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Abstract

In June 2008, the world’s first whole tissue-engineered organ — the windpipe — was successfully transplanted into a 31-year-old lady,
and about 18 months following surgery she is leading a near normal life without immunosuppression. This outcome has been achieved
by employing three groundbreaking technologies of regenerative medicine: (/) a donor trachea first decellularized using a detergent
(without denaturing the collagenous matrix), (if) the two main autologous tracheal cells, namely mesenchymal stem cell derived
cartilage-like cells and epithelial respiratory cells and (/ii) a specifically designed bioreactor that reseed, before implantation, the in vitro
pre-expanded and pre-differentiated autologous cells on the desired surfaces of the decellularized matrix. Given the long-term safety,
efficacy and efforts using such a conventional approach and the potential advantages of regenerative implants to make them available
for anyone, we have investigated a novel alternative concept how to fully avoid in vitro cell replication, expansion and differentiation, use
the human native site as micro-niche, potentiate the human body’s site-specific response by adding boosting, permissive and recruit-
ment impulses in full respect of sociological and regulatory prerequisites. This tissue-engineered approach and ongoing research in
airway transplantation is reviewed and presented here.

Keywords: human trachea e decellularization ® autologous epithelial cells @ autologous mesenchymal stem cell
derived chondrocytes e clinical transplantation e bionic tissue engineering

Introduction

In 2008, a stem-cell based tissue-engineered windpipe was suc-
cessfully implanted in a young woman with end-stage post-tuber-
culosis left main bronchus collapse [1]. Her lung function was
normalized after implant and approximately 2 years later she has
a normal, active life and is in the workforce without immunosup-
pression, and with no immunological or clinical signs of rejection,
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to date. A small piece of history has been made by this achieve-
ment, being the first human transplant of a completely tissue-
engineered organ.

In fact, tracheal replacement had been attempted in animals
using a wide variety of autologous and synthetic tissues but
none had been proved effective in human beings [2-4] until we
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experimentally demonstrated that an efficient reseeding of a
donor trachea decellularized by using a detergent could be
achieved using autologous respiratory epithelial cells and mes-
enchymal stem cell (MSC)-derived chondrocytes [5]. This paved
the way for the first successful clinical transplantation of a fully
tissue-engineered organ, where a donor trachea was first decel-
lularized by using a detergent (without denaturing the collage-
nous matrix), recellularized in a bioreactor that reseeded the
recipients’ MSC-derived chondrocytes cells on the outer and res-
piratory epithelial cells on the inner surfaces of the scaffold, and
then implanted (Fig. 1).

The purpose of this review is to provide an overview of the
methods used to obtain bioengineered tracheal scaffolds and
discuss future directions and potential synergies between
recent scientific advances and regulations with the ultimate
goal for safe, effective and worldwide regeneration of func-
tional airway.

Rationales for tracheal transplantation

Today, the vast majority of benign or malignant tracheal lesions
can be resected and primary reconstruction is safely carried out
by end-to-end anastomosis. Unfortunately, when the disease
length extends to more than 50% of the total (in adults) or one
third (in small children) tracheal length, safe reconstruction is
impossible and a tracheal replacement desirable. According to
Belsey [6], a tracheal substitute must be laterally rigid, but longi-
tudinally flexible, and possess a surface lining comprising ciliated
respiratory epithelium. Furthermore, the conduit must be initially
airtight and become integrated into adjacent tissues, so that
chronic inflammation, granulation tissue, infection and erosion do
not occur. In addition, materials for tracheal replacement must be
biocompatible, non-toxic, non-immunogenic, non-carcinogenic
and must not dislocate or erode over time. |deally they should pro-
vide or facilitate epithelial resurfacing, avoid stenosis or late buck-
ling, resist bacterial colonization and avoid accumulation of secre-
tions. They must be permanent constructions. Finally, immuno-
suppressive therapy is undesirable for many reasons, especially
because, unlike heart or lung transplantation, tracheal transplant
is not a life-saving procedure.

Historical background

The apparent simplicity of the trachea encouraged investigations
lasting a century, with tubular tracheal replacement using different
potential substitutes like prosthetic materials, auto- and allografts
[2]. Solid or nonporous prosthetic replacements have not been
successful yet because these foreign materials cannot be incorpo-
rated by local tissues and there are problems of infection, dis-
lodgement, migration, extrusion and stenosis. Re-epithelialization,
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was, of course, impossible on the inner lumen and led to the for-
mation of granulation tissue or dehiscence at the interface
between the prosthesis and the native trachea, usually within sev-
eral months. Furthermore, solid tubes can never be removed,
because the connective tissue tract formed around them proceeds
to obstruct the new connective tissue formation and by contrac-
tion in the absence of a stent. For the above reasons, the non-
porous tracheal prosthesis is now seldom used clinically. Even
porous prosthesis was associated with an insufficient rate and
completeness of epithelial migration and central granulations,
cicatrization and stenosis could not be prevented.

Fresh or preserved allografts have been both experimentally
and clinically used as tracheal replacements. Fresh tracheal allo-
grafts early demonstrated to stenose, necrose, liquefy [7-10] and,
more important, to develop rejection without an immunosuppres-
sive therapy. It has been demonstrated that tracheal transplants
carry antigens [11] and that the human tracheal epithelium display
HLA-DR antigens that activate T lymphocytes and thereby trigger
graft rejection [12, 13]. Therefore, in order to reduce the anti-
genicity of the allograft itself and avoid its necrosis, several pre-
treatment approaches of allogenic tracheal grafts, e.g. radiation
therapy, chemical fixation (Tyrode’s solution, glutaraldeyhde, glyc-
erol or formaldehyde), lyophilization and cryopreservation, have
been reported both experimentally and clinically [2].
Allotransplantation of pre-irradiated tracheal grafts, without
immunosuppressive drugs, is feasible only using high radiation
doses and indirect omentum major vascularization [14].
Chemically treated tracheas, implanted as auto-, allo- or
xenografts, do not induce any rejection, but no cartilage and
epithelium development was reported [15]. Implanted cadaveric
formalin fixed allografts showed reduced allogenicity and com-
plete epithelization, but required frequent bronchoscopies to
remove exuberant granulation tissue and ultimately became com-
pletely malacic [16, 17]. Cryopreservation has been demonstrated
to have an immunomodulatory effect on several tissues resulting
in the loss of class Il HLA-antigen expression during freezing and
thawing [18-20]. It has been suggested that a long period of cry-
opreservation, increasing the degree of degeneration in both
epithelium and cartilage and reducing chondrocytes viability, may
help to maintain a better patency of tracheal allografts by prevent-
ing an allogenic response [21, 22]. Transplantation of cryopre-
served trachea allowed to preserve well the epithelium function
and histological characteristics, but cartilaginous ischemic
changes occurred [23—-25], probably due to a slow and inadequate
revascularization with insufficient graft blood supply consequently.
It has been, indeed, demonstrated that only revascularized, cryop-
reserved allografts inhibited allogenicity and maintained structural
functionality and integrity [26-28]. Results obtained clarified that
it is biological impossible that a death cartilage, regardless the
type of pre-treatment, could regenerate in a living tissue. Only a
living substitute, therefore vascularized, can pretend to fulfil the
anatomic mechanical and anti-infectious functions of the trachea
[29]. More recently, the Leuven Tracheal Transplant Group has
reported successful tracheal allotransplantation after withdrawal
of immunosuppressive therapy [30]. Indirect revascularization of
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Fig. 1 Steps towards completely tissue-engineered human trachea. A human donor trachea (A), (B) was decellularized (C), readily re-colonisated with
epithelial cells and MSC-derived chondrocytes (cultured from cells taken from the recipient [D]) via a dynamic bioreactor with internal rotation of the

graft (E) and used to successfully replace patient’s left main bronchus.

the graft was achieved by first placing the graft in a heterotopic
position (the recipient’s forearm fascia). However, the membra-
nous posterior wall of the allograft underwent avascular necrosis.
Its ‘success’ must be questioned.

Regenerative approach to tracheal
replacement

As mentioned above, prosthetic replacements, autologous tissue
transfer and allografts have so far failed to offer functional solu-
tions for the treatment of long circumferential tracheal defects.
Interest has therefore shifted increasingly to the field of tissue
engineering which applies the principles and methods of hioengi-
neering, material science, cell transplantation and life sciences in
an effort to develop in vitro biological substitutes able to restore,
maintain or improve tissue and organ function.

A variety of regenerative medicine approaches have been
proposed for airway replacement, ranging from collagen scaffolds
supported by silicones stents to cartilaginous tubes created by
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in vitro culture methods [31-34]. Again, none of these strategies
were adequate for tracheal replacement as a result of incomplete
epithelialization with associated stricture, or a lack of mechanical
integrity resulting in tracheomalacia [2]. To provide a biocompatible
tracheal substitute with sufficient biological stability to facilitate its
rapid epithelialization, several experiments have been conducted
using the trachea itself as tracheal bioprosthesis. This approach
relies on the fact that for tracheal cartilage reconstruction, complex
anatomically shaped scaffolds better support tissue development
than simple highly modelled designs [33].

Starting from the success of biological scaffolds derived from
decellularized tissues and organs in both pre-clinical animal stud-
ies and in human clinical applications, attention has been driven to
the possible use of decellularized tracheal matrix to realize func-
tional tracheal replacement. The main goal of the decellularization
approach is to remove most or all cellular and nuclear material
from the tissue/organ (making substitutes non-immunogenic),
without or minimally altering the composition, biological activity
and mechanical integrity of the remaining extracellular matrix
(ECM). The possibility of obtaining naturally biological devices
that maintain the natural ECM composition, do not release toxic
biodegradable products or induce inflammation, is of clinical
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relevance and has important advantages. In effect, a number of
ECM-derived devices and related decellularization protocols,
including human dermis, porcine SIS, porcine heart valves or
porcine urinary bladder have already received regulatory approval
for use in human beings [36].

To date, different decellularized matrices and decellularization
protocols have been studied to obtain a suitable acellular tracheal
graft. Small intestinal submucosa acellular matrices, used with or
without stent, perichondrial flap or allogenic cartilages patch, have
shown moderate success for small defects (less than half the cir-
cumference) with adequate structural support, but did not fully
restore functional tracheal tissue [37-39]. Urinary bladder matri-
ces, decellularized by peracetic acid, ethanol and deionized water,
either not or cross-linked with carbodiimide (to provide additional
mechanical support) were replaced with organized collagenous
connective tissue and intact epithelial layer, facilitating closure of
small-sized tracheal defects with no evidence of stenosis, tracheo-
malacia or inflammation. However, secretory, basal and ciliated
cells and glandular structures were not fully restored and no
evidence of cartilage formation was found [40]. A full thickness
patch of porcine tracheal matrix, decellularized by trypsin/
ethylenediaminetetraacetic acid (EDTA), deionized water and Triton
X-100 and lyophilized, showed a spare epithelialization and no car-
tilage formation [40]. Negative results of these approaches were
mainly related to the decellularization protocol used: acids,
trypsin/EDTA, Triton X-100, and lyophilization treatments are highly
efficient to remove cellular materials but cause disruption of gly-
cosaminglycans and substantially reduced laminin and fibronectin
ECM content, compromising the ability of the scaffold to provide
mechanical support during the remodelling process [36, 40, 41].
Moreover, lyophilization causes the lack of viable cartilage with
consequent absence of cartilage formation [40]. Using Meezan’s
detergent-enzymatic method (DEM) [42], we [43] obtained a decel-
lularized 10- to 15-cm-long porcine jejunal segment, which
reseeded with autologous costal chondrocytes, smooth muscle
cells, respiratory epithelium and endothelial progenitor cells,
resulted in an in vitro directly vascularized bioartificial matrix with
all cellular tracheal functioning elements [43]. Moreover, porcine
tracheal matrices, decellularized by the same method, resulted to
support in vitro adhesion of auricular chondrocytes and tracheal
epithelial cells [44]. Mechanical and immunological properties
studies of these tracheal constructs demonstrated that the DEM
process is a simple and effective method to bioengineer tracheal
matrices characterized by a preservation of their native structural
integrity, lack of immunogenicity [5] and sufficient length for clini-
cal interest.

Human tissue engineering tracheal
replacement

The traditional method to generate a human tissue-engineered
trachea bases on three key components: (/) a human donor
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trachea decellularized via a DEM, (i) autologous cells (MSC-
derived chondrocytes and epithelial cells) and (/i) a specific
designed bioreactor that reseeds the autologous cells on the
appropriate (external and internal) matrix decellularized
surfaces. Each of these three components are revised and
discussed herein.

Detergent enzymatic method

Our DEM procedure is based on several cycles of three washing
steps (distilled water, sodium deoxycholate solution and DNAse-
| solution) (Fig. 2). A key requirement is the determination of the
minimum number of detergent cycles to remove donor cells and
achieve implant immunotolerance, balancing this against the
retention of biomechanical properties. In our previous experience
with animal decellularized trachea, 17 cycles were able to pre-
serve matrices’ biomechanical strength and induce loss of anti-
genicity (removal of all MHC class | and class Il positive cells)
[5]. In human beings, 17 cycles were insufficient and a diffuse
immunoreactivity against both MHC class | and Il antigens was
still present, and this probably reflects the size discrepancy and
evolutionary difference scale between pig and human tracheas.
In effect, increasing the cycles from 17 to 25, epithelial cells and
glands completely disappeared, the few detectable chondrocytes
were distorted and mostly anuclear, and nearly all HLA™ cells
were removed from the tracheal matrices (Fig. 3). It is of vital
importance that MHC class | and Il disappear from the matrix.
MHC class Il antigens, normally expressed by the dendritic cells
of the trachea, function as antigen-presenting cells, and, hence,
their loss minimizes allograft rejection [12]. Instead, the pres-
ence of some cellular elements (mainly in the cartilaginous area)
could provide helpful signals, reduce the inflammatory response
and preserve mechanical properties of the graft [5]. Moreover, it
has been demonstrated that minor antigens expressed on cellu-
lar residues play a restricted part in clinical transplantation [1].
Another important feature of the DEM method, besides obtaining
grafts with unaltered ECM ultrastructure and biomechanics and
non-immunogenic, is the preservation of angiogenic factors, as
B-fibroblast growth factor (FGF) or transforming growth factor
(TGF)-B, within decellularized matrices [45, 46]. This is of vital
clinical importance because a similar expression contributes to
timely in vivo construct revascularization, solving, at least in
part, the problem of the absence of a functional microvascular
blood supply. The potential strength of our decellularization
method lies in the similarity to normal anatomy and biomechan-
ics that can be achieved. To this may be added observations of
improved angiogenesis and cell migration, hypothetically via
residual peptides left on the scaffold by the washing process,
and by the presence of MSCs. In other words, the decellularized
scaffold seemed to fulfil the properties of an ‘ideal matrix’,
namely biocompatibility, bioabsorbability, non-immunogenity,
support of cell attachment and growth, and an ability to induce
angiogenesis.
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Fig. 2 Tracheal decellularization process and potential solution to possible technical problems.

Fig. 3 After 25 cycles of the
detergent-enzymatic treatment
only few chondrocytes (A,
x50) and a mild immunoreac-
tivity against HLA-DR, HLA-DP,
HLA-DQ antigens (B; x200)
were still present. SEM micro-
graphs revealed that the basal
lamina was partially maintained
on the luminal surface (C),
whereas an irregular network of
collagen fibres was present on
the external one (D).
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Fig. 4 Rotational bioreactor developed for GMP processing and improved clinical handling and automation (A). Decellularized trachea, reseeded with
MSCs, placed into the bioreactor (B), which allows simultaneous air and liquid perfusion and sterile handling (C).

Autologous cells

Mesenchymal stem cell derived chondrocytes

The main issue in cartilage tissue engineering is to determine
which tissue-harvesting technique is the easiest, safest and mini-
mally invasive, and which the more suitable in vitro culture condi-
tions are to promote the retention of chondrocyte phenotype. The
main sources of cartilage are auricular, nasal septum, tracheal and
costal cartilage. Ear cartilage harvesting is the easiest, safest and
minimally invasive but its use as tracheal hyaline cartilage is sub-
optimal because ear cartilage is elastic and may not provide ideal
mechanical characteristics for making tracheal tissue. Moreover,
auricular chondrocytes may cause the long-term development of
intratracheal hair growth and sebum production with subsequent
risk of tracheal infection and mucous stasis [47]. Nasal septum
cartilage, in contrast, is very similar to the tracheal one and chon-
drocytes, and develops hyaline cartilage displaying excellent
mechanical properties [48, 49]. Tracheal and costal porcine chon-
drocytes have been demonstrated to have similar vitality and
metabolic activity, and the use of costal chondrocytes has been
suggested, the clinical harvesting of these cell types being less
invasive than others [50]. However, from a clinical point of view,
cartilage harvested from these regions has several disadvantages
including invasiveness of biopsy and eventually requiring loco-
regional and/or general anaesthesia. Recently, it has been shown
that bone marrow MSCs can be differentiated into chondrocytes
[51]. The use of these cells as a cell line source has several theo-
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retical and known advantages: bone marrow aspirates can be done
under local anaesthesia averting the risks associated with general
anaesthesia in critically injured patients; it is possible to obtain dif-
ferent cell types, sparing the patients from multiple procedures,
and mesenchymal progenitors can be in vitro expanded to consid-
erable numbers while retaining differentiation capacity [52, 53].
For these reasons autologous bone marrow MSCs have become
an interesting new alternative source with which to tackle cartilage
regeneration.

It is well known that once in vitro cultured, chondrocytes,
regardless their source, change their gene expression and over
several passages in culture go on to progressively lose their chon-
drogenic phenotype. It has been, indeed, demonstrated that main-
taining differentiated chondrocytes in monolayer culture induces a
shift of their biosynthetic profile to a fibroblast-like phenotype
[54], with a probable consequent in vivo formation of fibrocartilage
instead of hyaline cartilage in the implant [55]. On the contrary,
chondrocytes cultured in 3D conditions [50] or in macroaggre-
gates [56] remained vital, functional and with a stable phenotype.
It has been demonstrated that the addition of growth factors, such
as TGF-g, basic FGF (bFGF) and platelet derived growth factor-BB,
to the culture medium of human chondrocytes greatly increases
cellular proliferation rate, ECM production and the re-expression of
a chondrogenic phenotype in 3D cultures [57-59]. Moreover, the
use of growth factors in MSC expansion medium, prior differentia-
tion, has been shown to have a significant effect on the ability
of human MSCs to undergo chondrogenesis [52, 53, 60, 61].

© 2010 The Authors
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Fig. 5 Bionic concept towards worldwide tissue-engineered tracheal replacement. The retrieved human tracheas are kept at —4°C and can be stored up
to 11 months. Operations can be made as an elective procedure and purely intraoperatively (eliminating the need of human cell transportation, manip-
ulation): a bone marrow aspiration of 30 to 60 ml needs to be centrifugated and then seeded on the tracheal matrix, without any further cell manipula-
tion (thereby it will not be a cell therapy nor and advanced therapy). The own patient’s stem cells can be activated, controlled and induced to differen-
tiation and proliferation by means local and systemic recruitment, boosting, permissive and commitment factors.

TGF-B induction of a controlled differentiation of MSCs to
chondrocytes was first described by Johnstone [62], using a high-
density pellet culture of MSCs. The Hollander group has recently
described methods for consistent growth of MSCs using bFGF to
minimize variability between patients [63] and parathyroid
hormone related protein to prevent terminal hypertrophic differen-
tiation of MSC-derived chondrocytes [64] and reduce the risk of
calcification of implanted cartilage. Based on these results, we
cultured bone marrow MSCs in the presence of bFGF and induced
their chondrogenesis with TGF-B3, dexamethasone and insulin in
the presence of recombinant parathyroid hormone related protein.
This in vitro culture approach permitted us to obtain vital, func-
tional and phenotypically stable chondrocytes [1, 65].

Epithelial respiratory cells

Experimental and clinical studies in the development of tracheal
prosthesis have demonstrated that the lack of an epithelial lining
on the luminal surfaces is a critical factor involved in scar, and
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subsequent stenosis, formation [66, 67]. As a matter of fact, the
airway epithelium regulates an array of airway functions, including
control of lung fluid balance, attraction and activation of inflamma-
tory cells, metabolism and clearance of inhaled agents, and regu-
lation of airway smooth muscle function. To obtain an in vivo fully
developed respiratory epithelium, a main role is played by the
in vitro epithelial cell culture conditions. Indeed, primary epithelial
cells are not always easy to culture and it has been demonstrated
that tracheal epithelial cells dedifferentiated rapidly with increased
passage number. Cells grown on rat tail collagen gels could be
passaged four times without losing their ability to secrete mucins;
however, increasing passages, the number of ciliated cell (native
epithelium is approximately 90% ciliated) rapidly declined [68].
Yoon et al. [69] were unable to grow differentiated human nasal
epithelial cells beyond the third passage. Yamaya et al. [70]
suggested the importance of an air-interface system and of an
appropriate growth substratum (vitrogen gel and Ultrosed G) in
determining the differentiation level of primary human tracheal
epithelium cultures. The same group demonstrated that culture
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Fig. 6 The mRNA expression profile of the erythropoietin receptor and of
the tissue protective submit of the erythropoietin receptor (3-CR) in dif-
ferent mouse tissues. GAPDH was used as a housekeeping gene (PCR).

media with high concentration of retinoic acid and Ca®" levels
induced a pseudo-stratified differentiation of primary epithelial cell
cultures [71]. However in the study, no key factor in the composi-
tion of the partially defined media could be identified. Recently,
Pfenninger et al. [72] suggested that (/) a basal lamina-equivalent
of collagen fibres, (if) extracellular factors secreted by fibroblasts
and (/i) the creation of an air-liquid interface systems are the
three key factors necessary to induce epithelial cells differentia-
tion. However, these conditions are quite complex and the need for
a fibroblast feeder layer persists. A simple method for reliably cul-
turing and expanding primary human airway epithelial cells from
normal individuals has been developed by Rees et al. [73]. The
cells, grown in specific serum-free medium, supplemented with
bovine pituitary factor and epidermal growth factor (removing the
need for fibroblast feeder layer), were successfully expanded to
passage 4, with epithelial morphology confirmation in each pas-
sage [73]. The application of this protocol allowed us to obtain
stable and differentiated cultures of epithelial cells at the fourth
passage [1]. However, some uncertainty about precisely which
epithelial sources are best for particular tissue-engineering chal-
lenges still remains. Epithelial cells can be harvested from the
nasal or bronchial mucosa. Although it has been described how
nasal epithelial cells can be cultured for tissue-engineering pur-
pose [74], in our clinical study, their proliferation rate was too fast
and apoptosis occurred in earlier passages than bronchial cells.
As consequence, only bronchial cells were used for graft develop-
ment. More detailed studies will be necessary to say whether nasal
or bronchial epithelial cells provide a more efficient and effective
source with which re-epithelialize airway grafts.

Bioreactor

Bioreactors can play a pivotal role in the field of tissue engineer-
ing and mass applicability because they assist and favour the
interaction between biomaterials and the patients’ own cells. A
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Bionic Tissue Engineering (BiTE)
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Fig. 7 Bionic tissue-engineering concept.

bioreactor can act as a containment, a GMP compatible produc-
tion unit and as a transport device. In the past, the development of
hybrid tissues using stem cell types in a hierarchical and tissue-
specific arrangement has been plagued by a shortage of suitable
bioreactors. Following bionic principles, several bioreactors, with
different operating parameters and environmental conditions,
have been developed depending on tissue types and respective
clinical applications [75-80].

Dynamic culture systems can offer several important advan-
tages compared with the static ones: more uniform cell distribu-
tion in the scaffold, fluid flow can enhance mass transfer, nutrient
supply and waste removal, while hydrodynamic shear stress,
compression, pressure and stretch can enhance cell metabolic
activity, proper differentiation, matrix secretion with consequent
positive influences on tissue development. Regarding tracheal
bioreactor-based tissue-engineering technology, it has been
demonstrated that rotational bioreactors induced the development
of a more functional cartilage tissue respect to static one [81].
Moreover, Tan et al. [82] shown that a continuous medium flow
inside chondrocytes-poly (ethylene glycol)-terephthalate-poly
(butylene terephthalate) scaffold cultures effectively combines
chondrocyte seeding and culture systems for the reconstruction
of tissue-engineered trachea. Lin et al. [83] demonstrated that
chondrocytes, seeded on a poly(e-caprolactone)-type Il collagen
scaffold and grown in a rotational bioreactor, were well organized,
aligned along the flow direction and achieved morphology similar
to that of native tracheal tissue, confirming that shear stress plays
an important role in regulating cell function. Moreover, they sug-
gest that an air-liquid bioreactor could provide essential oxygen
and nutrient transport between chondrocytes and the culture
media [83]. However, the developed bioreactor was suitable only
for short tracheal segment grafts (1-2 cm long) and only for chon-
drocyte cultures and no epithelial cells seeding has been consid-
ered. For our stem cell-derived tissue-engineered trachea, two
main key requirements for the bioreactor have been considered:
the provision of different culture conditions on either side of the

© 2010 The Authors

Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



organ wall and the need for adequate mass transport of gases and
nutrients within the construct that have to be more than 4 cm long
to be clinically useful. Upon these criteria, the basic principles of
the previously used bioreactor development have been: (/) the
bioreactor should be constitute of two separate sterile compart-
ments addressing the requirements of seeding and culturing of
different cell types on either side of the tubular matrix; (/i) the
device should rotate in order to move cells alternately between lig-
uid (medium) and gaseous (air) phases, to enhance oxygenation,
supply nutrient and remove waste, (/ii) to rotate the construct, the
system controlled DC motor should be isolated from the culture
chamber, (iv) hydrodynamic stimuli should be present to promote
metabolic activity and proper cells differentiation and (v) the dif-
ferent pieces constituting bioreactor should be autoclavable, ease
to sterile handing, reliable and compatible with good laboratory
practice. The mathematical studies on the base of bioreactor
development, bioreactor characteristics and properties have been
recently reported in detail by Asnaghi et al. [84]. The double-
chamber bioreactor allows obtaining expansion and migration on
the scaffold of two autologous cell types with different media
requirement, to maintain construct oxygenation despite the thick-
ness of the implant wall, to properly re-personalize a donor tra-
chea and to successfully perform the first engineered airway
transplantation without the need of any immunosuppressive ther-
apy [1]. The bioreactor could eventually be further optimized to
improve safety, standardization and traceability of the whole
process (with a complete automation of the system), promote ori-
entated ciliary function (with flow stimuli to the internal bioreactor
compartment) and trigger angiogenesis (with radial-flow pressur-
ized liquid perfusion inside the scaffold). Presently, we are evalu-
ating a further bioreactor technology that previously has been suc-
cessfully developed for automation and GMP processes in liver
cells regeneration [75] — it allows simultaneous air and liquid per-
fusion and has been optimized for sterile handling in a clinical
environment [76]. This bioreactor has been tested in a number of
preclinical and clinical applications, especially in the cardiovascu-
lar field (heart valve and vessel), and recently also for a tracheal
preparation process, providing GMP conditions for implant man-
ufacture (Fig. 4).

Ongoing progress

Can tissue engineering ever translate into a social technology
available for everyone? Presently, there are no satisfactory solu-
tions available to treat the estimated 19,000 patients suffering
from large airway diseases in the EU each year [85, 86]. Our
recent clinical success is highly encouraging, but also serves to
highlight the scientific, clinical and translational bottlenecks stand-
ing in the way of full integration of this regenerative medicine tech-
nology into routine clinical care.

Most of the biotechnological and surgical community are
preparing themselves to move from non-viable implants to viable

© 2010 The Authors
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ones with great expectations. This will be paralleled to a clinical
redefinition of the term ‘implant biocompatibility’ (which will
include also the aspects of integration or assimilation into the
host) and will require the development of interacting, intelligent
implants with micro-environmental ‘sensory’ functions, capable of
rapid and sustainable remodelling and differentiation inside the
patient. As a consequence, for future implant therapies it will be
essential to develop materials that could ‘contribute’ with physio-
logical signalling to the future tissue components (i.e. the cells)
and scaffolds that could be shaped directly by the recipient’s autol-
ogous cells. This is a formidable task to solve by the molecular
and material sciences because nature has evolved not only the
ECM but also molecular and cellular signalling, which is com-
posed of a complex interplay essential to maintaining normal tis-
sue architecture and function. This complexity has been widely
neglected by conventional tissue-engineering approaches as it has
not yet mimicked successfully. Moreover, bioreactors, as
described above, can only assist in inducing a conditioning of the
scaffolds with cells as a basis for remodelling.

The positive control of the implant’s fate in a therapeutic
patient environment is what we want to describe as the holy grail
of stem cell therapy and tissue engineering. Referring to our tra-
chea technology this indispensable aspect relates to the persist-
ence and formation of cartilage rings, lack of scar formation, qual-
ity and quantity of re-epithelialization or in short: the presence and
performance of the right cells, the right matrix in the right place at
the right time!

Bionic airway tissue-engineered replacement

Currently, engineering a 3D construct such as a trachea is com-
plicated not only from the cell biology point of view but also
because the organizational efforts of tissue engineering are
indeed formidable. Typically, first a biopsy of tissue has to be
taken, and then cells are expanded, reprogrammed and differen-
tiated, often in 2D environments and almost for 2 weeks. Then
cells are seeded on a scaffold using a bioreactor to accommodate
the 3D graft. Thereafter the individualized ‘living graft’ is rapidly
transported, with sterility precautions, to meet a scheduled oper-
ative intervention just in time [1]. This represents a generic limi-
tation that is unique to cell culture. As we showed previously in
cardiovascular systems and in our conventional approaches [87],
in vitro cell culture can transform cells, cause oncogene activa-
tion, impose sterility risks and lead to qualitative and functional
changes. Moreover, in vitro cell selections change multipotency
in what may well be a too simplistic perception of what is really
needed for a perfect graft. Multipotency and its differentiation
control is a volatile good in conventional cell culture but achiev-
able for a temporary phase. Tissue-derived progenitors and most
likely many other mesenchymal cell types express unique charac-
teristics known from bone marrow cells [88, 89], which indicates
that we have stem cells as a first line of defence in most tissues
and probably only one single underlying mechanism of regenera-
tion induction.
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From a regulatory (Guidelines for ATMP and FDA) [90] and
costwise point of view these procedures represent a hurdle that
unlikely will allow availability of individualized implants in every
region of the world. Realistic graft prices are beyond reach for a
large part of mankind already. If it takes weeks to prepare these
grafts, significant costs are justified, but often not enough to
maintain the companies that manufacture them. Under the current
regulatory requirements the grafts are treated like pharmaceutical
drugs and a distribution license equivalent to a normal drug is
required. These individualized methods result in ‘advanced ther-
apy medicinal products (ATMP)’, which require a centralized
approval by centralized agencies and include somatic cell therapy
and tissue engineering [90]. On the other hand, the use of the
patients’ own cells implies that these cells are the property of the
patient to begin with and they cannot be standardized as well.

The reasons why tissue engineering does not evolve as a social
technology available for everyone in any social setting are then
clear: current products are too expensive and risky from a manu-
facturing point of view. A standard comparable to a normal drug
production situation cannot even conceptually be ever achieved,
because the basic components are individualized and cannot be
standardized like a ‘normal drug’ having a defined chemical iden-
tity. What has been lacking is a technology that realizes the social
potential of stem cell therapy and, at the same time, leads to the
highest level of standardization and safety of use. In short, an
industrialization technology is needed for something that cannot
be industrialized. But individualization per se appears contrary to
any strategy of mass availability. Just like the invention of the con-
veyer belt allowed Ford to go into mass production of cars with the
Model T, the real shortage in tissue engineering has been the lack
of a technological solution that allows ‘mass availability’ and
would eliminate the current limitations in manufacturing.

Having put our fingers into the wounds of current teaching and
practice of preparing bioartificial tissues we want to formulate an
answer with respect to technological and clinical sustainability. The
solution comes from full respect of sociological and regulatory
prerequisites [90, 91] with the introduction of a technology that
dramatically accelerates the speed of preparation of the implant.
The manufacturing of the graft should not require 2-3 weeks,
but should be done within minutes to make, as e.g. a trachea, a
heart valve or any other tissue of choice. The whole process is ide-
ally done intraoperatively and eliminates the need to send cells to
laboratories. This solves the limitations of logistics, unnecessary
anaesthesia and also cost. In the hands of the doctor treating the
patient and not leaving the operating room, the process fully com-
plies with current regulatory requirements (Fig. 5). The product is
not the implant, but the process to make the implant as part of a
therapy. This is the safest methodology existing with respect to
avoiding transformation, infectious risks and increasing quality.
The scaffold must be such to be able to react to remodelling stim-
uli and ideally all is prepared using fully closed GMP compliant
one-way devices [79, 75, 92].

This technological solution is characterized by the fact that
in vitro cell replication is fully avoided. We have recently discov-
ered that many tissues express erythropoietin receptors and the
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tissue protective submit of the erythropoietin receptor (-CR,
Fig. 6). This molecule acts as a boosting accelerator in the
regeneration process: erythropoietin-coated implants, such as
trachea and valves have been implanted and a successful dra-
matic enhancement of tissue integration has been obtained in
large pig models (Macchiarini P., unpublished results). We have
also shown a significant advancement in wound healing in
patients and reported similar effects in hepatic progenitors
using the relating compound thrombopoietin [93]. We have
used erythropoietin as a ‘boosting factor’ to enhance remodel-
ling, reduce inflammation and activate stem cells to propagate
and to protect against ischemia [94]. A site-specific activation
process is provided according to our bionic concept by the local
wound. During injury, permissive factors (i.e. trauma cytokines)
are released and these factors represent a permissive situation
of wound healing. Recruitment factors can be added to increase
the number of stem cells both in situ and in the peripheral cir-
culation (granulocyte macrophage-colony stimulating factor
[GM-CSF], G-CSF) in addition or alternatively to in situ loading
of the graft with intraoperativatively prepared stem cells. The
control of multipotency is achieved by shifting cells towards a
commitment. In our case, using TGF-B as a commitment factor,
the in vivo differentiation towards cartilage rings with the goal
of long-term sustainability could be achieved. These concepts
extend the intrinsic micro-niche concept by adding triggering
impulses to a receptive environment if needed. A result of such
an approach is fast and efficient remodelling, that is 40-50%
faster over a non-stimulated control and we have shown in
ongoing large animal trials for trachea and heart valve engineer-
ing that this concept is fully in vivo applicable (Macchiarini P,
personal communication).

This bionic tissue-engineering concept benefits from the innate
mechanisms of site-specific wound repair using them as co-
triggering events and from the body’s capacity to formulate a
site-specific response independent form the type and location of a
tissue (Fig. 7). Human stem cells likely have receptors for those
factors, e.g. erythropoietin and interleukin-6 and sense ischemia.
If a co-stimulation occurs in the presence of an appropriate scaf-
fold, the cells are triggered to achieve a strong and high-quality
remodelling activity that is better, faster and more tightly
controlled than in any in vitro activity. Thus, the evolutionary
human limitation of being unable to regenerate large defects may
be overcome in a very rapid manner without limits to a type of
tissue or its location inside the human body.

Conclusions

The prospect of being able to build customised, non-immunogenic
tracheas via tissue engineering is attractive. The potential
strengths of the decellularized scaffold approach lie in the similar-
ity to normal anatomy and biomechanics that can be achieved, its
ability to permit autologous cells attachment, epithelial resurfac-
ing, a vigorous angiogenesis and remodelling, and reduced
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non-immunogenicity without need of immunosuppresion.
However, there are many questions that urgently need to be
addressed to make this technology universally available, and the
Moreover, it opens the door to the development of cell-based
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