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ABSTRACT

Management of large airway defects is challenging for clinicians due to lack of effective treatment modalities 

and eventually interest has turned to the field of airway tissue engineering. Considerable progress has been 

made within the field of airway tissue engineering in recent years and herein we review these recent advances 

within this field as applied to regeneration and/or replacement of the trachea. Although there are many 

encouraging researches, we are still far from any routine clinical application of tissue engineered tracheal 

grafts and it is essential to perform further experimental and clinical researches in order to improve current 

results and to broaden the clinical application of airway tissue engineering.
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Introduction

The aim of regenerative medicine is to restore damaged 
organs by repairing and/or replacing involving cells and 
tissues. The two main approaches in regenerative medi-
cine are; stem cell therapy, which means stimulating re-
generation by injecting functional cells into the damaged 
site, and tissue engineering defined as formation of new 
tissues by using biocompatible materials [1]. Consider-
able progress has been made within the field of airway 
tissue engineering in recent years and the first tissue tra-
chea transplant was performed by Macchiarini et al. in 
2008 [2]. We herein review the recent advances within 
the field of upper airway tissue engineering as applied to 
regeneration and/or replacement of the trachea. 

Management of large airway defects is challenging 
for clinicians due to lack of effective treatment modali-
ties. Various benign or malignant disorders involving 
the trachea can be treated by primary reconstruction by 
resection and end-to-end anastomosis of the remaining 
trachea [3]. However, the length of resection is restricted 
to 6 cm in adults and 30% of the total length in children 
since the resection of longer segments would fail due 
to excessive tension at the anastomotic site [3,4]. Thus, 
resection and reconstruction of longer segments will 
only be feasible with the improvement of novel tracheal 
replacement modalities. Various replacement strategies, 
mainly focus on autologous or synthetic grafts, have 
been investigated in experimental and human studies. 
However, the results were disappointing and none of 
them has turned into a routine clinical procedure [2,5,6]. 
Due to these restrictions, interest has turned to the field 
of airway tissue engineering.  

Engineering of a new tissue requires; (i) cells for 
seeding, (ii) a matrix/scaffold on which to seed the cells 
and (iii) a bioreactor [7-9]. 

Cells

Stem cells, which have the ability to self-renew and dif-
ferentiation, play a critical role in tissue engineering pro-
cessing of the scaffolds [9,10]. Airway scaffolds can be 
seeded by two main kind of cell types: Chondrocytes and 
epithelial cells. Although epithelial cells can easily be 
obtained form of nasal mucosa, their ability to recreate 
pseudo-stratified columnar epithelium is limited in vivo, 
which may lead to difficulties in mucociliary clearance 
and may cause post-transplant infection [11]. Chondro-
cytes can be obtained from a variety of sources ranging 

from embryonic stem cells (ESCs) to differentiated adult 
cells [12]. However, due to their inability to differentiate 
and expand appropriately when transplanted and ethical 
concerns make these cells inconsistent source [13,14].  

Recent animal studies showed that seeding with bone 
marrow derived cells or progenitor cells may contribute 
to airway tissue regeneration and may also avoid from 
bacterial contamination [15-17]. Use of pluripotent 
cells like embryonic stem cells (ESCs) and induced plu-
ripotent stem cells (iPSCs) is controversial. It has been 
shown in experimental models that both ESCs and iP-
SCs may cause rejection due to immune recognition [4]. 
Mesenchymal stem cells (MSCs), hematopoietic stem 
cells (HSCs) and amniotic fluid stem cells are all multi-
potent cells which can easily be obtained from recipient 
tissues without any ethical concerns. These kind of cells 
have been successfully used in many experimental stud-
ies [18-20]. The advantages of multipotent cells include 
their differentiation capacity, good availability, immu-
nomodulatory effects and no need for immunosuppres-
sive medication. Terminally differentiated cells such as 
smooth muscle cells, endothelial cells and chondrocytes 
which can easily be isolated, have also been used for 
tracheal replacement [2,21]. Currently, autologous bone 
marrow derived MSCs are the most commonly used cell 
type for tracheal engineering [8,22]. 

Scaffolds

Structural integrity of the graft depends on the scaffold. 
An ideal tracheal scaffold should be biocompatible, 
nontoxic, nontumorigenic, air and liquid tight and pro-
vide structural support. The scaffolds can be biological 
or synthetic.

*Biological scaffolds

The main rationale to use a biologic scaffold is provid-
ing a nonimmunogenic tissue that can be used without 
immunosuppressive medication. Therefore, major his-
tocompatibility complexes (MHCs) I and II, which are 
responsible from immune reaction, should be removed 
from donor tissue (Decellularization). Various decellular-
ization techniques can be used with chemical agents (tri-
ton X-100, sodium deoxycholate), physical or mechani-
cal methods (agitation, perfusion) [9,23]. The remaining 
extracellular matrix of the decellularized organ provides 
the microarchitecture for adhesion, proliferation, remod-
eling, differentiation and angiogenesis [24,25]. Trans-
plantation of biological scaffolds have been reported with 
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favorable results in many studies [2,21,25]. However, it 
is donor dependent, processing time of the organ is long, 
is expensive and carries a contamination risk. 

*Synthetic Scaffolds

Due to some of the above mentioned disadvantages of 
biological scaffolds novel alternatives were desired. 
Synthetic scaffolds are not donor dependent, can be 
customized according to patients’ requirements, are 
relatively inexpensive and the processing time is short-
er than biological ones. Ideally, these scaffolds should 
provide a microarchitecture for host cells to function in. 
Many kinds of biodegradable materials such as, Marlex 
mesh (Chevron Philips Chemical Company LP, USA), 
polyethylene/polypropilen oxide (Pluronic F-127, Invi-
trogen, Paisley, UK), polypropylene mesh, have been 
investigated for this purpose [3]. Despite progressive 
development and application of these synthetic materi-
als in animal studies, few clinical studies have been re-
ported [16,26]. Therefore, further studies are warranted 
to develop ideal materials and bring them to clinic. 

Bioreactors

In order to provide ideal conditions for tissue or organ 
regeneration, native environment should be mimicked 
by using a bioreactor. There are two kinds of bioreactor 
system available. In vitro systems include physiologic, 
metabolic and biomechanical parameters required for 
the target tissue [4,9]. Various kinds of bioreactors have 
been developed including spinner-flask, rotating-wall, 
compression, strain, hydrostatic, flow-perfusion, and 
combinatorial bioreactors for clinical transplantation of 
the scaffolds [2,26-28]. In vivo bioreactor concept was 
based on the use of the own body as a natural bioreac-
tor. This method provides an ideal environment, reduces 
contamination risks and is cost-effective [29]. Despite 
these promising clinical researches Further work is re-
quired to develop bioreactors within airway tissue engi-
neering and the optimal conditions required for scaffold 
seeding before implantation. 

First tissue engineered tracheal patch was created by 
Walles et al. by using a decellularized porcine jejunum 
seeded with autologous muscle cells and ciliated respi-
ratory epithelium [21]. Due to insufficient mechanical 

strength this approach was thought to be unsuitable for 
tracheal transplantation. In 2008, Macchiarini et al. per-
formed a tissue engineered transplant to the left main 
bronchus by using a decellularized trachea allograft 
seeded with bone marrow derived MSCs and nasal epi-
thelia cells. This transplant remained open over its entire 
length, completely recellularized with respiratory epi-
thelium, and had normal ciliary function during 5-year 
follow up. Although a recurrent stenosis had observed 
in the native trachea close to the site of anastomosis, 
their results were found to be safe and promising [2,30]. 
In 2011, Jungebluth et al. replaced the trachea with a 
customized bioartificial nanocomposite graft seeded 
with autologous bone-marrow mononuclear cells via a 
bioreactor. They gave erythropoietin and granulocyte 
colony-stimulating factor in order to increase the regen-
erative capacity and bioactivity of the scaffold. They 
did not observe any major complications, the anastomo-
ses were patent and the scaffold was lined with a vas-
cularised neomucosa, and was partly covered by nearly 
healthy epithelium [26]. 

In summary, transplantation of trachea is a challeng-
ing procedure and no ideal solution has been discovered 
so far. Due to the adverse effects of lifelong immuno-
suppression allogenic transplantation could not main-
tain its clinical feasibility and tissue engineered tracheal 
grafts has become the current promising therapeutic 
alternative. Despite many encouraging researches, the 
mechanism of tracheal tissue regeneration and host re-
sponse to seeded cells is not fully understood and thus, 
we are still far from any routine clinical application of 
tissue engineered tracheal grafts. Further experimental 
and clinical researches have to be performed to improve 
current results and broaden the clinical application of 
airway tissue engineering.
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