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The History of Engineered Tracheal Replacements:
Interpreting the Past and Guiding the Future
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The development of a tracheal graft to replace long-segment defects has thwarted clinicians and engineers alike for
over 100 years. To better understand the challenges facing this field today, we have consolidated all published reports
of engineered tracheal grafts used to repair long-segment circumferential defects in humans, from the first in 1898 to
the most recent in 2018, totaling 290 clinical cases. Distinct trends emerge in the types of grafts used over time,
including repair using autologous fascia, rigid tubes of various inert materials, and pretreated cadaveric allografts.
Our analysis of maximum clinical follow-up, as a proxy for graft performance, revealed that the Leuven protocol has
a significantly longer clinical follow-up time than all other methods of airway reconstruction. This method involves
transplanting a cadaveric tracheal allograft that is first prevascularized heterotopically in the recipient. We further
quantified graft-related causes of mortality, revealing failure modes that have been resolved, and those that remain a
hurdle, such as graft mechanics. Finally, we briefly summarize recent preclinical work in tracheal graft development.
In conclusion, we synthesized top clinical care priorities and design criteria to inform and inspire collaboration
between engineers and clinicians toward the development of a functional tracheal replacement graft.
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Impact Statement

The field of tracheal engineering has floundered in recent years due to multiple article retractions. However, with recent
advances in biofabrication and tissue analysis techniques, the field remains ripe for advancement through collaboration
between engineers and clinicians. With a long history of clinical application of tracheal replacements, engineered tracheas
are arguably the regenerative technology with the greatest potential for translation. This work describes the many phases of
engineered tracheal replacements that have been applied in human patients over the past 100 years with the goal of carrying
forward critical lessons into development of the next generation of engineered tracheal graft.

Introduction

TRACHEAL DAMAGE HAS posed a significant challenge to
clinicians for decades due to inherent difficulties at-
tendant to any surgical intervention on the airway. The first
reported case of tracheal repair in a human was by Koenig in
1896, using a two-step operation to graft a Piece of rib and
connective tissue across a tracheal fistula.” Long-segment
tracheal defects, typically defined as being over 5 cm long in
adults and shorter segments in children, are particularly
difficult to address given the poor blood supply of the tra-
chea, constant exposure of the airway lumen to the envi-
ronment, and complex mechanical demands on the tissue.
The first long-segment circumferential repair of the trachea

occurred in 1898 and was performed by Bruns, who used a
“trachea cannula” of unspecified material to replace 10
tracheal rings in a patient, who went on to live with the
repair for 5 years.”

Large tracheal defects may be caused by cancer, trauma,
infection, and congenital or acquired stenosis. For more than
a century, clinicians have bridged these defects in critically
ill patients using a variety of tracheal replacement grafts
(Fig. 1). Graft designs have improved over time with ad-
vancing material fabrication techniques, surgical procedures,
and understanding of tracheal mechanics and physiology,
which have generally led to increasing patient survival.
Nonetheless, the ideal tracheal replacement, which functions
reliably in the long term, remains out of reach.
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FIG. 1. Overview of evolution of
long-segment tracheal repair methods
over time.
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The complex problem of airway reconstruction is ripe for
advancement through collaboration between clinicians and
engineers. A successful tracheal graft will require both the
thoughtful and deliberate fabrication of a functional re-
placement conduit, as well as skilled surgical techniques and
patient postoperative care. With several engineering research
groups conducting promising preclinical studies of new types
of grafts, physician surgical expertise will be required for
clinical translation, so that these advances may reach patients
safely and effectively. Although the perception of tracheal
engineering has been marred in recent years by reports of
ethical lapses by a few investigators, the field continues to
show promise and there remains significant clinical need.

The goal of this review is to consolidate all published reports
of engineered tracheal grafts used to repair long-segment cir-
cumferential defects in humans, from the first in 1898 to the
most recent in 2018. From this comprehensive review, we then
identify and analyze historical trends in scaffold types, out-
comes, and patient mortality. These trends provide clear in-
sights into critical engineering design considerations and
clinical approaches that contribute to success in human patients.
We hope this review will inform the design and execution of
the next generation of engineered tracheal grafts as we ap-
proach a viable solution for those suffering from airway defects.

By thorough literature search (PubMed), we identified
published cases of tracheal replacement between 1898 and
2018, amounting to 290 patients in total. The scope of
clinical cases in this review includes all long-segment cir-
cumferential tracheal replacements, excluding patch repairs.
Retracted articles were excluded. From each report, we
tabulated standardized pertinent information whenever
possible, including the year of the published report; princi-
pal investigator; country, city, and hospital of transplant;
patient age and sex; clinical condition; scaffold type; com-
plications; maximum follow-up; and failure mode. This in-
formation has been included in Supplementary Table S1.
This information was further synthesized to identify and
quantify overarching trends.

Engineered Tracheal Replacements Over Time

Over 120 years, there were published reports of 290 pa-
tients receiving long-segment, circumferential tracheal re-

placement grafts. While all patients were treated on an
urgent need and/or compassionate use basis, the break-
down of reported treatment conditions is as follows: 171
(60.4%) tumor invasion; 22 (7.8%) critical airway stenosis;
19 (6.7%) airway trauma; 17 (6.0%) congenital stenosis; 11
(3.9%) tuberculosis; 11 (3.9%) prolonged intubation; and 32
(11.3%) other conditions (Fig. 2A). One hundred twenty-
seven patients (73%) were adults, while 47 patients (27%)
were pediatric (younger than 18 years) (Fig. 2B). In cases of
pediatric airway reconstruction, consideration must be made
for the growth of the patient, which may necessitate further
interventions or repeated grafting, in the case of inert im-
plants. To avoid the need for re-intervention, in some cases,
adult-sized tracheal grafts have been applied in children.>*
Eighty-six (63.2%) patients were male and 50 (36.8%) were
female (Fig. 2C). One hundred six patients (52.2%) were
treated in Europe, while 91 (44.8%) were treated in North
America, and 6 (3.0%) were treated elsewhere in the world
(Fig. 2D). This patient information was incomplete in some
reports. Figure 3 provides a timeline of the types of grafts
reported.

Skin or fascia only

The first grafts developed for long segment circum-
ferential tracheal damage were conduits created from the
patient’s own tissue (Fig. 3). These graft fabrication tech-
niques varied widely, utilizing autologous dermal graft pat-
ches from the thigh, forearm, or chest,l’z’5 and sometimes
reinforcing with autologous rib, costal cartilage, or portions
of the resected trachea (Fig. 4A).2’6_10 In a recent version,’ a
fasciocutaneous flap was harvested from the patient’s fore-
arm with the radial artery and vein intact. Six or seven
autologous cartilage segments from the caudal ribs were
then inserted between the skin and fascia of the graft,
without interrupting the vascular bed. The construct was
then rolled with the skin oriented luminally, and the ends of
the costal cartilage sutured together to form a tubular con-
duit. When the graft was anastomosed to the ends of the
remaining native trachea, the radial vessels were also mi-
croscopically anastomosed to small neck vessels, thereby
restoring vascularization to the graft. While these grafts
avoid the need for foreign materials or immunosuppression,
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FIG. 2. Patient characteristics. Histograms of (A) patient condition underlying the need for tracheal replacement, (B)
patient age, (C) patient sex, and (D) geographic locations of airway procedures.

and often revascularize well, they typically required inter-
ventions to remove secretions, and dilations and stentings to
remediate stricture and collapse. This type of autologous
scaffold has been used the longest of all graft types, from the
first report in 1927 to the most recent in 2018 (Fig. 3).
Nonetheless, this method has never gained wide acceptance
over that time, likely because of the complexity of graft
fabrication, the morbidity of multiple wound sites, and in-
consistent clinical outcomes.

Rigid polymer tube

To avoid the airway narrowing and collapse of soft
fascial-derived grafts, some clinicians began implanting ri-
gid polymeric tubes as replacement airways (Fig. 3). These
grafts were made of either polyethylene (Fig. 4B)''"13 or
poly(methyl methacrylate),'*'> which is commonly used to
repair bony defects. The rigid tubes were secured at the
anastomoses with either purse string sutures'' or interrupted
sutures through the prosthesis, where possible.'® Being quite
stiff, these solid polymeric grafts consistently remained
patent. However, these tubes often shifted out of place to
partially or fully block bronchi or entire lung lobes, due to

the difficulty of suturing securely, resulting in pneumonia or
death."" There is no reported clinical application of these
grafts after 1954 (Fig. 3).

Wire/mesh/gauze

Another common early engineered replacement graft
utilized metallic or polymeric wire, mesh, or gauze (Fig. 3).
These grafts were intended to strike a middle ground be-
tween overly soft fascial/skin grafts and overly rigid poly-
meric grafts, by resisting airway lumen collapse, while
enabling some flexibility essential to normal physiologic
head and neck movements. These scaffolds were con-
structed from tantalum gauze,l’ls_17 stainless steel wire/
mesh,' %1825 1ods'® or springs,”?® Marlex mesh
(Fig. 4C),24’27_32 or titanium-nickel alloy stent.>®> These
materials were selected to be minimally corrosive and rel-
atively inert on implantation. In most cases, these constructs
were wrapped in fascia to render the conduit airtight.

While some of these grafts provided functional airways to
patients for up to several years, there was also significant
morbidity associated with these methods. The main compli-
cations with this class of graft were formation of granulation
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FIG. 4. Examples of scaf-
fold types used in patients.
Gross images of each type,
adapted from cited publica-
tions: (A) skm or fascia only
(Fabre et al.”), (B) rigid
polymer tube (Clagett

et al.! ) (C) wire/mesh/
gauze (Ellis et al.”’), (D)
metal (or glass) tube (Cotton
and Penrdoz) (E) silicone
tube (Neville et al.*®), (F)
heterotopic/orthotopic allo-
transplant (Delaere et al’ )
(G) treated or preserved al-
lograft (Jacobs e al. %), (H) -

aortic autograft/allograft Metal or Glass
(Wurtz et al.®), and (I) de- Tube
cellularrzed allograft (Elliott

et al.®®). Red doited boxes G
added to aid visualization of
graft. Images reproduced
from cited articles with per-
missions from Elsevier, Wi-
ley, and associated journals.
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tissue at the anastomoses or through the %ra
airway edema around the scaffold materials.**>> The wrre/
mesh/gauze constructs also were not perfect mechanical so-
lutions, as many suffered airway narrowing and col-
lapse. 1318202224 The primary graft-related cause of mortality
associated with these constructs was migration of sharp edges
of the graft into neighboring vascular structures, such as the
innominate artery, leading to hemorrhage.'>6263%32 o
mitigate the risk of hemorrhage for this and other types of
grafts, clinicians began to employ fascia grafts or other ma-
terials to insulate major vascular structures from the tracheal
graft.?’ The second most common cause of mortality was
blockage of the airway by secretions.”*** Although never
consistently safe and effective, this type of graft has the
second longest reported run following autologous fascia/skin
grafts, from 1949 to 2015 (Fig. 3).

Metal or glass tube

Similar to the rigid polymeric tubes, metal or glass tubes
were also applied in early years as reliably patent tracheal
replacements, but are only reported from 1950 to 1956 (Fig. 3).
These tubes were made of stainless steel (Fig. 4D), 220,23
vitallium,?® or Pyrex glass.** The stainless steel tubes were
secured with wire sutures through holes in the ends of the
tube, and admittedly were not perfectly airtight.? Pyrex

tubes were flanged at the ends and absorbable sutures were
used around the flange, and then a pedicle pleural graft
was sutured over the anastomosis to seal the construct.’
These grafts were hampered by mlgratlon 1nt0 the in-
nominate artery or obstruction of bronchi,>** similar to
rigid polymeric tubes. The use of opaque, inert tubes also
generally precluded bronchoscopic evaluation of re-
generating host tissue, and did not support the ingrowth of
native epithelium.

Surgical advances

There is a notable gap in reports of clinical tracheal re-
placement grafts starting in the 1960s (Fig. 3). During that
time, advances in surgical techniques extended the length of
trachea that could be repaired by primary anastomosis from
2 cm to more than 50% of the length of the trachea in adults,
by using new tension-relieving maneuvers.*> These tracheal
release procedures are still used today, and include dissec-
tion of the pretracheal plane, cervical flexion, laryngeal re-
lease, and hilar release techniques. In an interesting case,
these methodologies were applied to a patient who origi-
nally received a Marlex mesh tracheal replacement in
1963,%° which functioned well for 5 years until the patient
was re-operated for a local tumor recurrence, at which time
the graft was removed and primary ends of the trachea re-
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anastomosed following the new tissue releases. This patient
survived almost 30 more years until she died of another
local recurrence.*®

Silicone tube

The next generation of tracheal replacement graft sought to
resolve issues associated with overly rigid constructs, without
compromising on patency and potentially allowing for more
mechanical flexibility. Silicone rubber was employed for its
durability, low tissue reactivity, and ability to be molded into
various sizes and configurations. Tubular silicone airway
grafts were implanted in either straight or bifurcated con-
formations to replace the trachea and mainstem bronchi
(Fig. 4E).3741 The outside ends of the tubes were often
functionalized with Dacron to enhance suturability and inte-
gration with host tissue.>’ Nonetheless, the main issue with
these grafts was shifting and loosenin§ of the prosthesis,*®*
which sometimes led to hemorrhage.”®* Granuloma forma-
tion at the anastomoses was also an issue.®*° This phase of
tracheal graft was introduced following extensive preclinical
testing by Dr. William Neville, who reported the first clinical
application of a silicone tube as an airway replacement in
1972.%" He went on to implant 59 patients with silicone tra-
cheal prostheses until 1990, accounting for 85% of all clinical
applications of this technology. At their peak usage, silicone
tubes were the graft with the most reported clinical applica-
tions, but showed little improvement in survival over wire/
mesh/gauze implants (Fig. 5). This method has not been re-
ported since 2001, likely due to the lack of constructive in-
tegration with host tissue (Fig. 3).

Treated or preserved allografts

Advances in immunosuppressive therapies in the 1980s
and 1990s led to critical improvements in survival for solid
organ and composite tissue transplants, including the first
successful lung transplantations.**™** The first successful
laryngotracheal transplant occurred in 1998.* This surgical

advance enhanced the prospects of tracheal allotrans-
plantation in theory, but transplanting tracheas has re-
mained more complicated in practice. Airway allografts
often became ischemic and/or necrotic by 2 months post-
transplantation, and sometimes required stenting to remain
patent. For these reasons, direct allografting from donor to
recipient has been largely abandoned clinically, with only
anecdotal reports in recent years.*

Initially, the cause of tracheal allograft necrosis was at-
tributed to adverse immune response. In efforts to enhance
graft viability at the time of operation, one tracheal allograft
was treated with Eurocollins solution.*” In this case, the graft
began to be rejected and necrose by day 10, thereby defeating
the purpose of treatment. By 4 months, the graft progressed to
stenosis requiring repeated stenting to prevent collapse. An-
other approach was to preserve the tracheal allografts in
formalin, to both render the tissue immunologically inert and
to impart some stiffening of the tissue to avoid collapse
(Fig. 4G).>**® Notably, this type of preserved allograft was
employed in about half of all pediatric cases of airway re-
placement, 24 out of 47, at Great Ormond Street, Hospital for
Children (GOSH) in London, United Kingdom.*** In these
cases, an intraluminal silicone stent supported the graft for
10-12 weeks until the graft reepithelialized, at which point
the stent was removed. Most of these grafts performed well in
the short and medium term. A major benefit to using fixed
cadaveric allografts is their shelf life, which allows them to
be used in emergency cases or without a long lead time.
Nonetheless, a number of fixed tracheal allografts still suf-
fered stenosis and required stenting to maintain patency in the
long term.>**47*® Consequently, preserved and/or fixed tra-
cheal allografts have likely been abandoned as a viable re-
placement airway conduit, having only been reported from
1993 to 1999 (Fig. 3).

Heterotopic/orthotopic allotransplant

Some investigators believed that ischemia and necrosis
observed in direct allotransplants were primarily due to
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insufficient revascularization in vivo, rather than immuno-
logical rejection. The postulate was that prevascularization
of the airway implant, instead of chemical fixation, could
ameliorate necrotic failure. By this method, allogeneic tra-
cheas were initially implanted into a highly vascularized
region of the recipient, before orthotopic transplantation to
the relatively perfusion-poor region where the trachea re-
sides. A brief early report on this method in 1979 described
a successful tracheal allotransplant following heterotopic
revascularization of the graft in the patient’s sternocleido-
mastoid muscle, without immunosuppression.*’ This het-
erotopic/orthotopic allotransplantation method continued to
be honed by Dr. Pierre Delaere over years of preclinical
studies to the point of a reliable protocol suitable for hu-
mans. Delaere has since implanted 72 patients with the so-
called Leuven protocol, which is named after the hospital
where he developed the method.

In the Leuven protocol, a cadaveric allograft is re-
vascularized heterotopically in the recipient (usually in the
forearm) for 2-4 months before orthotopic transplantation
(Fig. 4F).>°>7 Daily triple immunosuppression is usually
initiated upon heterotopic implantation of the graft and
continues for 15-18 months following orthotopic trans-
plantation, using tacrolimus (Prograf), mycophenolate mo-
fetil (Cellcept), and methylprednisolone.’* It has also been
found that removal of the trachealis muscle and creation of
intercartilaginous incisions both aid neovascularization
within the graft, although it has yet to be determined how
these alterations affect the overall mechanical properties of
the graft. The Leuven protocol has also been applied in two
additional cases by other clinicians at different hospitals in
Europe.’®>” In addition to being the method of long-
segment circumferential tracheal replacement with the
greatest number of reported clinical cases (n=75), it also
has the longest reported follow-up time, making it the current
gold standard in the field (Fig. 5). The main complications
associated with this method are stricture,>? tracheocutaneous
fistula occurring in the forearrn,55 and infection at both the
forearm wound site and following orthotopic tranplanta-
tion.>> There are also reported cases where the method failed
completely when the graft necrosed in the forearm.’> The
Leuven protocol is ongoing in the clinic, with the most re-
cent case report in 2016 (Fig. 3).

Aortic autograft/allograft

Another type of natural graft applied clinically since 2001
utilizes aorta as a replacement conduit (Fig. 3). In this proce-
dure, a fresh or cryopreserved aortic graft is stented and im-
planted as an airway replacement (Fig. 4H).”®* In cases of
autotransplantation, a portion of the patient’s abdominal aorta
is first resected and replaced with a vascular graft.”®%%% This
grafting method was developed for emergency situations
where no other airway conduit was available, and was not
originally intended as a long-term solution.’® Since the aorta is
a vascular conduit intended to sustain positive intraluminal
blood pressure, it is not a mechanically adequate substitute for
the trachea, which must withstand the negative intraluminal
pressures of breathing, coughing, and sneezing. For this rea-
son, aortic grafting into the airway requires stenting, which has
led to complications and morbidity associated with stent
granulation and migration.®*"** In addition, anastomotic de-
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hiscence has been reported.’>° Evaluation of cryopreserved,
stented aortic allografts for airway repair in lung cancer
surgery is the basis of an ongoing clinical trial in France be-
ginning in 2017, under Dr. Emmanuel Martinod (TRA-
CHEOBRONCART, NCT01331863).%! In the two reported
cases so far, both patients were alive at 55 and 67 months post-
transplant. While the grafts showed some preliminary signs of
integrating with the host, both also faced complications related
to the stents, including stent bacterial infection and granuloma.

Decellularized allograft

Another method of allotransplantation leverages modern
decellularization techniques to remove all cellular compo-
nents from cadaveric tracheas, using a combination of de-
tergents and enzymes, leaving behind only extracellular
matrix proteins. The goal of this decellularization process is
to render the tissue immunologically inert.** This method
has been reported in two clinical cases since 2012, both in
children (Fig. 41).°>-%7 One patient has undergone 25 follow-
up procedures in 4 years to clear secretions and to stent the
collapsing allograft,>®” and the other patient died 15 days
postoperatively of graft collapse.®® In the surviving patient,
evaluation of the graft by computed tomography scanning
over time reveals graft luminal narrowing coupled with di-
lation of native tissue at the anastomoses, consistent with
mechanical mismatch of the graft and remaining trachea,
possibly related to graft collapse or adverse host response.®’
In follow-up in vitro analyses, it has been demonstrated that
the decellularization protocol applied in these clinical cases
significantly reduces glycosaminoglycan and collagen con-
tent of the tissue, and significantly impairs circumferential
cartilage ring rigidity and resistance to collapse.®®®® Deci-
sions to use decellularized allografts in these two cases were
largely based on work that has come under heavy criticism
for misrepresentation of clinical outcomes, resulting in on-
going legal proceedings and multiple article retractions.

Macchiarini controversy

During the last decade, the field of clinical tracheal re-
placements became mired in global controversy surrounding
the work of Dr. Paolo Macchiarini, who has been involved
in the clinical implantation of multiple decellularized and
polymeric airway replacements since 2008. Despite insuf-
ficient preclinical validation of the safety and efficacy of
these techniques, Macchiarini’s human implantations were
broadly espoused, and his reported results were used as the
basis for clinical application by other groups. Macchiarini’s
work was lauded as the first application of ‘‘stem cell
technology’’ in humans, despite offering no evidence of
effective application of true stem or progenitor cell sources.
The outsized praise for the work of Dr. Macchiarini has
since collapsed as he, his colleagues, and a number of
members of the Karolinska Institute have been found guilty
of a variety of ethical lapses.”® The scale of publicity sur-
rounding this technology has meant a boom and bust in
public perception not only of the field of tracheal replace-
ment but also more broadly of all of regenerative medicine.
Recent retrospective studies have also uncovered the true
mortality and suffering of his patients.”' Due to ongoing
ethical investigations and article retractions, Dr. Macchiar-
ini’s published work is not included in this review.
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Scaffold Outcomes
Defining the current gold standard

For this review, we defined ‘“‘maximum follow-up’’ as the
longest published follow-up period for each patient post-
transplant, whether that was a follow-up report on a living
patient or the survival time of a deceased patient. We con-
sidered ‘‘maximum follow-up” time as a proxy for com-
paring the performance of different tracheal grafts over
time, since longer follow-up times generally indicate better
patient survival. This metric does not take into consideration
graft complications or patient morbidity, nor does it account
for parameters regarding patient selection. It is important to
note that essentially all of the tracheal replacement cases
included in this review were performed under compassion-
ate use protocols, and not under true prospective clinical
trials. Because each case involved a patient in dire need of
an airway replacement, and who often had concomitant
medical conditions, many of these patients died of causes
unrelated to their tracheal grafts. Despite the limitations in
the reporting of this metric, statistically significant trends
still emerge when comparing different types of tracheal
replacements.

Heterotopic/orthotopic allotransplantation using the Leu-
ven protocol has not only been applied to the greatest
number of patients (n=75) but also has the greatest average
maximum follow-up, at 6.08+3.92 years (Fig. 5). This is
significantly greater (by pairwise Welch’s r-test) than the
maximum follow-up for nearly all other scaffold types. For
this reason, we believe the Leuven protocol should be
considered the current gold standard in clinical tracheal
transplantation. However, this method is still limited to
patients whose physical condition can tolerate the morbidity
associated with multiple wound sites and long total proce-
dure times, and it also requires some degree of systemic
immunosuppression.

Tracheal graft-related mortality

Observing trends in graft-related cause of death generates
a portrait of the minimum critical design requirements for a
successful tracheal graft (Figs. 6 and 7). Again, observing
mortality alone does not take into consideration graft com-
plications or associated patient morbidity, and is limited by
the number of cases that report cause of death. Patient
deaths reported as unrelated to the tracheal graft procedure
or function are also included for completeness (Fig. 6).
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Despite inherent limitations of this analysis, useful patterns
in failure modes emerge.

Several of the early causes of death related to engineered
tracheal grafts have been remedied to the point that they are
no longer fatal (Fig. 6). Early on, several patients died on the
operating table before receiving their graft, due to surgical
or anesthetic complications.?* This was the first cause of
morbidity to be resolved as the procedures for tracheal
transplant rapidly improved. Later, a few early patients also
died of suffocation by airway secretions that accumulated
either proximal or distal to the repair.>>*"? Inspissation
and blockage from secretions could occur as early as 2—
3 days after implantation, and may have been worsened by
local infection or adverse host response to the implant ma-
terials. To resolve this issue, it quickly became standard
follow-up procedure to monitor patients for excess mucous
and regularly remove buildup by blind suctioning or bron-
choscopic techniques.

Another early cause of death was narrowing and collapse
of the tracheal graft lumen, which can lead to ventilatory
insufficiency and suffocation.>>?22%3773%66 Ajrway graft
stricture generally occurs by two mechanisms, either fibrotic
narrowing due to host response or collapse due to insuffi-
cient mechanical integrity. Unfortunately, this distinction is
not usually specified in published reports. Airway luminal
narrowing as a function of fibrotic host response and in-
flammation can occur over weeks to months, and can be
treated with bronchoscopic dilations and graft stenting to
maintain patency, despite encroaching fibrotic tissue. A
better long-term solution would be to address the causes of
adverse host response before implantation, and to encourage
appropriate integration with native host tissue to avoid the
need for dilations and stentings.

Graft collapse due to insufficient mechanics is mostly
unique to the repair of long-segment circumferential defects.
In contrast to patch grafts on the airway, circumferential
engineered grafts must have adequate stand-alone mechan-
ical integrity, rather than relying on existing cartilaginous
rings, trachealis muscle, and connective tissue structures for
support. For this reason, it is preferable to avoid complete
circumferential resection of the trachea wherever possible,
to better preserve native-like mechanical integrity and avoid
graft collapse. Mechanical failure of grafts on implantation
can be avoided by only implanting grafts having adequate
mechanical properties to avoid collapse, as assessed by
mechanical testing and validation under physiologic condi-
tions before implantation. While many airway replacement

Patients

&
@ ¢ FIG.6. Causes of mortality in
. . patients receiving tracheal replace-

ment grafts.
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Grillo Design Criteria

* Repeatable, reliable surgical techniques * Straight-forward, repeatable surgical techniques
* Prevent secretion accumulation and infection * Avoid bacterial colonization and accumulation
of secretions
FIG. 7. Critical care prior- Design Criteria * Material biocompatible, nontoxic, non-

ities and design criteria for a
successful engineered tra-
chea, synthesized from clini-
cal experience summarized in
this review, and compared to
the Grillo Design Criteria.”

implantation

l'l{_"fll'hf.' \':!.‘iClIi:ll' structures; not so sut'r as to
collapse and require stenting to remain patent

* Adequate suture strength over time to prevent

dehiscence

scaffolds underwent some degree of preclinical testing
in vivo before being applied in human patients, very few
underwent specific quantitative mechanical testing, and there
is not yet a robust and standardized method for doing so.

It has become standard procedure to apply luminal stents
to tracheal grafts to prevent stricture or collapse, yet this
practice introduces significant risks and morbidity. The in-
troduction of metallic or polymeric stents into the airways
increases the risk of graft and/or stent migration, and often
causes obstructive stenosis and granulation tissue requiring
repeated interventions.*>%%%2% In some cases, degradable
stents have been utilized with no mechanism by which to
encourage the development of sufficient mechanical integ-
rity of tracheal grafts, leading to repeated stentings as the
degradable stents lose their functionality.®> An ideal tracheal
replacement graft would avoid the need for stents altogether,
by being engineered with sufficient mechanical integrity to
maintain patency over time, as well as integrate with the
host after implantation so as to avoid narrowing due to ad-
verse host response.

Another significant challenge plaguing the field is tra-
cheal graft migration into neighboring vascular structures,
most commonly into the innominate artery, leading to ra-
pid death by exsanguination. This complication has been
exacerbated by grafts with sharp edges that incorporate
metal wire, mesh, springs, or stents, or grafts that are
themselves supraphysiologically rigid. This type of fatal
graft migration has occurred anywhere from 10 days*~° to
6 weeks®' after implantation. Occasionally, rigid grafts
migrate into the tracheal lumen and block the airways
themselves, leading to airway obstruction and patient
death."""'> While any tracheal graft must be rigid enough to
remain patent, it must also be flexible enough to readily
and safely accommodate a broad range of head, neck, and
chest movements.

With the resolution of some early graft-related causes of
death by the mid-1960s, a second wave of fatal failure
modes has arisen over the last 50 years (Fig. 6). These
secondary causes of mortality appear to derive from de-
clining graft function over time as patients live longer and
resume normal lives. The first emerging cause of mortal-

ity has been infection, which includes pneumonia*®®? and

Mitigates stricture due to adverse host response

* Not so stiff or sharp as to migrate and damage

immunogenic, non-carcinogenic

* Safe, non-immunogenic material for

* Avoid stenosis or progressive stricture

* Integrated into adjacent tissues to prevent
chronic inflammation, granulation tissue,

infection, erosion
* Laterally rigid but longitudinally flexible tube

* Permanent airtight structure, no dehiscence or
erosion over time

* Support respiratory epithelium

mediastinitis.*'*° While local, intra-airway infections are
not often fatal, they usually appear within days following
the transplant and progress rapidly.*"> Pneumonia can
appear anywhere from days''*? to years**>> after airway
transplant. It is critical to closely monitor patients for signs
of infection after tracheal replacement, particularly in cases
where patients are immunocompromised.

The most recent failure mode to emerge has been graft
anastomotic dehiscence, which has occurred anywhere from
days®>? to years* after implant. Dehiscence often leads to
airway obstruction, mediastinitis, and death. Suturability of
any airway implant and long-term integrity of the anasto-
mosis are an essential consideration in graft design. Since
dehiscence can be caused by necrosis of the tissue at the
anastomoses, or by mechanical failure of implanted or na-
tive tissues, many engineered constructs have added cuffs or
other adaptations to facilitate strong, air-tight anastomoses.
It will continue to be important to test graft materials for
suture retention going forward, including particular obser-
vation of suture strength over time after grafts have been
implanted in vivo.

Preclinical Promise

Outside the clinic, the next generation of engineered
tracheal replacement graft is being developed in research
laboratories and tested in animals. A number of groups are
addressing challenges seen in the clinic through focused and
well-controlled preclinical work. Recent advancements in
tracheal grafts are broadly focused on preventing adverse
host response,”>”"> capturing complex native mechanical
behavior,”®®! and improving functional integration upon
implantation.”®®*%% The Cho group of South Korea has
developed a polymeric tracheal replacement graft designed
with a “bellows” configuration, comprising polycaprolactone,
to attempt to capture native-like structure and mechanical
behavior.”” The host response to the bellows-type implant
was not significantly more inflammatory than a syngeneic
allograft.””

Our group has developed a tracheal graft that combines
engineered natural scaffolding with nondegradable stents,
and are acellular on implantation.”® The supporting stents
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are encased in collagenous tissue generated by smooth
muscle cells in culture before the constructs are decel-
lularized, leveraging the same technology developed over
more than two decades for engineered vascular grafts.
Currently, these engineered arteries are undergoing Phase III
clinical trials for vascular replacement (HUMANITY V006,
NCT02644941; HAV-ACCESS V007, NCT03183245).%"
Our engineered tracheal constructs have functioned well in
rodents and primates for up to 2 months, with no instances
of collapse or migration. However, mid-graft stenosis has
been observed in some of the grafts, and current research is
focused on mitigating this host response.

The Nagayasu group in Japan has tried to avoid compli-
cations associated with foreign material scaffolds by gen-
erating a scaffold-free construct of 3D-printed multicellular
spheroids, which has shown promising regenerative inte-
gration on implantation in rats.** Spheroids consist of
chondrocytes, endothelial cells, and mesenchymal stem cells
and showed evidence of maturing into organized cartilage
after implantation, as well as improved mechanics over time
in vivo. Furthermore, the Omori group has conducted a
number of studies to promote integration and performance
of engineered tracheas, including evaluating graft material
composition,85 suturability,84 vascularization,81 and epi-
thelialization.®® They have also reported a few clinical
applications of their Marlex mesh/collagen sponge graft
material as a patch replacement for small tracheal defects,
with promising outcomes.*®*® Overall, there remains a
major opportunity for clinicians and engineers to learn
from each other and collaborate to develop a tracheal re-
placement graft that works well for patients in the long
term, and which resists the multiple failure modes ob-
served in recent decades.

Conclusions

Based upon this comprehensive review of tracheal re-
placement grafts and their shortcomings in humans, we have
derived key functional attributes that must be incorporated
into any tracheal replacement that is to function long term.
In terms of clinical care priorities, it was learned early on
that tracheal grafts must be implantable with repeatable,
reliable surgical techniques. Subsequently, patients must be
monitored to avoid potentially life-threatening secretion
build-up or graft-related infection postoperatively. The tra-
cheal graft itself must be made of a safe, nonimmunogenic
material for implantation to avoid adverse host response that
could lead to airway failure. Bulk mechanical properties
remain the most significant ongoing challenge to the field of
tracheal engineering, with Stricture/Collapse and Migration/
Hemorrhage accounting for 68% of graft-related mortality
in all clinical cases. Mechanically, the graft must not be so
stiff or sharp as to migrate and perforate nearby vascular
structures, and not so soft as to collapse and require stenting
to remain patent, which can lead to a host of stent-related
complications. Finally, the most recent finding is that as
patients live longer with their replacements, the graft ma-
terial must be able to maintain adequate suture strength and
develop suitable host incorporation over time, to prevent
graft dehiscence at the anastomoses (Fig. 7).

Our design criteria align remarkably well with the tra-
cheal replacement design criteria set forth by Dr. Hermes
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Grillo in 2002, who is broadly considered to be the father of
tracheal surgery (Fig. 7). The only requirement Grillo adds
that was not a major failure mode based on our analysis is
the need for a tracheal replacement graft to support re-
epithelialization. This would restore physiologic function of
the airway, including cleaning and humidifying inhaled air,
as well as clearing secretions by cilia movement. While lack
of epithelium has not been linked directly to graft failure
clinically, it is likely critical for the function of an optimal
tracheal graft.

Overall, this comprehensive retrospective analysis of all
reported clinical cases of long-segment circumferential tra-
cheal replacements has yielded valuable insights on both the
current state of the field, as well as a proposed path toward
the next generation of engineered tracheas. Meeting these
critical criteria for a successful graft will require concerted
effort between clinicians and engineers as we progress to-
ward a safe and effective solution for patients.
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