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ABSTRACT
Tissue engineering and cell-based therapies are promising therapeutic approaches in structural
and functional defects of the trachea. Researchers have focused on these approaches to overcome the complications related to such diseases. Patients exposed to mustard gas suffer from
massive damage to the respiratory system. Current treatment plans are only palliative and include anti-inflammatory drugs, broncholytics, long-acting b2-agonists, and inhaled corticosteroids. As mustard gas exposure leads to chronic airway inflammation, it seems that tracheobronchomalacia, because of chronic inflammation and weakness of the supporting cartilage,
is an important factor in the development of chronic and refractory respiratory symptoms. The
previous studies show that regenerative medicine approaches have promising potential to improve the life quality of patients suffering from tracheal defects. It seems that the engineered
tracheal graft may improve the respiratory function and decrease symptoms in patients who suffer from asthma-like attacks due to mustard gas exposure. There are several successful case reports on the transplantation of stem cell-based bioartificial grafts in structural airway diseases.
Therefore, we hope that the reconstruction of tracheobronchial structure can lead to a decrease
in respiratory difficulties in mustard gas-exposed patients who suffer from tracheomalacia. In
the present review, we summarize the main aspects of tracheal tissue engineering and cell-based
therapies and the possibilities of the application of these approaches in mustard gas-exposed
patients.
KEYWORDS: Stem cell; Cell-based therapies; Tissue engineering; Trachea; Mustard gas

INTRODUCTION

T

issue engineering and cell-based therapies are promising treatments for
degenerative diseases of the trachea.
These methods can overcome the problems in
the shortage of organ for transplantation and
tissues incompatibility between donor and recipient. Researchers are trying to find appro*Correspondence: Maryam Kaviani, Transplant Research
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priate protocols to build viable and functional
engineered trachea to eliminate the morbidity
and mortality of patients.
Tracheal injury caused by mustard gas exposure leads to progressive and life-threatening
conditions in patients. Current therapeutic
methods are based on anti-inflammatory
drugs and broncholytics. However, these
methods are not efficient to repair or regenerate this tissue. Therefore, many efforts have so
far been made to generate tracheal substitute.
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In order to fabricate an engineered trachea, it
is necessary to consider its native structure.
Trachea is a cartilaginous and membranous
tube, which connects the larynx to the right
and left main bronchi. U-shaped hyaline cartilage rings of the trachea support its fibroelastic wall. The free ends of the U-shaped
cartilages are attached together by trachealis muscles [1]. Mustard gas exposure leads
to tracheal inflammation and necrosis. This
chemical agent causes detachment of tracheal
epithelial cells [2]. On the other hand, some
patients develop tracheal collapse [3].
The selection of appropriate cell sources is
one of the most important items in tracheal
cell-based therapies. The application of autologous cells can definitely remove the need for
immunosuppression. However, the selection
of the best cells among different sources has
not been clearly identified [4]. Researchers reported their findings on different sources of
cells, including pluripotent stem cells [5-7],
mesenchymal stem cells (MSCs) [8-10], and
terminally differentiated cells [11], for tracheal regeneration. On the other hand, different tracheal reconstruction methods such as
decellularized trachea [12], injectable matrix
[13], electrospun nanofibers [14], and bio 3D
printing system [15] have been investigated
to optimize the engineered trachea. Although
many efforts have been devoted to fabricate a
perfect engineered trachea, there is no optimal
and reproducible method.
Due to the limitation of current therapeutic
methods in tracheal defects, it is important to
focus on modern methods. In the present review article, we summarize advances in regenerative medicine of the trachea and discuss the
challenges in this area.
INSIGHT INTO TISSUE ENGINEERING
AND CELL-BASED THERAPIES OF THE
TRACHEA
Nowadays, investigators are focusing on stem
cells to support the regeneration of the airway
tissues. Although the mechanism of this supportive effect is not entirely clear, it appears

that stem cells can differentiate and substitute
the damaged cells. Moreover, MSCs show
anti-inflammatory properties and facilitate
tissue regeneration [16]. Some studies show
that mature cells, such as epithelial cells, chondrocytes, and smooth muscle cells can be used
for tracheal regeneration [16, 17]. However,
the isolation process of these cells leads to
low yield and the cells are unstable in vitro.
Therefore, it is important to focus on the native environment of these cells to manage the
conditions in vitro.
On the other hand, for producing a functional
trachea, the establishment of a suitable platform is essential. The first attempts to reconstruct the trachea have been started in late 19th
century. To achieve this purpose, researchers
have investigated decellularized platforms
[18-20], and synthetic scaffolds [14, 21]. Decellularized trachea has been suggested as a
natural platform to produce efficient bio-engineered trachea. In this situation, the extracellular matrix (ECM) 3D architecture is maintained. Moreover, during the decellularization
protocols, the tissue antigenicity decreases,
leading to minimal allograft rejection [22].
MacChiarini, et al, reported the first human
transplantation of a bioengineered airway tissue in a 58-year-old man [23]. They used a
decellularized porcine proximal jejunum segment and seeded the muscle cells and fibroblasts on this structure. The patient follow-up
showed that clinical examination was normal
and the patient’s life quality returned to a normal condition.
The difficulty and non-reproducibility of decellularization technique, the shortage of organs for decellularization, and limitation of
the animal’s tissue application demonstrate
the necessity of alternative scaffolds. Researchers have used natural and synthetic biomaterials to produce scaffolds in the trachea
bioengineering. In order to achieve this purpose, attention to the native structure of the
trachea and native environment of different
cells in the trachea is very important. Therefore, the reconstructed trachea should reveal
the mechanical stability and efficient ciliated
epithelium to provide appropriate anatomical
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and physiological functions and decrease complications [22].
A number of synthetic and natural biomaterials
have been used in this field. Synthetic biomaterials, such as polypropylene [24], polytetrafluoroethylene [25], polyester-urethane [26],
and poly (ɛ-caprolactone) [27] can provide the
mechanical stability of the trachea. On the
other hand, natural biomaterials, such as collagen [28, 29], chitosan, and gelatin [30], can
provide bioactive properties to interact with
cells. A composition of natural and synthetic
biomaterials seems to be more efficient due
to the combination of their unique properties.
Recently, Wu, et al, tested a bilayer tubular
scaffold based on electrospun poly(L-lactideco-caprolactone)/collagen fibers seeded with
autologous tracheal epithelial cells and chondrocytes in a rat trachea injury model. They
showed that this construct can improve the
tracheal tissue regeneration [21].
One of the very interesting methods to produce bio-engineered trachea is 3D bioprinting.
In this technology, 3D structures are fabricated by the positioning of bioactive molecules
and living cells, mimicking the native structure. In 2014, researchers reported an artificial tracheal construct, using this technology
for the repair of the partial tracheal defects.
They produced the artificial tissue by coating
of polycaprolactone 3D-printed scaffold with
seeded MSCs in fibrin and transplanted them
in rabbit animal model. This structure showed
a stable shape and function and did not trigger
any graft rejection after eight weeks [31]. Recently, Park, et al, proposed a novel bio-engineered trachea mechanically similar to native
trachea [32]. They confirmed that it is possible to design a bio-engineered trachea with
appropriate behavior.
Generally, tissue engineering of the trachea
is a laborious process, because trachea is a
complex organ with different tissue types including cartilage, muscle, and vascular and
nervous tissues. Strength and stiffness are
essential factors for optimal function of the
trachea. Therefore, it seems that using scaffold is important to achieve this goal [33].

However, researchers reported scaffold-free
trachea tissue engineering by 3D bio-printing
technology [34, 35]. Matsumoto, et al, recruited different combinations of human cartilage,
fibroblasts, umbilical vein endothelial cells,
and MSCs for constructing the scaffold-free
trachea. After printing of multicellular aggregates of these cells, they obtained small
diameter tracheal tubes. The implantation of
tubes consisted of human cartilage cells, umbilical vein endothelial cells, and MSCs demonstrated more ECM than others [34]. They
concluded that this technology could produce
a more similar structure to the native trachea.
Recently, Taniguchi, et al, showed that scaffold-free trachea can be created by bio-printed
spheroids containing MSCs and chondrocytes.
This artificial trachea was functional several
weeks after transplantation in an animal model [36].
Blood supply is another crucial issue in the
success of tissue engineering. Technical difficulty of tracheal graft revascularization has
led to poor results. Researchers tried to develop tracheal transplantation using vascularized units. To date, the only acceptable way of
tracheal blood supply is the application of vascularized soft tissue flap and then the establishment of anastomoses between this flap and
the trachea adventitia [22, 37]. However, cartilaginous tissue is a barrier for the ingrowth
of blood vessels toward the mucosal lining.
Therefore, the intercartilaginous ligaments
incision is required to improve revascularization process [37]. There are several methods
in tissue engineering to establish blood supply. The application of endothelial cells into
the bioengineered trachea can probably expedite neovascularization. In 2004, investigators studied a decellularized porcine jejunum
segment containing autologous endothelial
cells as a tissue-engineered trachea. After
three weeks, the vascular network of the graft
demonstrated uniform re-endothelialization
with autologous endothelial cells [38]. However, further analysis is required to confirm
the functionality of this vascular network.
Another approach to improve vascularization is the incorporation of angiogenic factors
such as vascular endothelial growth factor
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[39], platelet-driven growth factor [31], and
basic fibroblast growth factor [40], in bioengineered structure. Nanoparticles [41] and
exosomes [40] can be recruited for angiogenic
factors delivery. Recent reports show that they
can transfer bioactive molecules in a protected
manner and nanoparticles can act smartly. To
date, there is no study on using nanoparticles
to induce vascularization in engineered trachea. Nanoparticles can act as a safe carrier for
essential factors of this process. Incorporation
of these factors with endothelial cells seems to
improve the processes involved in blood supply of the trachea. Considering the advances
made in tracheal engineering, it is now possible to manage the patients who suffer from
mustard gas complications.
TRACHEAL PROBLEMS IN MUSTARD
GAS-EXPOSED PATIENTS
Mustard gas [bis(2-chloroethyl) sulfide] is
an alkylating agent and was first used during World War I [41, 42]. There are several
documented cases of using mustard gas as a
chemical weapon against both civilians and
troops worldwide [43, 44]. The chemicals
used in weapons are usually vaporized and affect the exposed organs such as the skin, respiratory tract, and eyes [45]. In contact with
nucleic acids, the alkylating agents add an alkyl group to the nitrogen ring and extracyclic
oxygen of the molecules, leading to loss of cellular structural integrity. This usually causes
blistering on the affected epithelium [46, 47].
Survivors are often faced with chronic skin lesions, ocular sores, and respiratory problems
[45]. Inhalation of alkylating agents leads to
massive damage to the tracheobronchial tract
and lungs. Therefore, victims often die within
the first hours of suffocation. However, some
survivors endure chronic deterioration of the
pulmonary function [48]. Chronic obstructive pulmonary disease, scars and strictures of
the central airways, tracheobronchomalacia,
interstitial lung disease, emphysema, pulmonary fibrosis, bronchiectasis, and susceptibility to opportunistic infections are commonly
reported [3, 49, 50]. Treatment plans are
only palliative and include anti-inflammatory

drugs, broncholytics, long-acting β2-agonists,
inhaled corticosteroids and proton pump inhibitors [51, 52]. However, there is evidence
of a relative inefficacy of β2-agonists in many
patients. Kabir, et al, believe that desensitization of β-adrenergic receptors is the main reason [53]. Another important subject may be
the concurrence of gastro-esophageal reflux
and respiratory symptoms [54]. Paroxysmal
dyspnea and asthma-like symptoms are of the
most complicating problems with which chest
physicians are faced regarding patients with
chronic complications of mustard gas respiratory exposure. It seems that tracheobronchomalacia, as a result of chronic inflammation
and weakness of the supporting cartilage, is
an important factor. Therefore, application of
a tracheal graft may be an effective way to alleviate refractory symptoms attributed to obstructive bronchopneumonopathy.
As respiratory symptoms in patients with exposure to mustard gas are similar to those of
obstructive pulmonary disease, some authors
have suggested using β2-agonists for treatment
of asthma-like attacks [51]. Anecdotal animal
experiments have shown that long-term treatment with β-agonists is associated with a decrease in β2-adrenergic receptor mRNA levels [55, 56]. Other studies have indicated that
chronic use of β2-adrenergic receptor agonists
in the treatment of obstructive lung disease
is associated with reduction of response. The
possible mechanism proposed is tachyphylaxis
[57, 58]. Recently, Kabir, et al, indicated that
2-choloroethyl ethyl sulfide exposure was associated with desensitization of β2-adrenergic
receptors as well [53]. This can be the reason
for the fact that regular use of β-agonists is
not related to clinical improvement. Moreover, previous research studies have proved
that gastroesophageal reflux (GER) is more
common in people who suffer from respiratory problems [59, 60]. In addition, GER is
a risk factor for exacerbation of chronic obstructive pulmonary disease (COPD) [61].
Although the definite pathophysiology is not
clear, it seems that microaspiration is a probable mechanism, which leads to airway irritation and increased resistance due to vagally
mediated bronchoconstriction [62]. In anoth-
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er study, Ghanei, et al, proved the increased
incidence of GER in mustard gas-exposed
patients [63]. Aliannejad, et al, hypothesized
that GER might be an important factor for
the exacerbation of respiratory symptoms in
these patients. However, they believe that it is
still unclear that an inverse correlation could
also be involved [54]. In fact, GER could be
the result of raised intra-abdominal pressure
due to chronic cough. Besides these facts, all
researchers agree that mustard gas exposure
leads to chronic airway inflammation. It seems
that diffuse airway inflammation is associated with tracheobronchomalacia [64]. Some
reports suggested the role of acquired form
of tracheobronchomalacia in development of
chronic respiratory symptoms. Palombini, et
al, indicated that in about 14% of patients with
chronic cough the symptoms were directly
associated with tracheobronchomalacia [65].
Ghanei, et al, reported a high prevalence of air
trapping in high-resolution chest computed
tomography (CT), at least 15 years after being exposed to sulfur mustard [66]. Moreover,
they hypothesized that tracheobronchomalacia is an important consequence of exposure to
sulfur mustard which is associated to air trapping and development of chronic obstructive
pulmonary disease [3].
Tracheomalachia is defined as structural abnormality in the hyaline cartilages of the
trachea. It can be either malformation or deficiency of the supporting cartilages, which
is associated with the decrease of cartilage to
muscle ratio. This abnormality causes narrowing and shortening of the trachea during
exhalation. Consequently, the collapsed trachea creates expiratory flow obstruction and
even cessation of secretion clearance, which
can lead to some discomfort such as expiratory stridor and hoarseness [67]. Therefore,
the problem of refractory respiratory symptoms in mustard gas-exposed patients can be
explained by this pathological mechanism.
THE UTILITY OF REGENERATIVE
MEDICINE IN MUSTARD GAS-EXPOSED

PATIENTS
In the last few decades, researchers have focused on the regenerative medicine to find
new methods in the treatment of chronic and
degenerative diseases [68-70]. Tracheal replacement has been investigated for the treatment of patients who suffer from tracheal
defects. In 2005, researchers reported the formation of a trachea-shaped structure from in
vivo tissue-engineered human hyaline. They
used human nasal septum cartilage to harvest
chondrocytes. The chondrocytes were mixed
with hydrogel Pluronic F127 and painted over
high-density polyethylene in shape of a trachea. The composite was implanted in athymic
mice for eight weeks. The macroscopic evaluation showed the coverage of the construct with
a cartilage-like structure. The up-regulation
of type II collagen in the engineered trachea
indicates that this structure is similar to native trachea [71]. In another study, the effectiveness of a luminar remodeling type of
artificial trachea was evaluated. The cervical
tracheas of beagle dogs were replaced with
prosthesis made of a polypropylene mesh tube
and a polypropylene spiral and atelocollagen
layer. The collagen layer was soaked with peripheral blood, bone marrow aspirate, or bone
marrow MSCs. Better results, including faster
epithelialization, lack of stenosis, and fewer
problems were reported in those who received
either bone marrow aspirate or bone marrow
MSCs. They suggested that these cell sources
can improve the tracheal mucosa generation
on this platform [72].
In 2017, decellularized dermis was suggested
as a platform for airway mucosa engineering in tracheal transplantation. In this study,
human bronchial epithelial cells and human
respiratory fibroblasts were cultured onto a
decellularized dermis. After three weeks, the
engineered structures were implanted onto a
decellularized trachea in New Zealand white
rabbits. A muscle wrap had been also applied
for prevascularization. The findings showed
the formation of pseudo-stratified ciliated layer 24 hours after implantation [73]. Moreover,
there are some successful case reports in the
field of human airway transplantation with
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stem cell-based bioartificial grafts for structural airway diseases. The first human case of
regenerative technique of tracheal tissue was
done on a 78-year-old woman. In this study,
the defective area of the trachea was replaced
with a Marlex mesh tube covered by collagen
sponge. The epithelialization was observed
after two months and continued to cover all
areas for two years. They did not report any
complications during two years [74]. In 2008,
Macchiarini, et al, reported a 30-year-old
woman who suffered from severe hypoxia and
right to left ventilatory shunt. This was due
to destruction of the upper respiratory tract
by tuberculosis that had led to expiratory collapse, despite primary placement of Dumon
stent. After removal of the stent, transplantation of tissue-engineered airway was planned.
A trachea segment was received from a deceased person. All loose connective tissues of
the donor’s trachea were removed, decellularization protocol was done for 25 cycles and its
matrix was colonized by epithelial cells, which
were obtained by the culture of the recipient’s
nasal epithelium. Then, chondrogenic MSCs
were added to the matrix. This engineered
tissue was successfully implanted. Moreover,
follow up was done for the next four months
with full recovery [75]. In 2012, Elliott, et al,
reported a 12-year-old boy with long-segment
congenital tracheal stenosis. He underwent
autologous patch tracheoplasty, but due to intolerance to the patch, it was replaced with a
balloon-expandable intraluminal stents in the
6th year of his life. Then again, it was removed
after three years due to aortic erosion. Consequently, implantation of the tracheal homograft was planned. However, one year later,
airway hemorrhage caused by aorto-tracheal
fistula proposed the idea of replacing the trachea by allogenic stem cell-based tissue-engineered tracheal graft. A tracheal segment was
received from a deceased body and decellularized as the scaffold. Bone marrow-derived
MSCs were obtained from the patient and together with patches of autologous epithelium
were added to the scaffold. Additionally, the
tissue-engineered trachea was saturated by
human recombinant erythropoietin and transforming growth factor β in order to stimulate
angiogenesis and chondrogenesis, respective-

ly. A bronchoscopy was performed after one
week and it showed neovascularization. Eighteen months later, a chest CT showed tracheal
growth. The patient was followed up for two
years with full recovery [76].
In contrast, in 2011, The Lancet published a
research article on a 36-year-old man who
had undergone tracheaectomy due to mucoepidermoid tracheal cancer; tracheobronchial
transplantation with a stem-cell-seeded bioartificial nanocomposite was performed successfully [77]. However, about five years later, in
2016, the journal editors expressed their uncertainty about the validity of this paper [78].
Recently, researchers reported adipose-derived MSCs transplantation in a patient after
long-term exposure to sulfur mustard. In this
clinical trial, 400×106 cells were injected during two months and precise evaluations were
performed. The systemic infusion of these cells
did not lead to toxicities and serious problems.
On the other hand, patient’s physical activity
and 6MWT, BSDA, SGRQ, and CAT scores
improved. These findings show the potency
of adipose-derived MSCs in sulfur mustardexposed patients. However, further clinical trials are required to confirm these results [79].
It seems that airway transplantation with stem
cell-based bio-artificial graft is possible for patients suffering from respiratory problems due
to exposure to mustard gas. We believe this
technique may improve the respiratory function and decrease symptoms in patients who
suffer from asthma-like attacks due to mustard
gas exposure. Furthermore, by modifying the
function of the trachea, complications such as
recurrent respiratory tract infections could be
alleviated. Moreover, appropriate use of bronchodilator drugs after trachea transplantation
can decrease resistance to β-agonists, which is
a considerable problem in this setting. Another advantage is cough control and consequently preventing the increase of intra-abdominal
pressure and GER. In previous case reports,
replacement of respiratory airways was shown
to be safe and well-tolerated. Therefore, we
can hope that reconstruction of tracheobronchial structure could theoretically lead to de-
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crease of respiratory difficulties in patients
who suffer from tracheomalacia.
The above-mentioned studies show that tissue
engineering approaches have a promising potential and they can help patients suffer from
tracheal defects due to mustard gas exposure.
Although tissue engineering can improve the
life quality of these patients, their lung tissues
are also affected by mustard gas. Therefore, it
is essential to think about the management of
the whole respiratory system in these patients.
There are many advances in tracheal tissue
engineering, but to achieve a perfect bio-engineered trachea, it is essential to focus on the
native structure of the trachea and overcome
the obstacles regarding graft vascularization
and tissue functionality.
In conclusion, mustard gas exposure leads to
the respiratory system tissue damage. In this
study, we focused on the advances made in and
limitations of tissue engineering approaches
in trachea defects and the possibility of this
approach in mustard gas-exposed patients
suffering from tracheomalacia. To achieve a
perfect management and treatment for these
patients, precise and multilateral studies, that
cover lung tissue in addition to airway tract,
need to be considered.
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