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Abstract Lung transplantation has become an important ther-
apeutic option for patients with end-stage organ dysfunction;
however, its clinical usefulness has been limited by the rela-
tively early onset of chronic allograft dysfunction and pro-
gressive clinical decline. Obliterative bronchiolitis is charac-
terized histologically by luminal fibrosis of the respiratory
bronchioles and clinically by bronchiolitis obliterans syn-
drome (BOS) which is defined by a measured decline in lung
function based on forced expiratory volume (FEV1). Since its
earliest description, a number of risk factors have been asso-
ciated with the development of BOS, including acute rejec-
tion, lymphocytic bronchiolitis, primary graft dysfunction,
infection, donor specific antibodies, and gastroesophageal
reflux disease. However, despite this broadened understand-
ing, the pathogenesis underlying BOS remains poorly under-
stood and once begun, there are relatively few treatment
options to battle the progressive deterioration in lung function.
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Introduction

Lung transplantation has become an important therapeutic
option for patients with end-stage organ dysfunction. The

one-year adjusted graft survival rate has steadily increased
within the last ten years and is now greater than 80 %; but
despite this “short-term” success, long-term outcomes have
failed to attain the longevity similar to that of other solid organ
transplants [1, 2]. Recipients of pulmonary allografts fare far
worse than those of other solid organs; per current Interna-
tional Society for Heart and Lung Transplantation (ISHLT)
registry data, approximately 50 % of patients develop evi-
dence of chronic dysfunction within five years of transplanta-
tion and have a notable decline in survival after that time [3•].
In fact, chronic rejection accounts for greater than 40 % of the
“late deaths” that occur in the first year after transplantation
[4].

When first elucidated, chronic lung allograft dysfunction
(CLAD) was dominated by physiologic descriptions of ob-
structive lung disease and histopathologically by obliterative
bronchiolitis (OB). In fact, CLAD was considered synony-
mous with bronchiolitis obliterans syndrome (BOS). Howev-
er, it is being increasingly recognized that CLAD is actually a
universal label that should be applied to patients whose forced
expiratory volume (FEV1) and/or forced vital capacity (FVC)
are less than or equal to 80 % of baseline for greater than or
equal to three weeks, but that for further clarification, patients
should then be subdivided based on physiology (Fig. 1). Spe-
cifically, patients can fall within a “restrictive CLAD” pheno-
type (restrictive allograft syndrome) or an “obstructive
CLAD” phenotype (BOS) with acknowledgement that there
may be some overlap between the two forms [5]. This review
will focus on “obstructive CLAD” or BOS with discussion of
its diagnosis, risk factors, pathogenesis, and treatment.

Diagnosis of BOS

In early cohorts of lung and heart-lung transplant patients, a
diagnosis of chronic rejection, or obliterative bronchiolitis,
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was made via tissue specimens. From a histopathological
standpoint, OB is characterized by the presence of luminal
fibrosis in the respiratory bronchioles [6]. It is suspected that
this fibrotic process is first initiated by a lymphocytic infiltrate
into the submucosa of the airway due to an inflammatory
insult; this then leads to localized necrosis with denudation
of the respiratory epithelium [7]. Subsequently, the increase of
non-specific inflammatory mediators leads to chemotaxis of
other cells, including neutrophils, which then stimulate the
migration of fibroblasts and myofibroblasts into the airway
lumen. Eventually, the formation of intraluminal granulation
tissue and fibrous plaques results, leading to obliteration of the
airways due to vascular and scar tissue formation [8]. Of note,
this process is often temporally and regionally heterogeneic
within the allograft.

Historically, due to the requirement for histopathology, the
diagnosis of chronic rejection was often difficult tomake. This
was due to the fact that histologic confirmation was challeng-
ing to obtain because transbronchial biopsy specimens lacked
the sensitivity required for diagnosis and surgical lung biopsy
often carried with it a high morbidity and mortality [9].
Therefore, in 1993, a committee sponsored by the ISHLT
proposed a clinical description of OB, termed bronchiolitis
obliterans syndrome (BOS), which was based on a patient’s
post-transplant FEV1 [10]. In the 2002 update, the clinical
diagnostic criteria for BOS were revised and a “potential”

stage of BOS 0-p was added, which was defined by a 10 %
to 19 % decrease in FEV1 and/or by a ≥25 % decrease in
forced expiratory flow (FEF25-75%) from baseline. This poten-
tial BOS stage was designed to alert physicians as to the need
for closer functional monitoring of patients who would be a
higher risk for clinical decline [11]. BOS was now able to be
defined through standardized and easily obtainable and repro-
ducible spirometric methods. Numerous studies have looked
at other surrogate markers of BOS, including bronchoalveolar
lavage (BAL) neutrophilia, BAL biomarker levels (IL-8,
MMP), exhaled nitric oxide, radiologic findings (air-trapping
on high-resolution CT chest), bronchial hyperresponsiveness
via methacholine challenge, and circulating fibrocyte level;
but none of these are routinely used in clinical practice for
diagnosis [11–16].

Risk Factors for BOS

Acute Rejection and Lymphocytic Bronchiolitis

Acute rejection (AR) has repeatedly been shown to be a
leading risk factor for BOS in multiple studies and is arguably
the most prominent risk factor that has been identified in the
literature [17–23]. AR can vary in its clinical presentation;
however, if it is also associated with a spirometrically

Fig. 1 Evaluation of a lung
transplant recipient’s decline in
FEV1. This may be secondary to
an identifiable cause (e.g., acute
rejection, infection, anastomotic
stricture) and lung function may
completely normalize with
treatment of the underlying
pathology. However, if the
patient’s lung function decline
remains for at least three weeks, it
is suggestive of chronic lung
allograft dysfunction (CLAD). If
the FEV1 declines to ≤80% of the
recipient’s best post-
transplantation values despite
treatment or without identifying a
clear cause, then a specific CLAD
phenotype (restrictive or obstruc-
tive) should be delineated based
on the recipient’s pulmonary
function tests. These forms of
lung dysfunction, however, are
not mutually exclusive and a pa-
tient may have features of both
phenotypes. Abbreviations: FEV1
– forced expiratory volume in one
second, FVC – forced vital ca-
pacity, TLC – total lung capacity

Curr Transpl Rep (2014) 1:282–289 283



significant acute decrease in FEV1≥10 % of baseline func-
tion, these patients are at an even greater risk for BOS and
death [24]. Several studies have shown that large airway
inflammation, or lymphocytic bronchiolitis, is also signifi-
cantly associated with BOS [6] and it has been shown to be
a risk factor that is independent of acute rejection [25]. Due to
this association, it has also been suggested that the presence of
lymphocytic bronchiolitis on endobronchial biopsies (even if
obtained in clinically asymptomatic patients) may indicate an
increased risk for BOS and this population should be targeted
for aggressive management to prevent allograft decline [26].

Ischemic and Vascular Injury

All solid organs undergo a period of ischemia prior to trans-
plantation; data from small studies have generally shown that
neither warm nor cold ischemia time has been significantly
correlated with BOS [27]. However, vascular-mediated “inju-
ry” to the newly transplanted allograft can also occur in the
form of primary graft dysfunction (PGD) or ischemia/
reperfusion injury. This form of acute lung injury occurs in
10-25 % of patients after transplantation and is graded clini-
cally based on the PaO2/FIO2 ratio and appearance of radio-
graphic infiltrates on chest imaging [28]. Early studies regard-
ing the association between PGD and BOS were conflicting,
but recent work has concluded that there is a direct relation-
ship between the severity of PGD and the risk of BOS that was
independent of other recognized risk factors, including acute
rejection [29]. Lastly, ischemia to the airway can also take a
“chronic” form due to the nature of the surgical operation.
Normally, the lung has a dual blood supply composed of the
pulmonary and bronchial arterial circulations, but routinely,
only the pulmonary circulation undergoes re-anastomosis. In a
landmark European study, coupled with data from one North
American center, Pettersson et al., described superior 5-year
and 10-year survival in patients who underwent bronchial
artery revascularization (BAR) at the time of transplantation.
For this group, success improved airway healing as compared
to controls and BOS was delayed for two years or greater [30,
31]. This has led to the suggestion, but not widely adopted
practice, of performing BAR at the time of transplantation to
reduce the incidence of airway ischemic complications in the
future.

Infection

Of the multitude of pulmonary infections that affect lung
transplant patients, cytomegalovirus (CMV) has been the
most widely studied. However, despite being a suspected
contributor to chronic rejection, early studies assessing the
impact of CMV infection on BOS were inconclusive due to
the wide range of clinical definitions that were utilized [6].
Since that time, however, multiple studies have shown that

CMV is significantly associated with BOS development, and
CMV prophylaxis has been clearly associated with a de-
creased the rate of BOS [32–34]. This may be secondary to
a lower incidence of clinically apparent disease, such as CMV
pneumonitis. However, with the advent of molecular diagnos-
tic tools (polymerase chain reaction, or PCR) for detection of
subclinical CMVreplication, even asymptomatic viral activity
was significantly associated with the development of BOS
[35]. Subsequently, this has raised the question as to the exact
timing and length of prophylaxis, especially in high-risk
individuals.

Interestingly, relatively few studies have looked at the
association between other pulmonary infections and BOS.
Timing of infections is important, as pneumonias caused by
Gram-positive, Gram-negative, and fungal pathogens are in-
dependent determinants of BOS; especially if they occur
within the first 100 days of transplantation [36]. One study
also reported an association between worsening BOS stage if
infection occurred after the start of allograft decline [37]. Even
though lung transplant patients are particularly susceptible to
complications from respiratory viral infections, analysis of
preexisting studies have failed to confirm a true association
between respiratory viral infections (influenza, respiratory
syncytial virus, parainfluenza, human metapneumovirus, rhi-
novirus, coronavirus, and adenovirus) with either acute rejec-
tion or the development of BOS [38].

Airway colonization, and not necessarily infection, by
pathogenic organisms has also been closely linked with
BOS development. Vos et al., showed in a retrospective study
that postoperative colonization of the airway with Pseudomo-
nas aeruginosa was an independent risk factor for BOS Stage
≥1 and is associated with worse BOS-free survival; especially
in patients who had cystic fibrosis as the underlying cause of
their end-stage of lung disease [39]. De novo colonization by
Pseudomonas aeruginosa was also strongly associated with
the subsequent development of BOS [40]. Of fungal infec-
tions, colonization by Aspergillus species has been shown to
be a risk factor of BOS independent of acute rejection [41].
This finding was later verified in a two-center study that
specified small conidia species (Aspergillus fumigatus,
A. nidulans, A. terreus, and A. flavipes) were significantly
associated with BOS. Colonization with these small conidia
species was also associated with an increased risk of death
[41]. Hsu et al., hypothesized that Aspergillus, with its capac-
ity to grow in hypoxic environments, could modulate the host
immune and repair response in an allograft; they demonstrated
in a murine tracheal transplant model that A. fumigatus inva-
sion increased with progressive airway ischemia and in turn,
worsened regional perfusion to infected areas [42]. However,
investigation of the lung microbiome from a molecular se-
quencing standpoint argues that the development of BOS is
not necessarily linked to specific organisms, but rather the
acquisition of novel and atypical microbial populations that
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are altered from the host’s native pre-transplant microbiota
[43].

Antibodies and Antibody Mediated Rejection

Within recent years, the clinical significance of donor-specific
antibodies (DSA) in the pathogenesis of chronic allograft
dysfunction has received increasing attention. Early on, the
association between BOS and human leukocyte antigen
(HLA) mismatches at the A, B, and DR loci was not clear,
as the majority of the evidence was conflicting in nature and
limited by single-center studies with inadequate power. HLA
Class I and II mismatch between donor and recipient, devel-
opment of anti-HLA Class I antibodies after lung transplanta-
tion, and an increased frequency of allo-reactive CD4+ Tcells
had been identified as significant risk factors for the develop-
ment of BOS in these studies [44–47]; however, a large
retrospective analysis of lung registry data failed to show a
consistent association [48]. Thus, the presence of DSA against
HLA antigens as defined by a positive panel reactive antibody
(PRA) screen was felt to be only a “potential” risk factor for
BOS [46]. Nonetheless, since that time, Chalermskulrat et al.,
showed that the number of combined HLA-A and HLA-B
mismatches were strongly associated with BOS stage with a
trend towards significance seen with HLA-DR mismatches
[49]. Numerous clinical studies have also shown that DSA is
undoubtedly associated with acute antibody mediated rejec-
tion (AMR) and BOS [50–54]. Antibodies to non-HLA anti-
gens have been implicated pathogenesis of BOS as well.
Hagedorn et al., showed that a “profile” of autoantibodies
was able to distinguish patients with BOS Stage 0/1 from
BOS Stage 2/3 [55]. In fact, “auto-allo immunity” to cryptic
self-antigens such as Type V collagen and K-α1 tublin are
present in a significant number of patients with BOS [56–62];
although it is unclear if these antibodies are acting to directly
injury the epithelium, or merely serve as a marker for ongoing
immunologic damage.

Gastroesophageal Reflux Disease

Gastroesophageal reflux disease (GERD) was first identi-
fied as a hypothetical risk factor [11, 63] due to the postu-
lation that aspiration of acid could cause direct injury to the
respiratory epithelium. Early case reports suggested that
aggressive treatment of reflux could lead to a reversal in a
patient’s clinical decline [64]. In a key study, Davis et al.
showed that performing a Nissen fundoplication in patients
with documented GERD after lung transplantation im-
proved survival and allograft function and decreased BOS
stage [65]. However, Blondeau et al. showed that patients
with GERD did not necessarily have an increased risk for
BOS, but those with elevated levels of bile acid in BAL
fluid did, suggesting that it was not necessarily the presence

of GERD that would predispose a patient to BOS, but rather
the concurrent act of aspiration that would lead to an
increased risk for disease [66]. Since that study, GERD, as
assessed via pH monitoring, impedance manometry, and
esophagogastroduodenoscopy (EGD) has been shown to
be associated with the development of BOS and BOS-free
survival [67]. This group also showed that patients with
significant reflux also had an increased delayed-type hy-
persensitivity reaction to Type V collagen, suggesting that
acid not only causes direct injury to the respiratory epithe-
lium, but can also unmask cryptic antigens that can further
drive a damaging immunologic response. However, al-
though widely employed, the use of a proton-pump inhib-
itor (PPI) has not been shown to prevent non-acid reflux
and gastric aspiration [66].

Donor-Related Factors

Numerous retrospective studies have looked at donor-
related factors and whether or not they are associated
with the development of BOS. In one of the largest
retrospective reviews of the UNOS database (6,991 pa-
tients), the authors showed that donor-related factors
significantly associated with BOS at five-years post-
transplantation included receiving an organ from an older
donor (>60 years), a recent smoker (smoked/quit within
six months of donation), or from an individual with a
history of myocardial infarction. Interestingly, a high
donor PaO2 was also associated with a higher rate in
the development of BOS [68]. Donor gender has also
been studied; trends for increased survival were demon-
strated in gender mismatched recipients, with male-to-
male transplant recipients having the worst overall sur-
vival [17, 69]. Female-to-female recipient donor combi-
nations were independently associated with increased
freedom from BOS and longer duration of BOS-free
survival relative to the male-to-male recipient donor
combination, but the adjusted cumulative incidence of
BOS was similar [17]. Nonetheless, this finding has not
specifically changed organ allocation to particular
recipients.

Other Factors

Lastly, in contrast to the majority of other solid organ trans-
plants, the lung is in direct contact with the environment.
Nawrot et al., described that patients who lived within 171me-
ters (the lowest tertile) of a major road (defined as a highway,
national road, or large local road) were approximately twice as
likely to develop BOS and twice as likely to die than patients
living further away [70], again pointing to the association
between environmental exposure and direct injury with a
decline in allograft dysfunction.
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Pathogenesis of BOS

Despite elucidation of the numerous risk factors outlined
above, the exact pathogenesis of BOS has not been elucidated.
It is likely, however, that injury, remodeling, and repair does
not occur in a step-wise fashion, but is rather a complex milieu
of disordered interactions. For instance, patients with PGD
have higher levels of inflammatory markers (MCP-1, IL-10,
IL-1β, IL-2, IFN-γ, and IL-12) in the early post-transplant
period in comparison to patients without PGD. Interestingly,
these patients also developed anti-HLA antibodies at a higher
rate, which would then put them at higher risk for both acute
cellular rejection, antibody-mediated rejection, and lympho-
cytic bronchiolitis [71–73]. Thus, the “bottom line” is that the
pathophysiological association between these factors can be
linked through a common pathway of upregulation of inflam-
matory cytokines and cellular trafficking that leads to further
epithelial and vascular damage. Notably, BOS has been close-
ly linked with the dysfunction of Clara cells, which are secre-
tory cells present in the bronchial epithelium that contribute to
host defense and serve as the progenitor cell to repair the
respiratory epithelium after injury [74–76]. Repeated injury,
through any mechanism, will contribute to continued inflam-
mation, changes in T cell phenotypes, unmasking of self-
antigens, and neoangiogeneis that then likely culminates in a
robust, but deranged, repair process and chronic remodeling
of the airway.

Prevention & Treatment of BOS

As described, the development of BOS can be influenced by a
multitude of factors and is the result of both direct and indirect
injury to the respiratory epithelium and vasculature. There-
fore, it is not surprising there are relatively few treatment
modalities that have been shown to effectively slow or reverse
this process. Modulation of the immune response from the
time of transplantation has been investigated; studies in in-
duction therapy in lung transplantation have failed to show a
consistent benefit in terms of reducing long-term complica-
tions and the incidence of BOS [17, 77–83]. In the post-
transplant period, BOS has been treated with a variety of
medical regimens that have included, but are not limited to,
augmentation of immunosuppression with corticosteroids,
methotrexate, cyclophosphamide, sirolimus, and anti-
lymphocyte antibody preparations. No specific maintenance
immunosuppressive regimen or protocol has been shown to be
superior at reducing the incidence of BOS [4], however, meta-
analyses suggest a trend towards lower risk in patients receiv-
ing tacrolimus (versus cyclosporine) in a calcineurin-inhibitor
based regimen [84, 85]. This result was demonstrated in a
multicenter, international prospective trial, which reported that
use of a de novo tacrolimus-based regimen significantly

reduced the risk for BOS Stage ≥1 [86•]. Nonetheless, all of
these results were limited by small sample size and relative
lack of randomized controls, thus, there are currently no
formalized recommendations regarding the use of one calcine-
urin inhibitor over another.

In general, the airway changes in BOS are considered to be
irreversible once they occur. However, some cases may re-
spond to specific treatment. For instance, if a large part of a
patient’s decline is due to a specific etiology (e.g., GERD),
then specific measures aimed at treating this underlying cause
may ameliorate or reverse the decline in lung function. How-
ever, as a general cohort of patients, several single-center
studies have shown that a significant proportion of patients
with BOS respond to azithromycin with an increase in FEV1
of at least 10 %; some patients even showed a complete
reversal of their prior physiologic decline with return to
BOS Stage 0 [87–89]. The role of macrolides in the preven-
tion of BOS has also been examined; Vos et al., studied a
cohort of patients in which therapy with azithromycin versus
placebo was initiated at the time of discharge from their initial
hospitalization for transplantation; patients were then main-
tained on the medication for two years. In this study, the
development of BOS occurred significantly less in patients
receiving chronic azithromycin therapy (12.5 % versus
44.2 %) [90]. In contrast, however, Dhillon et al., showed that
routine use of clarithromycin was actually associated with an
increased risk in developing BOS with no significant change
in 5-year survival [91].

Rescue therapies have also been employed and include
extracorporeal photopheresis (ECP), a treatment in which
white blood cells isolated from the recipient are exposed to
photoactivatable 8-methoxypsoralen and ultraviolet A radia-
tion. The cells are subsequently returned to the patient and
appear to induce a cytotoxic effect on T-cell formation [92]. It
was first reported in a “Letter to the Editor” which described
its use in three patients with good clinical response [93], and
since that time, several other single-center studies have con-
sistently demonstrated that ECP therapy is relatively well-
tolerated and slows the rate of FEV1 decline [94–96]. How-
ever, this therapy has yet to be utilized in widespread clinical
practice. Re-transplantation remains as the only definitive
treatment for advanced BOS, even with the acknowledgement
that outcomes tend to be poor [3•].

Conclusion

It has been over 50 years since the first human lung transplant
was performed in 1963, yet chronic lung allograft dysfunction
due to bronchiolitis obliterans syndrome still represents the
major hurdle to long-term allograft and patient survival. As
outlined above, there are numerous risk factors that can pre-
dispose patients to the development of this process; however,
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its pathogenesis remains poorly understood. This is reflected
in heterogeneity of presentation in which some patients may
experience a rapid decline, while others experience a slow, but
progressive, deterioration in lung function. It is suspected that
inflammatory conditions, whether arising from infection, is-
chemic injury, or exposure can cause direct and indirect injury,
leading to a disordered repair of the airway epithelium. Very
few treatment options exist once BOS becomes clinically
evident, and no specific induction or maintenance immuno-
suppressive regimen has proven superior to prevent its onset.
As such, re-transplantation remains the only definitive treat-
ment for this disease. Therefore, it is hoped that further un-
derstanding of the mechanisms underlying this process will
allow lung transplantation to be a viable long-term therapeutic
option for patients with end-stage lung disease.
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