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~ EDITORIAL

The trachea: The first tissue-engineered organ?

I

Pierre R, Delaere, MD, PhD," and Dirk Van Raemdonck, MD, PhD"

Major medical breakthroughs deserve the necessary
press attention to inform the medical community and
public of the news. Unfortunately, misrepresentation of
medical information can occur and is particularly problem-
atic when members of the professional and public press
are misled to believe unrealistic medicai breakthroughs.

Tn 2008 and 2011, 2 revolutionary articles were published
in The Lancer reporting on regeneration of a tracheal
transplant.'* The tracheal transplant procedure used stem
cells extracted from the patient’s bone marrow in
conjunction with a synthetic scaffold to create the
artificial organ, In September 2012, an article printed in
The New York Times, “A First: Organs Tailor-Made With
Body’s Own Cells,”" recognized tracheal regeneration as
the first regenerative medicine procedure designed to
implant “bioartificial” organs. This achievement was
touted as the beginning of complex organ engineering for
the heart, liver, and kidneys, and it was suggested that
allotransplantation along with immunosuppression might
become problems of the past.”

Two questions, however, remain: (i) How does a
synthetic tube transform into a viable airway tube? (2) Is
the trachea really the first bioengineered organ?

REGENERATION VERSUS SECONDARY WOUND
HEALING

In reports on bioengineered tracheas, it is frequently
stated that the trachea is well suited to tissue engineering
because it consists of a hollow, relatively simple structure.
In reality, however, the trachea has an ingenious
morphology that allows it to fulfill its function (Figure 1,
A). It is thus one of the most difficult organs of tite human
body to replace.* To date, regeneration within the airway
tract is only possible for epithelial defects above the
basement membrane, If a tissue injury is severe and
involves damage to both epithelial cells and the submucosal
layer, healing will be accomplished by secondary intention,
leading to stenosis of the airway (Figure 1, B). The current
challenge for regenerative medicine is to overcome
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barriers to regeneration of the epithelial lining in
Full-thickness mucosal defects, which is not yet possible
(Figure 1, C).

PROSTHETIC VERSUS REGENERATED TRACHEA

Tracheal regeneration for airway repair with bio-
engineered constructs typically consists of a cartilaginous
tube lined with viable respiratory mucosa.'” These
constructs are created with bone marrow stem cells and
growth factors (of which the clinical value for tissue
healing is unknown) that are applied to a nonvaseularized
scaffold. The mechanism behind the transformation from
nonviable construct to viable airway cannot be explained
with our current knowledge of tissue healing, tissue
transplantation, and tissue regeneration. In fact, cells have
never been observed to adhere, grow, and regenerate into
complex tissues when applied to an avascular or synthetic
scaffold. Moreover, this advanced form of tissue
regeneration has never been observed in laboratory-based
research.

Of the 14 patients who have received bioengineered
tracheas,” 3 have been described in case reports in 4
different articles (the first patient was described after both
6-month and 5-year follow-ups)."*®” Tn these articles, 2
different scaffolds (2 cases with an enzymatically
decellularized tracheal allotransplant'®’ and 1 case with a
synthetic nanocomposite®) were reported as being used,
along with 2 different techniques of applying bone marrow
cells to the scaffold (2 cases with a bioreactor for “ex vivo”
use!*’ and I case where the bone marrow cells were
applied “in vivo”®). Production of the bioengineered
trachea in all cases produced similar results, and the
different approaches worked in comparable ways, Informa-
tion gathered from published reports on these 3 patients and
unpublished reports on an additional 11 patients suggests
that mortality and morbidity were very high.” More than
half of the patients died within a 3-month period, and the
patients who survived longer functioned with an airway
stent that preserved the airway lumen.

From this information, it can be concluded that the
bicengineered tracheal replacements were in fact airway
replacements that functioned only as scaffolds, behaving
in a similar way to synthetic tracheal prostheses. In
recent years, most synthetic materials used for tracheal
replacement have been tested in experimental animal
research. From these studies, it became clear that
definitive prosthetic replacement of the airway wall is not
possible.® To date, nearly all surgical prostheses that
have been successful were observed in potentially sterile
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FIGURE 1, Wound healing of a tracheal mucosal defect. A, The trachea has a segmental blood supply that reaches the mucosal lining through the intercartila-
ginous ligaments and the membranous trachea (A1 and A2). The basement membrane of the mtcosal layer supports a pseudostratified epithelium, the surface layer
of which is columnar and ciliated, with deeper layers of basal cells. A supericial epithelial wound can heal through regeneration of the surface epithelium (A3). B,
The healing pattern of a circumferential full-thickness mucosal defect (B1 and B2) is shown, Healing of full -thickness mucosal wounds combines granulationtissue
formation, wound contraction, and reepithelialization from the wound edges {arrows). Airway stenosis in the isiddle part of the denuded segment candevelop from
circumferential wounds. Healing of anastomotic sites can enable several millimeters of respiratory epithelium to grow into the wound margins (B3) while the
remaining tissue between those margins is left as uncovered granular tissue (B4 and BS). C, Research in tracheal tissue engineering should concentrate on attempis
ta regenerate the mucosal lining by applying epithelial stem cells (C1 and C2) to 2 tracheal segment with a preserved blood supply and cartilaginous support,
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FIGURE 2. Prosthietic versus regenerated trachea A, Blood vessel prosthesis. Endothelialization of the luminal surface of vascular grafis occurs only 1 to 2
cm into the graft from the anastomotic site. These endothelial cells are derived from adjacent, native arterial endothelium, and they enable the anastomosis to
heal, B, In the respiratory tract, the flow of inspired air will lead to bacterial contamination and wound breakdown at the anastomoses. The respiratory
epithelium will not grow over the prosthesis-airway anastomosis. C, Airway prosthesis wrapped in vascolarized tissue. A prosthesis may act as a temporary
airway stent when it is wrapped by well-vascutarized tissue (eg, omentum). The vascularized tissue around the prosthesis can temporary avoid the
complications of wound breakdown at the anastomotic sites, D, A scaffold soaked in bone marrow cells will behave in similarly to a prosthesis. Granulation
tissue at the anastomoses will be formed in patients surviving for longer periods. E, A stent can be placed as a temporary airway.

mesenchymal tissues. No example of successful prosthetic belongs to the outside world, and bacterial contamination
repair can be cited in the respiratory, gastrointestinal, or  at the interface between the airway and prosthesis
genitourinary tract. The internal site of the airway tract  prevent its ingrowth (Figure 2). The complications of
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FIGURE 3. Visualization of the bioengineered tissue approach when applied to an external ear {theoretic example). A, The external ear has a comparable
tissue composition (cartilage framework and epithelial lining) o the trachea. Here, an enzymatically deceliularized allograft treated with bone marrow cells
and cultured epithelial cells is attached to a recipient area without restoration of the blood supply. B, Direct visualization of the healing and revascularization
of the bioengineered car should be mandatory to prove {the hypathetical) success of the bicengincering process.

wound breakdown at the anastomoses can be temporarily
delayed by wrapping the prosthesis in vascularized
tissue, mostly transposed omentum. This is exactly what
occurred in nearly all cases of the supposedly bioengineered
tracheal replacements. The scaffolds were wrapped in
vascularized omentum so that inevitable complications
could be delayed. In patients who survive for longer
periods, granulation tissue will form at the suture lines,
a complication that necessitates placement of a stent to
preserve the airway lumen temporarily {Figure 2, E).

VISUALIZATION OF BIOENGINEERED TISSUE

It seems contradictory that one of the most difficult
organs to replace has been reported as being the first
bioengineered organ. How can a synthetic tracheal
replacement, destined to fail, be described as a major
breakthrough in organ tissue engineering?

The dissemination of misleading information regarding
bioengineering of complex tissues would not be possible
in tissues that can be directly visvalized (Figure 3). For a
tracheal replacement, direct visualization of the transplant
and subsequent healing is only possible in an experimental
setting and during autopsy. Neither of these methods,
however, were used to document the tissue-engineered
tracheas in the 14 previous patients, Tracheal bio-
engineering was not tested in animal models, and despite
the fact that several patients died after having received
the bicengineered tracheal replacement, no postmortem
histologic data have been published. Although in vivo
visualization of tracheal transplants and their healing
process is possible with serial computed tomographic
scanning and endoscopic imaging performed at regular
intervals after implantation, clear visualization of the trans-
plant is lacking in all reports regarding the bioenginecred
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trachea. Published computed tomographic images and
endoscopic views show only images produced shortly after
transplantation and either do not allow the clear visvaliza-
tion of the transplant or were obtained with an airway stent
in place.”® In an editorial in Science discussing the
controversy of this topic,” the main scientist behind the
bicengineering approach acknowledged that “it was
difficuit to tell what exactly had happened inside the
implanted tracheas,” which is remarkable when considering
the high-quality computed tomographic scans and endo-
scopic approaches that are currently available.

The media hype regarding “stem cells” and the work
done on an airway that is less accessible for direct
visnalization are key elements that explain publication of
these papers in highly ranked medical journals, 57

Tn conclusion, the ethical justification of tracheal replace-
ment with a synthetic prosthesis or with a decellularized
allograft in humans is questionable, because there are no
available experimental data describing a possible successful
outcome. The currently available published ariicles on
bioengineered tracheas and the resulting media attention
endanger the field of tracheal replacement and the field of
tissue engineering as a whole. For patient safety, tracheal
bioengineering must be demonstrated as being efficacious
and safe before further transplants.
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pf:rformed.4 Soppa and colleagues
might, therefore, achieve even better
surgical results using the sutureless
technique with significant improve-
ment in patient outcomes.’

We fully agree with Dr Soppa that
sutureless aortic valve replacement is
an ideal option for redo surgery,
such as was recently suggested by
our preliminary data in this patient
subset.

We believe that sutureless aortic
valve prostheses have the potential to
shorten the surgical time, and future
research will determine whether this
advantage will also translate into
better outcomes in high-risk patients.
Sutureless aortic valve replacement
has been shown to be associated with
improved survival compared with
transcatheter aortic vatve implanta-
tion, owing to the lower or no
rates of residual aortic regurgitation,
Only randomized prospective studies
comparing the 2 surgical techniques
will allow definite conclusions to be
drawn regarding this issue,

Giuseppe Sanfarpino, MD
Francesco Pollari, MD
Theodor Fischlein, MD

Department of Cardiac Surgery
Klinikum Nuremberg
Nuremberg, Germany
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Reply to the Editor:

With all due respect to the clinical
competence of Drs Delaere and Van
Raemdonck, we would like to address
their pointed critique as not only un-
substantiated but also demonstrably
false, which is both disturbing and
damaging to the field of tracheal
transplantation.'

The most disturbing comment is
“more than half of the patients died
within a 3-month period.”’ This is
incorrect. Of our first 9 clinical appli-
cations using a naturat scaffold, only |
died within the short-term period, and
the death was unrelated to the trans-
plantation, A report detailing these
cases is under review for publication.
We can firmly suggest tissue-
engineered tracheal replacement is
not “destined to fail” as evidenced
by survivors beyond 67 months.”

Second, the editorial states
“Tracheal bicengineering was not
tested in animal models,” which is un-
true, based on our previous publica-
tions, In fact, in 1994, we described
the surgical technique for, and revas-
cularization of, tracheal allotransplan-
tations in pigs, published in this
Journal.’ To avoid immunosuppres-
sion, several large and small animal
models and in vitro airway transplan-
tation studies, not requiring immuno-
suppression were then completed and
published in peer-reviewed journals
(the number exceeded the reference
limit). All have supported the readi-
ness for ethical clinical application.
Additionally, advances in neoangio-
genesis, epithelial differentiation,
stem cell biology, and systemic and
in situ regenerative processes have
been reported.™ From this sound
preclinical evidence, human airway

transplantation has been approved by
naticnal and local regulatory bodies
in 6 countries, including the US
Food and Drug Administration,
widely regarded as the world’s
toughest regulatory body.

Finally, Delaere and Van Raem-
donck suggested “dissemination of
misinformation” could be avoided
with “clear visvalization of the tra-
chea,” Video endoscopy, high-
resolution  computed tomography
scan images, and photomicrography
of the regenerated respiratory epithe-
lium, § years after transplantation
and without an airway stent in place
have, in fact, been publishe:d,2 and
whose evidence cannot be disputed.

We value the comments of Delaere
and Van Raemdonck and other leaders
in this field. We do not expect undis-
puted acceptance of our approach;
however, we would appreciate a
certain degree of collegiality and
respect for our unceasing efforts to
push for an innovative and scientifi-
cally sound solution for a vexing clin-
ical problem, The trachea is *‘one of
the most difficult organs in the human
bady to replace.” Rebuilding an iden-
tical copy of the native airway might
not be possible; however, creating an
ideal, nonimmunogenic replacement
is. The best strategy for replacement
and regeneration has yet to be deter-
mined. Tissue-engineered tracheal
transplantation is still in its experi-
mental phase, far from routine clinical
application, and awaits the results of
an ongeing clinical trial (www.
clinicaltrials.pov). However, the as-
sertions that our preclinical and
translational advances in tracheal
transplantation are “misleading and
unrealistic” are overreaching, given
the extensive published data support-
ing the cells-to-bioartificial scaffold
interactions and documented long-
term survival of our own patient
series.

Finally, the editorial questions
whether the trachea is really the first
bioengineered organ. This claim has
never been made by us, but rather in
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a New York Times article describing
our work, Dr Anthony Atala has a
much better claim to this milestone
achievement.

Paclo Macchiarini, MD, PhD
Advanced Center for Translational
Regenerative Medicine

Division of Ear, Nose and Throat
Department for Clinical Science
Intervention and Technology
Karolinska Instituret

Stockholm, Sweden
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Reply to the Editor:

We thank Dr Macchiarini for com-
menting on our editorial published in
the Journal, and we acknowledge his
team’s motivation and efforts to
advance tracheal replacement.

In his response to our editorial, Paolo
Macchiarini refers to several publica-
tions, thus undoubtedly convincing
many readers of his views. However,
in not one of these articles have morta-
lity rates been published. Furthermore,
we cannot follow his suggestion to rely
on an unpublished article to obtain this
information. Nor indeed can we refer
to its content, although we have been
in a position to read it. However, the un-
fortunate results after some of the treat-
ments with “bicengineered” tracheas

have reached investigative journalists
of Science' and other media,>”

More important, the purpose of our
editorial was to inform the scientific
community that regeneration of a
viable trachea resulting from applying
bone marrow cells to a decellularized
or a synthetic scaffold in the absence
of any blood supply is based on hope
and belief and not on scientific evi-
dence. None of the publications that
Macchiarini cites in his response pro-
vide scientific evidence for his claims.
We therefore strongly warn against
further unethical human experimenta-
tion. The ongoing clinical trials will
show whether or not this warning was
justified.

Pierre Delaere, MD, PhD°®

Dirk Van Raemdonck, MD, PhD"
UZ Leuven

“ENT Head and Neck Surgery
brhoracic Surgery

Leuven, Belgium
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MODIFIABLE RISK FACTORS
FOR ACUTE KIDNEY INJURY
AEFTER CORONARY ARTERY
BYPASS GRAFTING

To the Editor:

We read with interest the recent
article by Ng and colleagues' that
identified modifiable 1isk factors
for acute kidney injury (AKI} after
coronary  arfery Dbypass grafting
(CABG) in an Asian population.
They showed that preoperative anemia
and intraoperative lowest hematocrit
were potentially modifiable risk fac-
tors independently associated with
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postoperative AKL In the design of
this study, however, some important
data regarding patient perioperative
management, such as intraoperative
hemodynamic changes, fluid volume,
and use of vasoactive medicines,
were evidentiy missing. It has been
shown that intraoperative systolic
blood pressure decrease relative to
baseline is independently associated
with postoperative AKI in patients un-
dergoing CABG.* Furthermore, the
combination of intraoperative hemodi-
lution anemia and hypotension can
synergistically act to increase the risk
of AKI after cardiac surgery.” Camp-
bell and associates” have demonstrated
that fluid volume belore cardiopulmo-
nary bypass can contribute signifi-
cantly to intracperative hemodilution
anemia and that restricting fluid vol-
ume before cardiopulmonary bypass
can attenuate intraoperative hemodilu-
tion anemia and decrease the need for
transfusion in patients undergoing
CABG. In addition, perioperative ino-
tropes, vasopressors, antiarrhythmies,
and diuretics may also influence devel-
opment of AKI after cardiac surgery.
We therefore argue that optimizing
perioperative management, such as in-
traoperative avoidance of excess fluid
volume, hypotension, and renal arte-
rial vasoconstrictive drugs, should be
importantly modifiable factors in
decreasing the occurrence of postoper-
ative AKI in patients undergoing
CABG. We believe that the results of
this study would have been more infor-
mative had these factors been taken
into account,

Ng and colleagues' did not mention
the specific timing of postoperative
creatinine measurements. It was also
unclear whether continuous creatinine
measurements were performed. It is
therefore  difficult to  determine
whether the cases of AKI reported in
this study were due to intraoperative
or postoperative factors. Although
serum creatinine lags behind acute
changes in renal function, AKI
{defined by serum creatinine >10
mmol/L. greater than normal values)
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Go et al Evoli'ing Technology/Basic Science

Both epithelial cells and mesenchymal stem cell-derived
chondrocytes contribute to the survival of tissue-engineered airway
transplants in pigs

Tetsuhiko Go, MD,™* Philipp Jungebluth, MD,** Silvia Baiguero, PhD,® Adelaide Asnaghi, PhD,*
Jaume Martorell, PhD, Helmut Ostertag, MD, PhD,® Sara Mantero, PhD,® Martin Birchall, MD, FRCS D
Augustinus Bader, PhD,' and Paolo Macchiarini, MD, PhD""*

ODbjective: We sought to determine the relative coniributions of epithelial cells and mesenchymal stem cell--de-
rived chondrocytes to the survival of tissue-engineered airway transplants in pigs.

Methods: Nonimmunogenic tracheal matrices were obtained by using a detergent-enzymatic methed. Major his-
tocompatibility complex—unmatched animals (weighing 65 =+ 4 kg) were divided into 4 groups (each n=15), and
6 cm of their tracheas were orthotopically replaced with decellularized matrix only (group D, decellutarized ma-
trix with autologous mesenchymal stem cell-derived chondrocytes externaily (group 1D, decellutarized matrix
with autologous epithelial cells infernally (group I}, or decellularized matrix with both cell types (group IV).
Autologous cells were recovered, cultured, and expanded. Mesenchymal stem cells were differentiated into chon-
drocytes by using growth factors. Both cell types were sceded simultaneously with a dual-chamber bioreactor.
Animals were not immunosuppressed during the entire study. Biopsy specimens and blood samples were taken
from recipients continuously, and animals were observed for a maximum of 60 days.

Results: Matrices were completely covered with both cell types within 72 hours. Survivatl of the pigs was signif-
icantly affected by group (P < .05; group 1, 11 & 2 days; group I, 29 + 4 days; group 111, 34 4= 4 days; and group
1V, 60 + 1 days). Cause of death was a combination of airway obstruction and infection (group I), mainly infec-
tion (group IT), or primarily stenosis (group IIT). However, pigs in group IV were alive, with no signs of airway
collapse or ischemia and healihy epithelium. There were no clinical, immunologic, or histologic signs of rejection
despite the lack of immunosuppression.

Conelusions: We confion the clinical potential of autologous cell-and tissue-engineered tracheal grafts, and sug-
gest that the seeding of both epithelial and mesenchymal stem cell-derived chondrocytes is necessary for optimal
graft survival. (J Thorac Cardiovasc Surg 2010;139:437-43)

Long-segment airway stenosis is life-threatening, but pres-
ent surgical options are not ideal.! A tracheal praft suitable
for clinical use has to have the biomechanical properties of
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flexibility, strength to avoid collapse, and formation of air-
tight seals.> It should not excite a rejection response and
promote cell adhesion and growth, including angiogenesis.
Such an ideal construct has proved elusive and difficult to
reproduce.”’ We recently performed the world’s first stem
cell-based, fully tissue-engineered tracheal graft, which
has been a success to date.® However, before we used the
graft in human subjects, we evaluated the relative contribu-
tion of the autologous biopsy-derived epithelial cells and
mesenchymal stem cell (MSC)—derived chondrocytes for
the survival of seeded decellularized scaffolds when implant-
ing them orthotopically in pigs. Results are presented here.

MATERIALS AND METHODS

Thirty Yorkshire Duroc pigs (Isoquimen S/L, Barcelons, Spain)
weighing 65 + 4 kg were used. All animals received care in compliance
with the *“Principles of laboratory animal care”” formulated by the Na-
tional Society for Medical Research and the “*Guide for the care and
use of laboratory animals®” prepared by the Institute of Laboratory Ani-
mal Resources, National Research Council, and published by the National
Academy Press, revised 1996. This study was approved by the Animal
Care and Use Committee and the Bioethics Committee of the University
of Barcelona.

The Journal of Thoracic and Cardiovascular Surgery * Volume 139, Number 2 437




Evolving Technology/Basic Science

Goetal

Abbreviations and Acronyms
DM = decellularized mairix
MHC = major histocompatibility complex
MSC = mesenchymal stem cell
PBS = phosphate-buffered saline

Study Design

The entire trachea {median length, 12 cm) was retrieved from L0 donoss.
Tracheal matrices were engineered according to our published methoed 50
Bone marrow--derived MSCs and mucosal epithelial cells were obtained
from the intended recipients (n = 20) by means of bone mamrow aspiration
followed by expansion and differentiation, as previously described, bron-
chial biepsy, respectively.® Recipients were randomly (computer-generated
code) divided into 4 groups of 5 animals, and 6 cm of their tracheas was re-
placed with decellularized matrix {DM) anly {group I); DM with extemal,
autologous MSC-derived chondrocytes {group IT); DM with internal, autol-
ogous epithelial cells (group 1T}, or DM seeded with both cell types (group
1V}, Biopsy specimens and blood samples were continuously taken from re-
cipients, and animals were observed for a maximum of 60 days. Tracheas
were harvested and evaluated postmorten.

Anesthesiz: Tracheal Harvesting From Donors and
Autologous Cell Isolation From Recipients

Animals (n = 10) were premedicated with azaperone {4 mg/kg adminis-
tered intramuscularly; Esteve S.A., Barcelona, Spain) and intravenous thio-
pental injection (10 mg/ke; B. Braun Medical S.A., Rubi, Barcelona, Spain)
and relaxed with intravenous vecuronium (Norcuren; 6 mg - kel-w O
ganon S.A., Barcelona, Spain). Orotracheal intubation was obtained with
a 7.5F or 8F endotracheal tube. Anesthesia was maintained with fentanyl
{1 pg - ket + 1, B. Braun Medical 8.A.) and propofol (3-5 mg - kg’ -
h, B. Braun Medical 8.A.) intravenous infusions. A pulse oximeter (BCI,
Tne, Waukesha, Wis) placed at the pig’s tail was used to nieasure the arterial
oxygen saturation. Forretrieval, amedian cervicostematomy was performed
to dissect the trachea in its entirety. """ Thereafter, animals were killed with
an intravenous bolus of fentanyl, propofol, and potassium chloride (40 mEq;
B. Braun, Melsungen, Germany). The entire tracheas were taken (12 em)and
then divided into 2 parts of 6 cn eacl and stored in a stock solution made of
phosphate-buffered saline (PBS; lnvitrogen S.A., Barcelona, Spain) contain-
ing 1% antibiotic and anfimycotic solution (Sigma Chemical Co, Barcelona,
Spain). Future graft recipients were anesthetized similarly. Cell populations
were obtainied by means of a single 30-mL aspiration of bone mamow from
the crista iliaca and tracheal endoscopic epithelial biopsy specimens, and
wmaximal attention was paid to isolate cells under completely sterile condi-
tions o avoid cell-culture contamination. After sample harvesting, weaning
was induced, and animals were extubated, with time to recover,

Matrix Bioengineering

Matrix bioengineering followed our previously published method.* '
Briefly, tracheas were incubated with multiple treatment cycles, including
Aqua milliQ (Millipore, Madrid, Spain) storage for 48 hours at 4°C, and
1hen incubated in 4% sodium deoxycholate and 2000 kU DNase-I (Sigma
Chemical Ca), respectively, for 3 hours. After 17 cycles, which was the pre-
viously determined opth{\um point for loss of antigenicity but preservation
of biomechanical strength, ' samples were examined to check for the ab-
sence of intact cells and major histocompatibility complex (MHC) expres-
sion. Finally, tracheas were then stored in PBS ai 4°C until use.

Autologous Cell Isolation and Culture
MSCs were isolated by purifying the aspirated bone marrow through
a previously prepared Percoll (Sigma Chemical Co) gradient (1:9 Percoll/

NaCl). Bone marrow was centrifuged at 500g (relative centrifugat force) at
4°C, and the thin, bright cell layer was gently removed, Counted cells were
seeded at a density of 1.1 X 10%mL with complete medium (Dulbeceo’s
modified Eagle’s medium containing 1000 mg L-glucose, Sigma-Aldrich),
10% fetal bovine serum (Biological Industries, Beit Hacmek, Tsrael), 100
UfmL penicillin, 100 pg/mL sireptomycin, and 2 mumol/L GlutaMax-1
(Invitrogen} with 5 ngfml. basic fibroblast growth factor (PeproTech,
London, United Kingdom), Cells were used for diiferentistion, reaching 3
to 4 passages. According to a standard cell-culture protocol, differentiation
was induced by adding 10 ng/mL recombintant human transforming growth
factor § 3 (R&D Systems, Abingdon, United Kingdom), 10 nmol/L. recombi-
nant parathyroid-related peptide (PeproTech), 100 nmoll, dexamethasone,
and 10 mg/mL insulin (bath Sigma-Aldrich) and incubating for 72 hours,
There were no fibroblasts detected befare seeding the teacheal matrix.

Epithelial bicpsy specimens were incubated with 0.25% trypsin—ethyle-
nediamine tetraacetic acid (Gibeo, Prat de Liobregat, Spain) ovemnightat 4°C
and the next moming for 45 minutes at 37°C. The mixture was {hen neutral-
ized with complete medium (containing fetal bovine serum), and the liquid
was removed and transferred to a new tube. Thereafter, liquid was centri-
fuged at 1000 rpm for 10 minutes, supematant was removed, and the pellet
was resuspended. Obtained cells were then transferred to small flasks and
cultured with a specific airway epithelial cell growth medivm (ProntoCeli;
Lab 8.A., Barcelona, Spain) containing 13 mg/1 ml. bovine pituitary extract,
5.0 pug/500 iL human recombinant epidermal growth factor, 250.0 & /500
pL epinephring, 250.0 ug/500 gL, hydrocortisone, 2.5 mg/500 pk. recombi-
nant human insulin, 50.0 ng/500 pL retinoic acid, 5.0 mg/500 pLransferin,
and 3.35 /500 L. ri-iode-L-thyroaine in 560 mL. The cell culture was
performed according to a standard protacol. However, Hanks buffered salt
solution (Sigma) was used when removing cells, Cells were used for seeding
at the point at which they reached 4 to 5 passages. Both cell lines were sep-
arately sceded on the pre-engineered matrices by using a dedicated, dual-
chamber bioreactor. The device provided consinuous rotation of the graft, ex-
posing cells to a covering film of altemating gas and liquid phases.

Histology and Immuncchemistry

Tracheas were analyzed before transplantation and after harvesting.
Samples were washed thoroughly in saline before nse. To quantify the re-
maining cells afier each cycle of the detergent-enzymatic method treatiment,
we analyzed tissues according te our protocol. Briefly, nuclei were visual-
ized with 4"-6-diamidino-2-phenylindole (Vector Laboratorics, Inc, Butlin-
game, Calif), and cell density was determined. Paraffin-embedded tissue
sectionsmeasuring 5 em were moxunted on slides and stained with hematox-
ylin and cosin (Merck, Darmstadt, Germany) to evaluate morphologic
changes. The presence of MHC markers was evaluated by means of immu-
nostaining with monoctonal anti-MHC class TOX27 and anti-MHC class II
0OX4 antibodies (Abcam, Cambridge, United Kingdom).

Physical Strain Tests

Bioengineered matrices from each group were tested by using a previ-
ously published method'® based on a tensile-test device (Zwick/Roell, ver-
sion Z0.5TS; Barcelona, Spain). Each sample was subjected to increasing
uniaxial tensile testing until rupture, which was confimied by the loss of
load and the appearance of tears in the tissue, The specimens were clamped
into sample holders, a preload (preliminary force) of 2 N was applied, and
the trial was started at a constant elongation rate of 1 mm/s at room temper-
ature. The tensile tester recorded the load and etongation te which the tissue
was subjected in real time,

Orthotopic Grafi Transplantation and Pestoperative
Observation

The graft transplantation was perfermed according to our previously de-
scribed method 57! Briefly, after general ancsthesia was achieved, recipi-
ents’ tracheas were exposed through an anterior midfine cervical incision.
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FIGURE 1. A, Mesenchymal stem cells in vitro cultured after isolating with Percoll from bone marrow aspirate. B, Mesenchymal stem cell pellet after cen-
trifugation at 1000 rpm for 5 minutes. Standard method for chondrocyte differentiation: culture cells with 10 ng/mL recombinant human transfonming growtit
factor #3. C, Imnmunohistostaining of mesenchymal stem cells not treated with 10 ng/mL transforming growth factor 3 as anegative contral. No collagen type
1 was detected. D, Immunohistostaining for collagen type Il detected after 21 days with transforming growth factor §3.

Then the sternohyoid muscles were divided and the cervical fat lobe was dis-
sected. We opened the pretracheal fascin, mobilized the intrathoraeic tra-
chea, and placed traction sutures 1o reiract it superiorly. The endotracheal
tube was pulled back into the subglottiv larynx, and 10 to 12 tracheal rings
(6 cm) of the recipients’ cervical tracheas were excised and replaced withthe
tissug-engincered graft. At least 2 tracheal rings below the cricoid were left
in place to anastomose the tracheal graft. The anastomoses were made with
a4-0 continuous polydiaxone (Ethicon, Inc, Somerville, NJ} parachute su-
tures of the posterior membranous wall and 5} absorbable polygalactin
(Vicryl; Ethicon, Inc) intermipted sutures on the anterolateral anastomosis,
with knots tied extraluminally, Gas exchange during performance of the
anastomeses was through apneic hyperoxygenation. The skin was closed
in the usual Fashion, Postoperatively, antibiotics (cefazolin, 2 g/d adminis-
tered iniravenously; Lilly, Madrid, Spain) and analgesics (Enantyum
[dexketoprofen], 40 mg/12 h; Menarini, Barcelona, Spain) were adminis-
tered intravenously for the first 7 days. Animals were placed in cages and
fed standard laboratory pig food and water ad libitum, They were examined
daily for 60 days or until death, if earficr, for clinical signs of inflammation
or rejection and for general health. Blood samples were taken weekly to
check for the development of antibodies and increased inflammatory
response. The presence of bacteria and fungi befors and after impl antation
was determined by means of conventional microbiologic techniques
perfonmed on small, fresh tissue biopsy specimens.

Analysis of Tissue From Pig Recipients

Samples were formalin fixed and paraffin embedded before staining with
hematoxylin and eosin (Merck). Anti-swine leukocyte antigen antibodies
were tested at 7, 15, 23, and 30 days after matrix implantation by using
a modification of the standard flow cylometric crossmatch on lymph node
cells, as previously described.'® Bricfly, donor pig lymph node cells were
incubated for 30 minutes with recipient serum and rinsed 3 times in PBS,

and n fluorescein-marked anti-porcine jmmunoglobutin and phycoery-
thrin-marked anti-porcine CD3 was added for 30 minutes. A FACS scan
(FACS Aria; Becton-Dickinson, Erembodegem, Belgium) wis used to
evaluate the doubte fluorescence, The coefficient between the mean channel
in test scrum in negative control serum for T cells {defined by mentioned
double flucrescence) was tecorded. We considered a ratio of greater than
2.9 10 be positive based on previous samples obtained before implantation.
Immuncchemistrs was performed with a rabibit anti-CD3 antibody (Dako,
Glostrup, Denmark) and mouse anti-L1 antibody {Dako), respectively, to
identify T lymphocytes, monocytes/macrophages, and polymorphonuctear
granulocytes.

Statistical Analysis

Continnous variables were compared by using the independent-samples ¢
test. The odds ratio was calculated to perform comparisons of categorical
variables in between groups. Results are presented as the mean - standard
deviation of the mean. SPSS software was used (versicn 12.0; SPSS, Inc,
Chicago, Ill). Statistical significance was accepled at the 5% level,

RESULTS

All bicengineered matrices were negatively stained for
both MHC Tand II. MSCs could be isolated from bone mar-
row aspiration and differentiated into chondrocytes
(Figure 1), Epithelial cells were easily obtained by means
of tracheal biopsy followed by cell cultuwre (Figure 2, A
and B). The bioengineered matrices were seeded through
the bioreactor (Figure 2, D) to near confluence by 72 hours
(Figure 3). There was no evidence of contamination on
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FIGURE 2. A, Epithelial in vitra cell culture after 3 days. B, Epithelial in vitro cell culture after 14 days. C, Tensile-test device evaluating the bioengineered
praft, D, Engineered matrix fixed to the bioreactor before starting the seeding process.

bacteriologic analysis before implantation. Over the study — nonseeded matrices (group I) Jed to high-grade stenosis
period, the implanted graft did not elicit any rejection re- (50%-75% decrease in diameter) and bacterium/fungus-
sponse, such as swine leukocyte antigen, and this was with- contaminated inner surface. The external seeding of MSC-
out immunosuppression. Orthotopically  transplanted derived chondrocytes (group II) resulted in a quite stable

FIGURE 3. Scanning electron microscopic images at different amplifications showing sceded matrices {after 72 hours of seeding time). Different amplifi-
cations are shown.
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Histological View

Macroscopical View  Microscopical View
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Group lil
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FIGUREJ, The first column shows formalin-embedded macroscopic views (transversal sections, group specific). The second (1002X) and third (200X) col-
s display a microscopic view of hemnatoxylin and eosin histologic transversal sections (group specific). For group I {decellularized matrix enly), both
stenosis and the inflammatory process we visible. For group 1T {decellularized matrix with external, antologous mesenchymal stem cell-derived chondro-

cytes), less stenosis but ahigh grade of bacterial/fun gal comamination is shawn. Fer geoup [T {decellularized matrix with internal, autologous epithelial cells),
less inflammatory signs and no bacterial-Tungsl contamination are shown {high stenosis caused by weakness). For group IV {decellularized matrix with both

cell types), no stenosis ar contamination ix shewn.

(25%—50% decrease in diameter) but highly contaminated
graft, Grafts seeded only with cpithelial cells on the inner
surface (group IM) also showed high-grade stenosis
(>75%), apparently caused by malacia but without bacte-
rial/fungal contamination. Only sceding both sides of the
matrices resulted in a healthy functional graft (<25% de-
crease in diameter, Figure 4), and only slight postoperative
inflammatory signs were detected. The histologic and mac-
roscopic findings correlated with the animals’ clinical out-
come. With respect to the time point of the pigs’ death,
only group IV animals remained healthy enough to avoid
death before the 60-day censor point. All other animals
were killed significantly earlier hecause of signs of marked

respiratory distress not amenable to simple treatment mea-
sures (group I, 11 2 days; group II, 29 4 4 days; and group
11, 34 + 4 days). Preimplantation strain tests (Figure 2, C)
showed no significant difference between the graft and the
native trachea, as demonsirated before.'? However, postop-
eratively retrieved grafts from groups I to III, but not group
IV, showed a statistically lower resilience (Table 1),

DISCUSSION

Our recent first in a human subject experience with a re-
sceded, decellularized tracheal graf18 was based on the find-
ings described here. This experimental study explored the
biologic mechanisms underlying the success of the

TABLE 1. Comparison of the mechauical characteristics of native aud bioengineered fracheas (refrieved postmortem)

Rioengincered grafis (postnortem), groups

Characteristics letix'e trachea I 11 v
Mechanical
Maximum force (N) 182.0 £ 5.1 38.1 £ 8.8% 875 + 6.6* 604 + 8.7* 1748+ 7.1
Rupture force (N) 383429 244+ 4.7 327 4+£37* 24.2 £ 5.2* 356 + 2.6
Tracheal rupture point (cm) 12.1 £ 0.4 7.3+ 04% 794 03% 79 £09*% 119 & 04f
Tissue deformation (%) 202 £ 7 121 &7 t32 4 5% 132 + 14* 198 £ 7

The term native trachea represents natural unt:eated tracheas harvested from healthy animals. Group I, Decellularized matrix only; group i, decellularized matrix with external,
autologous mesenchymal stem cell—derived chondrocytes; group I, decellularized mairix with interaal, autologous epithelial cells; group IV, decellularized matrix seeded with
both cell types; Maximmam force, spplied mavamum force, #7 < 01 versus native trachea. 17 =~ 35 versus native tzachea.
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transplanted tissue-engineered graft. The first question we
wished to answer was as follows: What is the relative contri-
bution of the 2 cell types seeded onto the scaffold, and were
both cell types necessary for graft and recipient survival?
The study confirmed the applicability of the decellulariza-
tion, cell preparation, and reseeding techniques, as well as
the ease of application of our tracheal bioreactor. However,
attention should be paid during cell isolation and culture to
avoid contamination caused by fibrocyte prolifesation, Nota-
bly, no animal demonstrated the development of local or sys-
temic rejection responses to any residual donor antigens, and
this was without the administration of immunosuppressive
medication. Zani and colleagues'” demonstrated in 2008
the potential of tissue healing and functional restoration if
epithelial and endothelial cells arc present at the same
time, even with a lack of an ordered architectural relation-
ship. In our model these effects might be provided by resid-
val MSCs in the MSC-derived chondrocyte culture,
inducing rapid angiogenesis and making the graft viable.
As Genden and associates'? showed in 2003, the necessity
of re-epithelialization is highly important for graft integrity
and for protection against a fibroproliferative response of
the recipient. Additionaily, we showed that long-segment
grafts need to be seeded with epithelial cells before ortho-
topic transplantation to avoid bacterial/fungal contamina-
tion. Compared with our previous technically demanding
method of direct graft revascularization,® the approach de-
scribed here makes the tracheal reconstruction much more
practicable and reproducible but nevertheless with an out-
standing outcome.

Gathering knowledge and information regarding the
strain abilities of a tracheal grafl were disappointing.'*'”
Only a few publications were helpful when designing the
tensile test; however, in vitre and in vivo findings did not
correlate with each other. Our strain tests showed no differ-
ence in biomechanical properties belween decellularized
scaffolds before implantation, scalfolds seeded with both
cell types 60 days after implantation, and normal trachea.
Therefore one can assume that there would be no collapse
of such grafts. However, our tensile-testing device provided
only longiudinal forces, and therefore the true test followed
in vivo, when multidirectional forces were applied. Under
these conditions, grafis with no cells or only 1 cell type
failed to retain functional sirength, Jeading to incompetent
airways.

In conclusion, this experimental study demonstrated for
the first time the necessity of both MSC-derived chondro-
cytes and epithelial cells to obtain a functional and proper
long-segment fracheal graft with clinical effect. These
findings and the applied method ol tissue engineering
will help forward the reconstruction of the (rachea in
human subjects. Further studies arc required to elucidate
the angiogenesis mechanisms and interactions between
residual MSCs.
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Discussion

Dr Yolonda Colson (Boston, Mass). I have no conflicts.

You are to be congratulated on doing an amazing job in getting
this to actually work, and I think that you have defined a very nice
clinical problem that currently does not have a great solution.
Having said that, I think there are a lot of obvious questions in
terms of longer-term follow-up and analysis, T have several
questions, ‘

You have 4 different groups that faii for different reasons, except
group 4, which does well. Were those groups done sequentially,
meaning did you do all the animals jn group 1, all the animals in
group 2, and so, on so that there is a feaming curve in terms of
infection and how you do it, or were they randomized?

Dr Go. Yes, it was randomized.

Dr Colson. Therefore there were some in the different groups
done after your success in group 47

Dy Go. Exactly.

Dr Colson. I read the article that you have submitied, and you
also talk about there being no evidence of rejection or reaction.
What was done 1o actually know that other than grossly looking
at it because you did a lot of biopsies and obtained a lot of blood
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samples in the asticle that you did not talk ahout here. Second, the
animals in group 4 were all killed at 60 days, which is a little less
than 1 month after group 3. Is 60 days significant? In terms of Jon-
ger-term follow-up, does that help us clinically?

Dr Go. To answer the first question, we taok blood samples for
analysis, as | mentioned in the presentation, to determine, for exam-
ple, swine leukocyte antigen and other information and the C-reac-
tive protein level, As for the rejection, 1 just mentioned the swine
leukocyte antigen.

Excuse me, what was the second question?

Dr Colson. The animals in group 4 werc killed at 60 days rou-
tinely rather than seeing what their long-term

Dr Go. To my knowledge, 1 month in the pig is comparable
with 6 months in a human subject, which means 60 days in
a pig translates to 360 days in a human subject. However, this
is just follow-up for the middle term. 1 would not say this is for
the long-tenm result,

Dr Colson. Have you seen that in your patient whose case was
published in Lancer?

Dr Go. Yes. Actually, after 3 months of follow-up, she is doing
fine.

Dr Frank C. Delterbeck {New Haven, Conn). You replaced
a 6-cm segment of trachea?

Dr Go. Yes.

Dr Detterbeck, Tell me about the respiratory endothelimm. It
seems like that has been the problem with longer-segment tracheal
replacement. Unless I missed it, you were seeding with chondro-
cytes primarily, right?

Dr Go, Sorry, 1 did not hear the question,

Dr Detterbeek. You seeded your bioengineered grafts with
chondrocytes.

Dr Celson. On the outside and epithelium on the inside.

Dr Detterbeck. Epithelivm on the inside. Okay. T missed that
part. Thank you.
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Tracheobronchial transplantation with a stem-cell-seeded
bioartificial nanocomposite: a proof-of-concept study

Philipp jungebluth, Evren Alici, Silvia Baiguera, Katarina Le Blanc, Pontus Blomberg, Béla Bozdky, Clafre Crowley, Oskar Einarsson,
Karl-Henrik Grinneeno, Tomes Gudbjartsson, Sylvie Le Guyader, Gert Henriksson, Ola Hermansan, Jan Erik Juto, Bertil Leidner, Tobias Lilfa,
Jan Liske, Tom Luedde, Vanessa Lundin, Guido Moll, Bo Nifsson, Christoph Rederburg, Staffan Strémblad, Tolga Sutlu, Ana Jsabel Teixeira,
EmmaWatz, Alexander Seifalian, Pacle Macchiarini

Summary

Background Tracheal tumours can be surgically resected but most are an inoperable size at the time of diagnosis;
therefore, new therapeutic options are needed. We report the clinical transplantation of the tracheobronchial airway
with a stem-cell-seeded bicartificial nanocomposite.

Methods A 36-year-old male patient, previously treated with debulking surgery and radiation therapy, presented with
recurrent primary cancer of the distal trachea and main bronchi. After complete tumour resection, the airway was
replaced with a tailored bioartificial nanocomposite previously seeded with autologous bone-marrow mononuclear
cells via a bioreactor for 36 h. Postoperative granulocyle colony-stimulating factor filgrastim (10 pg/kg) and epoetin
beta (40000 UT) were given over 14 days, We undertook flow cytometry, scanning electron microscopy, confocal
microscopy epigenetics, multiplex, miRNA, and gene expression analyses,

Findings We noted an extracellular matrix-like coating and proliferating cells including a CD105+ subpopulation in
the scaffold after the reseeding and bioreactor process. There were no major complicaiions, and the patient was
asymplomatic and. tumour free -5 -months -after -iransplantation. The bioarlificial nanocomposite has patent
anastomoses, lined with a vascularised neomucosa, and was partly covered by nearly healthy epitheliwin. Post-
operatively, we detected a mobilisation of peripheral cells displaying increased mesenchymal stromal cell phenotype,
and upregulation of epoetin receptors, antiapoptotic genes, and miR-34 and miR-449 biomarkers, These findings,
together with increased levels of regenerative-associated plasma factors, sirongly suggest stem-cell homing and cell-
mediated wound repair, extracellular matrix remodelling, and neovascularisation of the graft,

Interpretation Tailor-made bioattificial scaffolds can be used to replace complex airway defects. The bioreactor
reseeding process and pharmacological-induced site-specific and graft-specific regeneration and tissue protection are
key factors for successtul clinical outcome.

Funding European Commission, Knut and Alice Wallenberg Foundation, Swedish Research Council, StratRegen,
Vinnova Foundation, Radiumhemmet, Clinigene EU Network of Excellence, Swedish Cancer Society, Centre for
Biosciences (The Live Cell imaging Unit), and UCL Business.

Introduction
Primary tracheal cancers are rare neoplastic lesions
characterised by a high mortality rate. The gold standard

In 2008, we reported the first fully tissue-engineered
tracheal transplantation with a non-immunogenic
decellularised human donor trachea reseeded with

treatment for these lesions is surgical resection
with primary reconstruction.! However, epidemiological
studies have shown that, because of difficulties in
the definitive diagnoesis, most patients with primary
malighant iracheal cancers present with local inoperable
disease {exceeding 6 cm or >50% of the tolal tracheal
length) and are, therefore, treated with palliative
measures, For these patients, prognosis is poor with a
reported 5-year survival rate of about 5%.* Moreover,
because safe reconstruction of the trachea is not
possible, even in patients with operable tumours, the
proportion of complete tumour resection is less than
60%." This outcome would be greatly improved if a
trachea substitute with similar anatomical, physio-
logical, and biomechanical properties of the native
trachea were available.
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bone-marrow-derived mesenchymal stem cells (MSCs)
and respiratory cells.* However, this approach is limited
by the shortage of donor organs of an appropriate size
and has other disadvantages {webappendix p 9). As a
result, an alternative, tailor-made synthetic tracheal
scaffold is an urgent clinical need. We report the clinical
transplantation of the tracheobronchial airway in a
patient with recurrent primary trachea cancer, with use
of a tailor-made artificial scaffold reseeded ex vivo with
mononuclear cells (MNCs)® and a growth factor-induced
endogenous stem cells mobilisation,

Methods

The reciplent

Webappendix pp 2-9 provides a detailed description of
the methods. A 36-year-cld man presented in May, 2011,
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at the Karolinska University Hospital (Huddinge,
Sweden) with stridor, cough, and respiratory difficulties.
The patient, previously treated elsewhere with tumoral
debulking surgery and postoperative regional radiation
{70 Gy).* presented with a recurrence of a primary tracheal
muccepidermoid carcinoma affecting the distal trachea
and both main bronchi {figure 1A). The patient underwent
an extensive staging,! including 18F-fluorodeoxyglucose
{18F-FDG) PET scan, multistage biopsies of the respiratory
mucosa proximal and distal to the macrescopic tumour
burden, and bone marrow biopsy and aspiration. Results
showed no local or distant lymphatic or systemic
metastasis, and normal stromal cells, The tumour
extended from 5 cm above the right trachecbronchial
angle into the first 1.3 cm of the right main bronchus,
leaving the origins of the upper and intermedius take-
offs tumour free, and the first 1.5 cm of the ozigin of the
left main bronchus {webvides 1). On the basis of surgical
standards,’ this extension was deemed beyond
resectability; therefore a transplant procedure, with an
artificial biomaterial, was offered to the patient.

We obtained written informed consent from the
patient, and the transplant precedure was approved by
the local scientific ethics commiittee,

Pretransplant preparation

We manufactured a failor-made trachea froin the
preoperative chest CT and three-dimensional volume
rendered images of the patient with a nanccomposite
polymer (POSS-PCU; polyhedral cligomericsiisesqui-
oxane {POSS] covalently bonded to poly-[carbonate-urea]
urethane [PCU)) processed by an extrusion-phase-
inversion method? On the basis of our previous
experience with the physical and mechanical properties
of human trachea {webappendix p 11)* and the patient’s
preoperative CT scan (figure 1B}, we developed a POSS-
PCU nanocomposite polymeric airway of appropiate size
and morphology, reproducing the exact dimensions of
the patient’s tracheobronchial structure {webappendix
p 12). A Y-shaped three-dimensional glass mandrel was
fabricated, and U-shaped rings of POSS-PCU, analogous
to the cartilaginous rings of tracheobronchial tissue,
were manufactured with casted methodologies and
placed around the mandrel. The entire mould was then
placed in the POSS-PCU solution te form a coagulated
porous scaffold.

A bioreactor to accommedate precisely the maturation
requirements of the Yshaped synthetic windpipe
construct used in the transplantation was developed
(Hugo Sachs Elektronik-Harvard Apparatus GmbH,
March-Hugstetten, Germany; figure 1C, D). The design
was based on a sterilisable rotating-construct bioreactor,
previously validated but with novel elements to drive a
recireulating fluid flow within and areund the developing
graft,’ enabling consistent and uniform delivery of cells,
nutrients, gases, and hydrodynamic shear forces within
the bioreactor. This process is accomplished without

external fluid pumps and packaged within the bioreactor
assembly so that ease of handling and simplicity of use
in good manufacturing practice and clinical envirenments
is not compromised.

Autologous MNCs were obtained 2 days before
transplantation from a bone marrow aspirate through
density gradient separation. Analyses of white blood
cells, mononuclear cells, CD34+ cells, viability, colony-
forming unit-fibroblast, flow cytometric characterisation,
and sterility were done. To obtain the synthetic
bicengineered tracheobronchial construct, cells were
resuspended in low-glucose Dulbecco’s modified Eagle’s
medium (Invitrogen, Stockholm, Sweden} and seeded
onto the synthetic graft by incubation of the construct in
the bioreactor at 37°C for 36 h before transplantation.

Immediately before fransplantation, a second bone
marrow harvest was done, and MNCs were separated and
transferred to the operating theatre. Immediately before
implantation, the airway construct was transported to the
operating theatre, reseeded with the obtained MNCs, and
conditioned with growth and regenerative factors—namely,
recombinant human transforming growth facter-f3 (R&D
Systems, Minneapolis, MN, USA; 1¢ pg/cm?), granulocyte-
colony stimulating factor filgrastim (G-CSF, Neupogern;
Amgen Hurope BV, Breda, Netherlands; 10 pg/kg), and
epoetin beta (analogous synthetics of Erythropoietin
Roche, Grenzach-Wyhlen, Germany, 40000 UI). We
assessed sections of the graft, surplus to clinical need, by
scanning electron microscopy, fluorescence, and bright
field light microscopy and confocal live cell imaging
{webappendix pp 14-15; webvideo 2J.

Transplantation

Under general anaesthesia and orotracheal intubation,
a redo sternctomy was done and the tumour-burden area
dissected and mobilised, according to the principles of
tracheal surgery*? Because of the previous postsurgical
and radiation-induced scar tissue formation, the tumour
had to be resected along with the right intrapericardial
pulmonary artery, and subsequently revascularised with
a Dacron 8F graft (Gelsoft, Vascutek, Terumno, Ann Arbor,
MI, USA). The graft was interposed between the
retroaortic and the extrapleural origin of the pulmonary
artery, clamping both vena cavae for 26 min and without
use of cardiopulmonary bypass. Tumour resection
included the postlateral and mediastinal aspect of the
distal truncus of the superior vena cava via lateral
clampage and direct suture. The resected trachea
included its distal intrathoracic 6 cm, the entire right
main bronchus, and first 2 cm of the left main brenchus,
Al tumour margins were negative on frozen section, and
a complete mediastinal lymph-node dissection was done,
The airway was then reconstructed by implantation of
the reseeded nanoconiposite end-to-end, first to the right
and left main bronchi and then to the proximal trachea,
with standard techniques.’ Finally, the omentum major
was wrapped around the construct and the median
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sternotomy and laparctomy closed in a standard manner.
From our past experience with carinal surgery when
cough reflex, mucous clearance, and patient’s full
mobilisation are suboptimal in the early postoperative
course, a lemporary tracheotomy above the implanted
graft was made at the end of the procedure.’

Regenerative boosting therapy

To enhance the regenerative process, the patient was
treated pharmacologically by subcutaneous injections of
G-CSF (10 pgfkg) and epoetin-alpha (40000 UI), with a
loading dose given the day before transplantation and
every other day for 2 weeks during the postoperative
period.

Follow-up assessment

Control endoscopies were done postoperatively daily
for the first 7 days, for inspection of the graft and
anastomoses. Bronchoscopies were then done once a
week during admission to hospital, and once a month
thereafter, Postoperative biopsies of the bioartificial grafl
were assessed by immunohistochemistry, haematoxylin-
eosin stain, periodic acid-S8chiff stain, and Masson's
trichrome stain, Micro-RNA assessment in serum and
analyses of soluble factors in plasma (multiplex cylokine
assay and ELISA) were done every second day for 2 weeks
after transplantation.

Peripheral bloed mononudear cells (PBMCs} were
igolated by gradient centrifugation, with Lymphoprep
{Nyegaard, Oslo, Norway) and washed twice with
phosphate-buffered saline (Gibco, Grand Island, NY,
USA}. We assessed cell count and viability assays by Tirk
and trypan blue dye exclusion or by Nucleocounter NC-100
{ChemoMetec AfS, Allerad, Denmark). We analysed gene
expression, chromatin immunoprecipitaiion, and analyses
of PBMC subsets and phenotyping 2 days before surgery,
and for 2 weeks postoperatively.

Statistical analysis

We undertook data analysis, preparation of graphs,
and statisticat comparisons with Prism software
(Graphpad Prism versiont 5.0a) and three-dimensional
surface modelling with Microsoft Excel 2010,

Role of the funding source

The sponsors 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

The patient was awake 24 h after transplantation. The
immediate postoperative course was characterised by a
right upper lobe pneumnonia (day 2); Candida albicans
(>10000 CFU/mL) and Stenotrophomonas maitophilia
{>10000 CFU/ml) were isolated and treated with broad
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Figure 1: C¥ scan and three-dimensional volume rendered (VR) Images

{A) Preoperative VR frontal plane invage. Extension of lumour is shown in green. Tracheal and bronchial tree air
space is shown in bright blue. The image shows the relation between tumour and right main pulmonary artery.
(B, top) Measurement image. An angulated 2 mm thick CT image is used for measurements for individualised
scaffold production, The imiage was optimised for concusrent visualisation of the tumour involvement of trachea
inctusive of carina and proximal bronchi aligned parallel to tracheal longitudinal axis, Yeltow lines mark proximal
trachea (a) and distal right {b) and left {c) bronchi free from tumour involvement, and measurement of the
transverse lumen diameters, Sagittal diameter was caleulated from angulated transverse image perpendicular to
thecentral lumen fine {not shawny). {d) Trachea free from tumour {carina); {e) right brenchus free from tumeur
(carina); (f} left bronchus free from tumour {casina); (g} trachea free from tumour, angle of trachea and right main
bronchus; (h) angle of trachea and right main bronchus, right main brenchus free from tomeur; (i) 142
corresponding left side measurements; {J) angle of trachea and right bronchus; (k} angle of trachea and left
bronchus; {I) carinal angle. (B, bottom) Cross section of mandzel for {a) trachea, (b) left bronchus, and {¢) right
bronchus. {C) Frontal cutaway view of the impsoved hioreactor. (D) Macroscopic view showing bicteacter
without the lid.

spectrum antibiotics and intensive physiotherapy. Other
than this complication, the patient improved gradually
and was weaned from the mechanical ventilation on
day 5 postoperatively.

1 week after surgery, the bronchoscopy (webvideo 3,
figure 2A) showed a normal and patent airway bleeding
from its inner layer at the contact with the scope; the
obtained biopsy samples showed the presence of necrotic
connective tissue ‘associated with fungi contamination
and - neoformed vessels  (figure 2B). The temporary
tracheotomy cannula was removed 18 days later. The
patient was then transferred to a normal ward and
discharged to the referral hospital 1 month after surgery.
The biopsy sample 2 months after transplantation showed
large granulation areas with initial signs of epithelialisation
and more organised vessel formations, and no bacterial or
fungi contamination (figure 2B). The patfent was
discharged from the referring hospital to start rehabilitation
and later resumed his university studies. 5 months after
transplantation; -the patient is asymptomatic, breathes
normally, is turmour free, and has an almost normal airway
{figure 2C) and improved lung function compared with
preoperatively (table, webappendix p 16).
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Flgure 2: Postoperative follow-up

{A) Bronchoscopy image showing the transplanted Boengineered constrict integrated with surrounding tissues. {8) Histological evaluation (Masson) of the first
postoperatively cbtained biopsy sample {at day 7) frona the distal part of the graft showed necrotic connective tissve (i) with fungi contamination {periodic adid-Schiff
stainy If) but developed vascular structure {CDI46 with Bond Polymer Refine Detection brovn colour; NGFR vith Bond Polymer Refine Red Detection red cofour {without
stained structures); immunolabeliing was done on Leica -Bond-Max autemated immunostalnes; iii), By contrast, the follow-up blopsy at 2 manths (haematoxylin-eosin
staln) showed ukeration vith granulation tissue (v} and stifl inflammation, but also respiratory epithelium with misus secreting cells (haematorylin-eosin stain; v and vi).
Additionally, P63-DAB/CK17 staining showing detached metaplastic squamous epithelium {red; vii) and Mib1-DAB/Vimentin staining showing profiferating (browm)
endothelial structures In capillaries, {C) Postoperative volume rendered {VR) image. Alr in afrvrays is shown in bright blue. Note that the VR technlque displays only the
factual air and not the scaffold material. Yellow arrows show borders for scaffold insertion. (D) Serum levels of miR-16, miR-34, miR-449b, and miR-449¢were measured
by quantitative PCR in serum samples gained at the indicated imepoints before and aftersurgery,

Octaber, 20111
{4 months aftersurgery) ©:°

“Tables Lung functiontests

Analyses by micro-RNA expression have shown that
serum levels of miR-34 and miR-449 members are
potential biomarkers for promotion of terminal
differentiation of airway epithelium.® Compared with
preoperative levels, we noted upregulation 2 days after
transplantation, which gradually decreased {figure 2D),
By contrast, serum levels of miR-16—a ubiquitous
miRNA frequently used for normalisation of serum
miRNA levels''—remained unchanged.

The autologous bone marrow MNCs were seeded on
the synthetic graft and incubated in the bioreactor
(webappendix p 14}, resulting in a biocengineered

tracheobronchial construct suitable for transplantation
(webappendix p 17), Scanning electron microscopy of
cells incubated in the bioreactor and confocal microscopy
of live cells statically exposed to the biomaterial identified
cells of different morphologies inside the scaffold,
including long processes, filopodia, and lamellipodia
{webappendix pp 16-17), whose formation requires
anchorage to the scaffold. Although a shortage in material
prevented us from undertaking a thorough analysis of
cell division, some of the observed cells seemed to be
newly divided (webappendix p 17) and cells expesed to
the bioreactor aggrepated in dense clusters, suggesting
clonal expansion. Staining with the CD105 marker
showed a subpopulation of cells of mesenchymal lineage
{webappendix p 17). Flow cytometric phenotyping of the
bioreactor medium showed a selective reduction of MSCs
and haemopoietic ster cells (HSCs) after the reseeding
process, with a particular decrease in CD90 high and
CD59 dim cells (webappendix p 17), suggesting their
preferential attachment and engraftiment to the scaffold.

Monitoring of patient cell counts and plasma markers
showed formation of typical acute phase reactants,
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Figure 3; Analysis of peripheral blood mononuclear cells after surgery (flow eytometry, gene expression, and epigenetic regulation)
(A) Dynamikcs of circulating MSCs and haemopoietic stem cells (HSCs) as analysed by high-resolution flow cytometry, FASCs in circulation reached a peak level 2 days after surgery and subsequently
decreased, and thereafter reached a secondary peak at day 10. The detection ranges from four healthy donars matched for age and sex {male donoss aged from 32-39 years, randomly selected at the
Karolinska Institutet, Stockholm, Sweden) are shown In light grey, The percentage of circulating HSCs increased and reached 1o a plateau at day 6 but then rapldly decreased to normal levels at day 14,
Reference ranges assessed from four donors are showm in dark grey. {B) Expression of CXCR4 on deculating MSCs on days 2 and 10 as acquired by flow cytometry. Left panel: comparison of mean
fluorescence Intensity (MFI) ratios on days 2 and 10. Right and centre panels: red lines indicate isotype controls.and green histograms indicate #45Cs. (€} Quantitative PCR results after chromatin
immunoprecipitation procedure using antibodies against histone H3 (for normalisation), rimethylated ysine 4 (H3K4me3), and trimethylated ysine 27 (H3K27me3) on histone 3 at the promoter
regions of the gene SOX2. (D) Expression of the SOX2 gena relative to GAPDH, analysed by quantitative RT-PCR. (E) Fold change of genes with antiapoptotic function, relative to the preoperative

condition, anatysed by quantitative RT-PCR array. ND=not detectable.

wounding, tissue remodelling, and regenerative factors
after surgery (webappendix pp 18-19}. Webappendix p 19
shows results of a heat map analysis with the exact
kinetics and numerical values for individual factors.
Findings from a flow cytometric analysis of the peripheral
bleod showed an increase in HSCs at day 6, with a
patticular increase of the CD90+ subpopulation
(webappendix pp 20-21). We noted an increased amount
of circulating MSCs at day 2, to 15-fold higher levels than
the age and sex matched healthy donor range {figure 3A),
possibly as a result of the boosting therapy before surgery;
this increase was followed by a three-fold decrease at day 4
and 6, to show a secondary two-fold increase at day 10, In
line with these findings, the relative gene expression of
homing-associated factor SDF-1 receptor CXCR4 was two-
fold higher in MSCs at day 2 than at day 10 (figure 3B).
We then undertook a molecular analysis of the stem-
cell phenotype. Chromatin immunoprecipitation showed
that the SOX2 gene, encoding 2 progenitor-associated
transcription factor, showed stable concentrations of the
H3K4me3 activity mark throughout the postoperative
analysis, However, the H3K27me3 repressive mark was
decreased in samples retrieved 4 and 6 days after surgery,
showing an increased activity and decreased repression at
these timepoints (figure 3C). Accordingly, this increased
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total activity preceded an induction of SOX2 gene
expression at day 6 and a further increase at day 10
(figure 3D). Another progenitor-associated gene, GNL3,
also displayed an increasing ratio of active and repressive
marks H3K4me3 and H3K27me3 at day 6, correlating
with increased gene expression (data not shown). These
results on chromatin state and gene expression lend
support to the flow cytometric analysis indicating a second
wave of circulating MSCs (figure 3A, webappendix p 20).

We investigated the expression in PBMCs of genes
involved in the JAK/STAT pathway—a major signalling
transduction pathway activated by epoetin beta. Most
genes showed a consistent trend of downregulation at
day 4 postoperatively, compared with the preoperative
condition, with subsequent progressive recovery of the
expression levels at days 6 and 10 {webappendix p 22).
Analysis of antiapoptotic genes showed a peak in the
expression of BCL2L1 and EPOR at day 6, suggesting
increased antiapopiotic activity in PBMCs at that time
{figure 3E).

Discussion

Findings from this proof-ofconcept case study show the
feasibility of tracheal transplantation with an artificial
nanocomposite reseeded with autologous stromal cells.
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We have also shown the possibility of stem-cell
mobilisation and the dynamic patterns and profile of
monenuclear cells in peripheral blood circulation,
Despite much progress in the clinical translation of
tissue engineered organs and complex tissues,"™ no safe
and suitable solution has been identified to successfully
replace the trachea™ With a human decellularised
tracheal matrix, repopulated with in-vitro expanded and
differentiated autologous chondrocytes of MSC origin
and autologous epithelial cells via a novel bioreactor
systetn, the firstin-man completely tissue-engineered
trachea replacement was successfully done.” This strategy,
improved by intraoperative graft seeding with autologous
cells {bone marrow MSCs and respiratory cells) and
conditioning with differentiation and tissue-protective
factors,* was subsequently successfully used in patients
with both benign and malign airway diseases. However,
this approach has limitations—eg, a long period for the
decellularisation process (15-20 days), the need for
different patient-specific sizes, the risks for altering long-
term natural matrix mechanical properties, bacterial
contamination during the in-wvitro natural graft
manipulation, and, most importantly, the absolute
requirement of obtaining a denor organ,

The primary tumour of our patient involved the last
5 cm of the distal trachea along with the tracheobronchial

bifurcation, which represents an absolute contraindication
to any surgical resection, Because the patient had a tumour
recurrence with severe stridor, despite 70 Gy of radiation
therapy, and the waiting time for a donation would have
been unpredictable, we decided to attempt a curative
surgery by replacement of the resected airway with an
artificial POSS-PCU-based nanocomposite combined with
2 novel pharmacological boosting strategy. This decision
was based on the fact that the POSS-PCU is biocompatible,
non-toxic, non-biodegradable, inert, and has negligible
immuncreactivity.” Additionally, it displays mechanical
properties, in-vivo chemnical stability, and nanostructural
features,™® which approach the ideal for a bicengineered
tracheal implant, And, it is patient specific, since it could
be designed to replace not only the trachea but also the
bronchi, or a combination of both. Lastly, it can be
produced in a rapid and clinically appropriate timeframe.

Previous attempts to replace the airways of patients
with tracheal cancer with synthetic materials have been
unsuccesful because of graft's limited cell seeding,
infection, migration, stenosis, necrosis, and uitimately
death of the patients.* These drawbacks are clearly related
to the fact that the trachea is notlocated in a mesenchymal
environment, but is in direct contact with the breathing
air, making infection and contamination more likely to
occur. Thus we used a bioreactor environment to reseed
the bicartifical scaffold with autologous mononuclear
cells. Results showed that 36 h of dynamic incubation of
the mononuclear cells in the bioreactor was sufficient for
them to adhere to the biomaterial. 2 days after seeding,
the cells exposed to the bioreactor formed dense clusters,
whereas those statically incubated were more evenly
distributed {webappendix p 17}, indicating that the
bioreactor might help nested cells to proliferate, Antibody
labelling and morphological analysis showed the presence
of proliferating CD105+ cells with mesenchymal but not
haemopoietic phenotype within the graft. Although an
extracellular matrix {ECM)-like structure was observed
on the scaffold (webappendix p 17} after the reseeding
and bioreactor process, whether this structure is related
to the autologous serum or the production of ECM by
engrafted cells is unclear.

The most frequently reported airway complications
after lung transplantation are necrosis, dehiscence, and
stenosis, probably related to ischaemia of the transplanted
bronchus during the immediate period after trans-
plantation.®? In this report, an avascularised, Y-shaped
nanocomnposite was implanted and the initial fungal
infection had resolved within 4 months from trans-
plantation; later the endoluminal surface was partly lined
with respiratory mucosa, at which we noted nearly
healthy epithetium and proliferating endothelium. This
finding provides evidence that a bicengineered synthetic
tracheobronchial nanocomposite can be recellularised in
vivo with site-specific cells to become a living and
functional scaffold completely integrated inte the
adjacent tissues. The measured levels of miR-34/449
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micro-RNAs, which have been proposed as poten-
tial biomarkers of terminal differentiation of airway
epithelium,” suggest the presence of postoperative airway
epithelial differentiation in the patient"

One of the key issues in a synthetic transplantation
setting is the recruitment of repair cells that promote
the integration and remodelling of the newly
transplanted material. The cellular components
contributing to regeneration can be recruited either
from local tissue or from circulating progenitor cells.
We observed HSC mobilisation together with increased
amounts of circulating MSCs, which contrasts with
previous findings® of no mobilisation of MSCs, when
G-CSF was used as mobilising agent alone, Indeed,
surgery-induced inflammation and chemokine and
anaphylatoxin release at the implantation site could be
the reason for the observed MSC mobilisation in our
patient. We detected release of a large array of soluble
mediators associated with wound healing, which could
promote MSC mobilisation, as previously reported by
other investigators®® Additionally, G-CSF induced
neutrophil expansion, and release of proteases, which
we also detected, could have promoted progenitor
mobilisation.® Progenitor mobilisation presumably
occurs by weakening their anchoring within the niche,
either by degradation of the anchoring ECM components
or their retention factor SDF-1a itself* Bone marrow
progenitor cell activation, recruitment, tissue repair,
and local immune suppression at the surgery site could
be enhanced by blood activation products, such as
C3a and thrombin,®**which were formed upon scaffold
implantation. We detecied a strong systemic release of
growth factors and matrix metalloproteinases, which
are probably produced by recruited progenitor and other
immune cells. Furthermore, we recorded a substantial
and very early increase of the epoetin-receptor expression
with simultaneous upregulation of antiapoptotic genes,
such as BCL.2L1, During inflammation, trauma cytokines
are released which upregulate epoetin receptors but
inhibit tissue protection by downregulation of local
epoetin production and antiapoptotic downstream
pathways, favouring cell apoptosis. To avoid this early
postoperative absence of local epoetin production, we
administered regenerative (500 UI/Kg) epoetin doses,
aiming to favour and trigger early local tissue protection
and regeneration,

Taken togethér, these zesults provide -evidence that
a_successful organ. regeneration stralegy ‘has-been
accomplished (panel), The successful overall dinical
outcome “of -this - first-in-man . bioengineered “artificial
tracheobronchial transplantation provides ongoing proofl
of ‘the viability of this approach, in which a cell-seeded
synthetic graft is fabricated to patient-specific anatomical
requirements - and “incubated to maturity within - the
énvirohment ofa bioreactor. Additionally, in-depth cellular
biochemistry analyses have provided new insight into the
mechanisms by which the so-called pharmacological
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boosting factors contribute to cell mobilisation,
differentiation, and ultrastructural organisation of the
fully engrafted trachecbronchial construct,
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Informed Consent )

|, Mr. e . bomonthe 20,06.1973 (Personal ID in
Iceland: , and resident in - Reykjavik, iceland,
patient from the Department of ENT of the Karolinska Hospital in Huddinge
declare voluntarily that:

I have read as well the protocoal of the transplant procedure, written in English,
nd understand that this répresents the only chance of survival | have, A

opening of the chest) to take of the tracheal tumor using classic surgical airway
principles, Before surgery (on June 7%, 200 to 300 ml of bone marrow would
be aspirated from my left or right iliac crest and processed by Prof, LeBlanc K
so that undifferentiated mesenchymal stem cells would be used for the
reseeding process (48-72 hrs) using the bioreactor described in the Protocol,

At the time of transplantation, istands of respiratory cells will be taken from the
right and left nose, and used to resurface the internal layer of the graft to
( promote re-epitheliafization, Once the primary fracheal tumor has been
resected, the tracheal scaffold will be reseeded with the above mentioned cells
(respiratory ceils on the internal) within the native tracheal bed of my body.
Once the reseeding has been made, the tracheal graft will be anastomosed
proximally and distally to recreate a trachea and tracheobronchial bifurcation,
( and wrapped with the omentus major (vascularised fat from the big stomach
curve) to provide vascularisation and protect against radiation therapy (usual
manoeuvres in {ung transplantation). To boost the regeneration process, a
perioperative treatment with local injection of fransforming growth factor-51
(50ug) (transforms mesenchymal stem cells into chondrocyies), granulocyte-
coloning stimulating factor {10 mg/kg) {recruits progenitor endothelial cells) and
erythropoietin (10.000U1 (reduces apoptosis) wili be given for 2 weeks only.
These drugs will be given at ‘regenerative” doses and have no side-effects. |
have also been informed that tissue engineered graft will not require any
immunosuppression at any time, and especially its side-effects.

Kopia producerad av Mellanlagringstjansten (MLT} Sida 1(2)
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Anaesthesia will be general and through selective orotracheal tube, using
arterial monitoring lines, urinary bladder catheter, epidural analgesia and
cardiopulmonary by-pass stand-by. Complications from this transplant could he
postoperative bleeding, left recurrent nerve palsy, respiratory infections,
anastomotic complications, wound infections, respiratory insufficiency and
requirement of mechanical ventilation.

I have been informed clearly about every single detafls, and my questions and
doubts have been clarified without any restrictions. It is therefore that | liberally
take the decision to authorize the above mentioned procedure with the

understanding that ) could retr
( willingness, I sign this document,

Doctor Signature

Prof.

act this consent at any time. As proof of

Kopia producerad av Mellanlagringstjdnsten (MLT} Sida 2(2) Stut
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Appendix 6

¥ 2011-06-09 09:12  Jan Liska, Lak S - N14/24 Thiva/Thima (last)

OPERATIONSBERATTELSE

Preop. bedomn.

Assistent

Diagnos enl ICD-10
Operationsdatum

Operations- atgiirdskod

Operationsfiérlopp

36-arig man, tidigare vis frisk, ursprungligen frén Eritrea, boende pd
Island sedan 2 &r tillbaka, Fér 19 ménader sedan skt p g a stridords
andning, utredning visade en tumdr i distala delen av trachea med
néistintill totalstopp. Man gjorde dé akut kirurgi for att avligsna
tumdren via bronkoskopi. I samband med denna atgiird perforerades
trachea och dven en lungartdrgren samt vena azygos. TillstAndet
ledde till omedelbar exploration via sternotomi och man kunde laga
skadan med hjilp av hjirt/lungmaskinstdd. Dessutom exstirperades
tumdren lokalt. Efter forlidngd vardtid aterhiimtade sig pat mycket
bra. Har sedan dess haft ett recidiv som stralbehandlats, har ocksé
haft en episod med miliar tuberkulos som #r utlédkt nu. Tumdren har
recidiverat och #r av lagt diff mykoepidermoid cancer och har nu
aterigen andningsbesvir. Utredning med CT och PET-CT samt
bronkoskopi visar att tumoren &r recessabel och att det inte
foreligger ndgon misstanke pi metastasering, Han remitteras dérfor
hit for atgird i form av trachealresektion inkluderande carina samt
rekonsiruktion med en polymerprotes som forbehandlats med pats
egna stamceller och slemhinna.

Tomas Gudjarsson (thoraxkirurg frin Reykjavik)

Jan Liska (Thoraxkirurgkliniken, Karolinska Univ sjh)
Paolo Macchiarini

K-H Grinnemo

(339 Malign tumér i luftstrupen
11-06-09

GBC06 Resektion och rekonstruktion av trakea med protes
GBC13 Resektion och rekonstruktion av carina med protes
GBBO0O0 Trakeostomi

Resternotomi med cirkelsg, i samband med denna liten skada pa
vena anonyma som ombesdtjs med en 4-0 Prolene. Fridissektion av
hégerhjirtat och aorta ascendens (Liska). Fridissektionen fortsétter
sedan (Macciarini) av cava superior, vena anonyma samt trachea
proximalt, néir man kommer till baksidan av vena cava finns hér
framfor allt adherenser frn tidigare operation samt strélfibros. Det
gér inte att fa fiitt utan att man delar av cavan mot detta omréde

Journalkopia uttagen
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lingst ned. Innan dess ligeras vena azygos intrapleuralt, Nir man
delat cavan frén det fibrotiska omradet kring trachea pa lingden kan
man litt sy 6ver denna med fortlopande 5-0 Prolene. Ingen
lumeninskriinkning pa cavan. Fortsatt dissektion av arteria
pulmonalis pd héger sida och utmed trachea proximalt inga
bekymmer. I samband med dissektion av bifurkationen fir man en
skada pa arteria pulmonalis som delas ver kétltinger pd hoger sida
alldeles mot carinaomrédet. S& smaningom kan sedan bade héger
huvudbronk och vinster huvudbronk fridissikeras. Man ser ingen
makroskopisk dverviixt av tumérviivnad, ddremot en hel del fibrsa
forandringar till foljd av tidigare operationsingrepp samt stralning,
Trachea delas av cirka 4-5 cm ovan carina och hoger huvudbronk
alldeles intill ovanlobsbronkens avgang. Vinster huvudbronk delas
av cirka 1,5 cm fran carina. Makroskopiskt ingen tumorvixt vilket
dven verifieras vid fryssnitt. Under tiden som dr Macciarini
preparerar trachealprotesen sutureras pulmonalisartiren (Liska)
medelst interposition av ett 9 mm:s Dacrongraft. Far en
tillfredsstillande och bra anastomos med gott flode i
pulmonalisartiren. Pat ventileras omvixlande med syrgaskateter i
vinster huvudbronk samt en endotracheal tub som liggs via
operationssaret. Tillfredsstillande syresdttning. Stabil cirkulation.
Négot forhdjda koldioxidvirden, i Gvr u a. Dr Macciarini syr sedan
ner trachealprotesen. Bérjar med anastomosen mot hdger bronk som
ar timligen médosam. Syr forst en fortldpande rad posteriort och
darefter enstaka suturer i den anteriora delen med 3-0 Prolene.
Overgar sedan till den vinstra bronkanastomosen som sys pd samma
sitt. T samband med att man satt de enstaka suturerna i den anteriora
delen fas aterigen en skada péd pulmonalisartédren. Efter att kéirltinger
placerats hér fir s smaningom det t#tt. Fortsitter nu att avsluta
denna bronkanastomos. Syr sedan den proximala tracheala
anastomosen pi samma siitt som de tidigare anastomosermna d v s
fortldpande sutur i bakviiggen och framtiil med enstaka suturer.
Anastomosen blir harmonisk och bronkoskopiskt foreligger fina
forhallanden med &ppna anastomoser, inget patagligt luftlickage.
Overgar sedan till att reparera lungartdren aterigen (Liska). D4 vi
forséker exponera omradet dér kérltdngen har satts tidigare borjar det
bléda ymnigt. Vi beslutar d4 att genomfora reparation av lungartéren
genom att anbringa en kérltdng pé cava inferior och banda cava
superior d v § genom en inflddesockliusion da vi plancrar att gbra
reparationen ndr hégerhjértat 4r tomt. Risk finns vid
ECMO-behandling i samband med en ev reparation for luftlickage
in oxynatorn vilket 4r delitért varfor vi beslutar ang denna tidigare
némnda processen, Under inflddesocklusionen far pat naturligtvis
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lagt blodtryck da minimalt med blod gar éver till vinsterhjirtat men
vi kan hélla ett systoliskt tryck kring 35-40 med en miirkligt nog
tdmligen god saturation. Nér det #r minimal blodning i lungartéren
till f5ljd av denna &tgérd kan vi sedan reparera densamma med
pledgeterade suturer, efter en process pd 4-5 minuter kan vi aterigen
sldppa pa blodfiédet till hjértat och pat dterhdmtar sig mycket snabbt.
L#gger Flo-Seal, Tiesel och Surgicel i det reparerade omradet. Ingen
kvarstdende blodning, Sedan fortsétter operationen med att forst
lagger upp oment kring anastomosomridet mellan trachea och
protesen samt vid bifurkationen. Slutligen slutes sternum efter
drdnageldggning i etager liksom bukincisionen. Avslutningsvis liggs
en tracheostomi (P Macchiarini). Pat verstdr ingreppet vil och vid
dverflyttning till IVA har pat stabil cirkulation och tillfredsstéllande
ventilation.

Journalkopia uttagen Uttagen av
2014-07-25 kI 12:45 18M1
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Appendix 7

171 76 Stockholm T12760-11

Provtagningstid: 2011-08-04 10:00 Remittent: Karl-Henrik Grinnemo
Ankomstid lab: 2011-08-04 SNABBSVAR: Tifn: 0700568440
Preparatets natur: Syntetisk trachea med inodlade autologa celler

Fragestélining; Strukturell dversikt av det syntetiska graftet, extracelluléra matrix

proteiner? engrafiade celler?

Anamunes: Det vi skickar for underskning dr smmma graft {syntetisk trachea) som

implanterades i pat i juni i ar. Det hér graftet &r syntetiskt och har

samodlats med autologa stamceller. Vi dr déirfor intresserade att studera ur
strukturen pé grafiet ser ut ndr det samodlats med celler och vill dérfiir ha

foljande analyser:

1) HTX 2) Giemsa 3) Mason Trichrome 4) Verhoeffs elastic staining. Materialet
bestar av 3 olika olika delar: vd bronk, ho bronk samt trachea. Preparaten ska

paraffininbiiddas

Stralbehandlad: Nej

SVAR

UTLATANDE
2011-09-06 T12760/2011
2011-442098

I snitten frdn de inséinda tre ror syntetisk frachea som representerar
vinster bronch, hdger bronch samt trachea ses likartad bild av ¢j
firgbart por8st material med dubbelbrytande karaktér. P4 ytan av
detta syntetiska material kan endast ett fatal sinala mesenkymala
celfer formodas. Nagot vilutveckat cellager kunde €] identifieras.

Tilldgg: Vid specialfirgning och i ytterligare utskurna bitar
framkomer ej mer detekterbart material som vid ovan.
DIAGNOS

Se ovan.

BIOBANKSINFORMATION

Patienten vill inte att provet lagras, men svarstalong saknas eller
har #nnu ej registrerats. Provet lagras tills vidare i avvaktan pé
att svarstalong inkommer/registreras.

Bela Bozoky 2011-12-01
- mmmmmmem e stut

TFramstilld
2011-12-01 11:58
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Provtagningstid: 2011-08-16 08:00 Remiftent: Karl-Henrik Grinnemo
Ankomstid lab: 2011-08-17 SNABBSVAR: Tin: 0700568440

Preparatets natur:
Fragestiillning:

Anamnes:

SVAR

Tre biopsier frén transplanterad trachea
Ett frysblock skall snittas och analyseras. De andra tvd blocken skall endast
sniftas och forvatas i -80 C.

Dessa biopsier 4r frin samma graft (syntetisk trachea) som implanterades i pat
ijuni i &r. Analyser som skall géras pa blocket &r: Fargning for epitelcelier
och kirnfirgning; basallager; vaskularisering och mukosa.

HTX , Mason Trichrome

Vinligen kontakta Dr. Jungebluth (0700568440} angdende upphéimtning av de tvd

snhittade blocken som frvaras i -80 s& snabbt som mdéjligt.
Stralbehandlad: Nej

Tidigare preliminért utlatande
2011-08-22 T13253/2011

2011-442098

T snitten frdn ena insinda biopsin framkommer en vivnadscylinder som

bestar av cosinofilt material snarast som vid degenererad bindviv med
granulocytér reaktion vid ena kanten av biopsin. Vid dubbelbrytande
mikroskopisk undersékning kan kollagentradar detekteras. Aven
trichromfirgning visar kollagentradar. Ingen bevarad kérnfirgning
vilket talar f6r avancerad degeneration - nekros. Fokalt kan basofil
granuldrt material pavisas. Den kan representera dystrofisk
Torkalkning,

Vid trichromfirgning kan vidare erytrocyter delvis till synes i
skuggformer av kirlstrukturer delvis interstitiellt fSrmodas.

Vid PAS fiirgning kan svamp hyfer identifieras, Gram-firgning visar
bakterikolonier.

Immunhistokemisk undersékning kommer att géras for att forsoka
identifiera vivnadsstrukturer i nekrotisk bindvév.

Tidigare diagnos

Preliminér:

Nekrotisk bindviv med svamp och bakterier. Se ovar.
BIOBANKSINFORMATION

Patienten vill inte att provet lagras, men svarstalong saknas eller
har dnnu ej registrerats. Provet lagras tills vidare i avvakian pé

Framstalld
2011-08-26 08:36
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att svarstalong inkomer/registreras.

KOMPLETTERANDE UTLATANDE
2011-08-26 T13253/2011
2011-442098

De gvriga tva djupfrysta biopsier dr ocksé inbdddade och nedsnittade.
Ena visar likartad bild av nekrotisk bindviiv med detekterbara
svamphyfer som vid ovan,

Den andra utgdrs av kapilléirelk granulationsvivnad delvis med
ulcererad yta, delvis med igenkiinnbar respiratorisk epitelbeklidnad
som visar skivepitelmetaplasi.

Biopsier frin transplanterad trachea med nekrotisk bindviv med svamp
och bakterier samt kapilldrrik granulationsvivnad.

DIAGNOS

Siutlig: Biopsier frén transpianterad trachea med nekrotisk bindvév
med svamp och bakterier samt kapillarrik granulationsvivnad.
BIOBANKSINFORMATION

Patienten vill inte att provet lagras, men svarstalong saknas eller

har dnnu ej registrerats. Provet lagras tills vidare i avvaktan pa

att svarstalong inkommer/registreras.

Bela Bozoky 2011-08-26

B et =111 CEERSRETAE —-—-
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Verification of cell viability in bioengineered tissues and organs before clinical
transplantation
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The clinical outcome of transplantations of bioartificial tissues and organs depends on the presence of
living cells, There are still no standard operative protocols that are simple, fast and reliable for confirming
the presence of viable cells on bioartificial scaffolds prior to transplantation, By using mathematical
medeling, we have developed a colorimetric-based system {colorimetric scale bar) to predict the
cell viability and density for sufficient surface coverage. First, we refined a method which can provide

i“i’y‘”""‘ftf‘ o information about cell viability and numbers in an in vitro setting: i) immunohistelogical staining by
Tr:‘::g]a:::;;i"gmee“ng Phatloidin/DAPI and if) a modified colorimetric cell viability assay. These laboratory-based methods and

the developed colorimetric-based system were then vatidated in rat transplantation studies of unseeded
and seeded tracheal grafts, This was done te provide critical information on whether the graft would be
suitable for transplantation or if additional cell seeding was necessary. The potential clinical impact of
the colorimetric scale bar was confirmed using patient samples. In conclusion, we have developed a
robust, fast and reproducible colorimetric tool that can verify and warrant viability and integrity of an
engineered tissueforgan prior to transplantation. This should facilitate a successful transplantation
outcome and ensure patient safety,

Bioartifical trachea
Cell proliferation assay
Cell viability

Synthetic scaffold

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Bioengineered tissues and organs with simple architectures
have recently been successfully transplanted in patients with end-
stage organ failure or disease [1,2]. Among them are tracheal
scaffolds, either as decellularized donor tissue [2] or as
nanotechnofogy-based artificial materials [3]. For a positive
outcome, it seems that interactions between natural or artificial
scaffolds and autologous bone marrow stromal cells, using bio-
reactors, play pivotal roles for clinical tissue and whole organ
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regeneration [4,5]. In the near future, this tissue engineering (TE)
strategy could also be transferred to more complex structures, such
as the heart or lung, and promising experimental findings in these
areas have been reported [6—8).

In a clinical transplantation, scaffolds are usually reseeded with
cells in bioreactors and implanted into humans within a few hours
[2,3]. During this period, timing is important for obtaining vital
information about the cells on the graft prior to transplantation.
There is a wide range of techniques available to image and quantify
the number of cells that are viable and proliferating, such as flow
cytometry, scanning electron niicroscopy, confocal microscopy, etc.
Unfortunately, the time- and labor-intensive protocols and the
need for trained staff to reliably evaluate data can delay results. This
severely increases the risk of implanting re-seeded scaffolds with
non-functional cells. Cell labeling prior to seeding on the scaffold
can be an alternative useful tool for cell tracking, but ethical
guidelines would limit this technology in patients as the incorpo-
rated celt marker may produce unpredictable side effects.
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In this study, we aimed to produce a rellable method to evaluate
the pre-implantation state of cell-seeded bioartificial scaffolds in
real time, i.e. maximum 2—3 h. To deliver a safe, reproducible and
non-laborious method to detect and validate the viability and
proliferation rate of attached cells on bioartificial scaffolds, we
modified the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) overnight protocol to be effective within less than
3 h{9), and stained cells with Phalloidin to label intracellular F-actin
Refs. [10], and 4',8-diamidino-2-phenylindole (DAPI) to visualize
nuclei by a fluorescent microscope. This structural analytical panel
was validated in rat transplantation studies of unseeded and seeded
tracheal grafts. On the basis of these data, we could further use
mathematical models to develop a colorimetric-based system to
predict graft/scaffold cell density with a corresponding surface
coverage, This method can provide critical information to decide
whether a graft is suitable for transplantation or if additional
intervention, e.g. additional cell seeding, is necessary.

2, Materials and methods

Male Sprague Dawley rats (n = 16} were used as donors for mesenchymal stromal
cell (MSC) iselation and as reciplents in the in vivso transplantation model. All
animals were treated in compliance with the “Principles ef laboratery animal care”
fermulated by the National Society for Medical Research and the “Guide for the care
and use of laboratory animals™ prepared by the Institute of Laboratory Animal Re-
sources, MNatienal Research Council, and published by the Nattonal Academy Press,
revised 1996. Ethical permission was approved by the Stockholm South Ethical
Committee (Sweden) {registration number 574-12).

21, Rat mesenchymal stromal cell isolation

Eight animals were used for the in vitre study, MSCs were isolated and processed
as previously described |11, Briefly, animials were sacrificed and the bone marrow
was flushed out gently from both the femur and tibia with phosphate buffered saline
(PBS, Invitrogen, Sweden). The cbtained cells were centrifuged and the peilel was
resuspended in Dutbecco's Modified Fagle Medium (DMEM, Invitrogen, Sweden)
supplemented with 10% Fetal Bovine Serum (FBS, [nvitrogen, Sweden) and 1%
antibiotic-antimycotic (Invitcogen, Sweden). The cell suspension was seeded in
culture flasks (Corning, USA) and cultuced for 24 h (37 °C, 5% €0;). Non-adherent
cells were removed and culture medium was changed every three days, Rat MSCs
from passages 2 to 5 were used in the study,

2.2, In vivo animal model

Animals (n = 8} were anesthetized with a mixture of ketamine and xylazine
[ketamine: 100 mg/kg intramuscalar {i.m,; Intervet, Boxmeer, Netherlands); xyla-
zine 10 mgfkg (i.m.; Intervet)] Injection as a bolus. Under sterile conditions, the
tracheae of the recipient animats (200 g—300 g) were exposed via an anterior
midline cervical incision, Thereafter, we divided the stemohyoid muscles and
dissected the cervical fat lobe. The pre-tracheal fascia was opened, the cervical
trachea mobifized and traction sutures were placed te retract trachea superiorly.

After that the animals’ cervical tracheae were resected and 1 cm replaced by the
synthetic based tracheal graft. We utilized a continuous 6-0 polyproyplene (Prolene;
Ethicen, Tnc, Somerville, NJ) suture to anastomose the posterior teachea and 6-0
absorbable polygalactin {Vicryt, Ethicon) interrupted sutures for the anterios tra-
chea, The anastomotic suture knots were then tied outside the lumen, During the
entire surgery, the animals were maintained on spontaneous veatilation, After
hemostasis, we closed the tissue and skin in a usual fashion and animals were
allowed to recover on a heating pad, All animals were gbserved on a daily basis.
Euthanasia was induced at the endpoint of the study (30 days), implanted tracheae
were harvested and analyzed both macroscopically and microscopicaily.

2.3. Colorimetric cell activity assay

3-(4,5-dimethylthiazol-2-yl)-2 5-diphenyltetrazolium  bromide (MTT)-assay
(Rache, Sweden) is a colorimetric assay that was used to detect viable cells and
evaluate the metabolic activity of cells. All samples were analyzed in triplicates.
Media and scaffold only were used as negative controls. The MTT substrate (40 pl)
was added to each well and were either incubated: 4 h (Protocol Land ll} er 1 h
(Protocol Ill} at 37 °C with 5% CQ;. Next, 10% sodlum dodecyl sulfate (SDS}in 0.01 M
HCl (400 (4} was added across all protocols {I-M1) and further incubated overnight
{Pratocol 1) or 1 h(Protocol 1L and [I) at 37 °C, 5% CO2, The samples were read on a
spectrophotometer (SpectraMax 250, Molecular Devices, USA), the absorbance was
measured at 570 nm.

24. Phalloidin and DAPI staining on seeded synthetic scaffolds

Pieces from the seeded scaffold were cut to an appropriate size with a 6 mm bi-
opsy punch, Samples were fixed in formaldehyde 4% (Histolab, Sweden) for 510 min,
washed and stained with Phalloidin (Molecular Probes, Sweden) diluted in PBSf0,1%
Triton X-100 {2 Ufmi) (Sigma—Aldrich, Sweden) ard incubated for 30 min. Samples
were washed and counterstained with 4',6'-diamidine-2-phenylindole (DAPI, Sigma--
Aldrich, Sweden). Stained cells were either visualized with a fluorescent microscope
{Olympus BX-50, Japan} using a 4x {dry, numerical aperture 0,13; Olympus, Japan},
10x objective (dry, numerical aperture 6,3; Qlympus, lapan) and 20x abjective (dry,
numerical aperture 0,5; Olympus, Japan) or on & confocal microscope (Niken Al4,
Japan) using a 10x objective (dry, numerical aperture 0,45; Nikan, Japan).

2.5. Color change evaluation

2.5.1 Cell coverage quantification

Using the DAPI stained samples, cell numbers were either manually counted
with Image] 1.46R (NIH, Maryland, USA) or an automated seftware CellProfiler 2.0
(BROAD Institute, Massachusets, USA). The readouts were converted to surface
densities, denoted ¢ having units cm™2, by dividing by the area of the samples
{circular pieces with diameter 6 mm). The counted cell densities on samples were
plotted against the seeding density, where the error bars indicate the mean and
standard deviation of triplicate samples. The cell densities were then converted into
values indicating the degree of cell coverage of the surface, using # = At @ x 100%
i.e. multiplying ¢ by the average area of a single cell, Acen. The images of phalloidin-
stained cells [11] were analyzed using the CellProfiler software package to deter-
mine the value Aqy = 280 pm?,

2.5.2. Color change analysis of laboratory samples

After applying the MTT test to the samples, but prior to solubilizing the for-
mazan crystals, the media was temporarily removed from the wells, A single color
digital picture, showing a unifermly illuminated top view of the well plate and the
samples, was obtained and imported into MATLAB. The image was converted into a
grayscale image by applying the foermula ¥ = 0.2989 x R+0.5870 x G+0.1140 x B to
the RGB values in the image (using the MATLAB furction rgb2gray.m provided with
the Image Processing Toalbox). This allowed a single grayscale value, Y, to be ob-
tained for each plxel in the image, The regions of the image corresponding to the
upper surface of each sample were selected manually using mouse and curser input
for further analyses. The numerical value of the calor change of a seeded sample was
calculated using Equation (1):

Y- ¥s
AC = Tk 100% (1}

where Ys is the average of the grayscale values of the pixels in the sample, Y is the
average of the grayscale values of the pixels in control samples (unseeded), and Yn is
the average of the grayscale values of pixels of regions where there was maximum
purple staining (seeded samples). Hence AC = 0% carrespaonds to no color change in
the sample relative to the controf, and AC = 100% corresponds to a sample that is
completely stained dark purple. The color change values of the samples were
calculated using equation (1), The average and standard deviatians were calculated
for all triplicate sets for the different seeding densities. In order to extrapolate higher
values of cell coverage and density, equation (2) was formulated:

= exp(a((lg.—gx)ﬂ - 1)) x 100% (2)

The parameters o and i were fitted using least squares (using the MATLAB
function fminsearch.m) to the data of the cell coverage with respect to the coloer
change, yielding « = 4.25 and § = 0.58. The functional form of 8(4C) was chosen
based on the assumption that maximum color change i.e, AC = 100% corresponds to
full coverage of cells on the sample, Equation (2} was used to relate a linear scale of
color change, with values in the range of AC = 0-100%, to the corresponding cell
coverage and cell density values.

2.6. Synthetic scaffolds

The scaffold was designed based on the patient’s CT-scan performed 4 weeks
prior to the transplantation. The scan was analyzed and then used to create an
electrospun, nanofiber-based composite made from pelyethylene terephthalate
(PET)polyurethane (PU) supplied by Nanofiber Solutions® (Columbus, OH). The
utilized FDA-approved materials, PET and PU, (Regulations, US. FDA, 1998) are non-
biodegradable polymers that are non-cytotexic and retain mechanical properties [12].

2.7. Fiber glignment eveluation

Fiber alignment has been evaluated by a custom-made soffware. Scanning
electron microscopy (SEM) images were firstly binacized and then rotated around its
center in step of 27, For each direction the fraction of bright pixels was computed
and the resulting standard deviation calculated. Results were represented by means




P Jungebluth et ai. / Blomaterials 34 (2013} 4057—-4067 4059

of a unitary polar plot that is specific for each analyzed electrospun mat. As mea-
surement index, the eccentricity of the fitting ellipse of the polar plot was computed
as follows:

iyt ~ Am
— SM~m 3
Ang+ Am )

where Ay is the major axis and Ay the miner axis. According to this formulation;
E = 1 indicates a straight line {unidirectional fiter alignment} and £ =0 indicates a
perfect ctrcle {randomly arcanged fibers), Moreover, the orientation of the fitting
ellipse is indicative of the average fiber alignment {11).

2.8. Patient monoenuclear cell isolation ond cultures

Under aseptic canditions, bone marrow {200 ml) was obtalned by punctation of
the right and left crista Hiaca, Mononuclear cells were isalated though density
gradient separation, White blood cells, mononuclear cells, CD34+ cells, colony
forming unit-fibroblast, flow cytometric characterisation, viability and sterility an-
alyses were performed. MNCs were resuspended in low-glucose DMEM (Invitrogen,
Stackholm, Sweden), transferred at room temperature to Good Manufacturing
Practice (GMP) facility (VECURA, Karolinska University Hospltal, Huddinge, Swe-
den). Cells were seeded under sterile conditions with a spectally designed bioreactor
for 72 h at 37 °CJ5%C0,, Patient's consent was given for all analytical evaluations and
publication.

2.9, Scanning electran microscopy

To evaluate cell adhesion and integration of the seeded synthetic tracheal
scaffold from the transplanted patient, small pieces from the external and internat
part were fixed with 2.5% glutaraldehyde (Merck, Germany) in 0.1 & cacodylate
buffer (Prolabe, France) for 2 h at room temperature, rinsed In cacodylate buffer, and
dehydrated though an ethanal gradient. Samples were dried overnight and gold
sputtered. The samples were used for analysis by SEM (jSM&490, JEOL, Japan).

2.10. Histological analysis

Samples of synthetic trachea from rats or brushing sample from patient were
fixed in 10% neutral buffered formalin solution in PBS (pH 7.4) at room temperature.
They were washed in distilled water, dehydrated in graded alcohol, embedded in
paraffin (Merck, Darmstadt, Germany), and sectioned at 5 mm thickness, Sections
wviere stained with Hematoxylin and Eosin stain (H&E) (Merck, Darmstadt, Germany)
and imaged with 2 microscope at 4x or 20x magnification (Olympus BX-60, Japan).

211, Statistical analysis

Results were expressed as mean = standard deviation. GraphPad Prism 5
(GraphPad Software, California, USA) was used for ali statistical analysis, with sig-
nificance levels of *p < .05, *'p < 01, ***p < 001 and ****p < 0001, All data were
compared using either an unpaired t-test or two-way ANOVA analysis,

3. Results

3.1. Qualitative and quantitative evaluation of attached cells on
scaffold

We designed an analytical method that provides rapid infor-
mation about cell viability and/or cell proliferation on engineered
tissues or organs prior to clinical transplantation. We fiest analyzed
cells on scaffold with a commercially available MTT-assay using its
standard protocol (4 h MTT and overnight incubation with SDS;
Protocol 1), and then applied two modified protocols with reduced
incubation time; 5 h {4 h with MTT and 1 h SDS; Protocol ll}and 2 h
(1 hwith MTTand 1 h 3DS; Protocol [l1). This was to ensure that the
processing tinte modifications did not alter the qualitative infor-
maticn as compared to the standard protocol. Rat MSCs from pas-
sages 2 to 5 were seeded at a density of 7500 cellsfem? on PET/PU
fiber coated 24 well plates (2 cm?® surface-areajwell; Nanofiber
solutions®) as previously described [11]. All samples were
measured by absorbance and we obtained significantly differences
for all three protocols as compared to unseeded scaffolds {control}
{control versus protocols I; p < .01; Il p < .001 and 1k p < 0001} (
Fig. 1A). This showed that the modification in processing time did
not alter the gualitative information as compared to the standard
method. Therefore, we further evaluated Protocol I (2 h) for its

guantitative data, We seeded different cell numbers (2500; 5000;
10,000; 50,000 or 100,000} on 96-well plates with PET/PU nano-
fiber inserts for 48 h to investigate if cell numbers correspended to
different absorbancy measurements, The higher absorbancy mea-
surements corresponded with higher cell numbers (Fig. 1B,C).

3.2, Quantification of cell density and coverage on scaffolds using
mathematical modeling

In order to simplify the readout of the MTT method, we wanted
to investigate whether the formazan crystal color change could
predict the approximate cell number and surface coverage. Thus,
seeded scaffold samples were analyzed after 1 h with MTT without
using SDS to solubilize the formazan crystals from the cells
(Fig. 2A). Images were imported into MATLAB and RGB color triplets
of each pixel in the imported image were converted to grayscale
values. An empirical mathematical model was then used to relate
cell density, which was calculated on confocal images (Fig. 2B)
using Cellprofiler™ 2,0 software package {BROAD Institute, Mas-
sachusetts, USA), to the measured cotor change, The celor change
values of the samples were computed using equation (1). In Fig. 2C,
cell coverage and cell density was plotted against the color change
for five different cell numbers used (2500; 5000; 10,000; 50,000 or
100,000), The graph showed that the greater the color change, the
greater the coverage and density of cells on sample. We used the
obtained data to develop a colorimetric scale bar that can provide
the essential information about cell viability, density and surface
coverage for engineered tissues and organs,

3.3. Bicengineered graft evaluation in an animal model

Rat tracheal nanofibrous scaffolds made from electrospinning
{with an average fiber dimension of internal 0.61 = 0.25 pm and
external 0.52 + 037 um) were seeded with rat MSCs for 48 h and
then orthotopically implanted into male Sprague Dawley rats. Prior
to transplantation, we used our optimized MTT method and applied
the developed colorimetric scale bar to estimate the surface
coverage of the scaffold ( Fig. 3A,B). Based on the color changes we
found that the scaffold surface coverage was 638 + 972%
Throughout the observational period of 30 days post implantation,
animals (n = 5} showed no signs of health impairment or breathing
difficuities. The implanted tracheae were then harvested, and
stbsequent histological analyses revealed respiratory epithelial-
ization on the internal surface of the implants (Fig. 3C). There wete
no signs of bacterial or fungal contamination, The external surfaces
displayed no marks that would indicate ongoing inflammatory
processes, and seemed to have integrated well into the surrounding
connective tissue. However, when unseeded rat tracheal scaffolds
were transplanted {n = 3), after 3 & 1 days the animals had to be
sacrificed due to dyspnea. Histological analyses of these grafts
showed near-total luminal occlusions and signs of severe inflam-
matory responses (Fig. 3D).

3.4. A translational approach, development of a clinical tracheal
graft

A21-year-oid female patient suffered from an iatrogenic induced
severe tracheal damage that affected the entire organ. An immedi-
ate transplantation was necessary to replace the entire trachea with
a synthetic based TE tracheal graft, This surgery took place in August
2012 at the Department of Cardicthoracic Surgery and Anesthesi-
ology at the Karolinska University Hospital, Stockholm (Sweden),

From the patient’s CT scan, a scaffold was customized using
electrospun PET/PU nanofibers { Fig. 4A). The average diameter of
the fibers was 1.97 £ .32 pm on the internal and 2.15 + 0.41 pm on
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the external side. The organization of the electrospun fibers mimics
the fiber network of a native trachiea, To determine the alignment of
the transplanted scaffold, SEM images were evaluated on a custom-
made image analysis software. The alignment of the fibers was
measured at 0.29 + 0.09 ym on the internal {Fig. 4B) and
0.27 £ 0.08 um on the external side (Fig. 4C). The scaffold was
seeded and cultured for 72 h at 37 °Cf5%C0; with the patient’s own
MNCs isolated from bone marrow in a bioreactor as previously
desciibed (Fig. 4D,E) [3].

3.5. Evaluation of the clinical samples, analytical panel with
mathematical modeling

Based on our experimental in vitro and in vivo results described
above, we could develop a colorimetric scale bar and translate it toa

0.154

0.10

0.05-

absorbancy at 570nm

scaffold + MNCs

external

Phailoidin

DAPI

clinical scenario of tissue engineered tracheal transplantation.
Samples were collected from the tissue engineered tracheal graft
prior to transplantation into the patient at two different time points;
a) in the morning of the transplantation (samples 1) and b) during
the operation when the graft was trimmed to the anatomical needs
of the patient (sample 2), Autologous human MNCs stained with
Phalloidin/DAPI were counted from three images taken from two
clinical samples that yietded cell densities of 115 x 10%fem? and
148 x 103/cm?. Simultaneous absorbancy readout using the 2k MTT
protocol (Protocol 1) showed significant differences between the
seeded and unseeded control scaffolds ( Figs. 5A and 6A). This sug-
gested that the seeded graft contained cells that had attached and
were viable and proliferating on both internal and external surfaces.

To investigate the value of our experimentally developed color
scale bar, we analyzed the color changes on clinical samples and

. scaffold + MNCs

control

control

Fig. 5. Absorbance at 570 nm after having performed the colorimetric MTT-assay on sample | of the transplanted synthetic tracheal scaffold into patient (A). Macroscopic pictures of sample
I reseeded with MNCs {upper part; n = 3) and control scaffolds without cells (lower part; n = 3), thin rings obtained from the distat part (graft-bioreactor fixation area) of the synthetic
trachea (B). Flucrescent images of the internal and external part of the tracheal scaffold {sample 1) stained with Phalloidin{green) or DAPI (blue), Unseeded pleces served as controls {n = 3).
Magnification 10%; scale bar representing 200 pm (C). (for interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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B seaffold + MNCs

control

control

Fig, 6. Absorbance at 570 nm after having performed the colerimetcic MTT-assay on sample Il of the transplanted synthetic tracheal scaffold into patient (A). Macrascoplc pictures
of sample [l reseeded with MNCs {upper part; n = 3) and control scaffolds without cells (lower part; r = 3), pieces from the distal part (obtained intraoperatively) of the synthetic
trachea {B). Fluorescent images of the internal and external part of the tracheal scaffeld (sample 11} stained with Phatloidin {green) or DAP (blue). Unseaded pieces served as
controls (1 = 3). Magnification 10x; scale bar representing 200 pm {C). (For interpretation of the references ta colour in this figure legend, the reader Is referved to the weh version

of this article,)

their corresponding cell numbers. Digital images of clinical samples
stained with formazan crystals {Figs. 5B and 6B} were quantified for
the color changes as described above, When applying equation 1 to
the grayscale values of the pixels in the digital Image, the values Y,
and Yy, were the same as those used in the laboratory samples, The
result was AC = 67%, which was consistent with the measured celt
density {Figs. 5C and 6C), The calibration curve (Fig. 2C) also
showed that this corresponded to an average cell coverage on the
entire samples of approximately 40%, However, when equations (1}
and {2) were applied to each pixel in the image and the resulting
histogram of the ¢ values was analyzed, it was found that 20% of the
surface area of the sample had less than 25% cell coverage, whereas
20% of the area of the sample had greater than 75% coverage
{Fig. 3B). This was confirmed by observations made from SEM
images, which showed a wide variation in cell coverage ranging

from an almost complete absence of cells { Fig. 7A) {the area where
the scaffold was fixed to the bioreactor) to a full confluence
{Fig. 7B). The early clinical evaluation revealed an initial graft
epithelialization ~as judged from the -1-week ‘post-operative
brushing (Fig. 7C).. The intermediate post-operative -outcome {5
months) has shown a patent and non-contaminated graft without
any signs of inflammation.

4. Discussion

The recent clinical successes of transplanting bicengineered
tissues or organs suggest TE can potentially be routinely used in the
very near future [1-3]. Hence, it is important to formulate ethical
and clinical guidelines by establishing standard operating pro-
cedures that are both reproducible and reliable for TE. It is even
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Fig, 7. Scanning electron microscopy images of the tracheal scalfold used in the clinical
transplantation either showing the graft-bioreactor fixation area (Magnification 100x;
scale bar representing 200 pm) {A) Or aside from this area (Magnification 400x; scale
bar representing 100 wm) (8) Image shows a clinlcally obtained brushing sample of the
patient's graft (H&E stained) at day 7 (post transplantation}, Magnification 20x; scale bar
representing 160 im; arrows indicate epithelial cells, asteisks indicate basal cells {C).

more important te have qualitative and quantitative validations of
the graft prior to transplantation, specifically concerning i) cell
attachment, i) cell viability, i) proliferation rate, and iv) cell dis-
tribution while minimizing staff Jabor and laboratory equipment for
performing the analyses. However, there is as yet no standardized

analytical protocol that is applicable routinely in a clinical setting.
Therefore, we set out to establish a reliable and simple evaluation
panel that can give the most relevant information on graft features
to the responsible clinicians and scientists involved, In order to
meet the clinical requirements, analytical methods need to be time-
and cost-effective, uncomplicated and simple with high reproduc-
iblity. We optimized an analyticat panel, which includes a modified
processing protocol (protocol 1) from a commercially available
MTT assay and fluorescence staining with Phalloidin/DAPI. We
successfully proved the validity and reproducibility of this evalua-
tion panel with both in vitro and in vivo studies. This was also
transferred to a clinical setting during a recent trachea TE organ
transplantation. The colorimetric MTT assay was first described by
Mosman [9]. It is a well-accepted method to measure viability and
proliferation of cultured cells. it is based on two substrates:
the yellow tetrazolium sali MTT and SDS in 0.01 M HCL MTT is
cleaved te metabolically active cells to form purple formazan
crystals, which provides a macroscopic indicator. The purple color
change can be macroscopically recognized which makes this assay
superior to many other marketed cell viability/proliferation assays
such as Cell Titer Glo®, MTS {3-(4,5-dimethylthiazol-2-y1)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl}-2H tetrazolium) and
XIT (2,3-bis-{2-methoxy-4-nitre-5-sulfophenyl)-2H-tetrazolium-
5-carboxanilide) 113]. In the next step, the crystals are selubilized
with SDS. The resulting color change is finally detected with a
simple (ELISA-) spectrophotometer by measuring the absorbancy,
which correlates with viability, proliferation and cell numbers [14].
Our data have demonstrated both experimentally (Figs. 1A and 2A}
and clinically ( Figs. 5A,B and 6A,B) that the reduced processing
time to 2 h in the MTT assay could yield dual validation: i) macro-
scopic color change and {i) absorbancy readouts which correlated
well with number of attached cells on the synthetic scaffolds.

We also show here that this simple and fast analytical panel can
provide qualitative and quantitative data {cell viability, cell distri-
bution) that are essential for clinical decision-making. We found
that graft areas distal from the graft-bioreactor holder fixture had
around 70% of the surface covered with cells, while nearly no cell
adhesion was found in the holder fixture region, Similar observa-
tions were also found in transplantation studies carried out in an-
imals here. Although the graft was not 100% seeded with
autotogous cells, the early clinical examination of the patient’s graft
did not show any bacterial or fungi contamination. Hence, we can
assume that it may not necessarily be important to have a scaffold
with confluent cell covering of the surface: around 70% coverage
seems to be sufficient, However, although we have data on celi
densities, we still do not know the patterns of proliferation and
distributicn of seeded cells on grafts in sity, Cell recruitment such as
local resident and circulating stem and progenitor cells may also
play a key role in regeneration [15). Further studies could be per-
formed to elucidate the different regulatory pathways or mecha-
nisms involved during an in situ tracheal regeneration.

The complexity of TE and regeneration would remain a chal-
lenge because the restoration or creation of three-dimensional
tissues and organs reguire a combination of stem cells, scaffolds
and signaling molecules, Mathematical modeling is another
approach, which we could make predictions of cliniscal outcomes
from the evatuations. Here, we have successfully developed a
mathematical model and converted it to a colorimetric scale bar
that can predict cell coverage and different cell densities. This easy-
to-use device can potentially be widely used and be well-accepted
in a medical field to confirm the viability and integrity of the
engineered tissuejorgan directly prior to transplantation. The
ability to acquire immediate visual information can certainly assist
with the decisions about whether the tissue or organ is ready for
implantation into a patient or a second bone marrow isolation and
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reseeding is necessary with the postponement of transplantation.
From an ethical point of view, it is most important to guaraatee that
the implanted tissue or organ graft is safe and does not jeopardize
the patient’s health, Within the fast growing field of TE and its
clinical application, this analytical panel is an important and highly
desired tool that can be implemented routinely to facilitate a suc-
cessful and safe transplantation outcome,

5. Conclusion

We have developed a robust, fast and reproducible colorimetric
tool that can verify and warrant viability and integrity of an engi-
neered tissueforgan prior to transplantation. This should facilitate a
successful transplantation outcome and ensure patient safety.
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Engineered whole organs and complex tissues

Stephen F Badylek, Daniel j Weiss, Arthur Caplan, Paolo Macchiarini

End-stage organ failure is a key chatlenge for the medical community because of the ageing population and the severe
shoriage of suitable donor organs available. Equally, injuries to or congenital absence of complex tissues such as the
trachea, oesophagus, or skeletal muscle have few therapeutic options. A new approach to treatment involves the use
of three-dimensional biological scaffolds made of allogeneic or xenogeneic extracellular matrix derived from non-
auiologous sources. These scaffolds can act as an inductive template for functional tissue and organ reconstruction
after recellularisation with autologous stem cells or differentiated cells. Such an approach has been used successfully
for the repair and reconstruction of several complex tissues such as trachea, oesophagus, and skeletal muscle in
animal models and human beings, and, guided by appropriate scientific and ethical oversight, could serve as a
platform for the engineering of whole organs and other tissues.

Introduction
Fnd-stage organ failure is a serious, growing, and costly
issue. Every year in the USA alone, 120000 people die
from chronic lung disease,! 112000 die from kidney
failure? 27000 die from end-stage liver disease,’ and
425000 die from coronary heart disease! At present,
definitive treatment for end-stage organ filure is allo-
geneic transplantation. However, a combination of unre-
mitting demand, expensive and potentially dangerous
immunosuppression, and the requirement that donor
organs be physiologically viable means that the clinical
need will never be met and many patients on trans-
planiation waiting lists will die before a donor organ
becomes available, Patients fortunate enough to receive a
donor organ endure life-long immunosuppressive thera-
py with its associated morbidity and also are at risk of
acute or chronic organ rejection.®

Recent advances in tissue engineering and regenerative
medicine have established a foundation on which the
functional replacement of whole organs and complex
tissues such as skeletal muscle, trachea, and oesopha-
gus seems possible. The appreach involves the use of
naturally occurring extracellular matrix, obtained by
the decellularisation of allogeneic or xenogeneic whole
organs or tissues {figure 1). The ready availability of an
off-the-shelf xenogeneic scaffold that could subsequently
be recellularised with autologous cells is a potential
solution to the donor shortage that exists for allogeneic
whole-organ transplantation. In addition, this approach
would obviate the need for immunosuppression. The
matrix serves as an inductive three-dimensional biological
template around which the recipient rebuilds functional
tissue through recruitment or exogenous provision of
endogenous replacement cells.** The appropriate spatial
distribution of the cells and their functional and
phenotypic maturation within a scaffold can occur in an
ex-vivo bioreactor, in sity, or in a combination of these
environments. A key advantage of this approach is the
ready availability of an intact vascular network in the
decellularised organs with appropriately sized inflow and
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outflow conduits for anastomosis to the recipient circu-
lation and thus perfusion with nutrients and appropriate
cues for cell behaviour.

The feasibility of a therapeutic strategy based on
cellular repopulation of an intact extracellular matrix
has evolved as a result of an improved understanding of
cell-matrix interactions,* development of methods for
isolation of tissue-specific and organ-specific native
extracellular matrix with litite change in native structure
and composition," rapid advancements of stem cell and
progenitor cell bioclogy (including the potential use
of inducible pluripotent stem cells),”" and the inlegra-
tion of the principles of developmental biclogy into
regenerative medicine.® Although notable scientific and
ethical challenges remain as this approach advances to
clinical use, successful proof of principle for organs
such as liver,** heart,” and lung™® and complex tissues
such as the trachea,” oesophagus,® and skeletal muscle®
has been shown, Functional restoration of such tissues
and organs with matrices might become a viable and
practical therapeutic approach to meet future demand
after organ failure ***
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We aim to review the state of the art for this tech-
nology and strategy and discuss the use of naturally
occurring extracellular matrix as a biological scaffold
and overview progresses made in individual organs and
complex tissues.

Extraceliular matrix

All tissues and organs are made up of cells and
associated extracellular matrix—a secreted product of
the resident cells consisting of a unique, tissue-specific
three-dimensional environment of structural and func-
tional molecules. Tissues and organs are usually
regarded as cells with a supporting stroma. By contrast,
the extracellular matrix is viewed in terms of its role in
structural maintenance and three-dimensional shape of
the respective tissue or organ. However, the extracellular
matrix is actually in a state of dynamic reciprocity™®
with the resident cell population. The phenotype of the
resident cells, including their active genetic profile,
proteome, and functionality, is influenced by conditions
of the microenvironmental niche including factors such
as oxygen concentration, pH, mechanical forces, and
biochemical miliew, In turn, resident cells secrete the
appropriate molecules in which to survive, function
effectively, and communicate with neighbouring cells.
Through this reciprocal interaction, the extracellular

matrix has an essential role in prenatal development
and postnatal maintenance of heaithy function.***# In
addition to the matrix’s role in development and adult
homoeostasis, it can be used as an inductive scaffold to
promote a constructive tissue remodelling response
after injury. Mechanisms of this response include
release of cryptic peptides that are mitogenic and
chemotactic for endogenous stem and progenitor
cells,®” modulation of the innate immune response,”
and provision of tissue-specific molecular cues that
support cell phenotype and function.*"** Thus, native
extracellular matrix is a logical and ideal scaffold for
organ and tissue reconstruction,

Intact three-dimensional extracellular matrix scaffelds
from different allogeneic and xenogencic tissues and
organs have been manufactured effectively for regen-
erative medicine. Matrix scaffolds prepared by decel-
lularisation of whole organs can muaintain or promote
site-appropriate cell phenotypes during the process of
cell repopulation™=" through presentation of the ligands
and bivactive molecules that are necessary for resident or
migrant cell populations to self-assemble into functional
groupings and—at least temporarily—show reasonabiy
normal structure and partial function. These events are
probably crucial for creation of a functioning organ that
can respond effectively to the demands of a recipient
after in-vivo implantation,

Structural and functional molecules in the extracellular
matrix include glycosaminoglycans and the collagens
elastin, fibronectin, laminin, and vitronectin. In general,
these matrix molecules are highly conserved proteins
in eukaryotic organisms,* which largely explains the
absence of an adverse immune response after xenotrans-
plantation, Much attention has been given to the galactose-
a-1,3-galactose antigen (so-called Gal epitope}, which is a
cell-associated epitope responsible for rejection of whole-
organ pig xenografts. Most xenogeneic sources of
extracelludar matrix scaffold materials contain the Gal
epitope but convincing evidence® suggests that this
antigen does not contribute to rejection or an adverse
remodelling outcome. Thus, use of three-dimensional
extracellular matrix organ or tissue scaffolds as a
foundation for regeneration is a viable option for
improvement of the continuing shortage of organ donors.

Principles and methods of decellularisation

Harvesting of extracellular matrix from an organ or tissue
needs methods that can remove the cell population while
restricting changes in structure, composition, or ligand
background of the native matrix, including those
components that provide the vascular and lymphatic
networks. Removal of cells from their integrin-bound
anchors and intercellular adhesion complexes while
maintaining extracellular matrix surface topography
and resident ligands is challenging, A combination of
physical, fonic, chemical, and enzymatic methods are
typically used to accomplish decellularisation and these

veervsthelancet.com Vol 379 March 10, 2012




Series

mechanisms are most efficiently delivered by perfusion of
the already existing organ vasculature. Failure to effectively
and thoroughly remove cellular remnants can cause a
proinflammatory response in the recipient that interferes
with the structure and function of the recellularised organ.
Although complete removal of all cell remnants is not
possible itrespective of the technique used, a combination
of qualitative and quantitative strategies avoids such
adverse responses. Quantitative criteria of decellularisation
include the complete absence of visible nuclear material
on histological examination {haematoxylin and eosin and
4 .6-diamidino-2-phenylindole [DAPI] stains), less than
50 ng of dsDNA per 1 mg dry weight of the extracellular
matrix scaffold, and remnant DNA molecules shorter than
200 bp." The appendix shows methods used for prepar-
ation of three-dimensional organ and tissue scaffolds
made with extracellular matrix. Techniques vary strikingly
and total procedure times for the decellularisalion
processes range from 5 h to 7 weeks,

Principles and methods of recellularisation
Strategies for repopulation of an extracellular matrix
scaffold that has retained the native shape and structure
of the original organ need to account for the unique
characteristics of the parenchymal and non-parenchymal
cell types of each organ, Because transplanted cells should
ideally be autologous, a tissue biopsy from the patient is
necessary if the starting cell population is expected 1o be
fully differentiated, Such an approach assumes that
enough healthy cells can be obtained from a patient who
is a candidate for organ replacement. Alternatively, if
remaining healthy differentiated tissue-specific cells are
non-dividing, diseased, or poorly dividing and thus cannot
be satisfactorily expanded ex vivo, endogenous organ-
specific progenitor cells might be usable for repopulation
of the extracellular matrix scaffold. Another possibility
would be use of multipotent stem cells harvested from
autologous bone marrow, adipose, or other tissues with
subsequent directed differentiation along organ-specific
or tissue-specific lineages. Examples of these cell
populations include mesenchymal stromal cells or
endothelial progenitor cells. Finally, autologous induced
pluripotent stem cells that have been differentiated along
selected pathways are a potential source of cells for
scaffold repopulation, Use of any of these cell sources
eliminates the need for immunosuppression after
jmplantation in the host. Imnnnosuppression not only
negatively affects quality of life but also introduces many
unknown variables into the process of new organ
maturation and development. Probably, a mix of different
types of cells will be needed and these cell types will vary
by the organs and tissues required; the appendix contains
a sumimary of the advantages and challenges of various
potential cell sources.

Irrespective of the cell source used, the method of
reintroduction of the cells into a three-dimensional scaffold
will take advantage of the retained vascular structures.
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Perfusion via the native venous or arterial circuitry provides
the necessary route and infrastructure to deliver cells to all
regions of the decellularised scaffold. Other organ-specific
pathways (eg, airway delivery in the lung) might also be
used. So far, the techniques used have not had the
advantage of systematic studies assessing various celt
concentrations in the perfusate, perfusion pressures, flow
rates, or other variables that can affect cell survival, Despite
the limitations of early attempts, an impressive distribution
of viable cells in organs such as the lung,*® liver,*” and
heart* have been reporied. However, complete recel-
lularisation of the three-dimensional scaffold is not the
objective of the Initial cell delivery effort. Rather, provision
of an adequate number of cells with appropriate spatial
distribution and contact with other cells and the underlying
matrixwill allow forsubsequentselfassembly, proliferation,
and differentiation,

Bioreactors

Bioreactors—sealed mechanical chambers providing
suitable environmental conditions for cellular activity—
are necessary for optimum physiclogicat cellular repopu-
lation of decellularised organ mairices. Design elements
include provision of a flow of nutrient medium to the
vasculature and physical and environmental stinli to
the cells in the repopulating matrix that mimic normal
conditions specific to the growing organ {figure 2).
Examples of physical stimuli include an air-liquid
interface for tracheal regeneration,” breathing move-
ments for lung regeneration, or electrical stimuli for
cardiac regeneration. Bioreactors need to support sterile
culture of parenchymal or stromal cells for several hours
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945




Series

946

or even months,” and some dedicated commercial
systems are already available.”™ However, very few
bioreactor systems comply at present with good manu-
facturing process regulations, If recellularised organs are
to become widely used, then closed bioreactor systems
that are propetly monitored, maintained, and made of
sterilisable and disposable materials will be necessary.

Organ-specific examples

Skin

As with every organ or tigsue system, skin has unique
anatomical features, cell types, and physiclogical charac-
teristics that need to be taken into account during the
process of engineering replacement tissue. The main
aim in skin replacement for large non-healing wounds
is the restoration of the epidermal barrier to avoid
infection and water loss. Although splitthickness auto-
graft transplantation remains the standard of care, it
cannot be provided to patients whose skin defects involve
a large percentage of total body surface® because the
shortage of donor dermis might result in severe scarring
and contractures, and the native functional properties
are usually not provided.” Ideally, a bicengineered skin
graft would enable regrowih of a functional and
physiological dermal layer of skin, including adnexal
characteristics such as hairs or pigment, So far, skin
restoration has been accomplished with artificial skin
substitutes or cell-based theraples (or a combination of
the two approaches),

New treatments range from novel formulations of
naturally occurring biofunctional porous three-dimen-
sicnal structures that act as extracellular matrix to in-situ
delivery of epidermal stem cells,® Skin extracellular
matrix supports cell engraftment, proliferation, and
differentiation in vitro and in vivo, and provides collagen
and other biclogical substances (eg, fibrin or hyaluronic
acid) that assist wound healing and affect the develop-
ment of scar tissue or reconstitution of the physiological
architecture.® Several mature differentiated skin cell
types have heen investigated for use in grafts. Extracellular
matrix can direct cells to their target region and supports
growth and differentiation of local stem and progenitor
cells that probably have a key role in wound healing and
potentially provide scar-free healing,** Cells are necessary
for complete wound healing but cells implanted alone
without extracellular matrix survive poorly in the absence
of their appropriate structural template. Cell therapy
approaches for skin regeneration and grafling need to be
improved in terms of the type of cells used (eg,
keratinocytes alone do not result in fully functional skin),
choice of autologous versus allogeneic cells {in-vitro cell
culture or graft engineering can take weeks), and cell
survival and functionality after in-situ delivery. Use of
stem cells or progenitor cells and engineered scaffolds
from preserved extracellular matrix may be the best
solution but further development is necessary to provide
a fully functional skin grafi.

Respiratory system
Because trachea is a comparatively uncomplicated
and hollow complex tissue, it was the ideal starting point
for respiratory organ engineering, Moreover, synthetic
degradable polymers or biomaterials have not been used
successfully for clinical whole airway applications.* In
2008, investigators repopulated a decellularised human
windpipe in a bioreactor with culiured autologous
respiratory epithelial cells and autologous chondrocytes
of bone marrow-derived mesenchymal stromal cell
origin, and used the resultant graft to replace a terminally
diseased left main bronchus. At the time of publication,
the patient was well, active and, most imporiantly, did
not need immunosuppressive drugs. The procedure has
been improved since 2008 by shortening the time
required for decellularisation of the trachea and by use of
the recipient's body as a bioreactor: the decellularised
human tracheal scaffold is seeded intraoperatively with
autologous respiratory epithelial and bone marrow-
derived mononuclear cells.¥ This in-vive Hssue-engin-
eered approach was used in a case series of nine paediatric
and adult patients with benign and malignant diseases
on a compassionate basis before it could obtain a full
clinical trial authorisation from the Italian Ministry of
Health. No graft-related mortality was reported after
follow-up of 1242 months, with all bicengineered grafts
remaining vascularised and lined with healthy respiratory
mucosa. However, partial collapse of the scaffolds was
noted in three patlents, and was unpredictable with
regard to patients or within the same scaffolds, Reasons
for this graft collapse are unknown but a number of
improvements in decellularisation, recellularisation, bic-
mechanical stabilisation, and implantation approaches
for tracheal grafts are under investigation.*<

In view of Hmitations of the use of natural matrices,
including the absolute requirement of obtaining a
suitable donor organ, an artificial tracheal and bronchial
scaffold from a nanocomposite polymeric material with
physical and mechanical properties equivalent to native
tissue has been developed.” The artificial scaffold, which
was seeded ex vivo with autologous bone marrow-derived
stromal cells {in a bioreactor) and conditioned with
pharmacological therapy, was implanted into a patient
with a primary recurrent tracheobronchial tumour. The
graft was patent, well vascularised, and lined with a
well-developed healthy mucosa 8 months after trans-
plantation.® Although more follow-up is needed, early
clinical results suggest that a strategy based on optimally
bicenpineered materials combined with autologous cells
and pharmacological intervention (to boost tissue
regeneration and recruit or mobitise peripheral and local
progenitor and stem cells) could provide a therapeutic
option and eventual cure for patients with otherwise
untreatable tracheal disorders {figure 3).

Provided that one side retains movement, most of the
larynx can be removed with preservation of the airway
and breathing functions. Therefore, a partial replacement
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Figure 3: Tissve-englneered tracheal transplantation

gphthetial
% 1egion

(T scan of apatent tubular natural human scaffold mplanted after removal of the native irachea for niafignant disease (A; scan at 1 month} and benign disease {B; th ree-dimensional recanstruction
based on aCT scan at 2 years), Haematoxylin and eosin stain of nativa (C) and decellularised {€} trachea; after application of 25 detergent-enzyniatic cycles, the tracheal matrices were almost
completely decellularised and only a fewr nuctel were still present in the cartilaginous region (arcow shovrs preserved basement membrane zones). Movat pentachromic staining (tonnectiva tissue
staining) of the native (D) and decellularised (F) traches; yellow-orange stalning shows collagen and reticulum fibres, green shaws mudins, blue-green shows ground substance, and red shows muscle.
{G) Endothelat pregenitor cells isolated from mobilised peripheral blood and expanded in vitro were able to organise into @ meshwork of capillary-like tubules (H), suggesting the boosting effect of the
regenerative therapy. Haematoxylin and eosin stain of decellularised trachea 1 year after transplantation (1), showing healthy tracheal epithelium (]). (K) Lantinin immunestaining outlining the
presence of a continuous fayer of basal membrane (arrow) and small blood vessels {asterisks). {L) Transmission electronic micrograph showing the presence of the basal membrane (areow).

of the larynx with a bioengineered construct would not
need to exert any neurornuscular activity to achieve an
acceptable functional result from an airway and breathing
perspective, even if voice and swallowing functions are
not perfect because of the absence of complete laryngeal
architecture.” Decellularised human laryngeal scaffolds
can be used as templates for remodelling of laryngeal
tissue because they provide the precise anatomical
reconstitution and native cartilaginous support. Akin to
the trachea, decellularised scaffolds induce a strong in-
vivo angiogenic response and could be used for partial or
total implantation in human beings.”

Because of the complex three-dimensional architecture
and structure-function relations of the lung, and the
large number of differentiated cell types present, ex-vive
lung bicengineering is probably a difficult task compared
with bioengineering of the trachea and larynx. Synthetic
three-dimensional culture systems have been used as
matrices for ex-vivo developiment of lung parenchyma

vavwthelancet.com Vol 379 March 10,2012

and for the study of growth factors and mechanical
forces on lung remodelling.* Human lung epithelial
cells and capillary endothelial cells coated onto porous
polydimethylsiloxane chips can mimic alveolar func-
tion.” This so-called lung-on-a-chip device was used to
assess how nanoparticles and Dbacteria enter the lungs
and will also be useful for high throughput screening of
drugs. However, since these artificial scaffolds do not
fuliy replicate the complexity of the lung architecture or
function and cannot be implanted easily and anasto-
mosed appropriately to the vascular and airway systers,
investigations have concentrated on use of more natural
models including nasal septa and decellulazised whole
lungs.™**# Several groups have shown the feasibility
of production of acellular lung matrices, and have
repopulated these matrices with various cell types and,
after reimplantation, shown short-term survival in rats
with some degree of gas exchange™®%# Notably,
although there are several types of respiratory cells, a
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carefully decellularised lung matrix seems to possess the
appropriate ligands to direct attachment of epithelial cell
subtypes to correct anatomical locations (figure 4).%%
Active areas of study include the effect of bioreactor cues
{eg, negative pressure breathing, stretch, and oxygen
tension) on epithelial differentlation and resultant
barrier function and also whether stem or progenitor
cells isolated {rom adult bone marrow, cord bleod, or
other sources (including the lung itself} can be used for
functional lung regeneration in vive %
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Liver
Retention of a healthy intact liver stroma after liver
injury provides the necessary substrate to support full liver
regeneration®? Decellularisation techniques vary sub.
stantially and which method is preferable to assure the
appropriaie ligand background for parenchymal and non-
parenchymal cell attachment, differentiation, and function
is unknown. Nonetheless, the ability to manufacture a
three-dimensional liver scaffold made up of native liver
extracelhilar matrix is both possible and praciical **
In-vivo transplantation of a recellularised whole liver
scaffold is possible but haemorrhage and thrombotic
complications have restricted long-term assessment.™
The ability to sustain long-term in-vivo perfusion until a
functional endothelialised vasculature can be formed is
thelimiting step at present in the whoele-organ engineering
approach, not just for liver but for all complex organs.
Establishment of the optimal cell source for repopulation
of liver scaffolds will require a substantial amount of
work. Equally, the optimal abdominal circulatory system
into which such a seeded scaffold would be placed has not
been explored, The healthy liver has two blood supplies,
including a high pressure, pulsatile hepatic artery source,
and a low pressure, nuirient rich, non-pulsatile portal
circulation. The extent to which the healthy circulatory
enviromment needs to be present to encourage liver
regeneration in an implanted engineered liver construct
is unknown. Recent work suggests that even small
numbers of transplanted hepatocytes have the potential
to create new liver tissue in heterotopic sites.

Kidney

New sources of organs are urgently needed for patients
with end-stage renal disease.* One potential approach is
the regeneration of damaged renal tissue through cell
therapy with either progenitor or multipotent stem
cells;** however, evidence suggests that cell therapy

Figure 4: Tissue-engineeved mouse lungs

(A) Haematosylin and eosin stain of a representative decellularised whole
mause lung and lung stices shows preservation of healthy architecture
{magaification x100). (B) Transmission electron micregraphimages of alveolar
septa ina representative decellularised whole mouse lung {magnification
%3000, ((-F) Intratracheally inoculated BASCs cultured 1o 1 month grow in
parenchymal and airway regions of decellularised whale mouse lungs;
tepresentative photomicographs {magnification x160 In[C], x400 in [D],
»400in [E], and x460 in [F]) show MSCs (areows) in parenchymal lung regions
and in alrways, The astesisk in (€} shows the region magnified in {D). Vascular
perfusion of a decellularised whole rat lung (G); after cannulation of the main
pulmonary artery and the left atrium, 1-5% Evans blue dyevras injected through
the pulmonaty artery. Rapid exiting from the left atrium was noted with
simultaneous diffusion of dye throughout the lung parenchyma. Representative
phatomicrographs (magnification =200) obtained 1 dayafter cell inoculation
into decellvlarised whole mause lungs {H-}); different cells localise 1o different
regions of remaining extracellular matrix proteins. Specific fibronectin
immunofluorescence is shown in red with 4 -6 -diamidino-2-phenylindole
{DAPI) nuclear stalning in blue. MSCs inoculated into decellularised mouse
lungs fisst Jocalise to regions enriched in fibronectin (H). C10 mouse lung
epithelial cells da not locatise to regions enriched in fibronectin {1} Blocking the
o5 integrin on MSCs with a neutralising antibody before cell inoculation cesults
in MSCs Jocalising in areas not enriched with fibronectin {J). MSC=mesenchymal
stromal cell.
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might be effective in acute kidney injury conditions but
not in chronic renal failure. Therefore, whole-organ
approaches, such as reseeding of extracellular matrix
have been investigated. Ross and colleagues? successfully
seeded rat renal extracellular matrix with mouse
embryonic stem cells infused through the renal artery
and the ureter, and showed proliferation and cell-specific
differentiation of the stem cells within the glomerular,
vascular, and tubular compartments. Aceliular scaffolds
with maintained expression patterns of native exira-
cellular matrix proteins have been engineered and
reseeded fromw cells obtained from donor kidneys of
non-human primates and fetal kidney cells.* At present,
much work needs to be done for ex-vivo kidney
regeneration with extracellular matrix scaffolds and ceil
therapy approaches fo become a viable clinical option,

Tissue-specific examples

Skeletai muscle

Skeletal muscle has a resident reserve cell population
{called satellite cells) that retain the ability to regenerate
damaged skeletal muscle. However, replacement of
healthy functioning muscle without scar tissue in situ-
ations in which loss of muscle tissue exceeds 20% of the
tissue mass is not possible, This factor is a key issue but
preclinical studies have suggested that scaffolds com-
posed of extracellular matrix from wrinary bladder® or
small intestinal submucosa® in pigs can aid the de-nove
formation of large masses of functional skeletal muscle
that are innervated and vascularised without substantial
scar tissue formation, This approach allowed successful
reconstitution of skeletal muscle in a patient with a
volumetric loss of quadriceps muscle® By conirast with
reconstructive strategies that use decellularised whole
organs such as lung, liver, or heart, the use of these
acellular extracellular-matrix tissue scaffolds dees not
include an ex-vivo recellularisation step but rather relies
on recruitment of endogenous stem or progenitor cells
through naturally occurring cryptic peptides derived

from the native extracellular matrix.”™” These cells sub-
sequently proliferate and differentiate in situ in response
1o local microenvironimental cues.

Small intestine and urinary bladder

Use of extracellular matrix derived from pig small
intestine (ie, small intestinal submucosa) and urinary
bladder has been widely reported in both preclinical and
successful clinical studies. Clinical applications have
included the functional reconstruction of musculo-
tendinous tissues,®@? lower urinary tract structures,®
oesophagus,?™ cardiovascular structures* and skin
These scaffold materials are prepared by methods that
largely retain their three-dimensional structure and
composition. Non-homologous use of these materials
suggests that factors in addition to site-specific or tissue-
specific ligands have a key role in the reconstructive
process. Unlike the whole-organ engineering approaches
described previously, but akin to muscle replacement,
these extracellular matrix scaffold materials are typically
used without addition of a target organ cell population.
Instead, these materials depend on endogenous recruit-
ment of cells that have the capacity to form site-specific
functional tissue. Degradation of extraceilular matrix
with release of bioactive cryptic factors is essential for
recruitment of endogenous stem cells,®*” and modu-
lation of the innate immune system towards a tissue
rebuilding phenatype by extraceltular matrix has a crucial
role in constructive remodelling.® Although exogenous
addition of cells to these scaffold materials might enhance
their constructive properties, the regulatory, financial,
and practical cost of such an approach is probably
prohibitive for the incremental advantages it provides.

Bioethics

Numerqus ethical challenges are raised by efforts to
decellularise organs and tissues and repopulate the three-
dimensional scaffolds that remain, inside or outside the
body, with functiening cells. The pressure to advance this

4 Tracheal patch®  Pig jejunum
4 acid solution, DNase, ard
desoxycholate

Human dorsor
aorlr( root

Hypotonic solution, acids,
and ayopreservalson

Several commercial

Darmis™
: acellularisation protocols

Shil __'s_t'r:ér'mi éelis and eplthelial cells.
techanfcal removal, sodium  Autologous fikroblasts and
muscle cells

Auto!ogousendotheaﬂ '
~progent fhor cells 71

Mostly unseeded

31-80-year-old patients from Rochester NY, USA
(2002—03)

fc!example hemia repalrvnth human acellular
dermal matex after organ transplantation in
Baltimore, $AD, USA (2000-0%)

of engineered tissue
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technique, driven by demand, the race for prestige, and
the potential for huge profits, mandates an early commit-
ment be made to establish the safety of various strategies
for decellularisation and recellularisation in the labora-
tory and in animals. The lesson such ethically challenging
pressures exerted on promising techniques such as gene
therapy™ is a stark reminder of the ethical framework that
must be in place for bicengineering efforts, particularly
when there are so many potential patients and doctors
who are desperate for any remedy that offers hope.
Investigators working on bicengineering organs need to
insist that clinical trials proceed only when sufficient
evidence of safety and efficacy exists. The willingness of
dying and desperate patients to be involved in innovative
organ bioengineering experiments is no substitute for the
compefency of investigators, and the adequacy of their
experimental infrastructure, full independent review of
studies, ability to monitor patients, and intent to publish
results. Research tearns must be prepared to show suf
ficient experience with transplantation to confidently
undertake these efforts. Transparency about the tech-
niques involved, cell sources, financial costs to patients,
strategies for dealing with experimental failure, and the
ability to assist patients after initial treatment are ethically
mandatory, To ensure that conflicts of interest do not
arise, investigators with equity or financial interests in
new techniques should not be involved directly with
testing or assessing success of new treatmenis.*

Furthermore, because of the complexity and enthusiasm
associated with efforts to bioengineer organs and complex
tissues, institutional review boards and research ethics
committees should insist that steps to ensure verified
informed consent are in place and that study endpoints,
recruitment strategies, plans for dealing with experimental
failure, and conflict of interest controls are fully disclosed
to potential participants, For clinical trials, due con-
sideration needs to be given to who to recruit: suitable
patienis should be able to provide competent consent, have
some amount of social support, have few comorbidities,
and be willing to face a loss of privacy* Once a minimum
fevel of safety has been established, experimental efforts
could be extended to children and other groups (table).
Perhaps the strongest ethical duty the bioengineering
community faces is the identification of criteria that
constitute  sufficient evidence of the evolution of an
intervention from research to therapy. Such decisions
should not be left solely to consumers, because they are
easily exploited by unscrupulous individuals and groups®
or lo third-party payers. Establishment of adequate safety
and functional success will need input from investigators
and key professional societies and organisations.

Conclusions

Use of three-dimensional extracellular matrix scaffolds
populated with autclogous cells is a promising approach
for the replacement of complex tissues and whole organs.
Early clinical successes with complex tissues in some

individuals and preclinical studies have shown proof
of concept. However, key barriers remain, including
identification of the optimal cell source for different
organs, an effective method for recellularisation of
denuded vascular structures in whole-organ scaffolds,
and identification of the appropriate population of
patients. For these reasons, whole-organ transplantation
is the treatment of choice at present. Because positive
results have been reported with tissues once thought
impossible to reconstruct, such as pancreas, brain, and
eyes P complex tissues and organs might become thera-
peutic targets if progress continues.
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