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Lung transplantation is a life-saving operation for patients with
advanced lung disease. Pulmonary allografts eventually fail
because of infection, thromboembolism, malignancy, airway
complications, and chronic rejection, otherwise known as
chronic lung allograft dysfunction (CLAD). Emerging evidence
suggests that a highly compromised airway circulation
contributes to the evolution of airway complications and CLAD.
There are two significant causes of poor perfusion and airway
hypoxia in lung transplantation: an abnormal bronchial
circulation which causes airway complications and
microvascular rejection which induces CLAD. At the time of
transplantation, the bronchial artery circulation, a natural
component of the airway circulatory anatomy, is not surgically
connected, and bronchi distal to the anastomosis become
hypoxic. Subsequently, the bronchial anastomosis is left to heal
under ischemic conditions. Still later, the extant microvessels in
transplant bronchi are subjected to alloimmune insults that can
further negatively impact pulmonary function. This review
describes how airway tissue hypoxia evolves in lung
transplantation, why depriving oxygenation in the bronchi and
more distal bronchioles contributes to disease pathology and
what therapeutic interventions are currently emerging to
address these vascular injuries. Improving anastomotic
vascular healing at the time of transplantation and preventing
microvascular loss during acute rejection episodes are two
steps that could limit airway hypoxia and improve patient
outcomes.
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Introduction

Lung transplantation is a viable option for many end-
stage lung diseases but is limited by relatively poor five-
year and ten-year survival [[12°°]]. Biomedical scientists
are secking to address these poor outcomes by increasing
their focus on the airway microcirculation. Because the

bronchial artery circulation is not restored at the time of
transplantation, lung allograft airways are perfused by
blood from the poorly oxygenated pulmonary artery cir-
culation and are relatively hypoxic relative to contralat-
eral-native (nontransplanted) lung [[3°]]. Immediately
after surgery, the airway anastomosis is ischemic and
susceptible to significant morbidities including infection,
dehiscence, and stenosis [3°]. Later, microvascular rejec-
tion occurs during acute rejection episodes, further
compromising the vascular supply and contributing to
the pathogenesis of CLAD [4,5]. Because of the etiologic
relevance of microvascular loss in all forms of solid organ
chronic rejection [4-10], there is interest in elucidating
the pathways causing this microcirculatory attrition in
allograft tissue. One such pathway, the hypoxia-inducible
factors (HIF's), are central regulators of cellular responses
to hypoxia and govern changes in cellular metabolism,
proliferation, migration, and angiogenesis [11]. Hypoxia-
inducible gene expression (i.e. VEGF-A, VEGF-C,
HMOX1, and TIEZ2) is upregulated in transplanted allo-
grafts [12°°]. The degree of hypoxic gene expression in
donor airways is directly linked to airway complications
after lung transplantation. The abnormal vasculature is
the proximate cause for this hypoxia. Specifically, in the
early post-transplant period, the lungs receive perfusion
from a single vascular bed, and in the late post-transplant
period, the remnant vasculature suffers further damage
through immune and nonimmune mediated mechanisms
[13].

Chronologically, the first reason for airway hypoxia in lung
transplantation is due to organ procurement, which
includes obligatory ischemia that can lead to ischemia-
reperfusion injury (IRI). In the early post-transplant
period, transplanted allografts are relatively hypo-per-
fused. Before transplantation, the lungs receive perfusion
from the oxygen-rich bronchial arteries and the relatively
hypoxic pulmonary arteries which form a complex vascu-
lar plexus in the airways [13]. The pulmonary arteries
originate from the right ventricle, participate in gas
exchange, are more muscular, and vasoconstrict in
response to hypoxia. The bronchial arteries arise from
the systemic vasculature, travel alongside the bronchi,
and form a vascular plexus with the pulmonary arteries
near the respiratory bronchioles and alveoli. Both the
pulmonary and systemic circulations significantly contrib-
ute to bronchial blood flow [14]. The bronchial vascula-
ture is responsible for supplying nutrients to the under-
lying bronchi and connective tissue. As a result, under
native condition, the lung airways are relatively protected
from hypoxemia. However, following lung transplanta-
tion, only the pulmonary circulation is preserved. While
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Airway hypoxia in lung transplantation: the bronchial anastomosis at the time of transplantation.
Airways are supplied with blood by a vascular plexus which receives blood from both bronchial and pulmonary circulatory systems. In the early
post-transplant period, the anastomosis site is ischemic and hypoxic and becomes, over time, susceptible to airway complications.

the bronchial vasculature may spontaneously re-connect,
this often does not occur immediately; and may be absent
up to one-year post-transplant [2]. Collateral systemic
vessels that supply the donor bronchi may arise from
the nearby coronary circulation in heart-lung transplants,
giving further evidence to the inherent hypoxic quality of
post-transplant airways [15,16]. This regional ischemia
places the graft, especially the bronchial anastomosis, at
risk  for infectious, structural, and functional
complications.

Later in the course of a lung transplant patient’s life,
airway hypoxia may occur because microvessels are lost
during episodes of alloimmune rejection, and this vascu-
lar injury, which is associated with significant regional
tissue ischemia, may in turn give rise to CLAD, the main
cause of long-term mortality [1]. The histopathologic
hallmark of obstructive CLLAD is the fibro-proliferative
obliteration of the small airways, also known as oblitera-
tive bronchiolitis (OB). The Papworth investigators
showed that pre-OB lesions have fewer microvessels, a

finding that was interpreted to mean that the drop-out of
the microvasculature was a direct cause of fibrotic airway
remodeling [4,5]. This review reviews the mechanisms
leading to airway hypoxia in the transplanted lung allo-
graft, beginning with IRI, describes the biology governing
subsequent tissue responses, and concludes with thera-
peutic concepts that emerge from these explanations.

Ischemia-reperfusion injury

Airway hypoxia in lung transplantation can occur as a
result of IRI, more globally referred to as primary graft
dysfunction (PGD). This form of whole graft hypoxia is
not limited to the airways, per say, but involves the entire
lung and is an unfortunate complication inherent to any
solid organ that has an obligatory ex vivo period of low
perfusion followed by sudden perfusion. PGD is the
leading cause of early death following lung transplanta-
tion and is defined as the presence of hypoxemia, and
diffuse radiographic infiltrates within 72 hours following
transplantation, not attributable to any other identifiable
cause [1]. Given that the exact mechanisms leading to the
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Figure 2
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Airway hypoxia in lung transplantation: the airways during acute rejection episodes.
In the acute rejection phase, there is a loss of airway microvessels that may lead to the development of chronic rejection. The airway
microvasculature is especially vulnerable during acute rejection and may be amenable to specific therapeutic interventions before airway

remodeling in the post-ischemic and remodeling phases.

development of IRI have not been elucidated, treatment
is generally supportive, rather than curative. IRI is gen-
erally due to the formation of reactive oxygen species,
which results in the activation of the innate immune
system, increase in cytokines, and damage associated
molecular patterns (DAMPs) [17,18]. Ultimately, this
immune activation causes endothelial barrier dysfunction
and epithelial damage, resulting in diffuse alveolar dam-
age, edema, and hypoxemia.

Vascular injury and airway hypoxia in lung
transplantation

The two main causes of airway hypoxia following lung
transplantation occur because bronchial artery revascular-
ization does not occur and because donor microvessels are
susceptible to acute rejection. Because the current surgi-
cal grafting technique omits restoration of the bronchial
artery circulation, the blood supply to the fresh bronchial
anastomosis lacks the normal dual supply from bronchial
and pulmonary arteries, and the connection site between
recipient and donor is particularly ischemic (Figure 1). In

this sense, the first vascular injury is attributable to the
creation of an aberrant transplant circulation. Addition-
ally, the more distal airway microvasculature is vulnerable
to alloimmune-mediated rejection (Figure 2). Pre-clinical
models suggest that when airway blood vessels are
destroyed, regional ischemia and hypoxia lasting for days
occurs, followed by irreversible fibrotic remodeling. The
loss of a functional microvasculature is closely linked to
the inability to rescue airways from chronic rejection [19].
Consequently, intervening to both promote revasculari-
zation to protect the surgical anastomosis at the time of
transplantation or, later, to protect blood vessels during
acute rejection both have high potential to improve
transplant outcomes.

Given the importance of the microvasculature in main-
taining lung allograft health, there has been significant
interest in developing animal models to facilitate the
study of vascular beds. The orthotopic tracheal transplant
(OTT) model, in which a donor trachea is transplanted
into a recipient mouse, is a validated and accepted tool to
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evaluate large airway vasculature [20]. Transplantation
between different strains results in acute rejection pathol-
ogy, similar to lymphocytic bronchitis. Using the OTT
model, our group has characterized the immune-medi-
ated mechanisms that lead to vascular injury following
tracheal transplantation. We found that CD4" T  cells and
antibody-dependent complement activation are the main
drivers of alloimmune-mediated vascular injury [21,22].
In addition to adaptive immunity, the innate immune
system also propagates microvascular damage. Inhibition
of adaptive and innate immunity, as accomplished by
treatment with cyclosporine and elafin (neutrophil elas-
tase inhibitor), provides greater protection of graft perfu-
sion, as compared to cyclosporine treatment alone [23].
Elastase activity is a noteworthy contributor to microvas-
cular injury and likely works in concert with the adaptive
immune system to negatively impact the transplant.

As mentioned in the Introduction, the HIFs are central
regulators of cellular responses to hypoxia. Under nor-
moxic conditions, HIFs are degraded through a protea-
some-mediated mechanism which includes hydroxylation
of prolyl hydroxylase followed by von Hippel-Lindau
protein (VHL)-mediated ubiquitination and degradation.
HIF-1 is upregulated in airways undergoing allograft
rejection, presumably as a stimulus to help promote
microvascular repair and healing [24]. In this process,
recipient-derived cells can contribute to vascular repair.
Augmentation of HIF-1 signaling through gene therapy
can bolster microvascular healing and limit fibrotic remo-
deling. Upregulation of HIF-1 and HIF-2 in VHL-hap-
lodeficient airway donors is similarly protective [25].
Recently, our group found that endothelial HIF-2 (but
not HIF-1) is an essential survival factor for airway
microvascular cells [26°°]; HIF-2 promotes microvessel
integrity through endothelial angiopoietin-1/TTE2 signal-
ing and Notch activity. Genetically upregulating HIF-2 in
airway allografts provides robust protection from micro-
vascular destruction and diminishes alloimmune inflam-
mation. Transient upregulation of the HIFs in the peri-
transplant period at the anastomosis site or during acute
rejection episodes in the more distal airways have thera-
peutic potential for the two major vascular injuries
described in Figures 1 and 2 [24,27,28]. To this end,
iron-chelators are FDA-approved therapies for iron-over-
load-related disorders which stabilize the HIFs and their
potential as a treatment is described in the Therapeutic
Opportunities section below.

Hypoxia and airway infection in lung
transplantation

Relative to other solid organ recipients, lung transplant
recipients face an increased risk of infectious complica-
tions, due to higher levels of immunosuppression, con-
stant and direct exposure to environmental pathogens,
and impaired mucociliary clearance post-transplant. In
the initial post-transplant period, the lung allograft is

especially susceptible to Aspergillus fumigatus, a facultative
anacrobe that thrives in hypoxic environments
[29°]. Infections can manifest as tracheobronchitis, inva-
sive pulmonary aspergillosis, or bronchial anastomotic
infections. Preventing these infections is of paramount
importance as infection of the anastomotic sites is associ-
ated with stenosis, which can lead to significant pulmo-
nary impairment, or more seriously, dehiscence, which is
associated with significant mortality. A unique feature of
Aspergillus is its ability to establish an ischemic microen-
vironment, via the production of anti-angiogenic factors
such as gliotoxin, a metabolite that inhibits angiogenesis
[30]. Therefore, to protect the lung allograft, many cen-
ters employ dual anti-fungal therapies in the initial post-
transplant period. Improving the anastomotic circulation
at the time of transplantation may lessen this airway
complication, as described below.

Therapeutic opportunities to limit airway
hypoxia

Given the importance of airway microvessels in main-
taining allograft health, there is interest in developing
directed interventions to preserve allograft vasculature
and to promote its regrowth. As VEGF is a central
regulator of vasculogenesis, modulators of VEGF expres-
sion are a possible option for intervention. However,
aberrant vascular growth promoted by this growth factor
can lead to edema and inflammation [31,32], limiting its
benefit in to the transplant. Another approach is through
the temporary stabilization of airway HIFs through topi-
cal application of iron chelators to the anastomosis site at
the time of surgery. Iron chelators can promote neovas-
cularization at the ischemic wound site whereas aerosol-
ized iron-chelators can facilitate microvascular repair dur-
ing acute rejection episodes [27]. Iron chelators stabilize
HIFs by inhibiting the activity of prolyl hydroxylases
through the depletion of Fe?* [33,34]. With the topical
application of an iron chelator at the time of transplanta-
tion, the drug can be applied directly to the anastomosis
site to diminish ischemia as well as limit Aspergillus
invasion [27,29°]. To improve the bioavailability and
distribution of iron chelators, these agents can be sus-
pended in nanoparticle solutions which facilitate effec-
tive drug delivery [27]. With inhaled iron chelators during
acute rejection episodes, formulations can be designed to
penetrate to distal airways where fibrotic occlusions are
prone to develop in CLAD. In this manner, blocking
microvascular injury during periods of highest vulnera-
bility (Figure 2), it may be possible to limit the develop-
ment of CLAD. A self-limited period of anti-coagulation,
such as with the anti-platelet agent, clopidogrel, could
similarly be useful by preventing occlusive microvessel
clots and thereby limit airway ischemia and hypoxia [35].

As mentioned above, it is possible that there is a thera-
peutic ‘hole’ existing in standard immunosuppressive
regimens which could be addressed by adjunctive
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therapies. Pre-clinical modeling demonstrates that CD4
T cells and antibody-dependent complement activity are
independently sufficient to destroy airway microvessels
[22]. While transplant clinicians typically treat patients
with steroids and calcineurin inhibitors which control
CD4 T cell responses, the innate immune arm (including
complement activation) is less-well targeted. To this end,
add-on therapies (e.g. complement and neutrophil elas-
tase inhibitors) could supplement typical methylprednis-
olone bursts to provide more-complete immune coverage
to close the therapeutic hole [36,37]. Adjunctive
approaches must also be considered for negative side-
effects; broadening immunosuppression renders patients
more susceptible to infections and malignancies. Simi-
larly, upregulating HIF-1 (especially for prolonged per-
iods) could stimulate Th1/Th17 immunity and be harm-
ful to the transplant [38].

Conclusions

Lung transplants are unique for being the only solid organ
allograft in which the native vascular supply (in the case of
lung transplants, a dual supply) is not restored at the time
of transplantation. The immediate effect of not restoring
the bronchial artery circulation is that the anastomotic site
where the recipient airway is joined to the donor airway is
highly ischemic and hypoxic post-operatively. This phys-
iologic derangement renders the airway anastomosis sus-
ceptible to stenosis, dehiscence, and infection [3°]. This
problem could be addressed by including a bronchial
artery revascularization step, as advocated by Gosta Pet-
tersson (Cleveland Clinics) [39], but the collective surgi-
cal community has not yet embraced this approach
because of the technical challenges and its currently-
unconfirmed benefits. One solution to this issue is to
promote angiogenesis with locally-applied medications
(such as an iron chelator solution) at the time of trans-
plantation. The second major microvascular issue that
emerges is attributable to local ischemia and hypoxia that
likely occurs in the distal airways during the time of
allograft rejection [23]. There may be a direct causal link
between this microvascular injury and the subsequent
development of CLAD. Intervening by directly upregu-
lating HIFs during acute rejection episodes or, other
strategies, such as limited anti-coagulation, could benefit
patients by directly working to preserve a functional
airway circulation. Alternatively, targeting the therapeu-
tic ‘hole’ in immunosuppression to limit innate immune
injury during acute rejection episodes could similarly
promote microvascular health. In closing, there is now
a strong rationale to optimize microvascular health in solid
organ transplants through the testing of novel therapies
which limit tissue hypoxia.
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