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Tissue engineering
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Robert Langer* and Joseph P. Vacanti

Tissue Engineering

The loss or failure of an organ or tissue is one of the most frequent, devastating, and costly
problems in human health care. A new field, tissue engineering, applies the principles of
biology and engineering to the development of functional substitutes for damaged tissue.
This article discusses the foundations and challenges of this interdisciplinary field and its
attempts to provide solutions to tissue creation and repair.

Even,r year, millions of Americans suffer
tissue loss or end-stage organ failure (Table
1). The total national health care cost for
these patients exceeds $400 billion per year
(I, 2). Approximately 8 million surgical
procedures are performed annually in the
United States to treat these disorders and
40 to 90 million hospital days are required
(2). Physicians treat organ or tissue loss by
transplanting organs from one individual
into another, performing surgical recon-
struction, or using mechanical devices such
as kidney dialyzers (3). Although these
therapies have saved and improved count-
less lives, they remain imperfect solutions.
Transplantation is severely limited by a
critical donor shortage. For example, fewer
than 3,000 donors are available annually
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tial limitations include failure of the infused
cells to maintain their function in the recipi-
ent, and immunological rejection.

2) Tissue-inducing substances. The suc-
cess of this approach depends on the puri-
fication and large-scale production of ap-
propriate signal molecules, such as growth
factors, and, in many cases, the develop-
ment of methods to deliver these molecules
to their targets.

3) Cells placed on or within matrices.
In closed systems, the cells are isolated from
the body by a membrane that allows perme-
ation of nutrients and wastes but prevents
large entities such as antibodies or immune
cells from destroying the transplant. These
systems can be implanted or used as extra-
corporeal devices (Fig. 1). In open systems,
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Articles

Clinical transplantation of a tissue-engineered airway

FonloMacchiorinl, Philipp fungebluth, Tetsubiko Go M A ddmide A snaghl, Louisa £ fees, TristonA Cogan, Amond o Dodson, jeume M artoral,
Slhvia Baling Fer Paolo Parnigotho, Sally ¢ Dickinson, A nthoay PHollander; SaraMonters, Maris Teresa Conconl, MadinA Brchall

Summa

Ea ckgrour?t; 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 bicengineer tubular tracheal matrices, using a tissue-engineering
protocel, 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 ear old woman with end- stage bronchomalacia). This graftwas 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 antibedies 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 autelogous
cells combined with appropriate bicmaterials might provide successful treatment for patients with serious clinical

disorders.

Funding Ministerio de Sanidad ¥ Consume, Instituto de Salud Carlos 111, Fonde 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 becanze of the ahsence of effertive 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
iz restricted to 20% of the total lengthin children or 6 cm
in adults, and replacement of konger 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 bicengineering alrzady has provided functicnal
human crgan  replacements elsewhere™ Previous
preclinical airway experiments have been too lengtly and
complex for wutine clinical application,” or elisd cn
non-biclogical matrices.* We have used mouse and pig
models to develop a streamlined process in which
autelogous epithelial and mesenchymal stem-cell-derived
chondmcytes are sesded onto a decellularized donor
racheal scaffold and matured in a nowel bioreactor
system. Encouraged by the invitmo 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 bicengineer
tubular tracheal matrices longer than & am, and to assess
the application of this technology in a patient with
end-stage airway disease.

weaew thelancetoom Vol 372 Detember 13, 2008
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Methods

The recipient

A 0yearold 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, nearccclusive 3 cm airway stenosis
starting 2 cm subglottically, and a hypoplastic left main
bronchns with expiratory collapse. The mycobacterial
infection was successfully reated over the next & months
but severe dvepnoea persisted.  Histology  showed
squamons metaplasia without residual infection, and we
made a diagnosis of posttuberculous chronic tracheitis
and secondary severs bronchomalacia of the left main
bronchus, Subsequently, the tracheal stencsis was
successfully treated with a subglottic resection with
primary end-to-end anastomosis, followed by placement
of a Dumen stent in the patient’s left main bronchus,
The stent was poorly tolerated and, despite multiple
endogcopic  toilet,  replacement  or  repositioning
procedures, recurrent episcde of pneumonitis in her left
lower lobe, untreatable cough, and mucous retention
cocurred ; therefore, weremoved thestent. In March, 2008,
the patient was admitted with severe dyspnoea that
rendered her unable to do simple domestic chores. We
did wirmal endoscopy using volume-rendering CT
(figure 14 and 1B) to confirm a nermal cervical aitway
bt there was o substantial reduction in the calibre of the
left main bronchus (residual diameter of 4 mm), a fed
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Introduction ¢ tissue engineering for

A Importance of tissue engineering

Immediate
transplantation

IS not
always
possible.
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Artificial tissues
& organs are
needed!!

recipient




Hot issue ¢ Tissue Engineeri

A Tissue Englneerlng "M A Regenerative Medicine

of tissue function

: _ _ Engineered Regenerated
tissue cell biomaterial tissues tissues
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epithelial cells collagen type |
skin keratinocytes fibronectin
fibroblasts hyaluronic acid
smooth muscle cells collagen type |
blood vessel _ _
endothelial cells elastin

apatite (CaP)

bone osteoblasts
collagen type |
glycosaminoglycan
cartilage chondrocytes collagen type Il

1 hyaluronic acid



Tissue engineeringt basic concept

A Typical Methods of Tissue Engineering

Cells O ESGRAS T Scaffolds
Afibroblasts 5, i, 1 polymers
Aosteoblasts e T metals
Aendothelial cells e/t T ceramics
Achondrocytes oy 1 collagen
Ahepatocytes OS=C 1 bone mineral
Aetc ... T composite

: etc ...
appropriate Temp,_COZ/oz,_
SN N —gs— "umidity, media,

growth factors

Regeneration of Tissues/Organs
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Signal
Transduction

Biocompatibility




Cells ¢ fibroblasts

A Migration of Fibroblasts (L-929 cells)
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Cells ¢ fibroblasts

A Morphology of Fibroblasts (L-929 cells)




Tissuest artificial skin
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Bi-layered collagen membrane mimics
the epidermis/dermis layer of skin
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Cells { epithelial cells

A Morphology of Eplthellal & Smooth Muscle Cells

epithelial cells smooth muscle cells




type | atelocollagen
(extracellular matrix)

implantation
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rabbit esophagus rabbit esophagus with triton -X100,
smooth muscle cells RNAse, DNAse

epithelial cells

porous tubular ===
polyurethane scaffold Artificial Esophaqgqus

without immunogenic factors

implantation
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Cells ¥ osteoblasts i

A Migration of Osteoblasts (MC3T3-EL1 cells)




Tissuest artificial bone 1

A Hybrid Membranous Composite as Artificial Bone

implantation into
rabbit calvaria

porous PLLA scaffold +

6 weeks after |
implantation | _(PLLA:CAD)

N z 3
. membranous bone
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implanted PLLA+CAp -AtCol
hybrid composite

membraneousArtificial Bone
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Tissuest artificial cartilage

autologus cells
/scaffold construct

low porosity

small pore size
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Artificial Cartilage




Artificial Ear

T made from biodegrad
polymer scaffold &
chondrocytes

|

ADVENCED TISSUE SCIENCE, INC:

artificial ear implanted
into rabbit ear

Artificial Nose

T made from biodegrada
polymer scaffold &
chondrocytes
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Cells ¢ cardiomyocytes
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Tissuest artificial blood vessel

A Tubular Polymeric Scaffold as Artificial Vessel

porous tubular
polymer scaffold

tissue engineered
Artificial Vessel




Tissuest artificial blood vessel

Rabbit Esophagus A il Dynamic culture
q/ 17y using bio-reactor

il 7 A s S Macro-encapsulation
Rabbit Esophagus &
Skeletal Muscle Cell Implantation into
. , nude mouse
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SN SR O
Rabbit Esophagu
Epithelial Cell

Porous tubular
polyurethane scaffold

Porous
polyurethane

Porous
_poly-lactic-glycolic acid
] (PLGA)

Esophagul cell seeding

using self-designed plate
Type I collagen grafted i . 3

double layered
porous tubular
polyurethane scaffold
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