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Clinical transplantation of a tissue-engineered airway
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Summary

Background The loss of a normal airway is devastating. Attempts to replace large airways have met with serious
problems. Prerequisites for a tissue-engineered replacement are a suitable matrix, cells, ideal mechanical properties,
and the absence of antigenicity. We aimed to bioengineer tubular tracheal matrices, using a tissue-engineering
protocol, and to assess the application of this technology in a patient with end-stage airway disease.

Methods We removed cells and MHC antigens from a human donor trachea, which was then readily colonised by
epithelial cells and mesenchymal stem-cell-derived chondrocytes that had been cultured from cells taken from the
recipient (a 30-year old woman with end-stage bronchomalacia). This graft was then used to replace the recipient’s left
main bronchus.

Findings The graft immediately provided the recipient with a functional airway, improved her quality of life, and had
a normal appearance and mechanical properties at 4 months. The patient had no anti-donor antibodies and was not
on immunosuppressive drugs.

Interpretation The results show that we can produce a cellular, tissue-engineered airway with mechanical properties
that allow normal functioning, and which is free from the risks of rejection. The findings suggest that autologous
cells combined with appropriate biomaterials might provide successful treatment for patients with serious clinical

disorders.

Funding Ministerio de Sanidad y Consumo, Instituto de Salud Carlos III, Fondo de Investigacién Sanitaria, Spain;
Charles Courtenay-Cowlin Fund, University of Bristol; UK Arthritis Research Campaign; and the James Tudor

Foundation.

Introduction

Large airway defects present a major problem for
clinicians because of the absence of effective methods of
treatment. Tracheal resection with primary repair is the
only curative treatment in patients with several benign
or malignant processes.' However, the resectable length
is restricted to 30% of the total length in children or 6 cm
in adults, and replacement of longer sections will only
be feasible if a safe, functional tracheal replacement can
be developed. Attempts to provide autologous or
synthetic grafts for human application have been
disappointing.**

Tissue bioengineering already has provided functional
human organ replacements elsewhere.’* Previous
preclinical airway experiments have been too lengthy and
complex for routine clinical application,” or relied on
non-biological matrices.* We have used mouse and pig
models to develop a streamlined process in which
autologous epithelial and mesenchymal stem-cell-derived
chondrocytes are seeded onto a decellularised donor
tracheal scaffold and matured in a novel bioreactor
system. Encouraged by the in-vitro generation of short
but vital tracheal matrices® and by the absence of an
immunological response to allografted and xenografted
tracheal constructs in animals,” we aimed to bioengineer
tubular tracheal matrices longer than 6 cm, and to assess
the application of this technology in a patient with
end-stage airway disease.
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Methods

The recipient

A 30-year-old woman presented in 2004 with dysphonia
and cough due to tuberculous infiltration of the cervical
trachea and entire left main bronchus. A CT scan showed
a circumferential, near-occlusive 3 cm airway stenosis
starting 2 cm subglottically, and a hypoplastic left main
bronchus with expiratory collapse. The mycobacterial
infection was successfully treated over the next 6 months
but severe dyspnoea persisted. Histology showed
squamous metaplasia without residual infection, and we
made a diagnosis of post-tuberculous chronic tracheitis
and secondary severe bronchomalacia of the left main
bronchus. Subsequently, the tracheal stenosis was
successfully treated with a subglottic resection with
primary end-to-end anastomosis, followed by placement
of a Dumon stent in the patient’s left main bronchus.
The stent was poorly tolerated and, despite multiple
endoscopic  toilet, replacement or repositioning
procedures, recurrent episode of pneumonitis in her left
lower lobe, untreatable cough, and mucous retention
occurred; therefore, we removed the stent. In March, 2008,
the patient was admitted with severe dyspnoea that
rendered her unable to do simple domestic chores. We
did virtual endoscopy using volume-rendering CT
(figure 1A and 1B) to confirm a normal cervical airway
but there was a substantial reduction in the calibre of the
left main bronchus (residual diameter of 4 mm), a fixed
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Figure 1: Volume-rendering CT (A and C), and virtual bronchoscopic (B and D) reconstructions before (A and B) and 1 month after (Cand D) engraftment of

tissue-engineered trachea to replace left main bronchus

Terminal long segment narrowing (arrow) is completely reversed after surgery. A phrenic-nerve paresis was present postoperatively on the operated side, but it did

not compromise lung function, and disappeared 2 months postoperatively.

stenosis (maximal 1- 2 cm from carina), cranial dislocation
with compression by the aorta, and complete expiratory
collapse. Tests showed a right-to-left ventilatory shunt
with preserved perfusion and severe hypoxia at rest,
whereas lung function tests were highly abnormal (table).
At this point, the only conventional option remaining
was left carinal total pneumonectomy, since the cranial
dislocation of the affected bronchus prevented further
main-sleeve resection. However, such a strategy can
result in high mortality rates, and perioperative and
long-term morbidity. Therefore, and on the basis of our
successful preclinical work, we proposed the complete

resection of the left main bronchus and its replacement
with a bioengineered human trachea. In case further
salvage was needed thereafter, we counselled that it
would not preclude subsequent carinal pneumonectomy.
Patients provided written informed consent.

Preparation of an airway matrix

A7 cm tracheal segment was retrieved from a 51-year-old
white female transplant donor who had died of cerebral
haemorrhage (blood type O, and negative viral, treponemal,
and B-human chorionic gonadotropin serology). All loose
connective tissue was removed, and the trachea rinsed in
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phosphate buffered saline (PBS) containing 1% penicillin,
1% streptomycin, and 1% amphotericin B (all Sigma,
Barcelona, Spain). We applied 25 cycles of the
decellularisation protocol as previously reported® over
6 weeks, with the following modifications. Briefly, tissue
was stored in distilled water for 72 h, then incubated in
4% sodium deoxycholate and 2000 kU deoxyribonuclease I
in 1 mmol/L sodium chloride (Sigma Chemicals,
Barcelona, Spain). We verified the presence of cellular
elements and MHC-positive cells histologically after each
cycle. After we allowed for the periodic removal of sections
for histology, a final graft length of 6-5 cm was obtained,
which was reduced to 5 cm intraoperatively to fit the
defect.

Histology, immunohistology, and immunofluorescence
histology of matrices

To quantify the remaining cells after each detergent
enzymatic cycle, we stained ten representative
5 pm paraffin-embedded sections of the matrix with
4’-6-diamidino-2-phenylindole (DAPI, Vector Labora-
tories, Burlingame, CA, USA), and counted the total
number of nuclei with fluorescence microscopy (mean
nuclear countx105 per pm2 [SD]). For morphological
assessment, we stained adjacent, paraffin-embedded
sections with haematoxylin and eosin (both Merck,
Darmstadt, Germany). We measured MHC antigen
expression in human tissue by use of primary anti-human
HLA-DR, HLA-DP, HLA-DQ antibodies (all three BD
Biosciences, Oxford, UK) and HLA-ABC antibodies
(Abcam, Cambridge, UK), secondary antibodies
(Vectastain ABC kit, Vector Laboratories), and then a
peroxidase substrate kit (DAB, Vector Laboratories). For
negative controls, we omitted the primary antibody.

We subjected cellular brushings from the external
surface of the seeded matrix preimplantation and from
the graft lumen 4 days postoperatively to triple-colour
immunofluorescence,® with a mouse anti-human
monoclonal antibody to collagen II (Abcam) to confirm
the presence of chondrocytes, an anti-human monoclonal
antibody to cytokeratins 5 and 8 (BD Biosciences) to
identify epithelial cells, and stained for nuclear DNA with
DAPIL.

Preparation of recipient’s autologous epithelial cells

We took bronchoscopic biopsy samples of the right main
bronchial mucosa and rhinoscopic biopsy samples of the
right inferior turbinate mucosa from the recipient under
local anaesthesia and sedation, and placed them in PBS
at 4°C. Since bronchial epithelial cells grew far more
readily than did nasal cells, we used only the bronchial
cells subsequently for graft development.

Biopsy samples were transported in ice-cold PBS
containing penicillin (100 U/mL) and streptomycin
(100 pg/mL) (both Sigma-Aldrich, Dorset, UK). We
placed the samples in 70% ethanol for 30 s and then in a
solution containing 5 mL 1% trypsin (Sigma-Aldrich),
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December, 2007 August, 2008

September, 2008

resistance. SGaw=specific airways conductance.

(before surgery) (2 months after surgery) (3 months after surgery)
FVC (L) 2:35 (62%) 3-81(100%) 3-86 (100%)
FEV, (L) 175 (55%) 317 (100%) 3.25 (100%)
FEV,/FVC 074 0-95 0-99
Raw (kPa/Lxs) 557 3:06 331
SGaw (kPa's™) 0-058 0122 0-213

A substantial reduction in forced expiratory volume in 1's (FEV,) and a smaller but significant reduction in forced vital
capacity (FVC) occurred preoperatively. A complete reversal of airway obstruction, a substantial amelioration in airway
resistance and conductance occurred postoperatively. Ratio of FEV, to FVC in healthy adults is 0-75-0-80; Raw=airway

Table: Lung function test results

15 mL PBS, and 800 pL penicillin and streptomycin in a
centrifuge tube overnight at 4°C. At 24 h, we warmed the
tissue to 37°C for 45 min and then disrupted it by repeated
vigorous pipetting with a plugged glass pasteur pipette.
We neutralised the trypsin solution with complete
medium (Dulbecco’s modified Eagle medium [DMEM],
Invitrogen, Paisley, UK), containing 10% fetal calf serum
(PAA, Yeovil, UK), penicillin (100 U/mlL), and
streptomycin (100 pg/mL). We repeated the dissociation
process, and centrifuged the cell suspension at
1000 revolutions per min for 10 min. We resuspended
the cell pellet in complete DMEM, seeded the cells in a
final volume of 5 mL in 25 cm? flasks, and incubated the
cultures at 37°C, 5% CO, for 2-3 days for adherence. We
then changed the culture medium to keratinocyte
serum-free medium (Invitrogen), supplemented with
25pg/mLbovine pituitaryextract,0-4 ng/mL recombinant
epidermal growth factor, and 0-03 mmol/L calcium
chloride. We changed the culture medium every 5 days.

We subjected cytospins of cultured autologous
recipient epithelial cells at first passage to dual-colour
immunofluorescence histology for cytokeratins 5 and
8 as above, counterstained with DAPI to confirm
epithelial phenotype before attachment to the matrix in
the bioreactor. All cells in epithelial culture stained
positive for cytokeratins immediately before seeding,
and we did not detect any fibroblasts morphologically
and immunohistologically.

Preparation of recipient’s autologous chondrocytes

We prepared chondrocytes as previously described." We
added each 10 mL volume of bone-marrow aspirate,
taken on the day of culture, to 40 mL of complete
medium (DMEM, containing 1000 mg L-glucose,
Sigma-Aldrich), 10% fetal bovine serum (Autogen
Bioclear, Wilts, UK), 100 U/mL penicillin,
100 pg/mL streptomycin, and 2 mmol/L GlutaMax-I
(Invitrogen) in a centrifuge tube. After centrifugation
of the cells for 5 min at 600 g, we removed the fat layer
and supernatant, and resuspended the cell pellet
containing mesenchymal stem cells in 20 mL of
complete medium. We counted cells and seeded them
in 175 cm? vented flasks at a density of 1-1x106 per mL
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Cells and matrix
construct

Culture
medium

Figure 2: Bioreactor developed for airway tissue engineering

(A) Schematic lateral view, highlighting the rotation of the matrix around its longitudinal axis. The design has separate compartments for lumen and outer surface,
and is regularly rotated through a motor to apply the sheer stress needed for growth, distribute nutrients and waste, and ensure even exposure to applied cells.
(B) The sealed device. (C) Bioreactor with the graft in situ. (D) Bioreactor after removal of the graft. (E) The final graft immediately before surgical implantation.

with 5 ng/mL basic fibroblast growth factor (PeproTech,
London, UK). We incubated the cells undisturbed at
37°C in a humidified 5% CO, atmosphere for 72 h for
promotion of adherence, and replaced the medium
with fresh complete medium containing basic fibroblast
growth factor every 3 days. When cells reached
90% confluence, we removed the medium and washed
the cells once with Hanks’ balanced salt solution and
then passaged them with 0-25% trypsin-EDTA (edetic
acid, Invitrogen). At each passage, we seeded the cells
at a density of 1x106 per mL. To induce chondrocyte
differentiation, we changed the culture medium to
complete medium containing 10 ng/mL of recombinant
human transforming growth factor-f 3 (R&D Systems,
Abingdon, UK), 10 nmol/L recombinant parathyroid
hormone-related peptide (PeproTech), 100 nmol/L
dexamethasone, and 10 pg/mL insulin (both
Sigma-Aldrich, Dorset, UK), and incubated the cells
for 72 h. No fibroblasts could be detected in the
chondrocyte culture before seeding.

Bioreactor design

For the present application, we designed a novel
bioreactor to simultaneously address the requirements
of seeding and culturing of different cell types on either
side of a tubular matrix; nutrient supply and waste
removal; biomechanical cuesin the form ofhydrodynamic
shear stress; and autoclavability, ease of sterile handling,
reliability, and precision compatible with good laboratory
practice. The device rotated the airway construct around
its longitudinal axis in culture medium tailored to the
requirements of both cell-types, moving cells alternately
between liquid (medium) and gaseous (air) phases
(1-0-1-5 revolutions per min; figure 2). A polysulphone
chamber housed the medium and construct, which was
rotated by a subsystem-controlled DC motor isolated
from the culture chamber. Secondary elements induced

continuous mixing of the culture medium to increase
oxygenation, and the exchange of nutrients and cata-
bolites to and from the adhering cells.

Seeding of cells

We seeded the recipient’s cultured cells onto the matrix
within the bioreactor. We detached the chondrocytes
from culture flasks, diluted them with medium (1x106cells
per mL), and applied them longitudinally to the external
surface of the matrix with a microsyringe. Concurrently,
we seeded the internal surface with the same density of
epithelial cells through a separate access of the holding
cylinder. Every 30 min, we rotated the matrix 90 degrees
until all surfaces had been completely exposed to cells.
Cell medium was added (75 mL externally, 4 mL internally)
and rotation started at 1-5 revolutions per min
(37°C, 5% CO,). We changed the external medium
(chondrocytes) every 48 h and internal medium (epithelial
cells) every 24 h, and tested the extracted medium for
microbial colonisation. The total period of bioreactor
culture was 96 h.

Graft implantation

After general anaesthesia and double-lumen endotracheal
intubation, we did a left posterolateral thoracotomy (fifth
intercostal space) and carefully dissected and fully
mobilised the distal trachea, left main bronchus, and the
left recurrent and phrenic nerves of the recipient. We
then resected the left main bronchus, recreating its
take-off on the lateral aspect of the distal trachea via a
2 cmx2 cm orifice, and preserving distally the upper lobe
take-off and the lobar carina. We then cut the graft to
shape, and anastomosed it end-to-end proximally and
distally as previously described.” Fitting to the two
lumens of different sizes was helped by the retained
elasticity of the trachealis segment of the graft. Bilateral
ventilation was restored and the recipient’s left lung
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immediately ventilated well. After we checked for leaks,
the chest was closed, and the patient was extubated. We
monitored the recipient for 2 days in the intensive care
unit, when she was well enough to return to a general
ward and was discharged on the tenth postoperative day.
Ethical permission was obtained from the Spanish
Transplantation Authority and the Ethics Committee of
the Hospital Clinic, Barcelona.

Postoperative care and monitoring

The postoperative course was uneventful. The recipient
underwent rigid bronchoscopy at 4 days, and
bronchoscopy and serological testing at 14 days, 1 month,
and 2 months. We took adjacent microvascular recordings
by use of a dedicated laser-doppler probe (moorLAB,
Moor Instruments, Axminster, UK). We took brushings
at 4 days and prepared cytospins as above.

Anti-HLA antibody serology

We screened recipient anti-donor HLA antibody
production and specificity using the National Institutes
of Health version of the complement-dependent cytotoxic
test, against a panel of 64 cell lines and by solid-phase
antigen test FlowPRA class I and class II screening beads
(One Lambda, Canoga Park, CA, USA). Solid-phase flow
cytometry is viewed as more sensitive by some authors®
and is in routine clinical use, so we used it for
confirmation of antibody production and specificity. Tests
were done preoperatively, and at 14 days, 1 month, and
2 months postoperatively.

Role of the funding source

The sponsor of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report. The corresponding author had full access to all
the data in the study and had final responsibility for the
decision to submit for publication.

Results

With the detergent enzymatic method, we progressively
removed tracheal cells (figure 3). After 25 cycles of
decellularisation (figure 3, parts E and F), the epithelial
and glandular cells were removed. The few visible
chondrocytes were distorted and mostly anuclear.
However, treated trachea retained the same architecture
as native controls (figure 3, parts A and B). 25 cycles
(figure 3, parts C to F) were needed to completely remove
HLA-A, HLA-B, and HLA-C antigen expression, although
low amounts of focal MHC class II expression were still
seen in a few areas.

The recipient had no complications from the opera-
tion and was discharged from hospital on the
tenth postoperative day. She has remained well since,
and is able to walk up two flights of stairs, walk 500 m
without stopping, and care for her children. Lung-function
tests done at 2 months were all within the normal range
for age and sex (table). Serological examination showed
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the complete absence of anti-donor HLA antibodies at
14 days, 1 month, and 2 months.

At 4 days, the graft was almost indistinguishable from
adjacent normal bronchial mucosa. Laser-doppler
readings confirmed a rich adjacent microvascular bed.
At 14 days, there was an adherent layer of mucus on the
graft surface in which no inflammatory cells were
detected cytologically. At 14 days, 1 month, 2 months,
and 3 months, the graft seemed healthy with a strong
laser-doppler recording (at 2 months: 6-0 mL per min
for graft, 5-8 mL per min for right bronchus). At
1month, theappearance of the graftwasindistinguishable
from native trachea, and local mucosal bleeding was
elicited when the biopsy sample was taken, indicating
successful ~ revascularisation. = Three-dimensional
CT-reconstructions preoperatively and at 1 month
postoperatively showed a transformation in the

a

Figure 3: Immunohistochemistry of sections of graft wall at retrieval (A and B), and after 17 cycles (Can
and 25 cycles (E and F) of detergent-enzymatic treatment

Brown staining represents MHC class | (A, C, and E) and Il (B, E, and F). After 25 cycles (E and F), epithelial cells and
glands completely disappeared, whereas only a few chondrocytes were detectable inside the cartilage rings, and
even they were disrupted: most did not have a nucleus and their cell borders were indistinct. However, compared
with native trachea (A and B), the treated tissues maintained their structural integrity. After 17 cycles

(Cand D), a diffuse immunoreactivity against both MHC class | and Il antigens was still present and 25 cycles

(E and F) were needed to remove nearly all HLA-positive cells from the tracheal matrices. At implantation, only

a few small areas of cartilage were weakly positive for MHC class Il (arrow) and no class | staining was visible.

D)
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Figure 4: Colour immunocytochemistry of (A) primary bronchial cells at
first passage, before seeding onto the matrix, (B) cytospins of cells from
the outer surface of the seeded matrix immediately preimplantation,
and (C) cells from the luminal surface of the graft at 4 days
postimplantation

Epithelial cells with identical phenotype (red) to those in culture are seen on
both graft surfaces. The external surface has both viable

chondrocytes (green), and a few epithelial cells (red), and the lumen at 4 days
postimplantation has plentiful viable epithelial cells, mixed with small groups
of viable chondrocytes. Red=cytokeratins 5 and 8 (epithelial).
Green=collagen Il (chondrocytes). Blue=4'-6-diamidino-2-phenylindole.

appearance of the airway from near-total collapse to
wide patency (figure 1C and 1D).

Cytological analysis of the luminal surface at 4 days
showed plentiful epithelial cells that were phenotypically
identical to those in culture before seeding. Viable
chondrocytes were also seen in these brushings. Similar
cytospins were prepared from the external surface of the
graft before implantation, and both cell types were found
to be present (figure 4).

Discussion

With this protocol we removed HLA antigens from a
donor matrix, which was then readily colonised by the
recipient’s epithelial cellsand chondrogenicmesenchymal
stem cells. This matrix was used to prepare and transplant
an airway graft for a patient with left main bronchus
malacia, resulting in a patent airway and an improved
quality of life.

By contrast with solid organ transplants, which take
place in sterile mesenchymal environments, the airway
represents an interface between internal and external
environment. Unsurprisingly, the airway mucosa has
immunologically active cells playing a key part in airway
transplantation,* and these contribute to acute allo-
graft rejection, which requires high-dose immuno-
suppression.” Unlike other transplants, airway
replacement is rarely a life-saving procedure,' so a com-
pletely non-immunogenic tracheal allograft with
preserved functional and mechanical characteristics is
the minimum target for organ replacement.

The extracellular matrix plays an active part in
regulating diverse aspects of cell biology that are essential
to the normal function of tissues. Therefore, recent
bioengineering studies have focused on the application
of extracellular matrix-derived prosthetic materials as
bioactive supports. Scaffolds derived from decellularised
tissues have been shown to support in-vitro adhesion,
growth, and function of several cell types,*”* and have
been used successfully in animals and man,” and act as a
template for ingrowth and remodelling.

A major potential problem with bioengineered organs
is the provision of a functional blood supply. In this
study, laser-doppler measurements showed a healthy,
adjacent microvascular bed from postoperative day 4
and active mucosal bleeding at 30 days. Although not
studied, we have shown that angiogenic cytokines
(basic fibroblast growth factor, transforming growth
factor Pf) might be present within decellularised
matrices, and postulated that similar expression will
contribute to timely revascularisation. In support of
this view, when we implanted sections of detergent
enzymatic method-treated pig trachea into a Balb/c
mouse dorsal skin pouch, graft neovascularisation was
seen by 2 weeks.’

25 cycles of detergent enzymatic method completely
removed cell membranes, all MHC class I and virtually
all MHC class II expressions, but retained some other
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cellular elements in cartilaginous areas. On the basis of
results obtained with other engineered tissues,*” we
postulate that the retained elements provide helpful
signals to both graft and host cells, and might reduce the
inflammatory response. Conversely, the possibility is that
cellular residues could express minor antigens capable of
inducing a chronic rejection response. However, minor
antigens play a restricted part in clinical transplantation
and here there was no sign of inflammation or anti-donor
antibodies at 2 months.

Although we have previously described how nasal
epithelial cells can be cultured for tissue-engineering
purposes,” in this study, they grew so fast, that apoptosis
occurred in earlier passages than with bronchial cells.
However, with a reduced detergent enzymatic method
time, nasal cells might be preferred for future airway
tissue-engineering applications. Although the graft was
completely covered with viable mucosa at 1 month, we
cannot say whether these cells originated from those
seeded or whether they grew in from an adjacent
healthy airway. Although animal studies have provided
circumstantial evidence? that the implanted cells are
likely to contribute in an important way, further
research into the fate of these cells is essential before
embarking on full clinical trials with the present
protocol.

In vitro, epithelial cells and chondrocytes became
deeply embedded within the matrix by 24 h. This
finding suggests that the matrix is highly permissive
and an ideal immediate environment for these cells. In
fact, after 24 h in the bioreactor, no cells (alive or dead)
could be detected in the culture medium, suggesting a
near 100% adherence. The presence of clearly viable
epithelial cells and chondrocytes on the graft surface at
4 days confirms this view, and shows that the cells
continue to function in vivo. Both types of cells could
be seen in cytological samples from both surfaces of
the conduit, despite clear structural separation of the
two bioreactor compartments. One interpretation is
that cells were free to migrate through the full width of
the graft within a short space of time. If confirmed,
this interpretation is important, with implications for
future tissue-engineering designs. Zani” has shown in
animals that an ordered architectural association
between different cell types is not necessary for
functional healing. Our findings extend this observation
to man.

We wished to minimise trauma to both the patient
and the graft, and so have restricted cellular analysis to
the cytology before and 4 days postimplantation, at
which times bronchoscopy was clinically indicated in
any case. Since our heterotopic-pig experiments showed
some success with decellularised grafts in the absence
of recolonisation with autologous cells,” we cannot
quantify the contribution of these cells, nor exclude the
possibility that the addition of cells is, in fact,
unnecessary. However, the rapid integration seen in our
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study is consistent with animal models in which cells
seem to play a crucial part.”

Major challenges in functional airway bioengineering
are uniform and highly efficient cell seeding on both
the outer and inner surface of the three-dimensional
tubular matrix, co-culturing different cell types, and
optimum mass transport between the culture medium
and the growing tissues. To address these issues, we
developed a novel bioreactor suitable for in-vitro
engineering of long airway grafts. Early on, we realised
that the two types of cells used here required different
culture conditions. Therefore, the prototype bioreactor
created for preclinical work was designed to provide
two separate sterile compartments, each with a rotating
air-medium interface. Viability of cells in both com-
partments was maintained to the point of operation.
The dynamic culture environment in our bioreactor,
controllable and reproducible, is essential for the
nutrient supply and waste removal needed to sustain
large three-dimensional constructs. The rotation pro-
vides the hydrodynamic shear stress necessary to
promote metabolic activity and proper differentiation of
the seeded cells.

Despite the larger number of detergent-enzymatic
method cycles used in the clinical setting than that used
in preclinical work, and the known structural differences
between pig and human trachea, the similarity to native
trachea in terms of tissue handling and elasticity, both
preoperatively and postoperatively, was remarkable and
commensurate with the biomechanical results of
preclinical studies.’” The elasticity of the trachealis
segment in particular allows adjustment of lumen size to
the recipient’s bronchus.

In this report, we did a 4 month follow-up of the
recipient. Before a full clinical trial is done, a follow-up
for longer than 6 months would be helpful. In particular,
we wish to assess the long-term retention of
biomechanical properties, and whether new chondro-
genesis (or osteogenesis) from the seeded chondrocytes
occurs. However, the early functioning of graft and
patient are excellent and we feel that substantial
complications or long-term restenosis is unlikely,
particularly in the presence of a new blood supply as
above. In clinical transplantation, the development of
anti-donor antibodies, in which these complications
have not occurred by 2 months, is very rare* so we do
not now expect to see any signs of rejection.

In this paper, we have described an innovative method
for tissue-engineered large airway replacement in a
person, resulting in a substantially improved quality of
life. The results show that a cellular, tissue-engineered
airway can be produced with mechanical properties that
allow normal functioning, and which is free from the
risks of rejection. This patient provides new evidence
that autologous cells combined with appropriate
biomaterials might provide, in future, successful
functional solutions for serious clinical disorders.
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