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Abstract
Tissue engineering offers, through new technologies, an ex vivo generation of organs and functional tissues as grafts for
transplants, for the improvement and substitution of biological functions, with an absence of immunological response. The
treatment of extended tracheal lesions is a substitution of the affected segment; nevertheless, the allogeneic transplant has
failed and the use of synthetic materials has not had good results. New tissue engineering technology is being developed
to offer a tracheal graft for a posterior implantation. The purpose of this article is to review all the methods and components
used by the engineering of tissue for tracheal grafts. (Gac Med Mex. 2016;152:106-8)
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Introduction
Airway obstruction by tracheal stenosis results from
lesions caused by prolonged use of mechanical ventilation with orotracheal, nasotracheal or inner cannula tracheostomy tubes in 5-20% of cases1,2. Other causes can
be malignant or benign tumors, neoformations (granulomas, papillomas, bridles), congenital (tracheomalacia)
and infectious (tuberculosis) diseases. Clinically, it manifests by respiratory distress, secretion retention and
pneumonias; these lesions can lead to death by asphyxia,
which makes its diagnosis and treatment an urgent
matter. If the lesion encompasses less than five tracheal rings, treatment involves resection and end-to-end
anastomosis, but if extension is larger, tissue has to be
replaced3,4. Allogeneic transplantation has been unsuccessful due to unavailability of organs in adequate
conditions and time, as well as to histocompability and
immunosuppressive treatment, which lead to graft loss
o stenosis relapse. Synthetic grafting has been tried with
multiple materials, but they induce infection, extrusion

and stenosis. Autologous tissues have also been tried to
be used, but the most common complication is stenosis
relapse5-7 and, hence, tissue-engineering technologies
have been implemented to generate replacements of
different organs and tissues, which consist in obtaining
biological matrices that serve as a scaffold for stem cells
of the receptor to grow and obtain organs that are similar
to the original in structure, mechanics and functionality8,9.
The trachea is a cartilaginous conduit that serves for
ventilation and secretion dragging. With a broad caliber
and thin walls, it connects the larynx with the main bronchi;
it is flattened in the posterior and cylindrical in the anterior
part, with an 11-cm-length. Cartilaginous rings are incomplete in the posterior part, where they connect to fibrous
and muscle tissue, a feature that prevents its collapse with
inspiration. Its lumen is lined by a ciliated pseudo-stratified
columnar epithelium that enables mucus clearance and
regulates fluids and ionic transportation10-12.
The ideal tracheal graft should be laterally rigid and
longitudinally flexible, hermetic, not collapsing with inspiration, biocompatible, non-immunogenic, non-toxic,
bacterial colonization-resistant, easy to implant to ensure
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its permanence, and has to have a ciliated epithelium13.
For that, an adequate matrix has to be available, which
must serve as a physical support or scaffold to seed the
receptor’s cells. The ideal scaffold must allow cell adhesion, growth and differentiation, but it also has to
create a tridimensional stable network with a sufficiently
porous microenvironment for cell growth. The scaffold can
be biological from a donor of the same species (allogeneic matrices), from a donor of different species (xenogeneic matrices), synthetic or combined.
Decellurarized and autologous cells-seeded allogeneic
biological matrices, which preserve some of the essential
properties of the original tissue, have been successfully
used to obtain grafts14,15. The matrix is obtained by eliminating the cells and DNA residues from the tracheal
segment in order for not to trigger an inflammatory and
rejection response; still, cases have been reported where
such response develops against these tissues16,17. The
lack of viability and functionality in tissue construction
may be due to structural components destruction such
as collagen and elastic fibers, proteoglycans and glycosaminoglycans of the matrix during the decellularization
process, which results in resilience and rigidity loss, since
this process has been difficult to standardize18-20. Proteoglycans are important in tracheal tissue, since they intervene in cell adhesion, migration and proliferation, as well
as in extracellular matrix regulation, affecting its integrity,
performance and durability; therefore, they play a relevant role in the generation of tissues in vitro21,22. Preservation time of the matrix is important, since proteolytic activity and degradation start at 4 °C.
Tracheal grafts using animal xenogeneic matrices
have not elicited rejection, since, during the decellularization process, immune system-recognized antigens
are eliminated and repopulated by receptor cells. Patches of porcine jejune decellularized segments, seeded
with muscle cells and human fibroblasts, have been
used to replace connective tissue with no rejection23,24.
Synthetic matrices have also been used in the trachea. In the decade of the 90’s, polymeric or hydrogel
synthetic materials were used to create cartilage, with
poor preclinical results, since they elicited a strong inflammatory response25. A structure comprising a silica
tubular stent wrapped with epithelial tissue obtained from
the internal mucosa of the ear was implanted in rabbits.
A polypropylene mesh was used to substitute the tracheal cartilage and the lateral thoracic fascia as vascular
supply. After two weeks in vivo, rigidity, elasticity, diameter and thickness of the wall were similar to those
of native trachea. However, long-term complications
include the development of stenosis, glandular growth

and secretions accumulation due to the absence of mucociliary function26. An alternative approach was proposed using temperature-sensitive polymers as a substrate for epithelial cells, which were used in the lumen of
a graft comprised by Dacron-reinforced monofilament
polypropylene 27. Sheep stem cells have also been seeded in a polyglycolic acid scaffold treated with growth
factors in order to develop a structure similar to the native
one. Receptor stem cells have been seeded in nano-compounds matrices covered with a synthetic polymer28,29.
In comparison with synthetic scaffolds, natural biodegradable matrices have strong advantages, since
they preserve the extracellular matrix natural composition, they don’t release toxic products and play an
active role in cell behavior regulation, which affects its
proliferation, migration and differentiation30,31.
Currently, the effort lies in the creation of artificial or
hybrid materials mimicking the extracellular matrix using
a biological matrix fortified by synthetic materials32. The
combination of synthetic and biological materials has
already been successfully assayed in dogs. A hybrid
graft was used in a pediatric patient to treat a congenital
tracheal stenosis by associating a polpoly-e-caprolactone
biopolymer seeded with autologous stem cells and applying transforming growth factor b on the cartilage to
induce chondrocyte proliferation. A 2-year clinical follow-up was carried out with no complications observed33.
An important factor in graft generation is the bioreactor
as a device to contain the matrix, the cells and the molecules required to enable its interaction in tissue regeneration under ideal conditions. The culture environment
has to be dynamic, controllable and reproducible, and
it is essential for even cell distribution in the scaffold, as
well as for nutrient supply and detritus elimination. It also
provides with hemodynamic tension and shear forces to
promote tissue growth, such as angiogenesis, ciliary
function, metabolic activity and cell differentiation.
Tracheal grafts have been able to be constructed in
24 h, where the matrix surface is already covered by
cells. Construction success depends on the type of used
cell, culture conditions and scaffold properties. The range
of cell sources for tissue engineering keeps on growing.
The most widely used stem cells in these procedures are
fat tissue-, peripheral blood- and bone marrow-derived;
the latter possess high differentiation capacity. Chondrocytes have been obtained from auricular and costal cartilage, nasal septum, bone or joints to develop cartilaginous
tissue. Epithelial cells can be obtained from nasal or tracheal mucosa; these allow for the epithelial regeneration
required as a physical barrier that also regulates the
respiratory tract metabolic functions. During the first
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attempts to obtain a tracheal bioprosthesis in pigs, only
chondrocytes were used, which conferred mechanical
resistance to the graft in vivo, but got infected due to
the lack of epithelial cells serving as a barrier against
microorganisms. With epithelial cells addition in the
internal part of the graft, health tissue was generated,
with long-term survival34,35. A new in vitro culture system has been developed, known as co-culture, which
seeds nasal chondrocytes and respiratory epithelial
cells onto opposite sides of the collagen membrane36.
Recently, amniotic fluid and umbilical cord-obtained
stem cells have been experimentally used for the treatment of congenital stenotic conditions37. Walles et al.
decellularized a matrix without altering the structure
and the basal membrane, and seeded it with autologous endothelial progenitor cells to allow adequate
revascularization, as well as with bone marrow cells,
costal chondrocytes and respiratory epithelial cells.
The authors demonstrated that obtaining all tracheal
cell elements functioning, such as chondrocyte proliferation, the cartilaginous matrix, muscular tissue and
presence of ciliated epithelial cells is possible38.

Discussion
Tissue engineering is a rapidly growing interdisciplinary field with considerable potential to significantly
contribute to regenerative medicine. The development
of new strategies and technologies intended to create
tissues and complete organs ex vivo is exciting. The
future of tissue engineering lies in the search of new
alternatives in the generation of matrices without stopping from being commercially viable, considering that
a complex interaction of factors is required, such as
the variety of spatial and temporal signals. Thus, the
biology of the tissue and organ to be designed has to
be better known, especially the trachea.

References
1. Acosta L, Cruz PV, Zagalo C, Santiago N. [Iatrogenic tracheal stenosis
following endotracheal intubation: a study of 20 clinical cases]. Acta
Otorrinolaringol Esp. 2004;54(3):202-10.
2. Brichet A, Verkindre C, Dupont J, et al. Multidisciplinary approach to
management of postintubation tracheal stenoses. J Eur Respir.
1999;13(4):888-93.
3. Antón-Pacheco Sánchez JL, Cuadros García J, Villafruela Sanz MA,
Cano Novillo I, García Vázquez A, Berchi García FJ. [Tracheal stenosis:
individualized treatment]. Cir Pediatr. 2002;15(1):8-14.
4. Grillo HC. Tracheal replacement: a critical review. Ann Thorac Surg.
2002;73(6):1995-2004.
5. Jacobs JR. Investigations into tracheal prosthetic reconstruction. Laryngoscope. 1988;98(11):1239-45.
6. Cohen FC, Filler RM, Konuma K, Bahoric A, Kent G, Smith C. The successful reconstruction of thoracic tracheal defects with free periosteal
gratfs. J Pediatr Surg. 1985;20(6):852.
7. Birchall M, Macchiarini P. Airway transplantation: a debate worth having?
Transplantation. 2008;85(8):1075-80.

108

8. Schenke-Layland K. From tissue engineering to regenerative medicine-the
potential and the pitfalls. Adv Drug Deliv Rev. 2011;63(4-5):193-4.
9. Atala A, Bauer SB, Soker S, Yoo JJ, Retik AB. Tissue-engineered autologous
bladders for patients needing cystoplasty. Lancet. 2006; 367(9518):1241-6.
10. Svenja H, Schenke-Layland K. Tracheal tissue engineering: building on
a strong foundation. Expert Rev Med Devices. 2013;10(1):33-5.
11. Yang L, Korom S, Welti M, et al. Tissue engineered cartilage generated
from human trachea using DegraPol scaffold. Eur J Cardiothorac Surg.
2003;24(2):201-7.
12. Lopez-Vidriero MT. Mucus as a natural barrier. Respiration. 1989;55
Suppl 1:28-32.
13. Neville WE, Bolanowski PJ, Kotia GG. Clinical experience with the silicone tracheal prosthesis. J Thorac Cardiovasc Surg. 1990;99(4):604-12.
14. Conconi MT, De Coppi P, Di Liddo R, et al. Tracheal matrices, obtained
by a detergent-enzymatic method, support in vitro the adhesion of chondrocytes and tracheal epithelial cells. Transpl Int. 2005;18(6):727-34.
15. Macchiarini P, Jungebluth P, Go T, et al. Clinical transplantation of a
tissue-engineered airway. Lancet. 2008;372(9655):2023-30.
16. Badylak SF, Weiss DJ, Caplan A, Macchiarini P. Engineered whole organs and complex tissues. Lancet. 2012;379(9819):943-52.
17. Bayrak A, Tyralla M, Ladhoff J, et al. Human immune responses to
porcine xenogeneic matrices and their extracellular matrix constituents
in vitro. Biomaterials. 2010;31(14):3793-803.
18. Schenke-Layland K, Vasilevski O, Opitz F, et al. Impact of decellularization of xenogeneic tissue on extracellular matrix integrity for tissue engineering of heart valves. J Struct Biol. 2003;143(3):201-8.
19. Baiguera S, Birchall MA, Macchiarini P. Tissue-engineered tracheal
transplantation. Transplantation. 2010;89(5):485-91.
20. Petersen TH, Calle EA, Colehour MB, Niklason LE. Matrix composition
and mechanics of decellularized lung scaffolds. Cells Tissues Organs.
2012;195(3):222-31.
21. Hinderer S, Schesny M, Bayrak A, et al. Engineering of fibrillardecorin
matrices for a tissue-engineered trachea. Biomaterials. 2012;33(21):
5259-66.
22. Schaefer L, Schaefer RM. Proteoglycans:from structural compounds to
signaling molecules. Cell Tissue Res. 2010;339(1):237-46.
23. Jungebluth P, Go T, Asnaghi A, et al. Structural and morphological
evaluation of a novel enzymatic detergent tissue engineered tracheal
tubular matrix. J Thorac Cardiovasc Surg. 2009;138(3):586.
24. Macchiarini P, Walles T, Biancosino C, Mertsching H. First human transplantation of a bioengineered airway tissue. J Thorac Cardiovasc Surg.
2004;128(4):638-41.
25. Britt JC, Park SS. Autogenous tissue-engineered cartilage: evaluation as an
implant material. Arch Otolaryngol Head Neck Surg. 1998;124(6):671-7.
26. Okumu,s A, Cizmeci O, Kabakas F, Kuvat SV, Bilir A, Aydin A. Circumferential trachea reconstruction with a prefabricated axial bio-synthetic flap:
Experimental study. Int J Pediatr Otorhinolaryngol. 2005;69(3):335-44.
27. Kanzaki M, Yamato M, Hatakeyama H, et al. Tissue engineered epithelial cell sheets for the creation of a bioartificial trachea. Tissue Eng.
2006;12(5):1275-83.
28. Kojima K, Ignotz RA, Kushibiki T, Tinsley KW, Tabata Y, Vacanti CA.
Tissue-engineered trachea from sheep marrow stromal cells with transforming growth factor beta2 released from biodegradable microspheres
in a nude rat recipient. J Thorac Cardiovasc Surg. 2004;128(1):147-53.
29. Jungebluth P, Go T, Asnaghi A, et al. Structural and morphological evaluation of a novel detergent- enzymatic tissue-engineered tracheal tubular
matrix. J Thorac Cardiovasc Surg. 2009;138(3):586-93; discussion 592-3.
30. Kim BS, Baez CE, Atala A. Biomaterials for tissue engineering. World J
Urol. 2000;18(1):2-9.
31. Schmidt CE, Baier JM. Acellular vascular tissues: Natural biomaterials for
tissue repair and tissue engineering. Biomaterials. 2000;21(22): 2215-31.
32. Sato T, Tao H, Araki M, Ueda H, Omori K, Nakamura T. Replacement of
the left main bronchus with a tissue-engineered prosthesis in a canine
model. Ann ThoracSurg. 2008;86(2):422-8.
33. Elliott MJ, De Coppi P, Speggiorin S, et al. Stem-cell-based, tissue engineered tracheal replacement in a child: a 2-year follow-up study.
Lancet. 2012;380(9846):994-1000.
34. Vacanti CA, Paige KT, Kim WS, Sakata J, Upton J, Vacanti JP. Experimental tracheal replacement using tissue-engineered cartilage. J Pediatr
Surg. 1994;29(2):201-4; discussion 204-5.
35. Go T, Jungebluth P, Baiguero S, et al. Both epithelial cells and mesenchymal
stem cell derived chondrocytes contribute to the survival of tissue-engineered
airway transplants in pigs. J Thorac Cardiovasc Surg. 2010;139(2):437-43.
36. Pfenninger C, Leinhase I, Endres M, et al. Tracheal remodeling: comparison of different composite cultures consisting of human respiratory
respiratory epithelial cells and human chondrocytes. In Vitro Cell Dev
Biol Anim. 2007;3(1):28-36.
37. Kunisaki SM, Freedman DA, Fauza DO. Fetal tracheal reconstruction with
cartilaginous grafts engineered from mesenchymal amniocytes. J Pediatr Surg. 2006;41(4):675-82; discussion 675-82.
38. Walles T, Giere B, Hofmann M, et al. Experimental generation of a tissue-engineered functional and vascularized trachea. J Thorac Cardiovasc Surg. 2004;128(6):900-6.

