal atresia
Tracheal agenesis
Tracheo–oesophageal fistulas

Reference
[5–8]

[9, 10]
[11]
[12, 13]
[14]
[15]
[16]

COPD: chronic obstructive pulmonary disease; TBM: tracheobronchomalacia.
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C-shaped hyaline cartilaginous rings that comprise around 80% of the tracheal circumference and are
connected by the annular ligament longitudinally, and horizontally by the trachealis muscle [1]. The
innermost layer of the tracheal wall at the interface with the lumen, the mucosal layer, is formed by the
respiratory epithelium and the lamina propria. The ciliated pseudostratified columnar epithelium is
responsible for mucociliary clearance, attraction of inflammatory cells during airway injury, secretion of a
wide variety of mediators and represents the first barrier against pathogens and particles during breathing
[21]. Therefore, any proposed construct must be airtight and hold the potential to regenerate
pseudostratified respiratory epithelium to prevent bacterial infection [22].
The fibrocartilaginous layer of the tracheobronchial region is formed by C-shaped cartilaginous rings
anchored by the trachealis muscle. Tracheal hyaline cartilage is highly cellularised and predominantly
composed of collagen types II–VI and contains a high content of proteoglycans. Its main function is to
maintain airway patency for sufficient airflow and to withstand forces exerted during respiration [23]. In
tandem, the trachealis muscle is a smooth muscle tissue responsible for avoiding airway collapse by
increasing the diameter of the trachea during respiration, coughing and asthma [1, 24]. Accordingly, a
scaffold for tracheal replacement must demonstrate lateral rigidity and longitudinal flexibility to withstand
inspiratory and expiratory forces, particularly at the midline posterior wall, where stent fractures occur with
excessive coughing [3]. It should resist forces arising from coughing, neck movements and the pressure
created by the adjacent oesophagus during feeding [1]. Mismatched properties will inevitably result in graft
failure and airway collapse [25]. The precise mechanical forces acting on tracheal tissues are numerous and
complex to determine, as abnormal situations including forced respiration, coughing and sneezing exert
variable pressures on its physical properties. Additionally, tracheal cartilage is commonly studied as a
biphasic material due to the collagen-rich solid matrix and the interstitial fluid [26], but has also been
assumed to have both linear and non-linear elastic behaviours [27]. Whereas the trachealis muscle has been
modelled as a hyperelastic material due mostly to its non-linear mechanical properties [28], and it is stiffer
longitudinally than circumferentially [1, 29]. Studies in this field are highly variable in terms of testing
methods and specimen type used (table 2) [24, 27, 30–37], which causes significant challenges in
understanding the mechanical properties of the native trachea in order to design potential replacement
devices. However, the results from these studies can begin to form the foundation for the development of
tracheal replacement constructs.
Vascularisation of the implant is a key factor that has hampered the success of tracheal grafts to date. It is a
critical consideration to avoid tissue necrosis in the implant site and to support new cartilage and
epithelium formation [38]. The trachea’s blood supply is provided by the inferior thyroid artery forming a
lateral anastomosis responsible for the formation of an intricate, wide network of small blood capillaries
that provides blood supply to the respiratory epithelium and surrounding tissues [39]. This highly
segmental blood supply of the trachea represents a challenge in replacement, as these small vessels do not
lend themselves to easy and straightforward revascularisation. Tracheal revascularisation was a key factor
in well-known failures in this field which involved the implantation of solid polymer tubes seeded with
stem cells as a tracheal replacement. The cells were cultured on the scaffolds in bioreactors prior to
implantation in patients but these procedures led to serious complications and death [40, 41]. This
highlighted the importance of the trachea’s blood supply and the need for any potential substitute graft to
effectively support revascularisation to ensure graft performance and success.

TABLE 2 Mechanical properties of tracheal cartilage, trachealis muscle and whole trachea

Tracheal cartilage

Trachealis muscle
Whole trachea

https://doi.org/10.1183/16000617.0154-2021

Specimen type

Test type

Modulus

Reference

Human
Human
Porcine

Tensile
Tensile
Tensile
Compression
Tensile
Tensile
Tensile
Tensile
Compression
Compression
Tensile
Compression
Three-point bending

16.92 MPa
1–15 MPa
5.62 MPa
1.36 MPa
10.6 MPa
5.7–364 kPa
0.84–34.15 kPa
12–20 MPa
0.16–2 MPa
1.10 MPa
1.5 MPa
1.72 MPa
0.214 MPa

[27]
[30]
[31]

Ovine
Human
Human
Human
Human
Porcine
Ovine
Rabbit
Rabbit

[32]
[24]
[33]
[27]
[34]
[31]
[35]
[36]
[37]
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In summary, due to the high complexity of the tracheobronchial region, any tubular approach aimed at
regenerating tracheal tissue must be able to offer a suitable 3D environment for the formation of a
respiratory epithelium and hyaline cartilage while allowing the development of a vascularised plexus to
avoid necrotic tissue formation. Moreover, it should allow the infiltration of immune cells from the host
immune system to avoid infection by inhaled pathogens during the regeneration of the respiratory
epithelium. This significant challenge has seen the use of a wide range of strategies; the most historically
significant and currently promising will be discussed at length in this review.
Tracheal replacement strategies
The first recorded attempts in tracheal resection and regeneration date back to the last decade of the
nineteenth century [42–44]. After these early ground-breaking approaches, primary anastomosis was first
performed in humans in 1886 [45]. Other approaches including the use of autogenous skin [46], fascial
[47] and costal cartilage [48] grafts were later investigated, coupled with the first use of solid materials in
prostheses [49]. The development of tubular tracheal substitutes has been further investigated using a wide
variety of approaches including the use of transplanted bioprostheses [50], cadaveric tissue flaps [51],
intestinal-derived tubes [52] and aortic homografts [53]. The success and shortcomings of these tracheal
replacement strategies in clinical trials will be discussed at length below; however, attempts to replace long
segmental tracheal defects have had limited success in long-term studies and current treatment options face
substantial limitations. As a result, in recent years, research has shifted towards investigating TE
approaches as a potential option to address this unmet medical need.
TE approaches
TE is primarily based on the use of a biomaterial scaffold, cells that are able to grow on the scaffold to
form the replacement tissue and growth factors [54]. TE has shown promise in providing a solution for the
regeneration of a range of other tissue types [55] and, as a result, TE in respiratory medicine has become
more widely explored including tracheal tissue replacement. Different TE techniques have resulted in
encouraging attempts at developing promising tracheal substitutes; however, a construct able to address
vascularisation, mechanical stability and re-epithelialisation has not been developed to date [56–58].
Nonetheless, techniques investigated thus far have shown promise and may provide the basis for the future
TE gold standard tracheal construct (figure 1). A selection of the most promising TE approaches is
outlined below.

3D printing/bioprinting

a)

Casting

b)

Thermoplastic Thermoplastic Cell-laden
polymer
hydrogel
polymer

Extrusion-based
printing

c)

Dual-headed
bioprinting

Decellularisation
1) Trachea
removed
from donor

Casting mould

d)

Hydrogel casted
into mould

Hydrogel crosslinked
and removed

Electrospinning

3) Recellularisation
of trachea

Rotating collector
mandrel
Syringe

Fibres

2) Tissue enzymatically 4) Decellularised trachea
digested
implanted into patient

High voltage

FIGURE 1 Different replacement strategies investigated for tracheal replacement: a) 3D printing/bioprinting, b) casting, c) decellularisation and
d) electrospinning. Images adapted from [59, 60, 70, 86] with permission.
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Decellularised trachea
Decellularised tracheas (DTs) have been widely explored as a TE approach for tracheal replacement due to
the advantages allografts provide including the correct airtight structure and the ideal extracellular matrix
(ECM) for cellular attachment and growth. Tracheal decellularisation is accomplished by subjecting
harvested donor trachea tissue to repeated cycles of various detergents and enzymes over a long period of
time to remove genetic material and avoid immune reactions [36, 61]. Promising results from a small
number of animal studies have observed revascularisation and re-epithelialisation in certain areas of grafts,
although the majority of attempts have failed as a result of graft collapse or stenosis due to an immune
response [62]. Complete removal of genetic material and cellular debris is not possible with existing
techniques, which is likely to trigger an adverse host response in vivo. Complete removal would result in
significant damage to the tracheal tissue, compromising its integrity as a matrix for cell growth and further
weakening its mechanical properties [57]. While DT approaches show promise by providing an established
architecture for cellular growth, they are severely limited by long expensive processing methods and
donor–recipient matching limitations [36, 63]. However, the natural architecture of DT provides an
excellent base for tissue growth over synthetic materials for mechanical integrity and could be combined
with other TE techniques with promising initial results [64, 65].
Electrospinning
Electrospinning is a versatile technique that can be used with both synthetic and natural polymers to
rapidly fabricate customisable multi-layered 3D constructs using a high voltage to eject the polymer of
choice onto a collector plate forming nanofibrous structures [66–68]. Electrospinning has become widely
used in respiratory TE applications due to its ability to produce fibrous scaffolds with a similar size-scale
to native respiratory ECM using polycaprolactone (PCL), polylactic acid, polyethylene terephthalate and
polyurethane (PU) [25, 66, 69–71]. Successful animal trials of different electrospun tracheal substitute
materials are outlined in table 3 [72–85], although data from a number of studies have observed a more
biocompatible response in cell-loaded electrospun scaffolds than in cell-free constructs [25, 69, 70].
Moreover, assessments of different material strength with this technique has typically ranged from
matching the human trachea to being mechanically superior [66, 68]. Electrospinning shows promise as a
potential TE technique for tracheal replacement, but long-term animal studies have been limited.
Casting
Casting of materials has been widely used in a large range of TE applications allowing better control of
scaffold geometries in 3D structures and reducing variability [35]. Casting methods in TE applications
usually utilise distinctive blends of hydrogels that are highly customisable and able to provide a range of
biochemical compositions, architecture and mechanical properties [86]. Hydrogels have been shown to
facilitate cellular infiltration and vascularisation and have been used successfully in applications such as
abdominal wall reconstruction [87], skin wound healing [88] and bone regeneration [89]. Patterned
2-hydroxyethyl methacrylate hydrogels were found to closely match the mechanical properties of neonatal
ovine tracheas [39], while fibrin and agarose type I collagen hydrogels were proven to support growth of
cultured ciliated epithelial cells and vascular networks [56]. The use of hydrogels as tracheal substitutes
remains limited, but initial investigations on the basis of the requirements for tracheal substitutes have been
promising although further research is needed to assure mechanical integrity and feasibility of
hydrogel-based tubular constructs.
3D printing
In recent years, 3D printing (3DP) has been utilised for research purposes in the medical field as it allows
for rapid fabrication of custom scaffolds for tissue replacement that can be tuned to alter properties
including architecture, mechanical properties and rate of degradation [90, 91]. 3DP also facilitates the
generation of complex multi-layered designs that can be personalised to meet a specific patient’s trachea
features [91]. The most commonly explored material in 3DP TE applications has been PCL due to its
excellent mechanical properties, long-term stability and slow in vivo degradation rate. Recently, 3DP
external tracheal stents made from PCL were granted United States Food and Drug Administration (FDA)
approval for emergency use in paediatric surgery to correct TBM successfully [92]. Thus, the use of 3DP
PCL in tracheal replacement research efforts has been widespread with studies fabricating tracheal scaffolds
that display excellent resistance to compressive stresses and support cartilage tissue formation [2, 93].
However, PCL scaffolds have had very little success in animal studies due to an inflammatory response
resulting in the formation of granulation tissue and stenosis [2, 94]. The use of novel materials in 3DP have
been investigated, such as water-based biodegradable PU, which displayed adequate mechanical properties
and supported the growth of cartilage tissue [95]. Attempts at 3DP of tracheal scaffolds with various
materials to create unique tubular designs are still ongoing and have shown promising initial results but
https://doi.org/10.1183/16000617.0154-2021
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Material

Cells

Dog, n=3

PP mesh with radiated minced
dermal layer

Keratinocytes

Dog, n=10

Porous copolymer of PLGA
scaffold, mounted on a prosthesis
framework, made of PP mesh
reinforced with PP rings

Keratinocytes

Dog, n=18

PP mesh tube reinforced with a
PP spiral and coated with 1%
collagen solution which was then
freeze dried
Nitinol frame coated in 3%
freeze-dried collagen

Autologous PB vs BM
aspirate vs BM MSCs

3D-printed PCL

Autologous articular
chondrocytes

Mouse,
n=10

Non-woven PGA mesh

Bovine chondrocytes

Porcine,
n=5

Decellularised tracheal matrix

Autologus MSC derived
chondrocytes and
epithelial cells

Rabbit,
n=6

Freeze-dried PCL collagen sponge

Chondrocytes

Rabbit,
n=10

PP mesh

Epithelial graft

Rat, n=5

Collagen sponge with PP mesh

Gingival fibroblasts and
ASC

Dog, n=5

Goat, n=10

NA

Experiment details

Outcomes

Ref.

Keratinocytes were cultured on a patch of the
Tracheas remained in animals for duration of study
(5 months) with some reports of stenosis and
composite prosthesis which was then implanted
initially some inflammation which resolved over
subcutaneously for 1 week, then implanted into a
2×3 cm section within the trachea.
time.
Implanted in the peritoneal cavity for 1 week; wrapped Still viable at 2 months, no signs of stenosis (one dog
in greater omentum to vascularise prosthesis.
omitted due to graft infection in peritoneum).
Complete surgical resection and replacement of a
thoracic tracheal segment (5 cm) was then
performed using the prosthesis.
Scaffolds were soaked in either aspirate or cell
Stenosis occurred in three dogs from PB group. Nine
suspensions. Prosthetic placed within 5 cm tracheal
of the 12 dogs in the BM aspirate and MSC groups
defect. Animals were followed up to 12 months.
had an epithelial lining cover age of more than
50%.
Placed in omentum prior to implantation for 3 weeks. Assessed up to 24 months, four out of five dogs
2 cm trachea section was removed and tracheal
survived post operatively. Airway stenosis was not
prosthesis was sutured in with a 5 mm overlap.
present. Epithelialisation was present; however,
vascularisation of graft was limited.
Initial granulation and stenosis were observed. Mean
Scaffolds were seeded with 1.2×108 chondrocytes in
type I collagen gel and cultured for 1 week. 3.5 cm
survival was 60 days, which was significantly longer
section of trachea was removed and either grafted
than controls that quickly necrotised.
back as control or scaffold was implanted.
The cell-seeded mesh was wrapped around a silastic
Bovine chondrocytes generated cartilage. However,
stent which was then implanted into nude mice for
only one animal survived the procedure, lasting for
4 weeks to generate cartilage prior to implantation
1 week. Lack of vascularisation was cited as a
in cervical defect.
problem.
Decellularised trachea was seeded with either cell type Animals were followed up to 60 days. Only the group
or both cell types and implanted into a 6 cm defect.
that received both cell types survived to day 60.
Other groups suffered from infection or developed
stenosis.
Scaffold was cultured within an in vitro bioreactor for
Mean survival of 52 days. At 28 days showed evidence
8 weeks to develop collagen content and expand
of granulation tissue covering graft, leading to
chondrocytes, prior to implantation in a 1 cm
eventual stenosis.
defect.
Followed up to max 4 weeks. 70% survival at week
Hairless epithelial graft taken from the ear combined
4. Epithelial grafts survived in all animals and had
with PP mesh and lateral thoracic fascia tubed
fibro vascular connections to fascia.
around a silicone catheter was implanted into 2 cm
defect.
Pseudostratified ciliated epithelium containing goblet
Cells were seeded onto collagen sponge in collagen
cells was generated at day 14. Combination of both
solution, which was allowed to gel forming stratified
cell types gave best results.
graft. A tracheal defect of 3×6 mm was induced and
graft implanted.

[72]

[65]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[73]

Continued
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TABLE 3 Outcomes of pre-clinical animal studies of tissue engineering tracheal replacement attempts

Species,
sample
size
Rat, n=3

Sheep, n=8

Material

Cells

Scaffold-free

Human chondrocytes,
fibroblasts, HUVECs and
hMSCs
Autologous BM-MNC

Electrospun blend of PET and PU
reinforced with medical-grade PC
rings
3D-printed PCL

Chondrocytes

Rabbit,
n=4

3D-printed PCL

NA

Porcine,
n=7

3D-printed PCL and decellularised
bovine dermal collagen matrix

NA

Rabbit,
n=12

3D-bioprinted scaffold of PCL and
sodium alginate hydrogel

Bone marrow-derived
MSCs and rabbit
epithelial cells

Rabbit,
n=7

3D-printed PCL and alginate/
collagen type 1 hydrogel laden
with chondrocytes

Chondrocytes

Rabbit,
n=16

3D-printed PLLA

Chondrocytes

Outcomes

Ref.

Different cell aggregates were combined and cultured Followed up on day 7 and day 35. Vascularisation and
to give fibrous and cartilaginous layers. Cultured for
epithelialisation were found to have increased; no
35 days then implanted into 7×1.7 mm defect.
cartilage formation was observed.
BM-MNC were enriched by gravity-filtered size
60% of sheep survived up to 4 months. Graft stenosis
exclusion then vacuum seeded onto scaffold. A 5 cm
present in all, encapsulation and infection occurred,
segment of native trachea was isolated and resected
no re-epithelialisation but granulation was
with seeded graft.
observed.
Investigation of two groups 1) scaffolds cultured in
Sufficient mechanical properties – no collapse. Higher
chondrocyte suspension for 2 weeks and 2) scaffolds
survival rate in group 2 than 1, but all animals died
cultured in chondrocyte suspension for 4 weeks.
within 10 weeks. Most common cause of death in
Implanted into a 1.6 cm defect.
both groups was granulation tissue (75%, 15/20
animals). No re-epithelialisation occurred.
Four-axis FDM 3D-printed scaffolds were investigated
All animals survived until designated time points of 4
for tracheal replacement over conventional
and 8 weeks. No signs of severe narrowing were
3D-printing techniques for more dimensionally
observed. Four-axis scaffolds demonstrated less
accurate scaffolds. Implanted into 1 cm defects.
inflammation and better mucosal regeneration than
conventional scaffolds, with ciliated epithelium
observed on the lumen.
3D-printed tracheal rings were sutured to a
Five out of seven survived until the 3-month end
decellularised collagen matrix to obtain composite
point. Causes of death were cited as pneumonia
grafts to allow for better integration with
and airway stenosis due to granulation tissue and
surrounding tissue and provide a structural base for
secretions. At 3 months, grafts appeared
cellular infiltration and growth. Implanted into 4 cm
vascularised with ciliated epithelium; however,
defect.
granulation tissue was present in all remaining
animals.
All animals exhibited no distress or graft failure until
Multi-layered scaffold of PCL and sodium alginate
sacrifice at 12 weeks. Ciliated epithelial mucosa was
hydrogel. Two layers of PCL used for providing
observed fully covering scaffolds in all groups.
structural support and three layers of hydrogel
Neo-vascularisation was abundant in all groups.
contained 1×107 cells/10 mL of either MSC or
epithelial cells. Implanted into a 1 cm defect.
12-week study.
One animal died during surgical procedure due to an
Dual-headed 3D printer used to form scaffold of PCL
airway blood clot. Remaining animals suffered from
and alginate/collagen type 1 hydrogel containing
respiratory distress. Examination showed large rate
chondrocytes. 2 cm defect. 3- or 6-week study.
of stenosis at 83.4%.
3D-printed scaffolds were soaked in chondrocyte/
Control group suffered from serious morbidities and
hydrogel mixture and cultured for 3 days. Scaffolds
died on average 17+/−7 days post-op, whereas in
were pre-vascularised for two weeks prior to
experimental group six out of eight animals
implantation. Two in vivo groups were investigated:
survived until the end point, 2 months. Tracheal
no pre-vascularisation and 2 weeks of
stenosis was mainly observed in the control group.
pre-vascularisation.

[80]

[23]

[2]

[81]

[64]

[82]

[83]

[84]

Continued
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n=20

Experiment details
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TABLE 3 Continued
Species,
sample
size

Material

Cells

Rat, n=27

Collagen/P(LLA–CL) fibre
electrospun scaffold

RTEC and rat RTC

Porcine,
n=6

Decellularised trachea

NA

Rabbit,
n=20

Composite graft of indirect
3D-printed PCL and tmdECM
hydrogel/hTMSC sheets

hTMSC

Experiment details

Outcomes

Ref.

PP: polypropylene; PB: peripheral blood; BM: bone marrow; MSC: mesenchymal stem cell; NA: not applicable; PCL: polycaprolactone; PGA: polyglycolic acid; PLGA: D,L-lactide-co-glycolide; ASC:
adipose-derived stem cells; HUVEC: human umbilical vein endothelial cell; hMSC: human mesenchymal stem cell; PET: polyethylene terephthalate; PU: polyurethane; PC: polycarbonate; BM-MNC:
bone marrow mononuclear cell; FDM: fused deposition modelling; PLLA: poly(L-lactic acid); P(LLA–CL): poly(L-lactide-co-caprolactone); RTEC: rat tracheal epithelial cell; RTC: rat tracheal
chondrocyte; PV: pre-vascularised; CS: cell-seeded; HHP: high hydrostatic pressure; tmdECM: tracheal mucosa derived decellularised extracellular matrix; hTMSC: human inferior turbinate
mesenchymal stromal cell.
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Bilayered scaffold fabricated using electrospinning.
Higher immunological indicators found in bare and CS [70]
Contained dense fibres on the inner layer and
scaffolds, similar levels found in PV scaffolds to
porous yarns on the outer layer. Three groups
control. In-growing capillaries found in PV and CS
investigated: PV, CS and bare scaffold. For cell
scaffold after 1–2 week post implant. Simple ciliated
seeding, RTECs were injected into inner lumen three
columnar epithelium and continuous cartilage cell
times and then seeded with RTC on the outside
layer found in PV scaffolds, with only flat epithelium
surface also three times. Cultured for 7 days.
and irregular chondrocytes in CS. No epithelial cells
and abundant inflammatory cells in submucosa of
bare scaffold.
Decellularisation was performed using the HHP
Scaffolds maintained shape, with no inflammation or [62]
technique. Implanted into 1.5 cm defect.
granulation. Tracheal stenosis and narrowing were
mild.
1 cm defect. Indirect 3D-printed PCL scaffold was
Mild stenosis observed in both groups at 1 month,
[85]
reinforced with silicone rings and then the tmdECM
only at anastomosis site not in middle, but became
placed on the lumen followed by hTMSC sheet.
more severe in group 1 at 2 months compared to
Cultured for 3 days. Two groups investigated: 1)
group 2. Thin epithelial layer formed above
scaffold with hTMSC sheet and collagen and
granulation tissue at anastomosis site in group 1,
2) scaffold with hTMSC sheets and tmdECM
whereas lumen was completely covered in epithelial
hydrogel.
tissue at 2 months in group 2.
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studies have been limited by single cell type approaches, poor mechanical characterisation and insufficient
re-vascularisation [84].
The rise of 3DP in medical research has seen an exploration into direct cell-laden biomaterial printing,
referred to as bioprinting, which holds promise in developing scaffolds that are capable of supporting
multiple cell types while being reproducible and patient specific [96]. Bioprinting with cell-loaded bioinks
results in poor biomechanical properties because of low bioink melting points and the resultant weak
structures [93, 97]. To overcome this, studies have used dual-headed 3D printers to produce structurally
strong scaffolds by combining thermoplastic polymers with hydrogels such as alginate and collagen type I
hydrogel with PCL [83]. PCL has also been used in combination with sodium alginate hydrogels and
when implanted in an animal model growth of ciliated respiratory cells, cartilage formation and
vascularisation was observed [82]. Although bioprinting holds potential in fabricating adequate tracheal
substitutes, further research is crucial to overcome cell survival outside physiological conditions during the
printing process, maintaining an appropriate temperature profile as well as withstanding mechanical stress
applied during bioink extrusion [96, 97].
Translation to clinical trials
Pre-clinical outcomes of tissue-engineered tracheal scaffolds
Translation into animal studies has been performed to investigate tissue-engineered tracheas with some
limited success (table 3). However, many of these attempts suffer from limited follow-up time of the
animals, typically 1–3 months [77, 79]. Early attempts often ended in severe inflammatory response
leading to granulation and stenosis of graft or graft failure through infection [76, 78]. Maintaining
airtightness and promoting vascularisation significantly adds to the survival prospects of the graft, which
can be achieved through pre-implantation strategies [65, 78]. Wrapping the construct in omentum provides
both a vascular network and a source of tissue to seal and maintain airtightness of the graft, thus creating a
barrier to bacterial colonisation. Pre-implantation in the abdominal cavity facilitates omentum adherence to
the graft and integration of the vascular network [74]. Pre-vascularisation prior to implantation has shown
higher survival rate of animals, lower rates of stenosis and increased re-epithelisation [70, 82].
Furthermore, when combined with a cell seeded construct, this technique further supports cell survival and
graft integration. Construct pre-seeding has also been reported to increase the survival rate of animals and
there was a lack of tracheal stenosis when combining pre-seeding with chondrocytes and
pre-vascularisation [70]. Moreover, the inclusion of pre-seeded epithelial cells also enhanced graft
acceptance and overall implant success in conjunction with mesenchymal stem cells (MSCs), resulting in
full epithelial coverage of the graft and no signs of distress or graft failure in all animals for 3 months
occurring [82]. The longest running preclinical study to date was performed in a canine model with a
24-month follow-up using a collagen-coated nitinol frame [74]. The implant was first wrapped in omentum
and implanted into the abdominal cavity for 3 weeks, after which it was implanted following a 20 mm
tracheal resection with a survival rate of 80% reported over 18 months. Histological examination
demonstrated stable epithelialisation in a non-stratified monolayer with no secretory glands present and no
muscular regeneration, although stenosis was not observed [74]. Other studies using this approach have
also observed similar results after 2 months, unfortunately longer-term follow-ups of the study were not
published [65]. Several other studies in canines have been followed up to 5–12 months [72, 73].
Attempts to implant synthetic tissue-engineered grafts into humans has resulted in significant controversy
and led to several fatalities [25]. Since then, further pre-clinical studies in large animal models have been
conducted to better comprehend some of the root cause for these synthetic graft failures [25]. As
previously highlighted, the lack of functional epithelium resulted in significant risk of infection,
inflammation and/or graft encapsulation. Ongoing inflammation was present in all animals within the study
leading to stenosis formation most evident at proximal and distal locations of the graft [25]. Graft seeding
with MSCs was associated with delayed onset of respiratory distress showing the importance of
establishing a functional epithelium prior to implantation. These in vivo attempts, although mostly
short-term studies, have highlighted significant challenges that need to be addressed for a potential tracheal
graft. The inclusion of a pre-seeded epithelial layer appears to mitigate bacterial colonisation and the
pre-vascularisation of grafts also enhances graft acceptance and survival, however there are still concerns
due to the presence of granulation tissue in some attempts.
Clinical outcome of non-TE approaches
Prostheses
After the limited success of early attempts at treating large tracheal defects, efforts focused on
reconstructing the trachea with the use of polymer prosthesis in either solid or porous form. The Neville
prosthesis, a solid prothesis manufactured using the synthetic polymer siloxane demonstrated success in
https://doi.org/10.1183/16000617.0154-2021
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animal studies but this could not be replicated in humans due to stenosis and graft failure [98–101]. This
was caused by the mismatch of mechanical properties of the prosthesis in comparison to the softer
surrounding tissue and erosion of adjacent blood vessels and oesophagus due to its rigidity. Furthermore,
their inability to become incorporated within the surrounding tissue led to dislodgement during coughing
as they become loose and obstructed the airway [49, 90, 100]. Other solid prostheses have consisted of
stainless-steel wire [102], polyethylene (PE) [103], tantalum [104] and silicone coupled with a Dacron™
ring [99].
As issues with solid protheses became apparent, research shifted towards investigating porous prostheses to
allow for better ingrowth of cells and tissue formation. The most promising development of porous
prostheses arose in 1961 with the success of the Marlex™ mesh prothesis, a high-density PE and
polypropylene, showing 16 months’ graft survival and patency in an animal study [101]. However, this
prosthesis performed disappointingly in humans due to stenosis and erosion of the surrounding blood
vessels [105]. The Marlex prosthesis reinforced the importance of the growth of respiratory epithelium on
the inner lumen to act as a protective barrier against foreign bodies in inhaled air [49, 90, 100].
Other attempts at porous protheses have included wire-enforced dermal grafts [106], stainless steel wire
mesh [107], silicone with Dacron™ [98], PE [108] and silicone tubes [109], but these have had similar
poor results. Current treatment options for treatment of most tracheobronchical complications have been
with commercially available stents including the Ultraflex™ [110], the silicone-based self-expanding
PolyFlex™ [111] from Boston Scientific, and Novatech’s silicone Dunmon® and Gold Studded Stents®
[112]. The use of silicone stents has been shown clinically to improve symptoms and quality of life in the
vast majority of cases. Although stents have been shown to be tolerated well in the majority of cases,
long-term follow-ups have highlighted serious drawbacks. Stent migration, the formation of granulation
tissue, obstruction and mucus retention with infections have all been recorded in long-term studies [113–116].
Aortic allografts
Allograft transplantation for large tracheal defects has primarily focused on two donor tissue sites: tracheas
and aortas. Fresh and cryopreserved aortas have been investigated as potential tracheal replacement grafts
showing regenerated cartilage and respiratory epithelium in an ovine model, albeit cartilage regeneration in
other animal studies has not been observed [117–119]. Nevertheless, the use of aortas as potential donor
tissues for trachea replacement was first used in a clinical attempt in a 68-year-old male in 2006, which
resulted in severe complications and ultimately death [120]. A cryopreserved aortic allograft was implanted
in a 78-year-old male supported with a stent although no cartilage formation was observed and the patient
suffered from lower forced expiratory volume [121]. These concerns were also present in another study
with six patients using cryopreserved thoracic aortas that were pre-vascularised and stent-supported [122].
Serious complications arose during long-term follow-ups including blood vessels erosion, stent migration
and tracheoesophageal fistulas, with no cartilage formation or respiratory epithelium observed in biopsied
tissue [119]. The most extensive trial using aortic allografts involved 20 patients with a 76.9% survival rate
after airway transplantation with regeneration of respiratory epithelium and cartilage formation. However,
the authors highlighted the need to further assess both the efficacy and the safety of this procedure [123].
Tracheal allografts
The first successful human tracheal transplant was reported in 1979 showing no signs of rejection or any
complication 9 weeks post-op; however, no long-term outcomes were ever made available [124]. Another
early success in tracheal allografts was in 1990, when a one-stage tracheal transplantation was successfully
conducted but needed to be supported with a stent and extensive immunosuppressive therapy. A follow-up
2 years later reported no issues [125]. Following the early successes, attempts at trachea transplantation
have seen very little clinical success [53, 100]. Recent developments by DELAERE et al. [40, 41, 126] saw
the development of a two-step technique in which the donor trachea is revascularised in the patient’s
forearm before implantation [40, 41, 127]. Despite tissue necrosis being observed in some patients, the
technique remains a promising approach [40, 41, 100].
Although allograft transplantation provides a great airtight analogue structurally, success with allografts has
been mixed. The most successful cases used extensive immunosuppressive therapy, which isnot suitable
for patients with malignant tumours, furthermore allografts have to be supported with stents due to
inadequate mechanical properties and cartilage regeneration [3, 100]. However, stents have been shown to
lead to granulation, erosion of adjacent tissue and blood vessels and infection. Revascularisation of
allografts is therefore poor and allografts require vascularisation by implantation into a second surgical site,
increasing risk of infection and hospitalisation time [33, 128]. Although the use of “traditional” organ
replacement methods has had little success in tracheal replacement, previous attempts have provided
https://doi.org/10.1183/16000617.0154-2021
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Patient(s)
details

Technology

Material(s)

Cells

Procedure details

Outcome

Ref.

Autograft

Forearm freeflap
supported with an
Ultraflex stent

NA

Died 16 months after the procedure from
pre-existing conditions.

[131]

63-year-old
female

Autograft

Forearm freeflap with an
external mesh support

NA

A freeflap was harvested and wrapped
around a stent after implantation in a
6 cm tracheal defect arising for a
carcinoma.
Radial forearm fasciocutaneous flap with a
Hemashield vascular graft and PolyMax
resorbable mesh.

[132]

16 patients
(37–68 years)

Autograft

Cartilage rib and fascial
skin pad

NA

Patient remains symptom-free at
6 months and has returned to normal
activities. Bronchoscopy at 6 months
showed slight migration but healed
flap with no obstruction.
Three deaths following surgical
procedure due to lung infections,
acute respiratory distress syndrome
and myocardial infarction. Long-term
follow-up showed a 65% survival rate.

21-year-old
male

Allotransplantation

Donor cadaveric trachea

NA or autologous patient
cells

Integration of the trachea graft and
proper function for 9 weeks without
evidence of rejection, ischaemia or
infection.

[124]

24-year-old
female

Allotransplantation

Donor cadaveric trachea

NA

[125]

Four patients
(17–64 years;
three males,
one female)

Allotransplantation

Human cadaveric
trachea

Recipient’s buccal mucosa
and/or ingrown recipient
cells

Uneventful postoperative course with
signs of graft rejection, necrosis,
bacterial and viral infection which lead
to the need of silicon endoprosthesis.
Signs for rejection reduced and 1-year
follow-up suggested patient was still
alive with a restored tracheal lumen.
Tracheal necrosis after withdrawal of
immunosuppression and poor
vascularisation around the grafts
leading to partial loss of the
allotransplant in three patients while
additional approaches for recipient cell
repopulation of the construct in one
patient allowed a vascularised
allotransplant and normal airways
6 months after transplantation.

Non-TE approaches
43-year-old
female

Patients suffering from tracheal stenosis or
tracheal chondrosarcoma. Decellularised
tracheas were implanted in the forearm
and grafted with buccal mucosa or
wrapped in forearm fascia to improve
vascularisation.

[129,
133]

[128]

Continued
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Segments of the patient’s own cartilage
were inserted within a skinpad harvested
from the forearm. Construct was
wrapped around silicone tube for
suturing and implanted within the
defect.
Patient suffering from extensive tracheal
stenosis. A cadaveric trachea with intact
blood supply was implanted
heterotopically into the
sternocleidomastoid muscle for 3 weeks.
It was then implanted orthopically into
the trachea defect with a vascularised
muscular section of the
sternocleidomastoid.
Patient suffering from tracheal stenosis and
third stage respiratory insufficiency. The
allograft was implanted and wrapped
with omentum and the patient was
placed on immunosuppressive therapy.
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TABLE 4 Translation of non-tissue engineering (TE) and TE approaches for tracheal restoration and regeneration in human clinical trials

Patient(s)
details

Technology

Material(s)

Cells

Procedure details

Outcome

Ref.

68-year-old
male

Stent-supported
aortic autograft

Aorta autograft and
silicone Dumon stent

NA

Patient presenting tracheal squamous cell
carcinoma. A 7 cm abdominal aorta
autograft was harvested and replaced
with a Dracon graft. The aortic graft was
implanted coupled with a silicone
Dumon stent to avoid aortic wall injury.

[120]

Six patients
(17–52 years;
five males,
one female)

Stent-supported
aortic allograft

Fresh or cryopreserved
aortic grafts and silicone
stent

NA

78-year-old
male

Stent-supported
aortic allograft

Cryopreserved aortic
graft and custom-made
nitinol stent

NA

20 patients
(24–79 years;
13 males,
seven
females)

Stent-supported
aortic allograft

Cryopreserved aortic
graft and custom-made
nitinol stent

NA

Patients suffering from mucoepidermoid
and adenoid cystic carcinoma. Aortic
allografts were wrapped with well
vascularised pectoral muscle or
thymopericardial fat flaps and implanted
using a silicone stent.
Patient suffering from extensive
bronchopulmonary malignant tumour
pre-treated with chemotherapy. Lung
cancer was resected, and a
stent-supported graft was implanted.
Patients presenting proximal lung tumours
and malignant or benign lesions of the
trachea and bronchi. Radial tumour
resections were performed and the
stent-supported graft was implanted and
covered circumferentially with a local
muscle flap.

Granulation tissue formation led to acute
respiratory distress syndrome which
was treated by introduction of an
additional tracheal stent. Stent was
removed due to migration albeit no
airway collapse was detected.
Pneumonia, respiratory distress and
pneumothorax lead to death of patient
due to septic shock.
Complete resection achieved in 83% of
patients. Major morbidity, fistulas and
uneventful outcomes. All grafts showed
adequate vascularisation and four
patients are disease-free.

Decellularisation

Decellularised porcine
jejunum containing
autologous cell
population

Recipient’s mvECs and
skMCs

Patient suffering from extensive tracheal and
oesophageal defect. Porcine cell-free
vascularised scaffolds were obtained
through a decellularisation process and
seeded to ensure re-endothelialisation
with recipient’s cell prior to implantation
into the 5×2 cm defect. The construct was
characterised prior to implantation to
ensure safety and maximum performance.

[122]

Well-functioning re-implanted lobe found
1 year post procedure. Patient
recovered baseline activity with
satisfying health quality of life.

[121]

Patient follow-up of 90 days detecting a
5% mortality rate. No adverse effect of
the surgical technique used showing a
76.5% survival at a median follow-up of
3 years and 11 months. Regeneration of
cartilage and respiratory epithelium
observed.

[123]

The postoperative period was uneventful
and the transplanted bioengineered
construct was fully integrated
presenting a fully functional respiratory
epithelium on the lining of the airway
without tissue scar formation or tissue
dedifferentiation.

[134]

Continued
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TABLE 4 Continued

Patient(s)
details

Technology

Material(s)

Cells

Procedure details

Outcome

Ref.

12-year-old
male

Decellularisation

Human decellularised
trachea containing
autologous stem-cell
populations

Recipient’s CD34 or
CD45wk haematopoietic
stem cells and CD73+,
CD90+, CD105+, CD117+ or
CD45+ MSCs

Patient born with long-segmental tracheal
stenosis and pulmonary sling. A
decellularised cadaveric trachea was
saturated with the recipient’s stem cell
suspension and implanted coupled with
a PDO stent. The construct was
saturated with hrEPO, G-CSF and TGF-β.

[135,
136]

15-year-old
female

Decellularisation

Human decellularised
trachea containing
autologous stem-cell
populations

Recipient’s BM-MSCs and
nasal-derived epithelial
cells

Patient presenting critical tracheal stenosis.
A decellularised cadaveric trachea was
pre-seeded in vitro in a custom-made
bioreactor before implantation.

78-year-old
female

TE scaffold

Marlex mesh tube
covered with a collagen
type I and III (porcine
dermal atelocollagen)
sponge

NA

Patient showing right lobe thyroid gland
tumour and consequent tracheal
invasion. The construct was implanted
and injected with autologous venous
blood for air-tightness, water-tightness
and endogenous factors release.

Four patients
(59–78 years;
two male,
two female)

TE scaffold

NA

Patients with history of tracheotomy,
stenosis and thyroid cancer. The
construct was implanted and injected
with autologous venous blood.

Three
patients (39–
71 years; one
male, two
female)

TE scaffold

Marlex mesh tube
covered with a collagen
type I and III (porcine
dermal atelocollagen)
sponge
Marlex (PP) mesh tube
covered with a collagen
type I and III (porcine
dermal atelocollagen)
sponge

The graft was vascularised 1 week
following surgery, but epithelium
restoration was not seen until 1 year
post-implantation. Biomechanical
strength was not appropriate until
18 months. Functional airway found at
2 years follow-up. Patient free from
medical intervention in a 4-year
follow-up study.
Patency of the graft and intact
anastomoses following implantation.
Tracheal graft narrowing was observed
13 days after surgery leading to
ventilator compromise and respiratory
arrest, which finally resulted in
cerebral hypoxic injury and oedema.
The bioengineered construct supported
the epithelial growth 2 months after
surgery, proper epithelialisation was
observed 7 months later and was
completely covered with respiratory
epithelium 20 months after surgery.
Epithelialisation continued to cover the
trachea for 2 years showing no
complication.
Observation period of 8–34 months
showed sufficient epithelialisation of
the construct without obstructions.

NA

Patients suffering from stenosis of the
trachea and/or cricoids caused by
endotracheal intubations. Two-stage
operation for the resection of the
stenotic regions and implantation of the
construct followed by delivery of venous
blood and b-FGF to the cartilage defect.
Patient suffering from TBM. A
custom-designed and custom-fabricated
resorbable 3DP airway splint was
implanted and predicted to be fully
resorbed within 3 years.

3DP

PCL

NA

[137]

[138]

[139]

All patients were able to breath after
implantation and showed no
discomfort in daily activities. Enough
air space in the trachea was observed
6 months after implantation.

[140]

21 days after the procedure ventilator
support was ended and patient was
discharged. 1 year after surgery a
patent left mainstem bronchus was
observed and no unforeseen problems
related to the splint arose.

[141]

Continued
13

TRACHEAL TISSUE ENGINEERING | L. SORIANO ET AL.

Infant
(2 months
old)
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Patient(s)
details

Technology

Material(s)

Cells

Procedure details

Outcome

Ref.

Three infants
(3–
16 months;
three males)
46-year-old
female

3DP

PCL

NA

PCL

NA

Young female

3DP

PEKK

NA

At the time of publication, all patients
did not show signs of airway disease
showing continued growth of the
primary airways.
2 weeks after surgery the patient was
discharged from hospital with
increased tracheal inner diameter and
cross-sectional area. Breathing and
physical strength improvement in a
3-month follow-up. No adverse
reaction or toxicity was found.
Restoration of tracheal patency and
patient remains asymptomatic, no
further complications or
hospitalisations were recorded.

[78]

3DP

Patients suffering from TBM. 3DP splints
were customised for each patients needs
using CT imaging and CAD modelling
software.
Patient with TBM. 3DP splint designed
using CT imaging and modelling
software was implanted wrapped in an
artificial pleural patch.

15 patients
(3–25
months; six
male, nine
female)

3DP

PCL

NA

No patients required splint removal or
re-operation. Three mortalities were
recorded. At 8.5-month follow-up, 11
patients were living at home.

[142]

[143]

[77]

NA: not applicable; mvEC: microvascular endothelial cell; skMC: skeletal muscle cell; MSC: mesenchymal stem cells; PDO: polydioxanone; hrEPO: human recombinant erythropoietin; G-CSF:
granulocyte-colony stimulating factor; TGF-β: transforming growth factor-β; BM-MNC: bone marrow mononuclear cell; PP: polypropylene; b-FGF: basic fibroblast growth factor; PCL:
polycaprolactone; TBM: tracheobronchomalacia; 3DP: 3D printing-2; CT: computed tomography: CAD: computer-aided design; PEKK: polyetherketoneketone.
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Patient suffering from acquired TBM. A
PEKK splint was design using CT imaging
and modelling software. PEKK was
chosen over PCL for its superior
properties and suitability for
manufacturing.
Patients suffering from TBM and airway
erosion. 3DP split designed using CT
imaging and modelling software. A total
of 29 splints (10 tracheal, 12 left
bronchus and seven right bronchus)
were implanted with the help of PP
sutures.
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insight on the requirements for a successful tracheal graft. In more recent years, research has shifted to
overcoming these challenges by using TE technology.
Tracheal autografts
The use of a patient’s own tissue has also been investigated clinically for tracheal transplant. This two-step
surgical approach uses the patient’s own cartilage, which are segments that have been harvested from their
ribs [129]. These segments are inserted within a fascial skin pad, also harvested from the patient’s forearm,
and wrapped around a temporary silicone tube to suture together a tracheal conduit for implantation. Great
care is taken to keep the radial artery and superficial and deep drainage veins of the skin pad intact to
revascularise the conduit upon implantation. This technique alleviates the need for immunosuppressants by
not introducing synthetic or foreign bodies within patients [129, 130]. However, due to the absence of a
respiratory epithelial layer and use of autologous cartilage tissue, tracheal autografts are not suitable for all
patients. Autograft transplantation is based on acceptable respiratory function and healthy cartilage tissue
as secretion obstruction and cartilage fracture can cause implant failure [129, 130].
Clinical translation of TE approaches
Few TE approaches for tracheal regeneration have made it to human clinical trials, but significant findings
have been demonstrated in TE that have reached this milestone (table 4). The first report of a successful
case dates to 2005 [138] when a Marlex prostheses covered in type I and II porcine-derived collagen was
successfully implanted and demonstrated regeneration of the respiratory epithelium. Histological
examination showed the successful incorporation of the scaffold within surrounding tissues, regenerating
the subglottic and tracheal epithelium and achieving optimal epithelial growth 20 months post-operation
covering the implanted material. Moreover, mechanical studies confirmed the patency of the airway [138].
This technique was further employed in a wider set of patients demonstrating a well-epithelialised lumen
with no apparent airway obstructions in follow-up examinations making it a promising approach to treat
tracheal stenosis and malignancy [139]. The combination of this approach with growth factor delivery to
enhance graft performance showing optimal regeneration in all patients was also evaluated. Addition of
basic fibroblast growth factor (bFGF) to the cartilage defect, was hypothesised to improve blood vessel
formation, and maintained airway patency in all patients. However, the use of bFGF may be of limited use
in cases of cancer resection due to increased tumour recurrence [140].
Surgical implantation of DTs was first successfully performed in 2010. A cadaveric trachea was
decellularised, implanted in the forearm of the recipient and seeded with buccal mucosa to enhance
vascularisation prior to implantation [127]. This approach was further explored with four additional
patients, but tracheal necrosis and poor vascularisation hampered the outcome of this clinical trial [139]. In
another set of attempts, cadaveric tracheas were decellularised and pre-seeded prior to implantation with
the recipient’s stem cells and growth factors to ensure vascularisation of the graft and to promote
chondrogenesis with mixed outcomes due to graft narrowing. However, one DT successfully restored
epithelium around the damaged section with no further complications observed in a 4-year follow-up study
[135–137]. Even though some of these TE approaches have demonstrated a certain degree of promise,
further and more extensive follow-up studies and a wider number of patients will be needed in order to
ensure this technology can become an alternative approach for tracheal restoration and regeneration.
As highlighted earlier, 3DP has emerged as a promising technique to treat tracheal defects in paediatric
patients as 3D printed airway splints have been graded FDA approval recently [144]. The implantation of a
3D-printed splint to treat a severe case of TBM was first reported in 2013 [141] and, since then, has been
applied to a wider set of patients reporting low general mortalities [91, 92, 142, 143]. However, implantation
of 3D-printed airway splints has been mostly restricted to paediatric patients suffering from TBM. In this
way, airway growth is guided during the early stages of development and leads to natural resolution of TBM.
Apart from paediatric patients, there is only one reported attempt of using a 3D-printed airway splint in an
adult individual with maintained airway patency 3 months after the procedure. Additionally, custom-made
airway stents by a number of groups, including for example researchers at the Toulouse University Hospital
and AnatomikModeling have shown promise in ongoing clinical trials. Patient-specific sacrificial moulds
were 3D-printed from CT-scan images to create patient-specific tracheal prosthetics from silicone elastomer.
Several patients have successfully received these implants in clinical trials, with reports of improved quality
of life and no complications thus far. This personalised approach shows promise, but long-term results have
not been made available as of yet [145]. Albeit early promising attempts to use 3D-printing technologies to
overcome tracheal stenosis and malignancies are emerging, there is a need to extend follow-up studies to
asses splint resorption as well as establish optimal designs and validated manufacturing processes in order to
assure safety and efficacy during future clinical trials [146].
https://doi.org/10.1183/16000617.0154-2021
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The first step for the successful development of a tissue-engineered trachea is a thorough characterisation
of the proposed construct in terms of material performance, degradation, mechanical strength and
flexibility. Moreover, the manufacturing process employed should allow where possible the manufacturing
of individualised constructs to meet specific patient’s needs, in addition to being anti-bacterial,
anti-proliferative, anti-tussive and non-migrating [2]. One of the main limitations in tracheal TE is the lack
of consistent and relevant data of airway biomechanics, lack of standardised tests to assess mechanical
properties as well as a wide range of mechanical values that a potential graft should possess as seen in
table 2 [147]. Therefore, a standardised procedure for assessing mechanical strength should be developed
to better understand the needs of a TE graft. This standard procedure should also include the differences in
tracheal biomechanics between different age-group patients as well as gender differences [27, 148].
Several scaffolds have been designed to support epithelialisation in a graft as the lining of a mature
pseudostratified epithelium is needed in order to avoid stenosis, tissue outgrowth and granulation [22].
Different approaches have been investigated both in vitro and in vivo but the lack of long-term
assessment and the granulation and inflammatory reaction following transplantation have hindered further
translation. This highlights the need for better TE approaches that support full and functional
re-epithelialisation early on in the development graft process [81, 84, 149].
Vascularisation of a tissue-engineered trachea stands as the most important challenge that needs to be
overcome for TE tracheal scaffolds to translate into clinical trials. It has been widely reported that
vascularisation is mandatory in order to achieve a functional graft as the lack of a vasculature formation
will inevitably lead to high morbidity, poor outcomes and no benefit for the patient [41]. Although several
approaches have shown promise in revascularising the implanted graft, further long-term assessment of the
patients and an increased number of trials is needed to demonstrate that these approaches are suitable for
tracheal regeneration and restoration [127, 128, 135, 136].
Overall, the few TE approaches to tracheal replacement that have made it to clinical trials have provided
substantial insight on the necessary requirements for a graft to succeed. Due to the complexity of the
trachea’s anatomy, a number of challenging properties must be met collectively, and data gained from both
pre-clinical and clinical trials have provided a greater understanding on the advantages and pitfalls of
certain techniques and methods.

Conclusion
Several TE strategies have emerged during the last decade with the goal of developing a functional
scaffold capable of regenerating tracheal tissues. However, clinical translation of TE technologies has been
very limited and on a small scale to date. Furthermore, poor mechanical properties, insufficient
vascularisation of the implanted tracheas over time and inadequate re-epithelialisation have hindered graft
performance [41]. Moreover, both animal and clinical studies lack long-term assessments of graft
performance, which are needed to fully assess the feasibility of the approach. Therefore, any construct
being developed for tracheal regeneration must provide the required mechanical properties as well as
support the formation of a respiratory epithelium and a network of vascular capillaries to avoid graft
contamination, granulation and tissue necrosis.
Tracheal replacement has lately become a focus of interest for TE with the development of promising
prototypes showing that epithelialisation and vascularisation of the grafts can be achieved through different
procedures. Moreover, some of these TE grafts have made their way through clinical trials with promising
outcomes and delivering crucial insight on the necessary properties needed for a tracheal graft to succeed.
Overcoming limitations involving mechanical properties, epithelialisation and vascularisation will lead to a
wider use of TE tracheal substitutes that could become a turning point in how tracheal stenosis and damage
is clinically addressed.
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