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   Preface   

 It has been 50 years since the fi rst successful human lung transplant was reported in 
1963 by Hardy and colleagues. However, the success of this fi rst transplant was 
transient, and outcomes remained poor until the early 1980s, when cyclosporine A 
(CsA)    was fi rst used for clinical immunosuppression. This was associated tempo-
rally with improved techniques for donor lung preservation, better surgical tech-
niques, and advances in postoperative management. Most importantly, after an 
initial experience with dual immunosuppression (CsA and corticosteroids), it was 
found that a triple drug regimen of CsA, azathioprine, and corticosteroids given 
post-transplant could prevent acute rejection quite effectively. In the 1990s another 
calcineurin inhibitor (tacrolimus) and antimetabolite (mycophenolate) became 
available as alternates to CsA and azathioprine, respectively. Along with improved 
post-transplantation triple-drug immunosuppression, prophylactic regimens were 
devised over the past 2 decades to prevent opportunistic infection with viruses 
(cytomegalovirus and herpes simplex) and fungi ( Candida ,  Aspergillus , and 
 Pneumocystis ). 

 Nonetheless, despite numerous developments in clinical lung transplantation and 
substantially improved survival statistics from a median survival of approximately 
3.9 years in the early 1990s to 5.5 years in the early 2000s, delayed loss of allograft 
function due to the onset of obliterative bronchiolitis (OB) remains the prime cause 
of debilitation and recipient death for patients who successfully recover from the 
transplant and achieve good graft function during the initial recovery period. 
Because a confi dent diagnosis of chronic allograft rejection due to OB is diffi cult to 
make without a surgical lung biopsy, with its attendant risks of signifi cant morbidity 
and mortality, a persistent decline of FEV 1  on spirometric testing (≥20 % from 
baseline) was adopted as a clinical surrogate that is considered highly specifi c for 
the development of the syndrome of constrictive bronchiolitis and small airway 
obliteration that has become known as the bronchiolitis obliterans syndrome (BOS). 
BOS is generally considered to occur as a consequence of chronic allograft rejec-
tion. Attempts to prevent BOS or arrest its progression when it occurs in lung trans-
plant recipients have been ineffective. The identifi cation of risk factors that can be 
modifi ed, the discovery of interventions that can prevent it from occurring, the 
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development of sensitive and specifi c tests to facilitate early detection, and the 
advent of effective therapies to reverse it or prevent its progression would greatly 
improve survival and quality of life for lung transplant recipients. Recipients with-
out BOS in particular can survive more than 2 decades post-transplant if signifi cant 
complications do not occur. 

 This book is intended to provide readers with a comprehensive understanding of 
the defi nition and changing perceptions of the nature of BOS as a clinical and patho-
logic entity, immune and nonimmune mechanisms that have been identifi ed as risk 
factors for the development of BOS, and interventions that may prove to be clini-
cally useful for the prevention or treatment of BOS. Chapter   1     reviews observations 
that lead to the recognition of BOS as a clinical entity, risk factors that have been 
associated with its appearance, and evolving nomenclature and recognition of 
chronic lung allograft dysfunction (CLAD) phenotypes. Chapters   2    ,   3    ,   4    , and   5     
examine clinical aspects of BOS and other forms of CLAD. Drs. Lagstein and 
Myers review the histopathology of obliterative bronchiolitis and related entities 
that can cause allograft dysfunction in Chap.   2    . Drs. Snell, Levvey, and Westall 
comprehensively review the multitude of abnormalities that can cause CLAD 
(which must be considered in the differential diagnosis of BOS) in Chap.   3    . Dr. 
Kanne provides a review of the diagnostic capabilities and limitations of thoracic 
imaging when evaluating patients with suspected CLAD in Chap.   4    . Finally, Drs. 
Brown and Nathan provide a comprehensive discussion of approaches that are cur-
rently used to screen for declining lung function and to make a confi dent diagnosis 
of BOS when a decline in allograft function is detected. 

 Chapters   6    ,   7    ,   8    ,   9    ,   10    , and   11     examine the role of allo- and autoimmune 
responses, infection, and gastroesophageal refl ux (GER) in the pathogenesis of 
BOS. Dr. Martinu thoroughly examines the role of T cell-mediated alloimmunity in 
OB pathogenesis in Chap.   6    . In addition to adaptive immune T-cell response, there 
is growing recognition that B cells and antibody-mediated immune responses can 
play a key role in BOS, and Mr. Ainge-Allen and Dr. Glanville examine the expand-
ing knowledge of antibody-mediated rejection (AMR) in the context of lung trans-
plantation and present current recommendations for the diagnosis and treatment of 
AMR in Chap.   7    . There is also increasing awareness that innate immune mecha-
nisms, in concert with adaptive immune responses, play key roles in BOS, and Drs. 
Todd and Palmer review our current and evolving knowledge of innate immunity 
and BOS pathogenesis in Chap.   8    . In addition to alloimmune responses to lung 
allograft implantation in human lung transplantation, there is increasing evidence 
that autoimmunity may develop and play a signifi cant role in BOS pathogenesis, 
and such autoimmune sensitization may even exist prior to transplant. Drs. Braun, 
Meyer, and Burlingham review new and evolving knowledge of autoimmune 
responses that are associated with chronic rejection and BOS, the role of interleu-
kin- 17 responses, and the utility of animal models of BOS in Chap.   10    . Finally, 
Chaps.   11     and   12     cover two major risk factors that have been associated with BOS. 
Dr. Avery provides a comprehensive discussion of the role of various infections in 
BOS pathogenesis in Chap.   11    , and Drs. D’Ovidio and Aramini explore the role of 
GER with pulmonary aspiration of refl uxate in BOS pathogenesis in Chap.   12     and 
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provide current approaches to the diagnosis and treatment of signifi cant GER in 
lung transplant candidates and recipients. 

 Approaches to the diagnosis and management of BOS in infants and small chil-
dren can vary signifi cantly from what is done for older children and adults, and Drs. 
Robinson and Aurora give an overview of current approaches to detect and manage 
BOS in children in Chap.   13    . Finally, Chaps.   14    ,   15    , and   16     cover important aspects 
of BOS prevention and management. Dr. Bhorade provides a comprehensive over-
view of the role of immunosuppression in the prevention and treatment of BOS in 
Chap.   14    , and Drs. Vos, Stijn Verleden, Ruttens, Vanaudenaerde, and Geert Verleden 
provide a nicely comprehensive review of the immunomodulatory properties of 
azithromycin and its role as an agent that can be used to effectively treat and pos-
sibly prevent BOS. Lastly, Dr. Hachem provides an up-to-date and comprehensive 
review of the status of other therapies, such as extracorporeal photopheresis or total 
lymphoid irradiation, that may provide benefi t for patients who have developed 
BOS in Chap.   16    . 

 We hope that those who read this book will benefi t from its contents and that it 
may stimulate future research endeavors that seek to better understand the patho-
genesis of BOS and identify strategies to prevent its occurrence, to detect its onset 
before signifi cant allograft impairment has occurred to allow therapeutic interven-
tions, and to treat BOS such that further loss of allograft function can be prevented 
and even possibly restored.  

       Madison ,  WI ,  USA       Keith     C.     Meyer, MD, MS, FACP, FCCP    
   Sydney ,  NSW ,  Australia       Allan     R.     Glanville, MBBS, MD, FRACP       
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    Abstract     Bronchiolitis obliterans syndrome (BOS) eventually occurs in the majority 
of lung transplant recipients who survive beyond 1 year, can greatly impair quality 
of life, and is, directly or indirectly, the major cause of delayed allograft dysfunction 
and recipient death. A number of associated events or conditions are strongly 
associated with the risk for developing BOS; these include acute rejection, gastro-
esophageal refl ux, infections, and autoimmune reactions that can occur in the set-
ting of alloimmune responses to the lung allograft as recipients are given intense 
immunosuppression to prevent allograft rejection. The term chronic lung allograft 
dysfunction (CLAD) is being increasingly used to refer to recipients with late 
allograft dysfunction that meets the spirometric criteria for the diagnosis of BOS, 
but clinicians should recognize that such dysfunction can occur for a variety of rea-
sons other than BOS. The recently identifi ed entity of restrictive allograft syndrome, 
which is now recognized as a relatively distinct phenotype of CLAD, has features 
that differentiate it from classic obstructive BOS. A number of other entities that 
can also signifi cantly affect allograft function must also be considered when signifi -
cant allograft dysfunction is encountered following lung transplantation.  

  Keywords     Lung transplantation   •   Bronchiolitis obliterans syndrome   •   Obliterative 
bronchiolitis   •   Lung allograft rejection   •   Chronic lung allograft dysfunction   • 
  Restrictive allograft syndrome   •   Neutrophilic reversible allograft dysfunction  
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        Introduction 

 Late lung allograft dysfunction with progressive loss of function and graft loss was 
originally described for heart–lung transplant recipients in 1984 [ 1 ]. Histopathological 
postmortem examination of these lungs revealed lesions of constrictive bronchiol-
itis with airway fi brosis and luminal obliteration that was designated as obliterative 
bronchiolitis (OB). Late decline in allograft function following recovery and stabi-
lization of lung function after the initial lung implantation was increasingly encoun-
tered as more lung transplants were performed in the late 1980s, and the consensus 
document that suggested that the term bronchiolitis obliterans syndrome (BOS) 
could be used to designate the syndrome of persistent loss of function with decline 
in FEV 1  that could not be explained by other, potentially reversible complications 
such as acute rejection or infection was published in 1993 [ 2 ]. 

 Clinical experience that evolved over the subsequent 2 decades of lung trans-
plantation has confi rmed that the pathologic fi nding that usually correlates with a 
persistent decline in post-transplant FEV 1  that is consistent with the clinical diagno-
sis of BOS is the presence of the lesion of OB. The threshold of a ≥20 % decline in 
FEV 1  (with a pattern of airfl ow obstruction) from an established baseline was cho-
sen in previous consensus documents [ 2 ,  3 ] as an appropriate surrogate marker of 
OB due to the strong association of OB with late chronic allograft dysfunction. 
Major considerations that led to choosing FEV 1  as a surrogate marker were (1) the 
relative diffi culty of obtaining adequate diagnostic tissue via transbronchial lung 
biopsy (TBLB) plus (2) the desire to avoid the substantially increased risks of per-
forming more invasive diagnostic procedures (i.e., surgical lung biopsy), although 
more extensive sampling of lung tissue could facilitate a more confi dent diagnosis 
(and may be considered necessary in certain situations). This chapter will provide 
an overview of current concepts pertaining to BOS and the terminology used to 
describe delayed or chronic allograft dysfunction.  

    An Overview of BOS Pathogenesis and Associated 
Risk Factors 

 Post-transplant OB is characterized by progressive obliteration of small airways accom-
panied by a persistent decline in FEV 1 , an obstructive spirometric pattern, an essentially 
clear chest radiograph, and the lack of an alternative diagnosis to explain a persistent 
decline in lung function [ 2 ]. This syndrome was presumed to be caused by chronic 
allograft rejection, and the term chronic lung allograft dysfunction (CLAD) was coined 
and used to refer to allograft dysfunction that met the criteria that were adopted to indi-
cate a diagnosis of BOS. Previously published consensus statements have designated a 
persistent decline in FEV 1  to ≤80 % of baseline post-transplant FEV 1  (that is present for 
a minimum of 3 weeks in the absence of confounding conditions) as a surrogate marker 
of probable OB (Table  1.1 ), and a staging system was devised to qualify the level of 
FEV 1  decline, which correlates fairly well with severity of allograft dysfunction.

K.C. Meyer and A.R. Glanville
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   By defi nition, 3 or more months were required to have elapsed from the time of 
transplantation in order for the diagnosis of BOS to be made [ 2 ,  3 ]. This qualifi ca-
tion was made to help distinguish BOS from non-BOS acute and/or subacute 
complications of lung transplantation as well as to take into account the time needed 
to establish both a baseline FEV 1  and a confi rmed decline in FEV 1  with FEV 1  mea-
surements taken 3 weeks apart. Because of concern that the cutoff value for FEV 1  at 
80 % of the best post-transplant value may be insensitive to early decline in allograft 
function due to early OB, stage BOS-0p (FEV 1  = 81–90 % of baseline and/or 
FEF 25–75  ≤ 75 % of baseline) was added to the staging system to signify “potential 
BOS” [ 3 ]. One problem with this scheme is the considerable variation in FEV 1  
values that some recipients may have due to the timing and fl uctuation in spiromet-
ric measurements caused by various post-transplant complications that can prevent 
a recipient from achieving a graft function plateau with reasonably stable post-
transplant FEV 1  values that accurately represent the zenith of attainable function. 
Such fl uctuation and the consequent inability to establish stable post-transplant lung 
function make it diffi cult, if not impossible, to identify an accurate baseline value. 
The identifi cation of other surrogate markers (e.g., biomarkers) that accurately 
refl ect pathological airway and/or parenchymal processes for which specifi c inter-
ventions should be considered is much needed. 

 A considerable number of risk factors have been associated with the develop-
ment of BOS (Table  1.2 ). BOS is widely perceived as the physiological surrogate of 
an immunologically mediated phenomenon due to many observations that include 
its association with acute cellular rejection [ 4 ], the association with greater degrees 
of HLA mismatch with BOS risk [ 5 ], and evolving evidence of the involvement of 
autoimmune pathways [ 6 ] and the interplay of alloimmune and autoimmune pro-
cesses that can lead to allograft rejection [ 7 ]. Furthermore, lung histopathology in 
patients with BOS shows striking similarities to the OB that can occur in allogeneic 
bone marrow or stem cell transplant recipients as well as constrictive bronchiolitis 
in patients with connective tissue diseases [ 8 – 10 ], and these airway changes are 
perceived as alloimmune or autoimmune disorders, respectively. Nonetheless, 

   Table 1.1       Diagnosis and grading of bronchiolitis obliterans syndrome   

 BOS grade 

 Spirometry (% of baseline) 

 1993 Classifi cation  2002 Classifi cation 

 0  FEV 1  ≥80 % of baseline  FEV 1  >90 % of baseline 
 and 
 FEF 25–75  >75 % of baseline 

 0p  Not applicable  FEV 1  81–90 % of baseline 
 and/or 
 FEF 25–75  ≤75 % of baseline 

 1  FEV 1  66–80 % of baseline  FEV 1  66–80 % of baseline 
 2  FEV 1  51–65 % of baseline  FEV 1  51–65 % of baseline 
 3  FEV 1  ≤50 % of baseline  FEV 1  ≤50 % of baseline 

1 Bronchiolitis Obliterans Syndrome and Chronic Lung Allograft Dysfunction…
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although BOS is frequently equated with the term chronic rejection, various inter-
ventions, including intensifi ed immunosuppression, may have little or no effect on 
the progressive loss of allograft function that is usually observed in lung transplant 
recipients who develop BOS. However, some patients can have signifi cant clinical 
responses to alternative immunomodulatory therapies such as total lymphoid irra-
diation [ 11 ], or extracorporeal photopheresis [ 12 ], although these responses gener-
ally consist of stabilization or a decrease in the tempo of lung function loss over 
time and are unlikely to improve lung function (see Chap.   16    ).

   In addition to alloimmune and/or autoimmune phenomena associated with BOS, 
various “non-immune” mechanisms have been implicated as playing a role in BOS 
pathogenesis. Although often referred to as nonimmune, these events/phenomena 
likely trigger or potentiate innate immune responses, which may also trigger or 
intensify alloimmune or autoimmune responses. These mechanisms include injury 
caused by primary graft dysfunction (PGD), gastroesophageal refl ux (GER), and 
infections caused by viruses, bacteria, or fungi [ 13 – 15 ]. 

   Table 1.2    Risk factors associated with BOS   

 Alloimmune rejection events 
•  Acute cellular rejection 
•  L ymphocytic bronchiolitis 
•  Humoral rejection (e.g., anti-HLA antibodies) 
 Acute allograft injury 
•  Primary graft dysfunction a  
 Autoimmune sensitization to self-antigens 
•  Collagen V 
•  κ (kappa)-α (alpha) 1 tubulin 
 “Non-immune” a  
•  Persistent BAL neutrophilia 
•  Gastroesophageal refl ux and [micro]aspiration 

 �  Acid refl ux 
 �  Nonacid refl ux 

•  Infection or colonization 
 �  Virus 
•  Cytomegalovirus 
•  Non-CMV community-acquired virus infection 

 �  Bacterial (e.g.,  Pseudomonas ) 
 �  Fungal (e.g.,  Aspergillus ) 
 �  Air pollution 

 Other (putative) risks 
•  Ischemic airway injury due to disrupted bronchial microcirculation 
•  Accelerated allograft aging due to cell/tissue senescence 
•  Inadequate recipient compliance with outpatient drug therapies 

   BAL  bronchoalveolar lavage,  CMV  cytomegalovirus,  HLA  human leu-
kocyte antigen 
  a These likely involve allograft injury combined with triggering of innate 
immune responses that may also trigger or potentiate alloimmune/adap-
tive immune responses  
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 PGD, which affects 10–25 % of all lung transplants and is a leading cause of 
early morbidity and mortality, represents a form of acute lung injury that is consid-
ered to occur largely as a consequence of the periods of ischemia and reperfusion as 
the donor lung is procured and then implanted in the recipient [ 16 – 19 ]. Although a 
number of studies have not consistently linked PGD to BOS [ 20 – 24 ], more recent 
studies support a link between PGD and the development of BOS [ 25 – 27 ]. Daud 
et al. [ 25 ] found a convincing association of PGD grade with increased risk of 
developing BOS Stage 1 using International Society for Heart and Lung 
Transplantation (ISHLT) consensus defi nitions for PGD, and a more recent analysis 
of outcomes by this group identifi ed a direct relationship between PGD severity at 
24, 48, and 72 h post-transplant and increased risk of BOS [ 28 ]. The most severe 
grade of PGD (grade 3) at all three time points was associated with the highest risk 
of developing BOS (RR was 3.31 for grade 3 PGD at 24 h). 

 The presence of signifi cant GER (GER that is increased in frequency/severity 
over what is considered normal) increases the risk that refl uxate can be aspirated 
into the lower respiratory tract and has been linked to both subacute and chronic 
lung allograft dysfunction [ 29 – 36 ]. Multiple studies have reported a high preva-
lence of an abnormal degree of GER among patients with advanced lung disease 
and patients referred for lung transplantation [ 37 ,  38 ]. Approximately 70 % of 
patients who undergo transplant evaluation have some evidence of signifi cant GER 
[ 38 ], and acid refl ux may worsen following transplantation [ 39 ]. Gastroparesis and/
or esophageal dysmotility may also be present and increase the risk of refl ux and 
microaspiration. A negative correlation was found between increasing severity of 
acid refl ux (as measured by 24-h pH study) and post-transplant FEV 1  [ 36 ], and the 
presence of nonacid refl ux (as measured by impedance testing) was reported to 
increase the risk for BOS nearly threefold [ 33 ]. Refl uxed bile acids in BAL fl uid 
have been found to be increased in cross-sectional studies of patients with BOS [ 40 , 
 41 ], and GER associated with aspiration of bile acids (bile acids detected in BAL) 
has been linked to BOS [ 40 ], a signifi cantly increased risk of BOS onset [ 41 ], and 
poor response to azithromycin therapy [ 42 ]. Recent studies in animal models of 
lung transplantation suggest that gastric aspiration might enhance allorecognition 
and promote lung allograft rejection [ 43 ,  44 ], and GER has been linked to collagen 
V sensitization and BOS in transplant recipients [ 45 ]. 

 Infections caused by viruses, bacteria, and fungi have been linked to risk for 
developing BOS (see Chap.   11    ). A large number of studies have linked pulmonary 
CMV infection to the subsequent development of BOS and/or diminished post- 
transplant survival [ 46 – 52 ]. Prophylactic and preemptive strategies to prevent/treat 
CMV infection have signifi cantly reduced the incidence of CMV disease in lung 
transplant recipients [ 53 – 56 ], and retrospective studies of perioperative ganciclovir 
prophylaxis suggest that preventing CMV disease may delay the onset of BOS [ 57 –
 59 ]. However, a recently published prospective, single-center study reported an 
incidence of CMV pneumonitis of 21 % within 6 months of transplant (in a cohort 
of 231 recipients) despite short-course prophylaxis being given to high-risk recipients 
[ 52 ]. These investigators observed that CMV pneumonitis was associated with a 
signifi cantly increased risk of BOS (HR 2.19) and diminished survival (HR 1.89). 
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Interestingly, a prospective, randomized 11-center trial that examined the effects of 
3 vs. 12 months of post-transplant valganciclovir prophylaxis for D+R−, D+R+, and 
D−R+ recipients showed that the 12-months prophylaxis strategy signifi cantly 
diminished the incidence of CMV infection (64 % vs. 10 %), CMV disease (32 % 
vs. 4 %), and disease severity without any signifi cant difference in rates of acute 
rejection, opportunistic infection, CMV UL97 ganciclovir-resistance mutations, 
or adverse events [ 60 ]. However, it remains unclear whether such prolonged 
prophylaxis can reduce risk for BOS. 

 Infection with other β(beta)-herpes viruses may also cause serious complications. 
The non-CMV β-herpes viruses include Epstein-Barr virus (EBV), herpes simplex 
virus (HSV), varicella zoster virus (VZV), and human herpes viruses 6 (HHV-6) and 
7 (HHV-7). A prospective cohort study of 385 lung transplant recipients linked 
repetitive detection of EBV DNA in peripheral blood with the development of BOS 
[ 61 ], and HHV-6 or HHV-7 infection has been associated with BOS [ 62 ,  63 ]. 

 Infection with community-acquired respiratory viruses (CARV) can be asymp-
tomatic, cause mild symptoms, cause signifi cant respiratory tract disease, or lead to 
acute respiratory insuffi ciency and death. Recovery of CARV (infl uenza A and B, 
respiratory syncytial virus, parainfl uenza viruses, rhinoviruses, enteroviruses, ade-
noviruses, human metapneumovirus, human coronavirus, and human bocavirus) 
during infections suspicious for CARV in lung transplant recipients can range from 
34 to 66 % [ 64 – 66 ], and retrospective as well as recent prospective investigations 
have linked CARV infections with BOS risk [ 64 ,  67 – 73 ]. 

 Post-transplant bacterial infection is exceedingly common in recipients with 
prior septic lung disease (CF and non-CF bronchiectasis) and is a leading cause of 
death in recipients with established BOS. Botha et al. [ 74 ] reported that de novo 
allograft colonization with  Pseudomonas aeruginosa  was strongly associated with 
developing BOS within 2 years of transplant (23.4 % colonized vs. 7.7 % non- 
colonized), Vos et al. [ 75 ] reported that persistent  Pseudomonas  colonization was 
an even greater risk for BOS than de novo colonization, and Gottlieb et al. [ 76 ] 
found that persistent allograft  Pseudomonas  colonization in a cohort of 59 patients 
with CF signifi cantly increased the prevalence of BOS. Additionally, Vos et al. [ 77 ] 
reported that BAL bile acid levels, neutrophils, and IL-8 levels correlated signifi -
cantly with  Pseudomonas  colonization and suggested that the presence of abnormal 
GER and microaspiration can lead to persistent colonization with  Pseudomonas . 

 Invasive fungal infections can be an important cause of morbidity and mortality 
in lung transplant recipients. Valentine et al. [ 78 ] reported that the diagnosis of fun-
gal pneumonia or pneumonitis in a cohort of 160 recipients was an independent 
predictor of BOS with a hazard ratio of 2.1 (95 % CI 1.1–4.0) for early (0–100 days 
post-transplant) and 1.5 (95 % CI 1.1–1.9) for late (≥1 year) fungal pneumonia on 
multivariate analysis. Another study of 201 recipients reported that  Aspergillus  col-
onization was independently associated (multivariate Cox regression analysis) with 
the subsequent development of BOS (HR = 1.81; 95 % CI 1.03–3.19) and BOS- 
associated mortality (HR = 2.57; 95 % CI 1.19–5.55). Additionally, recipients with 
new or persistent  Aspergillus  colonization after developing BOS had increased risk 
of progression to Stage 3 BOS or death [ 79 ]. 
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 Recent observations also suggest that environmental exposures can lead to airway 
injury and obliteration in non-transplant patients [ 80 – 82 ], and higher ambient levels 
of pollutants have recently been linked to BOS in lung transplant recipients [ 83 ]. 
Additionally, airway ischemia caused by disruption of the bronchial circulation has 
also been suggested as a potential cause of BOS [ 84 ]. Because established OB dis-
plays variable evidence of infl ammation combined with evidence of heightened 
innate immune responses, alloimmune reactions, autoimmunity, and fi broprolifera-
tion with airway obliteration that leads to allograft airway remodeling and loss of 
function, OB likely represents a fi nal common endpoint for allograft bronchiolar 
injury that can be precipitated and/or driven by a variety of insults and mechanisms.  

    Evolving Therapies That May Stabilize or Improve 
Delayed/Chronic Allograft Dysfunction 

 Over the past decade it has become increasingly recognized that many recipients 
with declining lung function consistent with FEV 1  criteria for BOS can respond to 
certain interventions (see Chaps.   12    ,   14    ,   15    , and   16    ) (Table  1.3 ). Macrolides and 
neo-macrolides such as the azalide, azithromycin, possess anti-infl ammatory effects 
and inhibit IL-8 production and neutrophil recruitment, suppress bronchial infl am-
mation, and prevent or modulate airway damage for a number of respiratory disor-
ders [ 85 ]. Observations from many centers indicate that a substantial number of 
patients who develop clinical BOS respond to azithromycin and may have their lung 
function stabilized or signifi cantly improved (see Chap.   15    ), such that some patients 
may no longer meet FEV 1  criteria for BOS after responding to the drug [ 86 ,  87 ]. 
Azithromycin appears to be capable of diminishing the risk of graft loss and recipi-
ent death when given to patients with established BOS [ 88 ,  89 ]. Additionally, the 
recently published, randomized prospective, placebo-controlled clinical trial 
conducted by Vos et al. [ 90 ] suggested that prophylactic administration of azithro-
mycin initiated shortly after transplantation can signifi cantly decrease the risk of 
developing BOS, although a signifi cant impact on survival was not shown over the 
relatively brief, 2-year evaluation period.

   As mentioned above, abnormal GER is highly prevalent in patients with advanced 
lung disease and in lung transplant recipients [ 37 ,  91 ], and the prevalence may 
increase post-transplant [ 39 ,  40 ]. Notably, abnormal acid GER has been strongly 
linked to risk for BOS (see Chap.   12    ). However, pharmacologic therapy with proton- 
pump inhibitors (PPI), although such therapy can increase the pH of gastric secre-
tions and relieve symptoms, may have little effect on GER [ 41 ]. Indeed, PPI therapy 
may have negligible effect on nonacid refl ux, which may contain bile acids that can 
be very injurious to the lung [ 40 ,  92 ]. Because pharmacologic suppression of gastric 
acid secretion may not signifi cantly suppress abnormal GER (especially weakly 
acid or nonacid refl ux) and microaspiration, gastric fundoplication has been inves-
tigated to a considerable degree as a means of preventing lung transplant complica-
tions and as a treatment for BOS when refl ux appears to be present [ 93 – 95 ]. 
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One case series suggests that it may prevent the appearance of BOS or prevent its 
progression if abnormal GER is diagnosed in patients who have developed BOS 
[ 35 ]. Additionally, as with the improvement in FEV 1  that has been observed with 
azithromycin therapy, fundoplication has been reported to lead to improved lung 
function such that patients can revert to BOS Stage 0 [ 34 ]. 

 In summary, it has become clear that lung function decline that is consistent with 
a diagnosis of BOS can stabilize in some patients and not lead to sustained, progres-
sive deterioration in allograft function and graft loss. Allograft functional decline 
that is consistent with the onset of BOS may respond to azithromycin therapy or 
anti-refl ux surgery such that spirometric criteria for BOS are no longer met due to 
improved FEV 1  and clinical status. However, treatment of BOS with intensifi ed 
immunosuppression or other modalities remains relatively ineffective to date, and 
more research into the basic pathogenetic mechanisms, preventive strategies, and 
treatment interventions is greatly needed.  

    Nomenclature and Phenotypes of Delayed-Onset Lung 
Allograft Dysfunction 

 It seems logical to use the term CLAD to indicate a late or delayed, signifi cant 
decline in lung function that can be due to evolving OB as well as other causes of 
allograft dysfunction in the chronic setting. However, it should be recognized that 
CLAD (which is increasingly used to indicate a decline in FEV 1  that appears to 
meet criteria for BOS) may not necessarily be caused by “chronic rejection” that is 
mediated by classical alloimmune responses (see Chap.   3    ). Additionally, a number 
of processes may be operant simultaneously and contribute to declining allograft 
function. For example, the presence of signifi cant anastomotic dysfunction com-
bined with OB. The ability to identify characteristics that identify subsets of lung 
transplant recipients who have allograft function decline that meets criteria for BOS 
but may have specifi c disease mechanisms, specifi c triggering events and pathways, 
or characteristics that predict benefi cial response to a specifi c treatment intervention 
can aid efforts to provide specifi c treatments and make key management decisions 
concerning specifi c therapies to treat BOS. 

 A cause of CLAD has been recently described that has characteristics that distin-
guish it from typical BOS/OB (Table  1.4 ). Sato et al. [ 96 ] identifi ed 156/468 recipi-
ents transplanted from 1996 to 2009 who developed a clinical picture consistent 
with CLAD (defi ned as an irreversible decline in FEV 1  to <80 % of baseline), and 
47 (30 %) of those diagnosed with CLAD displayed evidence of restriction (irre-
versible decline in total lung capacity [TLC] to <90 % of baseline) associated with 
thoracic imaging (HRCT) changes consistent with interstitial lung disease (ILD) 
and peripheral parenchymal lung fi brosis. This constellation of fi ndings was termed 
restrictive allograft syndrome (RAS). Survival was worse for patients with (RAS) 
vs. patients with typical BOS (541 vs. 1,421 days;  p  = 0.0003). Two other groups 
have also described a subset of BOS patients with features of restriction via 
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pulmonary function testing. Verleden et al. [ 97 ] diagnosed CLAD in 71 of 294 
recipients and found that 20 (28.2 %) patients had restrictive changes on pulmonary 
function testing; 17 of these 20 recipients had persistent parenchymal infi ltrates on 
HRCT, and multivariate analysis showed that a restrictive pattern on pulmonary 
function testing (decline in TLC in 15, decline in FEV 1  and FVC in 5 with restric-
tive FEV 1 /FVC ratio) was associated with worse survival. Woodrow et al. [ 98 ] also 
identifi ed a substantial number of recipients with CLAD who met the FEV 1  crite-
rion for BOS and had evidence of restriction (47 of 62, 44 %) via spirometric testing 
(TLC data were not reported) showing forced vital capacity decline from baseline 
≥20 %; however, the prevalence of parenchymal infi ltrates on HRCT was similar 
for the restrictive vs. obstructive groups that met BOS criteria, and survival did not 
differ between the groups.

   A more recent analysis of recipient cohorts who developed BOS by Sato et al. 
[ 99 ] has shown that the detection of diffuse alveolar damage (DAD) on lung biopsy 
specimens may have important implications for both obstructive BOS and RAS. 
They reported that DAD was seen at least once on TBLB in 320/720 (44 %) recipi-
ents, and early DAD (≤3 months post-transplant) was associated with a signifi -
cantly increased mortality risk. They also found that bilateral lung recipients with 
adequate pulmonary function testing to distinguish RAS from BOS had earlier 
onset of BOS if early DAD was detected. Additionally, late new-onset DAD (>90 
days post-transplant) was a signifi cant risk factor for developing RAS. A review of 
temporal changes on lung biopsy in recipients with RAS showed that DAD tended 
to be followed by development of pleuroparenchymal fi broelastosis [ 100 ]. 
Additional characterization of a subset of patients showed that ground-glass opaci-
ties on HRCT correlated with DAD episodes, and such episodes were accompanied 
by a decline in lung function with subsequent stabilization during interval periods 
that correlated with allograft fi brosis [ 101 ]. 

   Table 1.4    Management of BOS   

•  Identify and treat potentially reversible non-BOS causes of impaired 
graft function 

•  Administration of neo-macrolides (e.g., azithromycin) 
•  Adjust maintenance immunosuppression 

 °  Optimize regimen 
 °  Switch to tacrolimus if FEV 1  decline occurred on CsA-based regimen 
 °  Avoid sustained, high-dose corticosteroids 

•  Evaluate for abnormal GER (acid and nonacid) 
 °  Consider fundoplication if signifi cant GER is identifi ed 

•  Screen for appearance of de novo anti-HLA antigen 
 °  Consider IVIG, plasma exchange, and/or rituximab if detected 

•  Therapies for progressive BOS refractory to other interventions 
 °  Total lymphoid irradiation 
 °  Extracorporeal photopheresis 
 °  Retransplantation 

   CsA  cyclosporine A,  GER  gastroesophageal refl ux,  IVIG  intravenous 
immunoglobulin  
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 The existence of distinct phenotypes on the basis of length of time from trans-
plant to BOS development and the tempo of disease progression have been sug-
gested in the literature. Those recipients with early-onset BOS may represent a 
group of patients that is prone to rapid progression and poor prognosis [ 20 ,  25 ,  102 , 
 103 ]. Median survival for recipients with acute-onset BOS has been noted to be 29 
vs. 58 months for later, chronic-onset BOS [ 104 ]. Additionally, Burton et al. [ 105 ] 
found that progression of BOS from lower to higher grade increases the risk of 
mortality up to threefold, and a rapid decline in FEV 1  of >20 % has been associated 
with worse prognosis [ 106 ]. Brugiere et al. [ 107 ] found that recipients with early- 
onset BOS had lower mean FEV 1 , need for supplemental oxygen, and poorer graft 
survival than those with later-onset BOS. These observations suggest that patients 
with early-onset BOS represent a subset of recipients that are at risk for a more rapid 
decline in lung function plus a higher incidence of graft failure and death as com-
pared to patients with late-onset BOS. However, not all patients with rapidly declin-
ing lung function associated with BOS have relentless progression; some may 
stabilize despite an initial rapid BOS onset and FEV 1  decline [ 108 ]. 

 The presence of signifi cant bronchoalveolar lavage (BAL) neutrophilia that 
is often associated with high-resolution computed tomographic (HRCT) changes 
of probable cellular bronchiolitis in patients with FEV 1  decline that meets the 
criterion for BOS Stage >0 has been perceived as representing a variant of BOS. 
These individuals are likely to respond to azithromycin therapy [ 88 ,  109 ], and 
FEV 1  may improve such that the recipient no longer meets spirometric criteria 
for BOS. Indeed, this reversibility, should it occur in response to azithromycin, 
poses an issue in terms of classifying this entity as a phenotype or subtype of 
BOS if criteria for BOS Stage ≥1 or even BOS-0p are eventually no longer met 
due to a signifi cant therapeutic response. This phenomenon has been termed 
neutrophilic reversible allograft dysfunction (NRAD) [ 15 ,  88 ], and it has been 
suggested to represent a specifi c phenotype of CLAD. In contrast to NRAD, 
patients who meet BOS criteria but do not respond to azithromycin have been 
proposed to represent a fi broproliferative BOS phenotype [ 88 ]. Nonetheless, 
distinct phenotypes of BOS that are based upon specifi c risk factors or other 
parameters have yet to be fi rmly established, and azithromycin-unresponsive 
individuals may have signifi cant variation in their underlying histopathological 
changes from those who respond to azithromycin. 

 The data from Sato et al. [ 96 ] and Verleden et al. [ 97 ] indicate that recipients 
with RAS may comprise a relatively specifi c CLAD phenotype that is distinguish-
able from patients with the more common BOS pattern of airfl ow obstruction that 
is usually not associated with parenchymal infi ltrates. These observations suggest 
that HRCT imaging and lung volume determinations (and perhaps FVC and the 
FEV 1 /FVC ratio) can be useful to differentiate recipients with the RAS phenotype 
from those with a typical obstructive BOS pattern when spirometric criteria for the 
onset of BOS are met. However, OB lesions may be present in lung specimens 
from recipients who develop allograft dysfunction that is consistent with a RAS 
phenotype [ 96 ].  
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    Nomenclature and Classifi cation of Allograft Dysfunction 
Syndromes: A Suggested Approach 

 The differential diagnosis of acute lung allograft dysfunction includes surgical com-
plications, PGD, or hyperacute rejection. Early allograft dysfunction that occurs 
outside of the immediate postoperative period is generally caused by acute cellular 
rejection, lymphocytic bronchiolitis, or infection, but other entities such as vascular 
or humoral rejection, pleural effusion or empyema, or venous thromboembolism 
must be considered. 

 Similarly, the differential diagnosis of late or delayed chronic allograft dysfunc-
tion must include a considerable number of potential complications as discussed in 
Chap.   3    , and the recent observations discussed above suggest that imaging and the 
determination of lung volumes can differentiate graft dysfunction caused by RAS 
from classical obstructive BOS. Distinguishing between these entities may be 
important in decision making (e.g., considering early listing for retransplantation 
for RAS that is progressive and unresponsive to therapeutic interventions), as the 
prognosis associated with RAS appears to be signifi cantly worse than that associ-
ated with obstructive BOS. Additionally, HRCT imaging combined with a BAL 
differential cell count can identify changes (cellular bronchiolitis on HRCT, BAL 
neutrophilia) that identify patients with a high likelihood of having NRAD, which 
can improve with neo-macrolide therapy. As our knowledge of these evolving syn-
dromes with their differing phenotypic characteristics advances, therapies may be 
identifi ed that provide benefi t for a specifi c subset of CLAD but may not have 
 effi cacy for other phenotypes. 

 We suggest that delayed allograft dysfunction with a persistent decline in 
FEV 1  ≥ 10 % of baseline can be used as a threshold value to signify the likely onset of 
CLAD, and such an FEV 1  decline should trigger consideration of the various entities 
that could cause such a decline in graft function and appropriate diagnostic testing to 
determine the cause(s). Imaging should be performed, and HRCT with expiratory 
views may provide more useful information than a routine chest radiograph. 
Bronchoscopy with examination of bronchial anastomoses and performance of BAL 
and endoscopic lung biopsies is likely to provide useful information that can be com-
bined with clinical presentation and physical examination, imaging, and pulmonary 
function studies to identify and/or rule out various potential causes of CLAD. If crite-
ria for the diagnosis of BOS are met, the various risk factors associated with BOS 
should be considered and appropriate testing performed to determine the most likely 
etiology and identify treatments that are most likely to stabilize or possibly improve 
allograft function (e.g., anti-refl ux surgery for signifi cant GER). This evolving clas-
sifi cation scheme (Fig.  1.1 ) needs to be validated, but its adoption would allow a more 
precise defi nition of terms used to describe delayed-onset allograft dysfunction and 
also convey the complexity of CLAD, set a lower threshold to investigate FEV 1  
decline in the chronic setting (which may allow earlier diagnosis and interventions to 

K.C. Meyer and A.R. Glanville

http://dx.doi.org/10.1007/978-1-4614-7636-8_3


13

preserve allograft function), and promote the evolving concept that distinct pheno-
types of CLAD can be identifi ed that may have varying prognoses and responses to 
therapeutic interventions.

       Conclusion 

 Our perception of chronic allograft dysfunction is changing. While the terms OB, 
BOS, CLAD, and chronic rejection have been frequently used as synonymous and 
pertaining to allograft function due to OB, we now recognize that what we have 
termed BOS up to the present is actually a heterogeneous entity (e.g., RAS vs. BOS) 
and that (1) the term CLAD may be a better term to use for delayed allograft dys-
function, (2) CLAD can be caused by a variety of entities that have an impact on 
allograft function, (3) BOS is one of a number of relatively distinct CLAD entities, 
and (4) BOS phenotypes may better be identifi ed according to time of onset post- 
transplant, rapidity of progression, underlying etiology (e.g., associated with GER, 
azithromycin-responsive), and response to therapies (e.g., azithromycin or anti- 
refl ux surgery). We suggest that a new classifi cation system with precise defi nitions 
should be created for delayed allograft dysfunction (i.e., CLAD).     

Extra-allograft

- Pleural disease
- Diaphragm dysfunction
- Compression fractures
- Native lung hyperinflation
- Other

Other Causes of Delayed
Lung Function Decline

- Potentially reversible
- May co-exist with other

CLAD (e.g., BOS or RAS)

Allograft

- Infection
- Acute rejection
- Anastomotic stricture
- Disease recurrence
- Other

Chronic Lung Allograft
Dysfunction (CLAD)

Persistent FEV1 decline ≥ 20%
from stable baseline

Restrictive Allograft
Syndrome (RAS)

- Restrictive physiology on PFT
(e.g., ≥ 10% decline in TLC)

- Parenchymal infiltrates on
CXR or HRCT

Bronchiolitis Obliterans
Syndrome (BOS)

- ≥ 20% decline in FEV1
- Obstructive physiology
- No significant parenchymal

infiltrates on HRCT

Reversible Allograft
Dysfunction (RAS)*

- ≥ 20% decline in FEV1
- Obstructive physiology
- Significant improvement with

azithromycin therapy

Suspected Chronic Lung
Allograft Dysfunction (CLAD)
FEV1 decline ≥ 10% but < 20% from
baseline and/or FEF25-75 decline

  Fig. 1.1    Suggested defi nitions and characteristics of CLAD and its subcategories. *Decline in 
FEV 1  may be due to (probable cellular) bronchiolitis that can respond to azithromycin therapy 
such that FEV 1  signifi cantly improves or normalizes: predictors of an increased likelihood of 
improvement with azithromycin include BAL neutrophilia (≥15 % neutrophils) and HRCT 
changes consistent with bronchiolitis (tree-in-bud opacities, peribronchiolar infi ltrates, ±air trap-
ping).  CXR  routine chest radiograph,  FEF   25–75   forced expiratory fl ow rate from 75 to 25 % of 
forced vital capacity,  FEV   1   forced expiratory volume in 1 s,  FVC  forced vital capacity,  HRCT  high-
resolution computed tomogram,  PFT  pulmonary function testing,  TLC  total lung capacity       
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    Abstract     The histologic diagnosis of lung transplant rejection is based on the 
assessment of perivascular mononuclear cell infl ammation, airway infl ammation 
and fi brosis, and vasculopathic changes. This chapter describes the pathologic fea-
tures of acute and chronic rejection of the small airways (i.e., lymphocytic and 
obliterative bronchiolitis). As transbronchial lung biopsy is the mainstay for the 
assessment of rejection, a brief discussion of some of the limitations of this tech-
nique is provided from the pathologist’s perspective. Several important and com-
mon entities that can mimic airway rejection are described with practical guidance 
for distinguishing these potential confounders on transbronchial biopsy. The non- 
rejection fi ndings that are discussed include the normal biopsy, nonspecifi c forms of 
chronic bronchiolitis, cytomegalovirus and pneumocystis pneumonia, bronchiolitis 
obliterans-organizing pneumonia, and aspiration pneumonia.  
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        Introduction 

 Lesions of the small airways are an important manifestation of both acute and 
chronic rejection of the pulmonary allograft, and two major forms are recognized. 
The fi rst, lymphocytic bronchiolitis (LB), describes chronic mononuclear cell 
infl ammation of the epithelium and submucosa of the distal small airways (i.e., at the 
level of and distal to the membranous bronchioles). The second, obliterative (or con-
strictive) bronchiolitis (OB), refers to partial or complete fi brous scarring of the dis-
tal airways and it is often, but not always, pauci-infl ammatory. The term “obliterative 
bronchiolitis” is preferred over the term “bronchiolitis obliterans,” so as not to con-
fuse the former with the much more common bronchiolitis obliterans- organizing 
pneumonia (BOOP), also termed simply organizing pneumonia (OP), an unrelated 
disease process with different clinical, radiologic, and pathologic features. 

 OB is the histologic correlate of the clinically defi ned bronchiolitis obliterans 
syndrome (BOS) and remains the gold standard for its defi nitive diagnosis [ 1 ]. While 
OB is perhaps best known as the central feature of chronic lung rejection, it may also 
occur in a number of non-transplant settings. Patients with connective tissue diseases, 
especially rheumatoid arthritis, are perhaps the most commonly affected with OB out-
side of the transplant setting [ 2 ]. In addition, OB is an uncommon complication of vari-
ous viral infections of the respiratory tract, particularly in children [ 3 ,  4 ], and is also a 
rare manifestation of medication toxicity (e.g.,  d - penicillamine ) [ 5 ] and inhalational 
injury from various toxins such as ammonia [ 6 ], smoke [ 7 ], and cocaine [ 8 ]. Recently, 
OB has been described as an occupational lung disorder of microwave popcorn workers 
(possibly related to diacetyl exposure, a butter-fl avoring agent) [ 9 ,  10 ]. OB is also a 
manifestation of graft-versus-host- disease in allogeneic bone marrow transplant recipi-
ents [ 11 ]. Interestingly, lesions histologically identical to LB have been observed in 
some of these conditions [ 11 – 13 ], providing a putative link between LB and OB. Indeed, 
LB is now widely accepted as not only a bona fi de manifestation of acute rejection, but 
as an important risk factor for developing chronic airway rejection. 

 The occurrence of OB outside of the transplant setting has contributed to our 
understanding of the etiology and pathogenesis of this still enigmatic disorder [ 14 – 16 ]. 
However, post-transplant-related cases remain the most common and increasingly, 
the best understood examples of OB. As a consequence of the great success of mod-
ern immunosuppressive drugs, surgical techniques, and management of infections, 
with the attendant increase in allograft longevity, OB has emerged as the major 
long-term obstacle to both graft and patient survival in lung transplantation [ 17 ]. 
This challenge has led to greater emphasis on its early recognition, with the corre-
sponding hope that early treatment can delay or prevent its development [ 18 ]. 

 Lymphocytic and obliterative bronchiolitis are part of the formal histologic clas-
sifi cation system of lung rejection, developed by the Lung Rejection Study Group 
of the International Society of Heart and Lung Transplantation (ISHLT). 
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The classifi cation system is published as an ongoing series of working papers in 
order to maintain up-to-date and standardized nomenclature, and it has undergone 
two major revisions since the original working formulation was published in 1990 
[ 19 – 21 ]. These changes refl ect a combination of advances in the fi eld of transplant 
rejection, experience with the application of the earlier grading schemes, and con-
sensus expert opinion. The current ISHLT Working Formulation [ 21 ] recommends 
histologic assessment of rejection along four lines: Grade A for perivascular infl am-
mation (acute cellular rejection [ACR]), Grade B for airway infl ammation (lympho-
cytic bronchiolitis), Grade C for airway fi brosis (obliterative bronchiolitis), and 
Grade D for chronic vascular rejection (graft atherosclerosis). ACR is graded on the 
severity and density of perivascular and interstitial mononuclear cell infl ammation 
in the following manner: A0, no perivascular infi ltrates; A1, minimal acute rejec-
tion; A2, mild acute rejection; A3, moderate acute rejection; and A4, severe acute 
rejection. Lymphocytic bronchiolitis is graded as: B0, no airway infl ammation; 
B1R, low- grade airway infl ammation; and B2R, high-grade airway infl ammation. 
Constrictive bronchiolitis and chronic vascular rejection are not graded but are des-
ignated as being either absent (C0 and D0) or present (C1 and D1). Because bron-
choscopy with transbronchial biopsy (TBBx) is the mainstay for assessment of lung 
rejection, the classifi cation system includes an “ungradeable” score for each param-
eter, designated by an X after the letter (e.g., AX), if it cannot be assessed in the 
sample. This refl ects the limitations arising from the necessarily limited amount of 
tissue obtainable with TBBx, the patchiness of the histologic fi ndings in graft rejec-
tion, and potential confounding factors, particularly concomitant infection. This 
classifi cation system can also be applied to larger specimens, such as surgical lung 
biopsies, explanted allografts, and autopsy material, with the recognition that some 
fi ndings, especially chronic vascular rejection (Grade D), are relatively uncommon 
and virtually never identifi ed on TBBx. ACR and graft atherosclerosis will not be 
further discussed as they are beyond the scope of this chapter. The interested reader 
will fi nd a good discussion of these topics elsewhere [ 21 – 23 ]. 

 The focus of this chapter is the pathology of the small airways in acute and 
chronic rejection, with only brief discussion of the potential signifi cance of large 
airway infl ammation (bronchitis). In addition to rejection, the lung transplant patient 
is at greater risk for a variety of insults that manifest predominantly, both clinically 
and pathologically, as airway or airway-based abnormalities. Most importantly, this 
includes opportunistic infections. BOOP and aspiration pneumonia also occur more 
commonly in transplanted patients and are sometimes overlooked as potential 
causes of allograft dysfunction. We will also briefl y review two entities that may be 
mistaken for rejection by the pathologist—the normal biopsy and nonspecifi c forms 
of chronic bronchiolitis. First however, given the central role that TBBx plays in the 
management of rejection, we will briefl y review the limitations of TBBx, from the 
perspective of the pathologist.  

2 Airway Pathology in Lung Transplants
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    The Limitations of Transbronchial Lung Biopsy/Adequacy 
(Fig.  2.1 ) 

    There continues to be a spirited debate within the transplant community regarding 
the utility of the surveillance TBBx (i.e., one that is performed in the asymptomatic 
patient according to a predetermined schedule) as compared to the clinically indi-
cated TBBx (i.e., one that is performed after the development of signs or symptoms) 
[ 24 ,  25 ]. Like any procedure TBBx has intrinsic benefi ts and costs; it is not our 
intention to enter into the debate regarding the most appropriate role for TBBx. Our 
focus is instead on the histopathologic fi ndings that facilitate accurate and timely 
diagnosis in lung transplant patients. Accurate interpretation of TBBx performed 
for rejection can be challenging for two main reasons. The fi rst, which is common 
to currently available techniques for retrieving lung tissue with TBBx, stems from 
the small size and necessarily limited amount of tissue obtainable via the fl exible 
bronchoscope. The second, which is unique to lung transplant patients, is the diffi -
culty in separating bona fi de rejection from other processes with a similar appear-
ance. These potential confounders are discussed in greater detail in the latter sections 
of this chapter. 

 There is an inherent challenge in interpreting small pieces of tissue that may 
be crushed or torn. In addition, small pieces of tissue are more diffi cult to interpret 
due to problems stemming from oblique (or tangential) sectioning. This is unavoid-
able in TBBx. However, the problem of limited tissue is ameliorated, to a degree, by 
the goal for “adequacy” in rejection TBBx. The ISHLT recommends that adequate 
biopsy tissue sampling consists of at least fi ve pieces of alveolated parenchyma, 
recognizing that the bronchoscopist may need to submit more pieces than this in 
order to increase the chances of including histologically assessable bronchioles 
within the submitted sample. Moreover, the bronchoscopist may need to submit 
more than fi ve pieces as some, and sometimes all, of the submitted pieces are invari-
ably comprised only of bronchial wall, exfoliated epithelium, and/or blood 
(see Fig.  2.1 ). As mentioned above, rejection is a histologically patchy phenome-
non. While higher grades of acute rejection are, by defi nition, more diffuse pro-
cesses, lower grades of rejection, including grade A2 (the traditional clinical 
threshold for pulse therapy), can still be very patchy. Moreover, increasing evidence 
suggests that episodes of even minimal acute rejection or low-grade LB are associ-
ated with higher subsequent rates of chronic rejection/BOS [ 26 ]. Therefore, obtain-
ing adequate biopsies may be expected to increase the diagnostic yield of TBBx and 
allow clinicians to appropriately treat an acute rejection episode in patients who 
would have otherwise gone untreated. 

 The sensitivity of TBBx for the detection of rejection is less than 100 % even 
when technically adequate. The  yield  of TBBx should be distinguished from its 
 sensitivity . The diagnostic  yield  of TBBx is the percentage of biopsies performed 
that are “positive” for rejection. Comparing experiences between centers is chal-
lenging, in part, because positivity is not uniformly defi ned. Some have defi ned as 
“positive” any biopsy with at least grade A1 rejection, while others defi ne as 
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  Fig. 2.1    Comparing an adequate ( a ) and a suboptimal ( b ) transbronchial biopsy (TBBx) at low 
magnifi cation (hematoxylin and eosin, original magnifi cation ×20). The TBBx in ( a ) is very gener-
ous and contains about eight substantial fragments of alveolated parenchyma. Both large and small 
airways are well represented (although diffi cult to discern at this magnifi cation). By comparison, 
the TBBx in ( b ) is unsuitable for assessment of rejection. While it consists of about fi ve fragments 
of tissue, only three are adequately alveolated. However, even these are small, torn, and show 
signifi cant crush by the forceps. The other fragments are crushed bronchial wall, blood, and exfoli-
ated epithelium, which are not useful for a meaningful histological assessment. The biopsy in (a) 
obviously provides much more information and is also easier to interpret       
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“positive” biopsies having at least grade A2 rejection, any form or grade of rejection 
(whether types A, B, or C), and even infection. Diagnostic  yield  also will vary 
depending on whether a TBBx is performed for clinical indications or surveillance. 
Given this variability, diagnostic  yield  is best understood as an institution-specifi c 
parameter and is perhaps most useful as a measure of quality control and improve-
ment. By contrast, sensitivity of rejection TBBx is defi ned in a standard fashion, 
which is the fraction of patients with a disease (transplant rejection) who have the 
disease (rejection) on testing (TBBx). The numerator (i.e., number of patients with 
rejection on TBBx) is the same whether measuring diagnostic yield or sensitivity, 
but the denominator is different ( yield  = number of patients tested;  sensitivity  = num-
ber of patients with rejection). The sensitivity of TBBx varies with the number of 
pieces obtained. Earlier studies utilizing transplanted animals that were sacrifi ced 
[ 27 ] showed that fi ve pieces of lung tissue were required to achieve a sensitivity of 
92 % for the detection of at least mild rejection. In contrast, a study of 219 TBBx 
from 54 heart-lung transplant recipients by Scott et al. [ 28 ] showed that in the clini-
cal setting 18 samples per procedure may be necessary to have a 95 % confi dence of 
fi nding rejection. 

 TBBx is a relatively insensitive method for detecting OB, possessing a sensitiv-
ity ranging from 15 % to nearly 40 % [ 29 ,  30 ]. The low sensitivity of TBBx for OB 
likely stems from three factors: the diffi culty in sampling small airways on TBBx, 
the notoriously patchy nature of OB, and a presumed diffi culty of the biopsy forceps 
in acquiring fi brotic tissue. 

 The  specifi city  of TBBx for rejection is also less than 100 %, due to the technical 
challenges of TBBx interpretation and the presence of confounding variables, espe-
cially infection. In selected situations, when a TBBx is inadequate or inconclusive 
and the clinical situation demands a defi nitive diagnosis, wedge lung biopsy may be 
a useful option. In a study of 48 open lung biopsies performed on 42 lung transplant 
patients from an institution performing surveillance TBBx [ 31 ], a clinically unsus-
pected diagnosis was made in 14 (29 %) of the 48 biopsies, all of which resulted in 
changes to patient treatment. However, this study does not explicitly state the rate of 
discordance between prior TBBx and wedge biopsy. Nonetheless, it does suggest 
that wedge lung biopsy can be useful in clinically deteriorating transplant patients 
for whom TBBx is non-diagnostic.  

    Lymphocytic Bronchiolitis (Figs.  2.2  and  2.3 ) 

     Lymphocytic bronchiolitis describes chronic mononuclear cell infi ltrates involving 
the small airways. The current ISHLT Working Formulation subdivides LB into 
low-grade (B1R) and high-grade (B2R) forms. The “R” in the category designation 
stands for “revised,” as it refl ects a modifi cation of the 1996 working formulation in 
collapsing the previous four tier grading system (minimal, mild, moderate, severe) 
into two (low grade and high grade). In addition, there is a category for no airway 
infl ammation (B0) and an ungradeable category (BX) for those cases in which small 
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airways are not present, are not assessable (due to tangential sectioning for example), 
or for which the infl ammation cannot be confi dently ascribed to rejection. Indeed, 
potential confounders that mimic LB have delayed acceptance of utilizing LB as an 
independent or sole marker for establishing or grading acute rejection. These poten-
tial confounders are discussed in detail in the second portion of this chapter 
(see section on “Non-rejection Findings”). 

 Low-grade LB is characterized by relatively sparse peribronchiolar lymphocytic 
infl ammation, often in a circumferential or partially circumferential distribution. 
The lymphocytic infi ltrates are localized to the submucosa, which is not expanded, 
and there should be no evidence of associated epithelial injury. Although the ISHLT 
defi nition of low-grade LB  restricts  the mononuclear infi ltrates to the submucosa, 
scattered intra-epithelial lymphocytes can be observed in otherwise histologically 
straightforward cases of low-grade LB. For that reason a diagnosis of low-grade LB 
is appropriate when the infi ltrates are not overly dense and localized  predominantly  
to the submucosa. 

 High-grade LB, by contrast, is characterized by more frequent and increasingly 
dense peribronchiolar lymphoplasmacytic infi ltrates. The lymphocytes may be larger 

  Fig. 2.2    Low-grade lymphocytic bronchiolitis, TBBx (hematoxylin and eosin, original magnifi ca-
tion ×200). Mildly to moderately dense lymphocytic infl ammation localized predominantly to the 
bronchiolar submucosa. Lymphocyte crush artifact is prominent, which is common in forceps 
biopsies. While there are scattered intra-epithelial lymphocytes ( arrows ), there is no evidence of 
epithelial cell injury       
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and possess an activated or plasmacytoid appearance. Plasma cells may be present in 
either low-grade or high-grade LB, but are more numerous in high-grade LB. In con-
trast to low-grade LB, the denser collections of mononuclear cells (lymphocytes and 
plasma cells) in high-grade LB tend to infi ltrate the basement membrane and epithe-
lium of the bronchioles. In such cases, there will usually be evidence of associated 
epithelial injury, ranging from epithelial cell apoptosis and necrosis to frank mucosal 
ulceration. Squamous metaplasia of bronchiolar epithelium may also be present and 
is testimony to attempts at epithelial regeneration. In addition to mononuclear cells, 
polymorphonuclear leukocytes, including eosinophils, may be seen with high-grade 
LB. Neutrophils are usually seen in cases with attendant epithelial necrosis or ulcer-
ation. If the luminal infi ltrates are frankly purulent, or if there is evidence of distal 
airspace involvement with neutrophilic infl ammation, then acute infection (broncho-
pneumonia) becomes a more likely explanation for the fi ndings.  

    Obliterative (Constrictive) Bronchiolitis (Figs.  2.4  and  2.5 ) 

     OB is the histologic fi nding of complete or partial bronchiolar fi brosis, whereas 
BOS is clinically defi ned as a persistent decline in forced expiratory volume (FEV1) 
compared to an established post-transplant baseline. While OB is the presumed 
histologic correlate of BOS, the terms are not interchangeable because some trans-
plant patients develop airfl ow limitation from other causes [ 1 ]. 

  Fig. 2.3    High-grade lymphocytic bronchiolitis, TBBx (hematoxylin and eosin, original magnifi -
cation ×100). Very dense lymphoplasmacytic infl ammation involving the epithelium and submu-
cosa of a bronchiole ( center ). The epithelium lining the adjacent larger airway ( top ) shows no 
mucosal infl ammation. In other levels, the bronchiolar epithelium was necrotic and denuded       
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 A great deal of basic science, animal model, and clinical research has begun to clarify 
the pathogenesis of OB and the risk factors predisposing to it [ 15 ,  16 ]. Both ACR and 
LB are well-established risk factors. Non-immunologic risk factors, including cytomeg-
alovirus (CMV) and non-CMV infection, BOOP, donor age, and graft ischemia time 
(among others), have also been implicated as risk factors for developing OB/BOS. 

  Fig. 2.4    Obliterative bronchiolitis, TBBx (original magnifi cation ×40). ( a ) Hematoxylin and 
eosin-stained section showing collagen fi brosis of a small airway. There is far too much collagen 
in the wall and submucosa of this bronchiole, lending the wall an excessively thick appearance out 
of proportion to the caliber of the lumen. The patient showed spirometric evidence of the bronchi-
olitis obliterans syndrome (BOS). ( b ) Corresponding trichrome stain. The abnormal and excessive 
deposition of collagen ( blue ) within the submucosa and wall of the bronchiole is apparent       
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  Fig. 2.5    Obliterative bronchiolitis, autopsy material. The patient was a 30-year-old female who 
had received a double lung transplant approximately 8 years earlier for cystic fi brosis. BOS was 
the cause of death. There was no evidence of acute cellular rejection (ACR). ( a ) Bronchovascular 
bundle showing complete occlusive fi brosis of the bronchiole ( asterisks ) (hematoxylin and eosin, 
original magnifi cation ×40). Notice the residual fascicles of smooth muscle in the bronchiolar wall 
( arrows ). ( b ) There is evidence of concomitant lymphocytic bronchiolitis (hematoxylin and eosin, 
original magnifi cation ×100). This bronchiole shows circumferential submucosal infl ammation, 
which is focally of moderate density. The epithelial sloughing is an artifact of autolysis       

 Recently, there has been increasing attention on the existence and possible 
role for antibody-mediated rejection (AMR) as a risk factor for OB/BOS [ 32 ]. 
This stems from the occurrence of OB in patients with no evidence of anteced-
ent ACR [ 33 ], evidence of septal capillary injury in cases of otherwise 
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unexplained graft dysfunction [ 34 ], complement deposition in capillary endothelium 
[ 35 ], and the uncommon but well-documented occurrence of graft dysfunction 
in patients who developed donor-specifi c anti-human leukocyte antigen (anti-
HLA) antibodies and capillaritis on biopsy [ 36 ]. Despite tantalizing evidence of 
a possible link between AMR and lung allograft dysfunction there are persistent 
unresolved questions regarding its diagnosis and signifi cance. Capillaritis has 
been proposed as a histologic marker of AMR in TBBx but distinguishing capil-
laritis from simple neutrophil margination (diapedesis) in small specimens is 
challenging at best. Bronchopneumonia must be rigorously excluded in this 
setting since neutrophil margination is common in acute infection. In the non-
transplant setting necrotizing capillaritis is virtually always associated with 
clinical and histologic evidence of diffuse alveolar hemorrhage. 
Immunohistochemical stains for C4d are of limited value given that interpretation 
is plagued by nonspecifi c background staining of endothelial cells and elastic 
tissue. Furthermore, there is a poor correlation between linear C4d staining, the 
presence of necrotizing capillaritis, and the development of donor-specifi c HLA 
alloantibodies [ 37 ]. Thus, substantial diffi culties remain before AMR can be 
embraced as a distinct clinicopathologic form of lung rejection. 

 Collagen fibrosis involving and expanding the bronchiolar submucosa is 
the histologic hallmark of OB. The fibrosis may be eccentric or concentric and 
in more advanced lesions results in complete obliteration of the airspace 
lumen. OB may be more difficult to recognize in the late fibrotic stage as the 
airways are completely scarred and therefore difficult to recognize. Key to 
identifying these focal scars as former airways includes the presence of an 
associated similar-caliber artery or the presence of residual fascicles of smooth 
muscle within the fibrosis. In most cases, the fibrosis is not accompanied by 
inflammation but persistence of mononuclear cell inflammation of the sort 
and character of LB may be noted in some cases. Indeed, LB and OB may 
coexist. Mucostasis and/or accumulation of foamy, lipid-laden histiocytes 
within peribronchiolar air spaces may be present as nonspecific markers of 
small airways dysfunction of any cause. Occasionally these finding are pres-
ent in the absence of diagnostic small airways changes and are suggestive—
but not diagnostic of—bronchiolar pathology.  

    Large Airway Infl ammation/Lymphocytic Bronchitis (Fig.  2.6 ) 

    Lymphocytic bronchiolitis, as the name implies, affects the small airways—that is, the 
distal-most portions of the conducting bronchioles and the respiratory bronchioles of 
the allografted lung. The signifi cance of LB with respect to lung rejection is now well 
established. Occasionally, similar appearing infl ammation of the large conducting 
cartilaginous airways may also occur, with or without associated LB [ 38 ]. Unlike LB, 
much less is known about the signifi cance of isolated large airway infl ammation vis-
à-vis rejection. Early studies found increased numbers of specialized Leu-7 (CD57)-
positive T lymphocytes in the mucosa of donor bronchi with morphologic evidence of 
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airway injury and observed an association between lymphocytic bronchitis and subse-
quent OB [ 39 – 41 ]. In another study, Yousem and colleagues also found that “chronic 
infl ammation of the bronchi” was associated with subsequent development of OB, 
with a sensitivity and specifi city of 83 % and 100 %, respectively, although the num-
ber of cases was very small [ 42 ]. Large airway bronchial fi brosis has also been 
observed in some lung allografts with coexisting OB [ 43 ]. These studies suggested 
that bronchial mucosa may be a target for rejection prompting the use of the combined 
term “lymphocytic bronchitis/bronchiolitis” (LBB) to refer to the mononuclear cell 
infi ltrates jointly affecting the bronchi and the bronchioles. As is true in small airways, 
infl ammation in large airways is not specifi c for rejection and is commonly present 
with clinical (or subclinical) infection, aspiration, chronic obstructive pulmonary dis-
ease, and other inhalational injuries. Indeed, the ISHLT working formulation recog-
nizes that large airway infl ammation is most commonly associated with infection and 
aspiration and does not currently identify or grade “lymphocytic bronchitis” as such 
[ 21 ]. Bronchiectasis has also been described in lung transplant patients with BOS, 
although it is not known if this is a consequence of infection, rejection, ischemic 
injury, or some combination of these factors [ 44 ]. 

  Fig. 2.6    Lymphocytic bronchitis, TBBx (hematoxylin and eosin, original magnifi cation ×200). 
Dense mononuclear cell infl ammation involving a bronchus. Both the wall and epithelium is 
involved; the latter shows evidence of injury in the form of sloughing and regenerative atypia. 
There is evidence of small airway involvement as well (lymphocytic bronchiolitis); a tangential 
portion of an affected bronchiole is seen in the section ( arrow ). Other fragments (not shown) also 
showed lymphocytic bronchiolitis. Cultures for microorganisms and other microbiological assays 
were negative for infection       
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 The signifi cance of lymphocytic bronchitis in a TBBx depends upon not only the 
morphologic features but also the clinical context. To help distinguish lymphocytic 
bronchitis from nonspecifi c forms of chronic bronchitis the term should be limited 
to cases in which dense collections of lymphocytes are confi ned to the bronchial 
submucosa and submucosal glands, often infi ltrating into the bronchial epithelium. 
With more intense degrees of infl ammation, greater numbers of transformed lym-
phocytes, immunoblasts, and even eosinophils are present, and there may be evi-
dence of epithelial injury including apoptosis, squamous metaplasia, or ulceration. 
Neutrophils should not be abundant and there should not be evidence of viral cyto-
pathic change or aspiration, features which would point to another etiology. When 
narrowly defi ned in this way lymphocytic bronchitis is not a common fi nding and, 
when present, is often seen in combination with other fi ndings typical of acute 
rejection, usually LB. Such cases should be graded conventionally as per ISHLT 
guidelines, with or without mention of the presence of lymphocytic bronchitis, 
since in any event clinical decision making will be based on the formal “A-B-C” 
rejection grade. Lymphocytic bronchitis is uncommon as a truly isolated fi nding, 
and when present without other corroborative histologic support for a diagnosis of 
rejection its signifi cance is uncertain. 

    Non-rejection Findings 

    Normal (Bronchus-Associated Lymphoid Tissue) (Fig.  2.7 ) 

    The airways, as in other non-sterile mucosal sites with a more-or-less constant 
exposure to the external environment, possess a mucosa-associated lymphoid 
tissue (MALT tissue) specifi cally referred to as bronchus-associated lymphoid 
tissue (BALT). In the large airways, these comprise circumscribed submucosal 
aggregates (primary follicles) of lymphocytes. They are usually not very promi-
nent, unless there has been antigenic stimulation, in which case there may be 
BALT hyperplasia which may be associated with germinal center formation 
(secondary follicles). The circumscription and submucosal localization of BALT 
follicular aggregates is not likely to be confused with lymphocytic bronchitis 
and bronchiolitis. However, in the intermediate and small airways, the lympho-
cytes may extend into the overlying epithelium (“lymphoepithelium”), which is 
focally attenuated as it is in other MALT sites. It is important not to confuse this 
normal fi nding with LB (or with any other pathology). The key features distin-
guishing BALT and lymphoepithelium from LB are that the lymphoid infi ltrates 
of the latter are denser, are not circumscribed, and do not form primary or sec-
ondary follicles; establishing this may require assessment of multiple consecu-
tive tissue levels. Furthermore, LB may be associated with epithelial damage 
including epithelial cell necrosis, mucosal ulceration, and squamous metapla-
sia, particularly when high grade (B2R). Lastly, LB is often  associated with the 
perivascular lymphoid infi ltrates of ACR.  
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   Nonspecifi c Chronic Bronchiolitis 

 Chronic bronchiolitis is a histopathologic term referring to chronic infl ammation 
involving bronchiolar and peribronchiolar interstitium with or without fi brosis [ 45 ]. 
Chronic bronchiolitis is a nonspecifi c fi nding; its signifi cance is defi ned by the his-
topathologic and clinical context [ 46 ]. For example, chronic bronchiolitis is a com-
mon fi nding in other primary pathologic processes, such as hypersensitivity 
pneumonia. In hypersensitivity pneumonia, chronic bronchiolitis is only one com-
ponent of a unique combination of equally nonspecifi c fi ndings that is characteristic 
only when present collectively. Chronic bronchiolitis is uncommon as an isolated 
primary pathologic process and occurs in surprisingly heterogeneous clinical con-
texts. In smokers with evidence of obstructive airways disease, chronic bronchiolitis 
corresponds to the small airways disease thought to account for airfl ow limitation in 
patients with emphysema and chronic bronchitis [ 47 ]. Occasional unexplained 
chronic bronchiolitis occurs in nonsmokers with airfl ow limitation who lack other 
features of emphysema, chronic bronchitis, or asthma (i.e., idiopathic small airways 
disease). Chronic bronchiolitis does not by itself predict for physiologically signifi -
cant obstructive airways disease, however, and in some patients may actually be 
affi liated with evidence of restrictive lung disease. 

  Fig. 2.7    Bronchus-associated lymphoid tissue, wedge biopsy (hematoxylin and eosin, original 
magnifi cation ×200). BALT, a normal fi nding, comprises mucosal lymphoid aggregates associated 
with large and/or small airways. The aggregates are comprised of well-circumscribed subepithelial 
primary or secondary lymphoid follicles. In the small airways, as seen here, the lymphocytes may 
focally percolate among the epithelial cells (“lymphoepithelium,”  arrow ). It may sometimes be 
diffi cult to distinguish BALT from bronchiolitis (of any cause) on TBBx, particularly when the 
sample is very small, fragmented, or crushed       
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 Given the nonspecifi c nature of chronic bronchiolitis and the wide range of 
potential causes and associations, attributing bronchiolitis to rejection in transplant 
patients requires careful integration of not only histopathologic but also clinical, 
physiologic, and radiologic data.  

   Opportunistic Infection 

 Infectious complications are a major obstacle to both short-term and long-term sur-
vival in lung transplantation. Non-CMV infections are the leading cause of morbid-
ity and mortality in the fi rst year status post-transplantation, and remain the second 
leading cause of mortality thereafter, preceded only by BOS [ 17 ]. Pneumonia, par-
ticularly bacterial pneumonia, is the most common infection affecting lung trans-
plant patients, especially in the early post-transplant period, although mycobacterial, 
viral, and fungal pneumonia all occur at an increased frequency in lung transplant 
patients [ 48 ]. For the pathologist, the diagnosis of acute bronchopneumonia due to 
pyogenic bacteria or granulomatous infection is generally straightforward and not 
likely to be confused with acute rejection; the former entities are characterized by 
suppurative or granulomatous infl ammation involving the airspaces, while acute 
rejection is typifi ed by mononuclear/lymphocytic infl ammation in the perivascular 
and peribronchiolar interstitium. 

 Certain infectious agents produce a  cellular interstitial pneumonia  that is more 
likely to be confused with acute rejection. In particular, two important opportunistic 
pathogens, CMV and  Pneumocystis jirovecii , cause an infectious pneumonia that 
may show prominent chronic interstitial infl ammation (i.e., chronic interstitial 
pneumonia) that closely resembles acute rejection [ 49 ,  50 ]. In a study of CMV and 
pneumocystis pneumonia diagnosed by open lung biopsy and TBBx, Tazelaar [ 50 ] 
noted perivascular lymphocytic infi ltrates similar to those seen in acute rejection in 
42 % of CMV cases and 21 % of pneumocystis cases. Such results reiterate the need 
for the pathologist to at least consider the possibility of infection in every transplant 
TBBx and to rigorously exclude—or include—infection with ancillary special 
stains in selected cases. A TBBx diagnosis of infection that includes perivascular 
lymphoid infi ltrates does not preclude the possibility of concomitant rejection, how-
ever, and should be regarded as indeterminate (“AXBX”) in this regard. If clinically 
warranted, a subsequent TBBx following appropriate antimicrobial treatment may 
be more helpful in evaluating for rejection without the confounding effects of infec-
tion. This serves as a reminder that the ultimate diagnosis in any individual patient 
should be the result of integration with all available clinical data, including those 
from microbiologic and serologic studies. 

 Among non-alloimmune risk factors for the development of OB/BOS, pulmo-
nary infection due to CMV has been the most extensively studied, with relatively 
fewer reports analyzing non-CMV viruses, bacteria, and fungi including pneumo-
cystis [ 14 ,  16 ]. Bacterial and pneumocystis pneumonia have not been clearly shown 
to be signifi cant risk factors for OB/BOS, while studies assessing the signifi cance of 
CMV pneumonia on the development of OB/BOS have shown inconsistent results 
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[ 14 ,  16 ]. At this time, pulmonary infections, in general, and viral respiratory patho-
gens, in particular, are considered to be possible risk factors for OB/BOS, perhaps 
by potentiating the effects of acute rejection.  

   Cytomegalovirus Pneumonia (Fig.  2.8 ) 

    The key to the diagnosis of CMV pneumonia is the recognition of characteristic viral 
cytopathic changes caused by CMV infection, of which there are three—cytomegaly, 
nuclear inclusions, and cytoplasmic inclusions. Cellular and nuclear enlargement 
(cytomegaly) is perhaps the most easily recognizable alteration. The intranuclear 
inclusions consist of centrally placed amorphous basophilic inclusions, usually with a 
clear halo separating them from the nuclear membrane. The cytoplasmic inclusions, 
which are not seen in every infected cell, are also basophilic and coarsely granular. 
The latter often stain positively with the Gomori methenamine silver (GMS) method. 
These viral cytopathic changes can affect virtually any cell, including pneumocytes, 
interstitial cells, and endothelial cells. While some cases may show numerous CMV 
virocytes, other cases may show only a few or rare infected cells, particularly in the 
limited samples that TBBx provides. An immunohistochemical stain for CMV is 
widely available and can be very helpful in confi rming the diagnosis, especially in 
subtle cases. In addition to the characteristic altered cells, CMV pneumonia typically 
elicits a predominantly chronic infl ammatory cell reaction involving the interstitium 
and the airways that may be nearly indistinguishable from ACR and LB. In more 
severe cases, it may also cause diffuse alveolar damage (DAD) and/or fi brinous air-
space exudate. 

 As stated above, unless the viral cytopathic changes are recognized, the case is 
likely to be misdiagnosed as acute rejection. The viral changes caused by CMV 
must be distinguished from those due to herpes simplex virus (HSV). HSV infection 
does not result in signifi cant cytomegaly, nor does it cause intracytoplasmic inclu-
sions. In addition, HSV infection produces ground glass intranuclear inclusions that 
are usually prominently eosinophilic and with a margin of peripherally condensed 
chromatin.  

    Pneumocystis jirovecii  Pneumonia (Fig.  2.9 ) 

    There are a number of histologic changes that can be seen in pneumocystis pneumo-
nia. The classic change is the presence of an eosinophilic “frothy” alveolar exudate 
on hematoxylin and eosin (H&E) staining. On higher power, this exudate possesses 
a honeycomb-like or microcystic appearance, representing numerous organism 
cysts and it is pathognomonic for the disease. This frothy exudate may be associated 
with features of DAD including hyaline membranes. Granulomatous infl amma-
tion—necrotizing, non-necrotizing, or both—is an uncommon manifestation of 
pneumocystis pneumonia that is often associated with lymphocytic infl ammation 
and clusters of histiocytes. Other less common changes include areas of necrosis, 
calcifi cation, and a pulmonary alveolar proteinosis-like reaction. 
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 TBBx is a sensitive technique for the detection of pneumocystis pneumonia. If 
the characteristic frothy eosinophilic alveolar exudates are present, then the diagno-
sis is straightforward and can be made even in the absence of special stains. 

  Fig. 2.8    Cytomegalovirus (CMV) pneumonia, TBBx. ( a ) On low power, there is a dense predomi-
nantly chronic infl ammatory infi ltrate involving the bronchus and subjacent alveolar 
tissue(hematoxylin and eosin, original magnifi cation ×100). Such an appearance is reminiscent of 
high-grade ACR with lymphocytic bronchitis/bronchiolitis. ( b ) On higher magnifi cation, an endo-
thelial cell with CMV viral cytopathic change is seen ( arrow ) (hematoxylin and eosin, original 
magnifi cation ×400). This comprises nucleomegaly and cytomegaly and basophilic ground glass 
nuclear inclusions. There may also be basophilic intracytoplasmic granules, although these are 
somewhat diffi cult to discern even at this magnifi cation. An immunohistochemical stain for CMV 
was also positive (not shown). Note the marked lymphohistiocytic infl ammation       
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  Fig. 2.9     Pneumocystis jirovecii  pneumonia, TBBx. ( a ) This photomicrograph demonstrates 
frothy, eosinophilic alveolar exudates, the most helpful and characteristic feature of  Pneumocystis  
pneumonia (hematoxylin and eosin, original magnifi cation ×200). ( b ) These exudates have a dis-
tinctive microcystic appearance at high magnifi cation (hematoxylin and eosin, original magnifi ca-
tion ×400). ( c ) Silver stains, such as the Gomori methenamine silver (GMS) stain, demonstrate the 
yeast forms, which are 4–6 μm in diameter and helmet-shaped, crescentic, or spherical (GMS, 
original magnifi cation ×600). Note the internal dot-like enhancement inside the cysts ( arrow ), 
a feature which helps distinguish  Pneumocystis  from  Histoplasma  spp. yeast forms         

Occasionally, however, only hyaline membranes, a chronic interstitial pneumonia, 
or granulomas are present. For that reason, it is important to maintain a low threshold 
for performing special stains, especially stains such as a GMS stain that highlight 
pneumocystis organisms.  

 

A. Lagstein and J. Myers



39

Fig. 2.9 (continued)

   Bronchiolitis Obliterans-Organizing Pneumonia (Fig.  2.10 ) 

    Bronchiolitis obliterans-organizing pneumonia (BOOP), also termed organizing 
pneumonia (OP), is a nonspecifi c manifestation of acute lung injury. As such, it can 
be caused by or associated with a wide variety of insults and conditions, including 
infectious pneumonia, medications, aspiration of gastric contents, radiation, or con-
nective tissue disease [ 51 ]. The etiology is usually not apparent on the basis of the 
histologic fi ndings alone. BOOP may also be seen as a nonspecifi c secondary 
change in other primary processes. Idiopathic BOOP, also termed cryptogenic OP 
or COP, refers to a distinct syndrome of unknown cause with characteristic clinical 
and radiographic features and BOOP as an isolated fi nding on lung biopsy [ 52 ]. 
Spontaneous remission may occur, and in those patient requiring treatment it tends 
to be a steroid-responsive disease, although relapses are common. These features 
are in contrast to OB, which is typically insidious and progressive and not marked 
by relapses or remissions. BOOP is a fairly common fi nding in rejection biopsies 
[ 53 ], reemphasizing the importance of its distinction from OB by the reviewing 
pathologist. Indeed, in an earlier review of organizing pneumonia-like reactions in 
allograft biopsies, Yousem and colleagues described BOOP as most commonly 
occurring in the setting of acute rejection [ 53 ]. Several groups have also found 
BOOP to be a risk factor for OB/BOS [ 54 ,  55 ]. As such, BOOP has been proposed 
to be included in the histologic classifi cation of lung rejection [ 56 ], although this 
has not been adopted. 

 BOOP is characterized by fusiform proliferations of spindled fi broblastic and 
myofi broblastic cells set within a pale-staining myxoid matrix containing abundant 
mucopolysaccharides (ground substance), a combination of fi ndings sometimes 
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described as fi bromyxoid plugs of “young” fi brosis. A key feature defi ning BOOP 
is the localization of these fi bromyxoid plugs to the lumens of the distal bronchioles 
(“bronchiolitis obliterans”) and alveolar airspaces and ducts (“organizing pneumo-
nia”). This distribution accounts for its typical whorled and serpentine appearance. 
Involvement of the bronchiolar lumens causes small airway dysfunction, which in 
turn results in a variably prominent accumulation of foamy macrophages, some-
times referred to as endogenous lipoid pneumonia. BOOP may be accompanied by 
abundant airspace fi brin, lending an eosinophilic appearance to the process. 
Associated infl ammation can be highly variable, from negligible to dense infi ltrates, 
and is usually comprised of chronic infl ammatory cells, mostly lymphocytes and 
plasma cells. The infl ammatory cells can be found within the fi bromyxoid tissue or 
alveolar septal walls or both. However, if alveolar septal and perivascular mononu-
clear infi ltrates are prominent, then high-grade ACR should be strongly considered 
as the underlying etiology. Neutrophils and histiocytes may also be found, but if 
prominent, an infectious etiology should be suspected and the use of special stains 
for microorganisms may be helpful in further evaluating for that possibility. 

 The organizing phase of DAD may be indistinguishable from BOOP in small 
biopsies. BOOP can usually be distinguished by the intraluminal localization of the 
fi broblastic plugs and the absence of hyaline membranes but these helpful clues 
are not always easily discerned in TBBx. DAD typically occurs in the setting of the 

  Fig. 2.10    Bronchiolitis obliterans-organizing pneumonia, TBBx (hematoxylin and eosin, original 
magnifi cation ×100). Fibromyxoid plugs of spindled fi broblasts and myofi broblasts are present 
within the airspaces and lumens of distal airways. When encountering a TBBx with BOOP, the 
pathologist should search for more specifi c features that might suggest an underlying etiology, 
such as evidence of acute infection, viral changes, granulomas, or aspirated foreign material. 
Notice the presence of an associated cellular chronic interstitial pneumonia, a common associated 
fi nding in BOOP (of any cause), and one that should be distinguished from the perivascular mono-
nuclear cell infi ltrates of ACR       
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adult respiratory distress syndrome (ARDS) and for that reason can usually be 
separated from BOOP by correlating with the patient’s clinical status in histologi-
cally challenging cases. BOOP is usually easily distinguishable from OB, even in 
small biopsies, as both the location (airspaces in the former, submucosa in the latter) 
and constitutive elements (fi bromyxoid tissue in the former, collagen fi brosis in the 
latter) are distinctly different.  

   Aspiration Pneumonia (Fig.  2.11 ) 

    Patients who have undergone lung transplantation are at a signifi cantly increased 
risk for gastroesophageal refl ux and aspiration [ 57 – 59 ], possibly due to impaired 
cough refl ex and mucociliary clearance mechanisms. While massive acute aspira-
tion is not a clinically occult condition, chronic, low-level episodes of repeated aspi-
ration pose a more diffi cult diagnostic challenge; in fact, chronic aspiration is often 
clinically unsuspected [ 60 ,  61 ]. Chronic gastroesophageal refl ux and aspiration have 
been implicated as non-alloimmune risk factors for the development of OB/BOS 
[ 62 ], and anti-refl ux therapy utilizing medical (macrolide antibiotics) and surgical 
(gastric fundoplication) modalities has resulted in improved lung function in several 
studies [ 63 – 66 ]. Thus, aspiration is a treatable cause of pulmonary allograft dys-
function and it is a diagnosis the pathologist is often in a unique position to make. 

 The morphologic features of particulate aspiration are suffi ciently unique that 
the diagnosis can often be made on TBBx. Aspiration pneumonia is characterized 
by airway-centered granulomatous infl ammation that is often necrotizing. The gran-
ulomas typically elicit an associated BOOP response, which is often quite promi-
nent and is sometimes the dominant fi nding. Acute and chronic bronchitis and 
bronchiolitis are a nearly constant fi nding and thus the pathologist must take care 
before ascribing bronchiolitis to rejection or to infection. The defi ning feature of 
aspiration pneumonia is the presence of exogenous aspirated foreign material, either 
in an extracellular location or within giant cells or both. The aspirated material is of 
two major kinds—foodstuffs and inorganic crystalline “fi llers” derived from oral 
medications; the presence of either substance in the appropriate histologic context 
is diagnostic. The foodstuffs have a varying appearance depending on the age of the 
process. They include recognizable skeletal muscle and plant cell walls derived 
from consumed meats and vegetables, respectively; the latter may be refractile and 
either weakly or strongly birefringent on polarized microscopy. Older organic mate-
rial tends to have a pale, amorphous eosinophilic appearance, and is more diffi cult 
to recognize. The most common inorganic fi llers include microcrystalline cellulose, 
which is strongly birefringent, and crospovidone, which has an amorphous densely 
basophilic appearance. These exogenous compounds must not be confused with 
various endogenous materials that can be found within giant cells, including blue 
bodies, asteroid bodies, and birefringent calcium salts. As mentioned above, the 
granulomas in aspiration sometimes show central suppurative necrosis, wherein 
the giant cells surround pockets of neutrophils. The latter feature, while nonspecifi c 
(as it can be seen with certain infections, Wegener granulomatosis, and rheumatoid 
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  Fig. 2.11    Aspiration pneumonia, TBBx. ( a ) Intermediate magnifi cation photomicrograph show-
ing BOOP with granulomatous infl ammation (hematoxylin and eosin, original magnifi cation 
×200). Multinucleated giant cells are engulfi ng aspirated exogenous substances. The amorphous 
pale-staining material within the upper giant cell ( arrow ) is partially digested foodstuff while the 
birefringent, cracked, crystalline material in the lower giant cell ( asterisk ) is microcrystalline cel-
lulose, a common inorganic fi ller utilized in oral medications. ( b ) Polarized light microscopy can 
be helpful in identifying and/or confi rming polarizable substances in suspected cases of aspiration 
(hematoxylin and eosin, original magnifi cation ×600). Certain crystalline fi llers, such as micro-
crystalline cellulose (as seen here) are strongly polarizable. Plant cell walls from aspirated foods 
vary greatly in their strength of polarization       
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nodules) is not common and is therefore a potential clue to the diagnosis. If suppu-
rative granulomas are present in a TBBx, this should prompt the pathologist to 
search carefully for any associated exogenous aspirated substances. Occasionally, 
no aspirated material can be found, a problem more common in small biopsies, and 
a confi dent diagnosis of aspiration pneumonia may not be possible. In immunocom-
promised patients the differential diagnosis for otherwise unexplained granuloma-
tous infl ammation includes mainly opportunistic infections and should prompt 
appropriate special stains and microbiological assays. Organisms that may cause 
suppurative granulomatous infl ammation resembling that seen in aspiration include, 
most  commonly,  Nocardia ,  Actinomyces , and  Blastomyces  species.       
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    Abstract     The bronchiolitis obliterans syndrome (BOS) has been described as the 
clinical correlate of chronic lung allograft rejection and defi ned as irreversible air-
fl ow obstruction in the absence of other causes. However, it has become apparent 
that BOS does not explain all chronic lung allograft dysfunction (CLAD) and that a 
variety of other etiologies with a mixed obstructive and restrictive pattern on 
spirometry, or even a pure restrictive picture (restrictive allograft syndrome, or 
RAS), are also identifi able. Surgical, mechanical, vascular obstructive, infectious, 
and infi ltrative processes, as well as a whole range of chronic lung allograft rejec-
tion entities need to be considered in making a diagnosis of CLAD. The perfor-
mance of any lung allograft is really the sum-of-the-parts of all of these processes, 
and considering non-BOS CLAD in all its forms may potentially provide more 
therapeutic options than just considering BOS alone as the explanation for declining 
lung function.  

  Keywords     Lung transplantation   •   Bronchiolitis obliterans syndrome   •   Chronic 
lung allograft dysfunction   •   Obliterative bronchiolitis   •   Restrictive lung allograft 
syndrome   •   Allograft rejection   •   Chronic rejection  
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        Introduction 

 The bronchiolitis obliterans syndrome (BOS) is credited with being the major cause 
of morbidity and mortality following lung transplantation (LTx) [ 1 ,  2 ]. Defi ned 
semantically as “irreversible airfl ow obstruction in the absence of other causes” and 
histologically as obliterative bronchiolitis (OB), BOS has been characterized as the 
likely clinical correlate of chronic LTx rejection [ 1 ]. BOS has been extensively 
dissected by LTx clinicians and scientists alike, and, indeed, this book aims to sum-
marize this important work. Notwithstanding these endeavours, it has become 
apparent that BOS does not explain all chronic lung allograft dysfunction (CLAD) 
[ 3 – 5 ]. Indeed, the performance of any lung allograft is really the sum-of-the-parts 
of all surgical, physiological, and pathological processes. This is a very important 
concept for patients (who complain simply of poor exercise tolerance, not BOS) 
and clinicians (whose job is to investigate, treat, and hopefully reverse CLAD, 
whatever its cause). 

 There is no universally accepted consensus defi nition of CLAD, but its defi nition 
must include lung dysfunction as defi ned by decreased lung function testing, 
impaired gas exchange, or impaired exercise ability [ 2 ]. It is not even uniformly 
agreed if CLAD is a deviation from “normal” function (as referenced against a 
healthy non-transplant population) or the “best function” seen post-LTx in any 
given individual. Additionally, even following the “perfect transplant,” healthy LTx 
recipients will (by the nature of the surgery) still have denervated airways and ves-
sels, divided lymphatics and bronchial arteries, and changes in muscle composition 
[ 6 ,  7 ]. These features result in impaired ventilation/perfusion matching, issues of 
muscle fatigability, and even bronchial hyper-responsiveness [ 6 ]. 

 This chapter will therefore focus on the non-BOS forms of CLAD, an area poorly 
characterized and under-investigated, yet with signifi cant therapeutic potential if 
accurately identifi ed.  

    The Causes, Associations, and Subtypes of CLAD 

 There is a long list of potential and proven causes of CLAD, with the commonest 
outlined in Fig.  3.1 . These causes are additive, with an individual patient potentially 
having more than one cause or even different causes at different time points post- 
LTx. Some are reversible (i.e., mechanical issues), while some are irreversible (i.e., 
interstitial fi brosis). Although BOS is not in this list, its pathognemonic histopatho-
logical chronic allo-rejection correlate, OB, is. Additionally, as can be seen in fol-
lowing chapters, BOS is associated with a number of other non-alloimmune 
mechanisms, including infection (Chap.   11    ) and aspiration (Chap.   12    ), separately 
considered as contributors to CLAD.
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      CLAD Subtypes Based on Potential Etiology 

 The features of these subtypes are further outlined in Fig.  3.2 , although, as noted, 
mixed subtypes may occur.

     1.     Surgical subtype . No actual allograft pathology is present; rather, the actual 
removal of lung tissue, either from the allograft or from the remaining native 
lung (in single-lung transplantation), will reduce overall measured lung volumes 
(i.e., bullectomy, lung volume reduction surgery, lobectomy for cancer, plication 
of diaphragm, diagnostic open lung biopsy, and so forth) [ 7 ]. These processes are 
considered as nonimmune and unlikely to progress.   

   2.     Mechanical subtype . No actual allograft disease is present; rather, the measured 
lung function is reduced as a result of factors extrinsic to the allograft. Here the 
process is usually nonimmune and unlikely to progress:

    (a)    Compression/decompression (i.e., obesity, abdominal    distension with asci-
tes/air, over/under infl ation of native lung in single-lung transplantation [ 8 ], 
pneumothorax, bronchopleural fi stula, pleural effusion [ 9 ], and so on).   

   (b)    Decreased graft infl ation (i.e.,    pain due to fractured ribs/sternum, vertebral 
crush fracture, chest wall myopathy, diaphragmatic dysfunction or paraly-
sis, thoracic radiotherapy, proximal (non-transplanted) bronchomalacia, 

  Fig. 3.1    Common etiologic subtypes of CLAD       
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benign and malignant airway stenosis [ 10 ], anastomotic strictures [ 11 ], 
laryngeal dysfunction or paralysis, cerebrovascular accident, Parkinson’s 
disease, and so on).    

      3.     Graft vascular obstructive subtype . No actual allo-infl ammatory process is 
present, and, unless cancer is present, the process is usually not progressive.

    (a)    Pulmonary arterial and venous anastomotic strictures.   
   (b)    Pulmonary thromboembolism [ 12 ], cancer emboli [ 13 ], and so on.    

      4.     Graft infection subtype . Innate immune responses predominate. It usually 
resolves but can also lead to progressive airway damage or parenchymal fi brosis. 
Infections may be:

    (a)    Localized (i.e., abscess or aspergilloma, anastomotic infection, empyema).   
   (b)    Generalized (i.e., post-bacterial, fungal, or viral pneumonia).    

      5.     Graft infi ltration subtype . Nonspecifi c, innate immune responses may be present 
with no actual alloimmune-mediated infl ammatory processes and, if left 
untreated or if untreatable, progressive airway damage or parenchymal fi brosis is 
likely.

    (a)    Pulmonary edema, from cardiac failure or renal failure.   
   (b)    Drugs, causing an interstitial drug reaction (e.g., sirolimus, everolimus, 

amiodarone [ 14 ]).   
   (c)    Neoplasia (lung primary or metastatic disease) [ 13 ].   
   (d)    Recurrence of native disease [ 15 ] (e.g., sarcoidosis, histiocytosis X, lymphangi-

oleiomyomatosis, α (alpha)-1 anti-trypsin defi ciency, non-transplant- related oblit-
erative bronchiolitis, veno-occlusive disease, and collagen vascular diseases).   

   (e)    Chronic aspiration of gastric contents (see Chap.   12    ).    

  Fig. 3.2    Common patterns of lung function testing abnormalities and patterns of immune dys-
function/dysregulation seen in CLAD       
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      6.     Chronic allograft rejection subtype . These are entities proven to be a conse-
quence of, or at least strongly linked to, alloimmune-mediated infl ammatory 
processes, and these are usually irreversible and progressive. The role of chronic 
ischemia, either as a primary feature of the LTx process due to absence of a 
reanastomosed bronchial blood supply [ 16 ], or as a secondary feature of chronic 
airway wall or parenchymal alloimmune-mediated vasculopathy, remains specu-
lative [ 17 ].

    (a)    Chronic pleural infl ammation and thickening [ 9 ,  18 ,  19 ].   
   (b)    Chronic interstitial fi brosis. Chronic interstitial fi brosis has been seen in 

various forms after LTx [ 19 – 23 ]. An upper lobe progressive fi brotic disease 
was fi rst reported by the Toronto Group in 2003 [ 21 ], and other centers have 
since also added case series [ 24 ,  25 ]. Both focal and diffuse interstitial pat-
terns have been described [ 25 ]. The etiology of this particular CLAD sub-
type is unknown, but alloimmune factors are suspected [ 22 ,  24 ,  26 ]. In other 
instances, a nonspecifi c chronic interstitial fi brosis pattern such as fi brinoid 
organizing pneumonia (FOP) or bronchiolitis obliterans organizing pneu-
monia (BOOP) may arise as an outcome of an earlier documented acute 
lung injury [ 22 ,  23 ,  27 ,  28 ]. These entities have been recently considered for 
[ 22 ], but not formally incorporated into, the current offi cial International 
Society for Heart and Lung Transplantation (ISHLT) Rejection Grading 
System [ 23 ].   

   (c)    Chronic vascular rejection (CVR). CVR is defi ned histologically by the 
presence of fi brointimal thickening of arteries and veins in the allograft 
[ 23 ]. Transbronchial biopsies are typically too small to assess the histologic 
changes of CVR, and the morphologic vascular changes are more likely to 
be visualized from open lung biopsy or postmortem samples [ 20 ]. It is cur-
rently unknown if CVR leads to OB or BOS or, alternatively, if the immu-
nologic injury that occurs to the airway epithelium that leads to OB is 
actually responsible for the blood vessel changes of CVR. One hypothesis 
is that vascular injury from acute cellular rejection (an infl ammatory lesion 
of small blood vessels) leads to ischemic injury of the airway [ 29 ], thereby 
explaining why acute cellular rejection is the leading risk factor for OB and 
BOS. While CVR is well described and has been incorporated into the 
recent revision to the classifi cation and nomenclature for the diagnosis of 
lung rejection, there are only very few published case reports, including 
those that have assessed explanted lung tissue from re-transplantation cases 
performed for BOS [ 20 ,  23 ].   

   (d)    Chronic large airways infl ammation (e.g., bronchiectasis, bronchomalacia, 
bronchial webs, etc. [ 11 ,  19 ,  30 ,  31 ]).   

   (e)    Chronic small airways infl ammation, including follicular bronchiolitis [ 32 ], 
exudative bronchiolitis [ 33 ], neutrophilic reversible allograft dysfunction 
(NRAD) [ 34 ] (see Chap.   16    ), and OB (see Chap.   6    ).    
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          CLAD Subtypes Based on Simple Lung Function 

 Inherent to the diagnosis of BOS is a pathological process resulting in irreversible 
airfl ow obstruction and a readily recognizable obstructive pattern on pulmonary 
function testing. Given that there is more to CLAD than BOS, not unsurprisingly, 
we are starting to describe other abnormal spirometric patterns that are associated 
with CLAD, such as restrictive lung function patterns. Figure  3.2  describes the gen-
eral spirometric patterns that might be seen with CLAD. It is also notable that the 
proportion of obstruction versus restriction versus a mixed pattern in a particular 
post-LTx cohort will depend on the defi nitions and cutoff values used as well as the 
exact proportions of specifi c post-LTx complications seen an individual lung trans-
plant center. 

 Notwithstanding these comments, recent publications from several groups indi-
cate broadly consistent results. Based on a forced expiratory    volume in one second 
(FEV 1 ), less than 80 % of a reference value baseline post-LTx, Sato and colleagues 
reported a 30 % incidence of CLAD [ 35 ], and 30 % of these recipients had a restric-
tive spirometric pattern, which has been lately something they defi ned as the restric-
tive allograft syndrome (RAS). Importantly they described a signifi cantly inferior 
survival in this restrictive CLAD subtype. Verleden and coauthors [ 4 ] diagnosed 
24 % of a large LTx cohort as having CLAD, with 28 % having the restrictive form, 
and this was again associated with statistically worse survival compared to the 
obstructive CLAD group. Additionally, Woodrow and colleagues have reported that 
40 % of their LTx recipients had CLAD [ 5 ].  

    CLAD Subtypes Based on Chest Computerized 
Tomography Scans 

 Although each of these CLAD subtype studies has a slightly different population, 
proportion of single versus double LTx as well as variable CLAD and CT defi ni-
tions, the CT fi ndings are also of note. Sato et al. [ 3 ] reported 74 % and Verleden 
et al. [ 4 ] 85 % of the restrictive CLAD group as having lung infi ltrates on CT scan. 
CLAD with the presence of CT infi ltrates was associated with the worst outcomes 
in both series. Woodrow’s series [ 5 ] defi ned “CLAD-BOS” and “CLAD-non- 
specifi c” groups according to CT changes, and they further subdivided the cohort 
into two CLAD BOS groups, one with obstruction (65 %) and one with restriction 
(35 %). In contrast to the other two series, survival outcomes were equivalent for 
each of these CLAD subgroups.  
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    CLAD Subtypes: Other Relevant Investigations 
and a Diagnostic Pathway 

 As pointed out above, CLAD has multiple potential causes or associations, many of 
which may have clinical relevance. Therefore, carefully targeted investigation of an 
individual patient with CLAD is therefore indicated to detect treatable conditions. 
Figure  3.3  outlines a potential clinical decision pathway when considering CLAD, 
RAS, and BOS. Although the exact extent and sequence of investigations will also 
need to take into account any recent relevant history and prior investigations, clini-
cal decision making is triggered by the fi rst recognition of an abnormal spirometric 
pattern (augmented easily with DLCO [gas transfer measurement], fl ow volume 
loop, and oxyhemoglobin saturation level).

   Pure obstruction on pulmonary function testing warrants exclusion of unrecog-
nized allograft infection and recurrent aspiration, but the detection of such may well 
lead to a diagnostic and even potentially therapeutic trial of steroids and a macrolide 
(with or without a change of baseline immunosuppression). Bronchoscopy with 
transbronchial biopsy and CT scan is mandated to exclude other processes, although 

  Fig. 3.3    A potential clinical decision pathway for investigating CLAD subtypes, RAS, and BOS. 
 HRCT  high-resolution computed tomography of chest,  Ab  antibody,  V / Q  scan, nuclear ventilation/
perfusion scan,  DLCO  gas transfer test,  GERD  gastroesophageal refl ux disease,  COPD  chronic 
obstructive pulmonary disease       
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these may well show no pathology until the more advanced stages of BOS have 
been reached [ 36 ]. If airfl ow obstruction is sustained, then BOS can be confi rmed 
retrospectively as the CLAD subtype diagnosis. 

 The absence of a longitudinal change in spirometry in the setting of new symp-
toms of exercise limitation or dyspnea nonetheless warrants exclusion of airway 
complications, pulmonary emboli, pulmonary hypertension, and graft infi ltrative 
diseases as the cause of CLAD in such an individual, and non-CLAD etiologies 
(anemia, cardiac dysfunction, etc.) must also be considered. A thoracic CT scan, 
nuclear perfusion scan, and an echocardiogram are the investigations that are likely 
to hold the highest yield in this situation. If symptoms progress, pulmonary function 
tests should be repeated despite results that did not initially show signifi cant decline, 
and a cardiopulmonary exercise test [ 6 ] should be added to provide additional 
strategic direction. 

 Likewise, a restrictive or mixed spirometric pattern requires appropriate investi-
gation to identify any treatable causes for graft dysfunction. Bronchoscopy with 
transbronchial biopsy and CT scan can often provide an initial direction for subse-
quent investigations, although the findings may also be nonspecific [ 20 ,  36 ]. 
This pattern of presentation also raises the possibility of CVR and warrants an 
immunological anti-donor antibody screen for antibody-mediated vasculopathy 
[ 37 ,  38 ]. Additionally, the possibility of recurrent aspiration warrants a pH study 
(see Chap.   12    ).   

    The Role of Alloimmunity in Non-BOS CLAD 

 It was fi rst postulated that OB represented the histopathological process underlying 
chronic alloreactivity following LTx in 1984 [ 39 ]. Given that alloimmune responses 
may lead to histological patterns other than OB, one should consider the possibility 
that alternate alloimmune pathways may contribute to pathologies that are not spe-
cifi c to the airways. 

 Antibody-mediated rejection may lead to BOS through the elaboration of donor- 
specifi c antibodies directed against both HLA- and non-HLA peptides residing on 
airway epithelial cells. These same antibodies may also target HLA epitopes 
expressed elsewhere in the lung allograft, especially on cells that reside within the 
vasculature [ 22 ,  23 ] and interstitium, potentially causing CVR and interstitial fi bro-
sis, respectively. 

 Autoimmune T- and B-cell responses, acting via an auto-reactive Th17 pathway 
that is directed against self-antigens (collagen V, K-α (alpha)1-tubulin) exposed in 
the injured lung, have been associated with OB. Of interest, the same Th17 pathway 
has been implicated in a non-transplant setting with the development of chronic 
autoimmune lung infl ammation [ 40 ]. Encouragingly, targeting Th17 cells using 
humanized monoclonal antibodies to interleukin-17A have been shown to be effi ca-
cious in a number of autoimmune diseases [ 41 ], and such an intervention may 
provide a future treatment strategy in patients with CLAD. 
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 Inherent to lung transplant surgery is loss of the bronchial circulation leading 
potentially to ischemia of the lung microvasculature. Hypoxia resulting from an 
impaired microcirculation may contribute to epithelial-to-mesenchymal transition 
(EMT), a recognized precursor of fi brosis. EMT has been associated with OB 
following LTx [ 42 ,  43 ] as well as with pulmonary fi brosis in a non-transplant setting 
[ 44 ]. Of note, the pro-angiogenic mediator, hypoxia inducible factor (HIF-1α 
(alpha)), which may have a role in the pathogenesis of pulmonary fi brosis, has also 
been implicated in the pathogenesis of OB [ 45 ]. 

 Finally, the development of CLAD may be associated with pulmonary hyperten-
sion. While chronic hypoxia may contribute to pulmonary hypertension in some 
patients, the absence of neomuscularization in one autopsy study led the authors to 
speculate that alloimmune responses may be driving the development of pulmonary 
hypertension in patients with CLAD [ 46 ]. 

 In summary, as we have come to recognize different CLAD phenotypes as 
defi ned by etiology, changes in lung function, and radiological patterns, we also 
need to consider CLAD in terms of the underlying pathogenic processes, many of 
which may be alloimmune in origin. As described above, many of the alloimmune 
processes implicated in the development of OB may also have a role in the develop-
ment of non-airway pathologies associated with CLAD.  

    Future Directions 

 There is much to defi ne, describe, and explore regarding the interrelationships of 
CLAD, RAS, and BOS. Indeed the clinical BOS 0–3 grading tool introduced by 
Estenne and coworkers [ 1 ] may now need to be extended to include a restrictive 
component to describe non-BOS CLAD. One could envisage a clinical RAS 0–3 
grading tool that could be used in parallel to the BOS tool. Mechanisms of non-BOS 
CLAD also need to be explored with a new and specifi c focus on whole lung isch-
emia [ 17 ] and large-scale, longitudinal studies of antibody-mediated rejection [ 38 ].  

    Conclusion 

 The lung transplant community has had great insights over the last 15 years by 
focusing on BOS as a mode of allograft failure. However, it is now quite apparent 
that non-BOS CLAD is likely to be every bit as important to overall lung allograft 
function, noting that the level of allograft function directly translates to recipient 
quality of life and, ultimately, survival. The challenge is to go forward into the next 
15 years and apply the lessons learned from the study of BOS to non-BOS CLAD.     
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    Abstract     Imaging plays a critical role in evaluating patients before and after lung 
transplantation. Chest radiography is usually the initial imaging test performed to 
evaluate transplant recipients with signs and symptoms of respiratory tract infection 
or acute graft dysfunction. However, the utility of chest radiography in patients with 
bronchiolitis obliterans syndrome (BOS) is very limited. Computerized tomography 
(CT) is more sensitive than radiography for lung abnormalities and may show fi nd-
ings of air trapping, consistent with the presence of constrictive bronchiolitis. This 
chapter reviews the current state of imaging of patients with documented or sus-
pected BOS and illustrates the radiographic and CT fi ndings.  

  Keywords     Bronchiolitis obliterans syndrome   •   Constrictive bronchiolitis   • 
  Computerized tomography   •   Chest radiography   •   Hyperpolarized helium   •   Magnetic 
resonance imaging  

        Introduction 

 Bronchiolitis obliterans syndrome (BOS) is a major cause of morbidity and mortal-
ity following lung transplantation and is the leading cause of death among trans-
plant recipients surviving longer than 1 year [ 1 – 3 ]. The incidence of BOS ranges 
from 25 to 50 % [ 4 – 6 ]. BOS is the clinical manifestation of constrictive bronchiol-
itis and is characterized by progressive airfl ow obstruction. Because of the inherent 
limitations of specimens obtained from transbronchial biopsy and the 
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heterogeneous distribution of constrictive bronchiolitis in the lungs, histologic con-
fi rmation of constrictive bronchiolitis can be diffi cult to achieve [ 4 ,  7 ]. 

 Prompt diagnosis of BOS is essential, because early treatment with increased 
immunosuppression may preserve allograft function [ 8 ]. Unfortunately, early detec-
tion of BOS is diffi cult, because pulmonary function testing may lack sensitivity for 
detecting small but potentially important decline in pulmonary function. In particu-
lar, for single-lung transplant recipients, alteration in ventilation in the native lung 
can mask abnormalities in the allograft. Furthermore, because the distribution of 
constrictive bronchiolitis is usually patchy within the lung allograft, surveillance 
transbronchial biopsy lacks suffi cient sensitivity for detecting acute rejection and 
constrictive bronchiolitis [ 8 – 10 ]. 

 Imaging remains central in evaluating patients both before and after lung trans-
plantation. In the immediate postoperative period, chest radiography can help assess 
placement of life support devices, track evolution of postoperative pneumothoraces 
and pleural effusions, and detect complications such as implantation response, atel-
ectasis, aspiration, pneumonia, and acute rejection. Computerized tomography (CT) 
is usually reserved for further characterizing complications such as anastomotic 
dehiscence or stricture, pulmonary thromboembolism, or suspected empyema. 

 Later in the post-transplant period, imaging, particularly chest radiography, is 
often employed when patients present with signs and symptoms of respiratory tract 
infection or graft dysfunction. CT may be performed when radiographic fi ndings 
are inconclusive or nonspecifi c or to assess delayed anastomotic complications such 
as stricture. In this chapter, the role of imaging in evaluating patients with BOS will 
be discussed.  

    Radiography 

 Chest radiography is frequently the fi rst imaging test used to assess lung transplant 
recipients with suspected infection, acute rejection, or other causes of acute respira-
tory illness or graft dysfunction. Chest radiography often suffi ces for patients 
presenting with pneumonia, pleural effusion, or congestive heart failure. However, 
chest radiography is usually unrevealing in patients with mild or developing BOS 
because the sensitivity and specifi city of chest radiography for small airways 
diseases are low, especially with mild to moderate degrees of airfl ow limitation. 
Many patients with BOS will have a normal radiograph. With more advanced 
airfl ow obstruction, pulmonary hyperinfl ation may become evident, and regions of 
attenuated pulmonary vascularity may be apparent [ 11 – 14 ]. Sometimes bronchial 
wall thickening or a nodular or reticulonodular pattern may be seen [ 15 ]. 

 In a study of eleven patients with pathologically proven constrictive bronchiolitis 
following heart–lung transplant, Skeens et al. [ 14 ] described abnormalities in all 
patients and fi ndings of central airway dilation in nine of the eleven patients. Four 
distinct radiographic patterns were described: diffuse linear-nodular pattern (fi ve 
patients), discrete nodular opacities (two patients), confl uent nodular opacities 
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(one patient), and diffuse alveolar opacities (three patients). In all patterns, a basal 
predominance of fi ndings occurred. CT scans were available for two patients and 
confi rmed the presence of bronchiectasis. Nine of the study patients had pulmonary 
function testing before chest radiography showing varying degrees of airfl ow 
obstruction. Two of the patients initially had normal chest radiographs at the time 
during which pulmonary function began to decline. Conclusions from this study 
include that chest radiographic fi ndings occurring in patients with BOS are highly 
nonspecifi c, and patients with early decline in graft function may have normal 
radiographs.  

    Computerized Tomography 

 CT, particularly high-resolution CT (HRCT), is superior to chest radiography for 
detecting signs of BOS. Furthermore, CT can further elucidate other abnormalities 
detected on chest radiography. The hallmark of constrictive bronchiolitis on HRCT 
is a mosaic pattern of lung attenuation characterized by regions of reduced lung 
attenuation accompanied by a decrease in the caliber of pulmonary vessels supplying 
these regions (Fig.  4.1 ). Expiratory image shows evidence of air trapping manifesting 
characterized by increased attenuation of normal lung and persistent low attenua-
tion of entire lobules with air trapping (Fig.  4.2 ) [ 16 – 26 ]. Other reported fi ndings 
associated with BOS include bronchial dilation and bronchial wall thickening 
(Figs.  4.3 ,  4.4 ,  4.5 , and  4.6 ). While nonspecifi c, these larger airway fi ndings are 
more often associated with more advanced disease [ 23 ].

  Fig. 4.1    A 36-year-old woman with double-lung transplant and BOS. Transverse ( a ) and coronal 
reformatted ( b ) HRCT images show hyperinfl ated lungs with a mosaic pattern of attenuation, 
characterized by areas of ground-glass attenuation ( arrows ) and hyperlucency ( arrowheads ). Note 
the patchy distribution of the abnormalities       
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        Mosaic perfusion or attenuation related to constrictive bronchiolitis and altera-
tions of lung ventilation is common in patients with BOS. Leung et al. [ 22 ] reviewed 
HRCT scans of 11 lung transplant recipients with biopsy-proven constrictive bron-
chiolitis and reported that the presence of air trapping on expiratory CT has a sensi-
tivity, specifi city, and accuracy of 91 %, 80 %, and 86 %, respectively, for constrictive 
bronchiolitis. However, the subjects in this study had established BOS with mean 
time from BOS diagnosis of 1.3 years and mean time from transplant of 4.8 years, 
suggesting that air trapping alone may not be helpful in detecting early disease. 

 Two additional studies showed that air trapping is the most sensitive predictor of 
BOS in lung transplant recipients [ 16 ,  25 ]. Bankier et al. [ 16 ] concluded that a 
threshold of 32 % air trapping on expiratory CT was 83 % sensitive, 89 % specifi c, 

  Fig. 4.2    A middle-aged woman with idiopathic pulmonary fi brosis and left lung transplant. ( a ) 
Inspiratory HRCT image shows a relatively normal left lung allograft with a subtle area of low 
attenuation ( arrow ) on this image with narrow window width settings. The native right lung is dif-
fusely fi brotic. ( b ) Expiratory HRCT image accentuates the heterogeneity of the lung with lobular 
areas of air trapping ( arrows ). Courtesy of Sudhakar Pipavath, MD, Seattle, WA       
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and 88 % accurate for distinguishing patients with BOS from those without BOS. 
Furthermore, the presence of air trapping on expiratory CT may predict the develop-
ment of BOS following lung transplantation. In a retrospective study, Siegel et al. 
[ 25 ] compared 21 pediatric lung transplant recipients with BOS to 41 pediatric lung 
transplant recipients without BOS and considered to have normal airways and 
reported sensitivity, specifi city, and positive predictive value for expiratory CT of 
100 %, 71 %, and 64 %, respectively, for BOS. Mean FEV 1  in the BOS cohort was 
58 % of predicted value (range, 29–77 %). The degree of expiratory air trapping was 
measured subjectively, in keeping with clinical practice patterns at the time. 

  Fig. 4.3    A 28-year-old woman with double-lung transplant and BOS. PA ( a ) and lateral ( b ) radio-
graphs of the chest show pulmonary hyperinfl ation and “tram-tracking,” the latter suggesting bron-
chiectasis. Transverse ( c ) and coronal reformatted ( d ) HRCT images show diffuse cylindrical 
bronchiectasis ( arrows ) with mild bronchial wall thickening. Note that the narrow window level 
settings on the coronal reformation accentuate the background mosaic attenuation and artifi cially 
increase apparent bronchial wall thickening ( arrowhead )       
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 Choi et al. [ 27 ] studied 44 lung transplant recipients with BOS to determine 
whether or not CT fi ndings correlated with the stage of BOS. This study showed 
only weak correlation between severity of bronchial dilation, bronchial wall thick-
ening, and mosaic attenuation on CT with clinical stage of BOS. The study also 
showed no correlation between air trapping and severity of BOS in both single- 
and double-lung transplant recipients, a fi nding supported by earlier studies [ 20 , 
 22 ]. This contrasts to the 32 % threshold reported by Bankier et al. [ 16 ]. Differing 
results among these studies may be accounted for by different acquisition tech-
niques during expiratory CT and variations in coaching of patients in executing a 
full expiration. 

 Worthy et al. [ 24 ] studied 15 consecutive lung transplant recipients with patho-
logically proven constrictive bronchiolitis and 18 control subjects (5 post-transplant 
and 13 healthy subjects) with HRCT. Of the patients with constrictive bronchiolitis, 

  Fig. 4.4    A 57-year-old man with double-lung transplant and BOS. PA ( a ) and lateral ( b ) chest 
radiographs show slightly decreased lung volumes, elevated left hemidiaphragm, and mild pleural 
thickening ( arrowheads ). A thin-walled air cyst is in the right lower lobe ( arrows ). Transverse ( c ) 
and coronal reformatted ( d ) HRCT images show a subtle mosaic pattern of attenuation with dif-
fusely lower attenuation on the right than the left, corresponding to a greater extent of cylindrical 
bronchiectasis ( arrows ) on the right       
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80 % had bronchial dilation and 27 % had bronchial wall thickening. In contrast, 
22 % of study subjects and none of the control subjects had bronchial dilation and 
bronchial wall thickening, respectively. Furthermore, Lentz et al. [ 21 ] studied 
HRCT scans of 16 heart–lung transplant recipients and showed the degree of lower 
lobe bronchial dilation correlated with the severity of BOS as measured by pulmo-
nary function testing and increases with worsening pulmonary function. 

 With end-stage constrictive bronchiolitis, air trapping may be so severe that the 
mosaic pattern of attenuation is no longer present and little change in lung attenua-
tion and volume is apparent between inspiratory and expiratory CT. Moreover, 
diffuse panlobular emphysema can mimic extensive air trapping on CT [ 28 ,  29 ]. 
However, the clinical context often suffi ces to distinguish the two. 

 Two studies of serial HRCT scans following lung transplantation have been pub-
lished. In a study of 13 lung transplant recipients by Ikonen et al. [ 18 ], 126 HRCT 
scans were obtained over a mean follow-up period of 23 months. Eight of the study 

  Fig. 4.5    A 59-year-old man with double-lung transplant and BOS. PA ( a ) and lateral ( b ) chest 
radiographs show normal lung volumes and foci of cylindrical bronchiectasis ( arrows ). Transverse 
( c ) and coronal reformatted ( d ) HRCT images better illustrate the extent of bronchiectasis ( arrows ) 
and also show a mosaic pattern of attenuation. The bronchial walls are mildly thickened       

 

4 The Role of Thoracic Imaging in the Diagnosis of BOS and Related Disorders



66

patients developed BOS, and the authors showed that HRCT fi ndings developed 
concurrently with BOS. De Jong et al. [ 30 ] reported the results of CT scans of 38 
patients at baseline and 1 year following single- or double-lung transplant. Sixteen 
of the 38 patients met criteria for BOS stages 1–3 at the time of baseline CT scan, 
with only 6 patients having BOS stage 2 or 3. Two blinded CT readers scored scans 
for bronchiectasis, mucus plugging, airway wall thickening, consolidation, mosaic 
pattern on inspiratory imaging, and air trapping on expiratory imaging. The authors 
showed a strong negative correlation with composite CT score and FEV 1 , and they 
demonstrated that both composite CT scores and air trapping scores predicted the 
clinical course over the subsequent year. Additionally, the authors showed that 
when either the composite CT score or the air trapping score was worse at baseline, 
the worse the follow-up CT score and decline in FEV 1 , suggesting that CT scoring 
may be superior to FEV 1  for early detection of BOS. 

 In summary, CT may play a role in detecting developing airfl ow obstruction fol-
lowing lung transplant. The presence of mosaic attenuation on inspiratory HRCT 
and air trapping on expiratory CT are suggestive of airfl ow obstruction. However, 
published data are limited to relatively small cohorts with varying severity of BOS. 
Emerging techniques in quantitative CT with more standardized image acquisition 
protocols and automated or semi-automated analyses of lung attenuation may pro-
vide more insight into the precise role of HRCT in screening lung transplant recipi-
ents for signs of developing airfl ow obstruction.  

    Magnetic Resonance Imaging 

 Magnetic resonance imaging (MRI) of the lungs using hyperpolarized helium ( 3 He) 
has been shown to be sensitive for detecting disturbances of ventilation in patients 
with a variety of lung diseases [ 31 – 34 ]. One study of nine lung transplant recipients, 

  Fig. 4.6    A man with double-lung transplant and BOS. Transverse ( a ) and coronal reformatted ( b ) 
HRC T images show a diffuse mosaic pattern of attenuation with mild cylindrical bronchiectasis 
( arrows )       
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fi ve of whom had BOS, showed a greater incidence of ventilation defects in grafts 
of patients with BOS [ 35 ]. Of the fi ve subjects with BOS, MRI showed abnormali-
ties before airfl ow obstruction was detected by pulmonary function testing. Another 
study of twelve lung transplant recipients, six with BOS and eight without BOS, 
using oxygen-sensitive  3 He-MRI (Fig.  4.7 ) showed overall decreased intrapulmo-
nary pO 2  and increased heterogeneity of pO 2  in patients with BOS compared to 
those without BOS [ 36 ]. Unfortunately, the utility of these techniques is limited 
because of their relatively high expense and limited number of centers with gas 
polarizers.

  Fig. 4.7    A 42-year-old woman with right lung allograft and BOS. ( a ) Intrapulmonary pO 2  map 
obtained during normal graft function. ( b ) pO 2  map following the development of BOS with post- 
transplant FEV 1  decline of 30 % shows diminished pO 2  and increased heterogeneity. ( c ,  d ) pO 2  
histogram during normal graft function and after development of BOS, respectively. With kind 
permission from Dr. Klaus Kurt Gast and Springer Science+Business Media: European Radiology, 
Oxygen-sensitive  3 He-MRI in bronchiolitis obliterans after lung transplantation, 18 (3), 2008, 
530–537, Gast KK, Biedermann A, Herweling A, Schreiber WG, Schmiedeskamp J, Mayer E, 
et al., Figure 4       
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   Further advances in pulmonary MRI using other inhaled gases such as xenon and 
oxygen may prove to be useful alternatives to  3 He in evaluating patients with BOS. 
Although at this time MRI of the lungs may not suffi ce as the sole noninvasive diag-
nostic tool for assessing transplant recipients for BOS, it could potentially guide the 
bronchoscopist to the areas of lowest pO 2  in order to maximize the yield of trans-
bronchial biopsy.  

    Conclusion 

 Imaging plays an important role in follow-up of lung transplant patients, both in the 
perioperative period and afterwards. Chest radiography is usually the initial imag-
ing test for evaluating patients with acute respiratory disease or acute decline in 
graft function, and HRCT is typically reserved for patients with inconclusive chest 
radiographs. 

 With regard to BOS, the role of imaging in the setting of BOS remains unclear. 
Published data are limited to relatively small retrospective studies, and lack of 
uniformity among study populations and HRCT acquisition techniques further 
complicate matters. Air trapping on expiratory CT correlates the most strongly with 
BOS and may precede development of BOS in some patients. Furthermore, worsen-
ing air trapping on CT may signal impending progression of BOS. Bronchial dila-
tion and bronchial wall thickening, while nonspecifi c, may be supportive of 
suspected BOS when air trapping is present. However, these CT fi ndings are non-
specifi c and can be seen in the setting of infection or its sequelae. 

 Small studies using  3 He-MRI show some promise in detecting disturbances of 
ventilation in patients with BOS. However, this technique is limited to only a small 
number of centers possessing the proper equipment and necessary expertise. Newer 
MRI techniques using more readily available gases such as xenon and oxygen have 
the potential to increase the role that MRI plays in evaluating lung transplant recipi-
ents. Further investigations into these techniques are needed.     
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    Abstract     Bronchiolitis obliterans syndrome (BOS) is a dreaded complication of 
lung transplantation. Despite the fact that over 50 % of lung transplant recipients 
will eventually be diagnosed with BOS, it remains a challenging diagnosis to make 
with complete certainty. This diagnostic dilemma is a product of the inherent limita-
tions of spirometry, the parameter upon which the diagnosis relies, as well as the 
many confounding diagnoses that must be considered and excluded before the diag-
nosis of BOS can be made. This chapter seeks to explore the diagnostic challenges 
surrounding BOS with the aim of establishing a diagnostic framework to assist the 
clinician with making a more confi dent diagnosis of BOS.  

  Keywords     Bronchiolitis obliterans syndrome   •   Chronic lung allograft dysfunction   
•   Forced expiratory volume in one second   •   Obliterative bronchiolitis   •   Spirometry  

        Introduction 

 Obliterative bronchiolitis (OB) was fi rst described in heart–lung transplant recipi-
ents in 1984 and is well recognized as a major cause of morbidity and mortality after 
lung transplantation [ 1 ]. It is largely felt to be the pathologic correlate of chronic 
allograft rejection, although there is increasing recognition of non-alloimmune 
causes, such as chronic gastroesophageal refl ux disease. Bronchiolitis obliterans 
syndrome (BOS) was proposed as a clinical entity in 1993 to describe progressive 
airfl ow limitation resulting from small airway obstruction (OB) after lung 
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transplantation [ 2 ]. The defi nition of BOS relies upon pulmonary function rather 
than histology owing to the unacceptably low sensitivity of histology for the detec-
tion of OB. BOS as a clinical syndrome is defi ned as a decrement of 20 % or more 
in forced expiratory volume in 1 s (FEV 1 ) compared to post-transplant baseline 
FEV 1  individualized for each patient. By defi nition, 3 or more months must have 
elapsed from the time of transplantation before the diagnosis of BOS can be made. 
Progressive stages of BOS are defi ned according to the magnitude of the decrease 
in FEV 1  [ 2 ]. The classifi cation system for BOS was refi ned in 2002 to include a 
“potential BOS stage” to identify patients with a 10–20 % drop in FEV 1  and/or a 
>25 % drop in mid-expiratory fl ow rate (FEF 25–75 ) who are at risk for progression to 
BOS in order to facilitate earlier detection and potential intervention (Table  5.1 ) [ 3 ]. 
For the most part, however, BOS is characterized by irreversible loss of lung func-
tion for which there is no effective treatment.

       Clinical Presentation and Evaluation 

 Many factors can infl uence lung function; therefore, BOS is a diagnosis of exclu-
sion made only after other entities have been ruled out. There are natural fl uctua-
tions in spirometry due to factors including, but not limited to, patient effort, the 
time of day, and coaching. Therefore, the post-transplant baseline FEV 1  as well as 
the “BOS qualifying” FEV 1  must be repeated and confi rmed on two occasions sepa-
rated by 3 weeks or more [ 3 ]. 

 BOS can present with an asymptomatic decline in FEV 1  detected at a routine 
clinic visit, or with the onset of a symptom such as progressive dyspnea on exertion. 

   Table 5.1    Original and revised classifi cations of BOS a    

 Original classifi cation  Revised classifi cation 

 BOS 0  FEV 1  ≥ 80 % 
of baseline 

 BOS 0  FEV 1  > 90 % of baseline and 
FEF 25–75  > 75 % of baseline 

 BOS 0-p  FEV 1  81–90 % of baseline and/or 
FEF 25–75  ≤ 75 % of baseline 

 BOS 1  FEV 1  66–80 % 
of baseline 

 BOS 1  FEV 1  66–80 % of baseline 

 BOS 2  FEV 1  51–65 % 
of baseline 

 BOS 2  FEV 1  51–65 % of baseline 

 BOS 3  FEV 1  ≤ 50 % 
of baseline 

 BOS 3  FEV 1  =or<50 % of baseline 

   BOS  bronchiolitis obliterans syndrome,  FEF  25–75  mid-expiratory fl ow rate,  FEV  1  forced expiratory 
volume in 1 s 
  a Adapted from The Journal of Heart and Lung Transplantation, 21/3, Estenne M, Maurer JR, 
Boehler A, Egan JJ, Frost A, Hertz M, et al., Bronchiolitis obliterans syndrome 2001: an update of 
the diagnostic criteria, 297–310, Copyright 2002, with permission from Elsevier  
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In the symptomatic patient, the onset of symptoms is often insidious and gradual. 
For patients who present with dyspnea, the initial evaluation should include a rou-
tine physical examination with pulse oximetry, spirometry, a 6-min walk test (or 
other assessment of exertional oxygen requirement), and radiographic imaging of 
the chest (either chest radiograph or computed tomography [CT] as clinically appro-
priate). If spirometry is reduced from baseline, then a diagnostic bronchoscopy with 
airway inspection, bronchoalveolar lavage (BAL), and transbronchial biopsies is 
warranted in most cases. 

 In the absence of an alternative diagnosis such as pneumonia, acute rejection, 
airway stenosis, or bronchomalacia, further testing, such as a surgical lung biopsy 
for unexplained pulmonary infi ltrates or an assessment for antibody-mediated rejec-
tion, may be considered depending on the clinical circumstances. When other eti-
ologies have been appropriately evaluated and excluded, a diagnosis of BOS may be 
inferred if repeat spirometry (at least 3 weeks from initial reduced spirometry) dem-
onstrates a persistent loss of 20 % or more from the baseline post-transplant FEV 1 . 

 Another scenario that is not uncommon is the onset of BOS following an identifi -
able insult to the allograft such as pneumonia or acute rejection. Despite appropriate 
treatment of the    infection or acute rejection, a subset of patients fail to recover to 
within 20 % of their previous baseline FEV 1  after several weeks, and their spirom-
etry values evolve to meet diagnostic criteria for BOS. In this pathway to BOS, the 
initial insult may act as an immunogenic trigger that disrupts immune homeostasis 
and leads to progressive small airway obstruction and loss of lung function. 
Although there is a small subset of patients who appear to rebound from a decre-
ment of >20 % in FEV 1  after several weeks or months (the concept of “de-BOS”), 
the majority of those patients will again meet criteria for BOS within several months 
(“re-BOS”). It is unclear whether the “de-BOS” patients have better long-term out-
comes compared to patients with sustained BOS [ 4 ].  

    Screening 

 In the asymptomatic patient, a drop in lung function may be the only clue to the 
onset of BOS. For this reason, spirometry is an essential part of routine testing at 
post-transplant clinic visits. As these visits may get less frequent over time, the 
potential role for home spirometry monitoring becomes more signifi cant [ 5 ]. A per-
sistent drop in home spirometry, although not suffi cient to make a diagnosis of 
BOS, may alert the patient and clinician to a problem that requires further evalua-
tion in clinic. Ultimately, the use of equipment and techniques that meet American 
Thoracic Society standards for lung function testing [ 6 ] is necessary to make a 
confi dent diagnosis of BOS [ 3 ]. 

 In addition to the FEV 1  and FEF 25–75 , attention should be paid to the forced vital 
capacity (FVC) and FEV 1 /FVC ratio on spirometric assessment as well. A preserved 
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FEV 1 /FVC ratio (≥70 %) on spirometry can suggest the presence of a restrictive 
process that may provide an alternative explanation for a decrease in FEV 1 . The 
diagnosis of restriction, by convention, should then be confi rmed with lung volume 
testing, and ideally with body plethysmography, to assess for confounding gas trap-
ping and hyperinfl ation. Common conditions that can reduce FEV 1  in the setting of 
restrictive physiology include, but are not limited to, obesity, muscle weakness, and 
pleural effusion. 

 Six-minute walk testing performed at regular intervals after transplant (such as 
quarterly or semiannually) may be helpful to assess for subtle changes in exercise 
tolerance that patients may not detect or report. Specifi cally, an increase in dys-
pnea on exertion (refl ected in Borg scores), a decrease in exercise tolerance 
(refl ected in overall walk distance), or a new or increased oxygen requirement with 
exertion are perceptible and quantifi able with serial 6-min walk testing over time. 
Although insuffi cient to make a diagnosis of BOS, these fi ndings may alert the 
clinician to a changing clinical picture and prompt further diagnostic testing and 
increased clinical vigilance. In addition, 6-min walk test results, particularly walk 
distance, may hold prognostic value for long-term outcomes in post-transplant 
patients with BOS [ 7 ].  

    Imaging 

 Chest imaging, particularly CT, is an essential part of the diagnostic evaluation for 
BOS, with its primary utility resting in the detection of fi ndings suggestive of alter-
native, potentially reversible diagnoses. Routine posteroanterior and lateral chest 
X-ray is neither sensitive nor specifi c for the diagnosis of BOS. The chest radio-
graph is typically unrevealing in the early stages of OB. As the disease progresses, 
decreased peripheral vascular markings, slight volume loss, and subsegmental atel-
ectasis may become manifest [ 8 ]. Later fi ndings are nonspecifi c and may include 
alveolar opacities related to infection and pleural-based opacities in the mid- to 
upper lung zones representing fi brosis [ 9 ]. 

 CT fi ndings include bronchial wall thickening, bronchiectasis, small nodular and 
linear branching opacities in a bronchiolar distribution, a mosaic pattern of lung 
attenuation, and air trapping (Fig.  5.1 ). Air trapping has historically been regarded 
as the most sensitive and accurate radiologic indicator of OB [ 10 ]. Because air trap-
ping may only be seen on expiratory images, it is particularly important to obtain 
scans during expiration, especially when the inspiratory images are normal [ 9 ]. The 
use of high-resolution computed tomography (HRCT) has gained interest as the 
presence of certain structural changes may facilitate the earlier detection of BOS 
than functional measurements such as FEV 1  in some cases.

   Although air trapping on expiratory HRCT appears to be the most sensitive and 
specifi c radiologic indicator of OB in the lung transplant population, it is far from 
perfect. In an early study of 21 patients after lung transplantation, air trapping was 
found in 10 of 11 (91 %) patients with biopsy-proven OB compared to 2 of 10 
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(20 %) patients without OB ( p  < 0.002). Air trapping was found to have a sensitivity 
of 91 %, a specifi city of 80 %, and an accuracy of 86 % for OB. In contrast, the 
sensitivity, specifi city, and accuracy of bronchiectasis and mosaic pattern for OB in 
that same study were 36 %, 80 %, and 57 %, and 64 %, 90 %, and 70 %, respec-
tively [ 10 ]. Subsequent studies have investigated air trapping on expiratory HRCT 
and have shown similar results, with sensitivities ranging from 74 to 83 % and 
specifi cities of 67–89 % [ 11 – 13 ]. In yet another study, air trapping was found to 
have a fairly low sensitivity of only 44 %, but this was accompanied by a specifi city 
of 100 % [ 14 ]. 

 Composite CT scoring systems that include a combination of factors such as 
mosaic pattern of attenuation, airway wall thickening, mucus plugging, consolida-
tion, and bronchiectasis have been developed. Both air trapping and composite CT 
scoring systems appear to have a signifi cant association with FEV 1  at the time of the 
scan ,  as well as with decline in FEV 1  in the year following the CT scan [ 15 ]. 
Although there is good interobserver and intra-observer agreement for the air- 
trapping CT score, there is a relatively low interobserver agreement for the compos-
ite CT scoring system [ 15 ]. For this reason, the adoption of a universal CT scoring 
system that can be utilized as an adjunct to spirometry in the diagnosis of BOS 
remains problematic. Although there are certainly CT fi ndings that can be consis-
tent with or supportive of BOS, a paucity of fi ndings can also be found in the con-
text of patients with BOS. Thus, because HRCT fi ndings cannot be solely relied 
upon to detect BOS, they are not part of the current diagnostic criteria. 

 The role of magnetic resonance imaging (MRI) in the detection of OB has been 
investigated. Hyperpolarized helium-3 (HP  3 He) MRI holds promise as a more sen-
sitive alternative to HRCT with high spatial and temporal resolution [ 16 – 18 ].  3 He 
MRI is attractive because of its ability to provide information on respiratory disease 
morphology as well as function (including the detection of ventilation defects) [ 19 ]. 
Additionally, MRI does not involve radiation exposure, an important consideration 
in lung transplant recipients owing to their considerable exposure to serial chest 
imaging over time. The logistic challenges of HP  3 He MRI are not insignifi cant and 

  Fig. 5.1    Chest CT demonstrating bilateral bronchiectasis: a radiographic fi nding seen in the con-
text of BOS after lung transplantation       
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include limited availability of equipment (primarily restricted to specialized MR 
centers), limited quantities of  3 He, longer imaging times, and signifi cant expense [ 19 ]. 
Therefore, the incorporation of MRI into post-lung transplant clinical practice 
hinges on the outcome of larger studies and improved accessibility, and routine use 
of MRI is likely to be several years away.  

    Bronchoscopy/Surgical Lung Biopsy 

 Suboptimal sensitivity limits the role of transbronchial lung biopsy (TBBx) in the 
diagnosis of OB, and this was one of the primary reasons that the physiologic mea-
sure of FEV 1  was adopted as the surrogate marker of BOS and used to defi ne the 
entity of BOS and its clinical staging. Pathologic fi ndings on TBBx to support OB 
in the setting of BOS are helpful, but if OB lesions are absent, this is likely due to 
inadequate sampling and/or the patchy nature of the disease. The primary role for 
TBBx in the evaluation of BOS is to exclude other histologic fi ndings that might 
suggest an alternative pathologic process. 

 In an early study of TBBx, the sensitivity for the detection of OB was poor 
(27.7 %), although specifi city was 75 %. Almost a third of TBBx specimens from 
patients with OB were unsatisfactory [ 20 ]. Likewise, another study concluded that 
although TBBx could suggest or diagnose OB in some cases, inadequate sampling 
was the major reason for a negative biopsy [ 21 ]. The Toronto experience revealed 
that the sensitivity and specifi city of TBBx (average of 7.6 tissue fragments) for OB 
was 17.1 % and 94.5 %, respectively. The positive predictive value was 65.5 %, 
while the negative predictive value was 65.2 % [ 22 ]. 

 Surgical lung biopsy is a more reliable method for diagnosing OB, but repeated 
sampling is unrealistic. However, surgical lung biopsy remains an important diag-
nostic tool in the evaluation of unexplained pulmonary infi ltrates after lung trans-
plantation when BAL and TBBx have failed to yield a clear diagnosis, or if the 
patient has failed to respond to seemingly appropriate therapy. The procurement of 
larger pieces of lung tissue enables the pathologist to differentiate between the vari-
ous forms of rejection, infection, and other more unusual processes. In a study of 
open lung biopsy after lung transplantation, a novel, clinically unsuspected diagno-
sis was made in 14/48 biopsies (29 %), and all of these resulted in therapy changes. 
Thirty-two biopsies (67 %) confi rmed clinical diagnoses, and new therapy was initi-
ated in 30 of these patients. Two patients (4 %) had non-diagnostic biopsies, while 
four biopsies (8 % including the two non-diagnostic biopsies) did not result in any 
therapeutic changes. Complications occurred in three patients, all of whom had an 
air leak for greater than 7 days [ 23 ]. The incidence of persistent bronchopleural 
fi stula would likely be lower with the increased and widespread use of video- 
assisted thoracoscopic surgery over the last several years. Therefore, in the setting 
of unexplained pulmonary infi ltrates after lung transplantation, surgical lung biopsy 
renders a new, unsuspected diagnosis in nearly one-third of patients and often leads 
to targeted therapy [ 23 ]. 
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 Similar fi ndings were noted by the Toronto group who published their 10-year 
experience [ 24 ]. Specifi cally, they reported the discovery of a new diagnosis that 
resulted in a change of therapy in 1 of 11 “early” (within 45 days of transplant) open 
lung biopsies performed for pulmonary infi ltrates and clinical compromise. In con-
trast, a new diagnosis was established in 8 of 27 biopsies obtained “late” (>45 days) 
post-transplant. Indications for late biopsies were acute or progressive pulmonary 
disease with associated clinical fi ndings, progressive loss of pulmonary function, 
radiologic compromise without clinical fi ndings, persistent poor graft function, and 
persistent lymphocytosis in BAL. Pathologic diagnoses included OB, BOS organiz-
ing pneumonia (now known as cryptogenic organizing pneumonia (COP)), malig-
nant lymphoma, chronic vascular rejection, and  Burkholderia cepacia  infection. 
Overall, surgical lung biopsy is of little value in the perioperative period, but it 
appears to yield useful information in approximately 30 % of patients when per-
formed more than 45 days after transplant [ 24 ].  

    Biomarkers 

 Despite the need for markers to predict decline in lung function after lung trans-
plant, there are no validated biomarkers that can aid in the diagnosis of BOS. The 
two potential biomarkers that have been studied most in this setting are BAL fl uid 
neutrophil count and fraction of nitric oxide in exhaled breath (FeNO). However, 
neither has been adapted into routine clinical practice. 

 In lung transplant recipients with BOS, BAL neutrophilia is present and corre-
lates highly with the presence of interleukin-8 (IL-8). Additionally, there is a trend 
toward higher levels of neutrophils and IL-8 in BAL from patients who subsequently 
develop BOS as compared to those who do not [ 25 ]. These fi ndings suggest that 
there may be a role for BAL neutrophilia and elevation in IL-8 to predict the devel-
opment of future BOS among lung transplant recipients. To further support this 
notion, azithromycin reduces airway neutrophilia and IL-8 mRNA in patients with 
BOS, and azithromycin has been shown to improve the FEV 1  in patients with BOS, 
particularly those with higher BAL neutrophilia and IL-8 levels. There are also data 
to support the implementation of azithromycin soon after transplantation as a pre-
emptive strategy before BOS criteria are fulfi lled [ 26 ]. Thus although BAL neutro-
philia and elevation of IL-8 are not part of the current diagnostic criteria for BOS, if 
identifi ed, such BAL fi ndings may provide support for the diagnosis of BOS and 
predict response to treatment with azithromycin. While measurement of IL-8 from 
BAL fl uid is not universally available in the clinical setting, BAL cell count with 
differential is routinely available and may be used as an adjunct in the evaluation of 
possible BOS. 

 The FeNO is an established biomarker of airway infl ammation that has been 
studied extensively in asthmatics [ 27 ]. It has gained interest as a tool for the early 
detection of BOS in lung transplantation with the hypothesis that elevated FeNO 
may predict the onset or worsening of BOS. NO is produced by residential and 
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infl ammatory cells in the airways in response to endogenous and exogenous stimuli. 
In a longitudinal study of FeNO in 50 lung transplant recipients, the mean FeNO in 
patients with unstable BOS (defi ned as ≥15 % decline in FEV 1  over 6 months) was 
signifi cantly higher than in stable BOS-free patients and stable BOS patients (<5 % 
decline in FEV 1  over 6 months). Measurements of FeNO showed little day-to-day 
variability when subjects were clinically stable [ 28 ]. 

 In a second study investigating the role of FeNO in the early diagnosis of BOS 
after lung transplantation, 611 FeNO measurements in 166 consecutive patients 
were classifi ed depending on BOS stage at the time of assessment and follow-up. 
Before the onset of an unstable clinical course, FeNO was signifi cantly increased in 
comparison to those with stable lung function. The positive and negative predictive 
value of FeNO > 20 ppb for BOS was 69.0 % and 96.9 %, respectively [ 29 ]. Serial 
measurements demonstrated signifi cantly lower mean individual variation in stable 
recipients as compared to stable patients transitioning to an unstable course. The 
robust negative predictive value of persistently low FeNO readings for future BOS 
suggests clinical utility of this marker as part of continuous risk stratifi cation after 
lung transplantation [ 29 ]. Portable NO analyzers are now available, making routine 
FeNO testing a possibility in some clinical settings, but it remains mostly a research 
tool at this time.  

    Confounding Diagnoses 

 There are numerous reasons for lung function decline after lung transplantation 
other than BOS. A myriad of potential confounding diagnoses must be considered 
before a confi dent diagnosis of BOS can be made. In some cases, these conditions 
may coexist with BOS, further complicating the clinical picture. Potential contribut-
ing factors to loss of lung function can be conceptualized in several broad categories 
that capture both allograft-related and non-allograft-related processes over time 
(Table  5.2 ).

      Allograft Rejection 

 Among the most important causes of impaired allograft function after lung trans-
plantation are other forms of rejection. Rejection can be categorized into three broad 
types: acute cellular rejection, antibody-mediated rejection, and OB/BOS. 
Additionally, lymphocytic bronchiolitis is gaining recognition as a distinct clinical 
entity that can manifest with reduced lung function after transplant. In fact, in one 
study, the severity of lymphocytic bronchiolitis was associated with an increased 
risk of BOS and death after lung transplantation independent of acute vascular 
rejection [ 30 ]. These other etiologies of rejection must be considered and treated, if 
present, before a diagnosis of BOS can be made.  
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   Table 5.2    Confounding conditions in the diagnosis of BOS   

 Category of lung function loss  Conditions 

 Allograft rejection  Acute cellular 
 Antibody-mediated 
 Lymphocytic bronchiolitis 
 Bronchiolitis obliterans syndrome (BOS) 

 Chronic lung allograft 
dysfunction (CLAD) 

 Restrictive allograft syndrome (RAS) 
 Bronchiolitis obliterans syndrome (BOS) 

 Parenchymal disease 
of the allograft 

 Cryptogenic organizing pneumonia (COP) 
 Acute fi brinous and organizing pneumonia (AFOP) 
 Diffuse alveolar damage (DAD) 
 Drug toxicity (i.e., amiodarone, sirolimus) 

 Underlying lung disease  Recurrence in allograft (i.e., sarcoidosis) 
 Native lung complications (i.e., bronchiectasis, hyperinfl ation) 

 Infection/infl ammation  Bronchitis 
 Pneumonia 
 Bronchiectasis with persistent airway infection (NTM, fungal, 

gram negatives) 
 Aspiration 

 Airway disease  Bronchomalacia 
 Anastomotic stenosis/stricture 
 Vanishing airway syndrome 
 Other airway stenosis 

 Ventilatory disorders  Pain (rib/sternal/vertebral fracture) 
 Muscle weakness/deconditioning 
 Neuromuscular disease 
 Extrinsic restriction by contralateral lung 
 Chest wall pathology (kyphoscoliosis) 
 Pleural disease (effusion, fi brosis) 
 Pneumothorax/bronchopleural fi stula 
 Diaphragmatic dysfunction (paresis/paralysis) 
 Obesity 
 Abdominal distension/ascites 

 Cardiac disease  Ischemic heart disease 
 Non-ischemic cardiomyopathy 
 Diastolic dysfunction 
 Pulmonary hypertension 

 Malignancy  Post-transplant lymphoproliferative disorder (PTLD) 
 Lung cancer of native lung 

 Aging  Normal age-related loss of lung function (expected loss of 
~30 mL/year in FEV 1 ) 

    Chronic Lung Allograft Dysfunction 

 The concept of chronic lung allograft dysfunction (CLAD) has been introduced in 
the literature in recent years. Although this term has been used in a variety of ways, 
it is not synonymous with chronic rejection or BOS. Rather, it is more accurately 
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defi ned as delayed loss of allograft function with a variety of potential etiologies, 
both reversible and irreversible in nature. An important subtype of CLAD is restric-
tive allograft syndrome (RAS). RAS has been characterized as a form of lung 
allograft dysfunction that can lead to irreversible decline of FEV 1  in the setting of 
restrictive physiology (preserved FEV 1 /FVC ratio) and peripheral lung allograft 
fi brosis [ 31 ]. Additionally, loss of lung function (either in a restrictive or obstructive 
pattern on spirometry) in the setting of persistent pulmonary infi ltrates without a 
clear pathologic explanation, is likely another subtype of CLAD (Fig.  5.2 ) and may 
be considered a distinct clinical phenotype from classical BOS [ 32 ].

        Diffuse Parenchymal Lung Disease of the Allograft 

 Classic diffuse parenchymal lung diseases can affect the lung allograft as well, 
although less frequently. COP, acute fi brinous and organizing pneumonia (AFOP), 
diffuse alveolar damage (DAD), and drug toxicity are among these diagnostic pos-
sibilities. These entities usually manifest as cough and dyspnea in the setting of 

  Fig. 5.2    Spectrum of parenchymal changes in patients with CLAD. ( a ) Bilateral alveolar/intersti-
tial infi ltrates in a COPD patient 18 months after bilateral lung transplantation. A small hydropneu-
mothorax is also present on the left. ( b ) Pleuroparenchymal disease ( right ) with bullous disease 
( left ) 5–6 years post-bilateral lung transplantation in an IPAH patient. ( c ) Diffuse allograft con-
solidation and opacifi cation in an NSIP patient 2 years after left single-lung transplantation. 
( d ) Peripheral consolidation in a sarcoid patient 18 months after left single-lung transplantation       
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diffuse pulmonary infi ltrates and may require surgical lung biopsy for a conclusive 
diagnosis. COP (previously known as BOOP) is marked histologically by the pres-
ence of myxomatous connective tissue plugs in the lumen of bronchioles with 
extension into the alveoli, and COP may be found in association with acute rejection 
or ongoing infection [ 33 ]. Radiographically, COP is characterized by multiple 
patchy alveolar opacities (Fig.  5.3 ). AFOP is a rare variant of lung injury with a 
dominant histological fi nding of intra-alveolar fi brin (fi brin “balls”) and patchy 
organizing pneumonia without hyaline membranes [ 34 ]. Both COP and AFOP are 
usually treated with augmentation of immunosuppression, in particular glucocorti-
costeroids, but may not respond completely in the setting of preexisting heavy 
immunosuppression [ 35 ,  36 ].

   DAD is a fairly common fi nding after lung transplantation. In a recent review of 
transbronchial lung biopsies after lung transplantation, DAD was observed in 320 
of 720 (44.4 %) patients at least once. Early onset DAD (within 3 months of trans-
plant) was associated with signifi cantly higher 90-day mortality and earlier onset of 
BOS. New-onset DAD after 3 months appeared to increase the risk for RAS [ 37 ]. 

 The diagnosis of drug-induced pneumonitis after lung transplant is particularly 
challenging owing to the numerous diagnoses that must be considered fi rst in the 
immunosuppressed patient. The clinical course and prognosis rely upon prompt 
identifi cation and removal of the insulting agent with corresponding clinical 

  Fig. 5.3    Chest CT demonstrating cryptogenic organizing pneumonia (COP) after transplantation. 
( a ) Right single-lung transplant for IPF with COP 1-year post-transplant. ( b ) Response seen after 
6 weeks of augmented glucocorticoid therapy. ( c ) COP 2 years after bilateral lung transplantation 
for COPD. ( d ) Unresponsive to augmentation of glucocorticoid therapy after 6 months       
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improvement over time. Amiodarone pulmonary toxicity after lung transplantation 
has been described in the literature and is relevant given the relatively common 
occurrence of atrial fi brillation in the postoperative period [ 38 ]. Classically, the inci-
dence of amiodarone pulmonary toxicity increases with age and is higher in patients 
with underlying lung disease. Toxicity correlates with the total cumulative amioda-
rone dose and typically occurs at doses exceeding 400 mg/day for over 2 months [ 39 ]. 
The BAL in patients with this may show elevated neutrophils, CD8 lymphocytes, 
and the presence of foamy cells with lamellar inclusions. Biopsy fi ndings include 
septal thickening, interstitial edema, and lipids within endothelial cells and the 
interstitium [ 40 ]. 

 Pulmonary toxicity has been recognized as a potentially serious complication 
associated with sirolimus therapy in solid organ transplant recipients. In approxi-
mately 95 % of reported cases, sirolimus discontinuation or dose reduction resulted 
in clinical and radiologic improvement within a few weeks [ 41 ]. Although there 
have only been a few case reports to date in the lung transplant literature, clinicians 
must remain vigilant to its potential pulmonary complications. 

    Underlying Lung Disease 

 In some cases, the underlying lung disease leading to lung transplantation can 
reemerge after transplant. There is a small but tangible possibility of primary dis-
ease recurrence in the allograft, particularly in systemic diseases such as sarcoid-
osis and lymphangioleiomyomatosis (LAM), although recurrence has also been 
seen with pulmonary alveolar proteinosis, Langerhans cell histiocytosis, diffuse 
panbronchiolitis, and talc granulomatosis. Confi rmation of suspected primary dis-
ease recurrence requires a pathologic diagnosis, usually with TBBx or surgical 
lung biopsy. 

 Sarcoidosis is the most common disease to recur after lung transplantation [ 42 ]. 
Recurrent sarcoidosis most commonly manifests radiographically as either a soli-
tary pulmonary nodule or numerous miliary nodules [ 42 ] (Fig.  5.4 ). Interestingly, 
the majority of sarcoid patients with disease recurrence in the allograft have no 
sarcoid-related pulmonary symptoms, and recurrence may not have any signifi cant 
infl uence on lung function, at least in the short-term [ 43 ]. In sarcoidosis, it appears 
that sarcoid granulomas in the transplanted lung are derived from recipient’s 
immune cells through colonization of the lung allograft [ 44 ].

   In a multicenter study, patients with sarcoidosis were studied for biopsy-proven 
disease recurrence after single-lung, heart–lung, or bilateral lung transplantation. 
Disease recurrence was diagnosed in 16/45 patients (35.5 %) with a mean time post- 
transplant to diagnosis of 361.2 days (range 21–1,672) [ 45 ]. The frequency of acute 
rejection and infections was comparable to other disease groups. Nine patients 
(three with recurrence, six without) developed OB. One patient death was attributed 
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to sarcoidosis in the allograft and the native lung. Mean time to death after trans-
plant for the disease recurrence group was 1,483 days (64–3,280) vs. 1,128 days 
(32–2,547) for those without recurrence. It is possible that recurrent sarcoidosis 
after lung transplantation may confer a slight survival advantage, but this remains 
speculative and warrants further study [ 45 ]. In LAM, disease recurrence has been 
reported in approximately 10 % of cases after lung transplantation and is usually 
discovered as an incidental fi nding 1–5 years post-transplant [ 42 ]. Data suggest that 
histologically benign LAM cells can migrate or metastasize in vivo to the trans-
planted lung [ 46 ]. Bilateral lung transplantation does not prevent recurrence due to 
nodal involvement. 

 In single-lung transplant recipients, acute or progressive hyperinfl ation of the 
native lung, particularly in chronic obstructive pulmonary disease (COPD), can 
cause extrinsic restriction of the allograft due to a herniation across the midline 
(Fig.  5.5 ). In most situations, it is unclear if it is the progressive dynamic hyperinfl a-
tion of the native lung that compresses the allograft or if there is progressive restric-
tion of the allograft with the native lung “fi lling the space.” Lung volume reduction 
of the native lung has been performed in select cases with mixed results [ 47 ].

   Yet another (although less likely) cause for decreased lung function due to under-
lying lung disease is progression of interstitial lung disease, even in the setting of 
immunosuppression, after single-lung transplantation. This is exemplifi ed by a case 
report of an exacerbation of fi brotic nonspecifi c interstitial pneumonitis (NSIP) in 
the native lung causing respiratory failure after single-lung transplant [ 48 ]. Cases 
such as these support the possibility of acute exacerbations of interstitial lung disease 
leading to loss of lung function after single-lung transplant.   

  Fig. 5.4    Chest CT demonstrating biopsy-proven recurrence of sarcoidosis after bilateral lung 
transplantation. ( a ) Diffuse miliary pattern seen 4 years after transplant. ( b ) Bilateral pulmonary 
nodules seen 11 years after transplant. Reproduced with permission of the European Respiratory 
Society. Eur Respir J June 2012 39: 1520–1533; published ahead of print January 12, 2012, 
doi:  10.1183/09031936.00175511           
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    Infection 

 The presence of infection can cause loss of lung function as well as progressive 
dyspnea in the lung transplant recipient. Infection can present as tracheobronchitis 
or pneumonia, with potential etiologies including a broad spectrum of viruses, bac-
teria, fungi, and non-tuberculous mycobacteria. Because these pathogens can be 
diffi cult to culture with routine sputum sampling, BAL is necessary in most cases. 
In the setting of active infection, a diagnosis of BOS is not possible and should be 
reassessed after appropriate antimicrobial treatment. 

 Aspiration, and the resulting infection or infl ammatory response, can result in 
progressive allograft dysfunction. The reader is encouraged to refer to the chapter 
that addresses this important issue. 

    Airway Disease 

 Diseases of the airway are another cause for worsening dyspnea, with bronchoma-
lacia, anastomotic stenosis, or stricture as possible complications in lung transplant 
recipients. Interestingly, although strictures invariably occur at the site of the 

  Fig. 5.5    Chest radiograph with corresponding CT images taken at three different levels demon-
strating hyperinfl ation of native COPD lung and volume loss of allograft after left single-lung 
transplantation       
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anastomosis, they may occur more distally, either in isolated fashion or as part of the 
so-called “vanishing airway” syndrome (Fig.  5.6 ). While obstructive physiology on 
spirometry may raise the suspicion for airway disease, bronchoscopy is usually 
required to make these diagnoses.

       Other Restrictive Disorders 

 Disorders of ventilation are numerous and vary in their degree of reversibility. 
Postoperative (post-thoracotomy or post-sternotomy) or later-onset chest pain 

  Fig. 5.6    Spectrum of airway pathology after lung transplantation. ( a ) Bronchomalacia post- 
transplant with invagination of posterior membranous portion of the right mainstem bronchus seen 
at the anastomosis. ( b ) Post-transplant stricture at the anastomosis. ( c ) Bronchocentric mycosis 
(aspergillus). ( d ) “Vanishing airway” syndrome with pinhole apertures seen at the origin of the left 
upper lobe. The  black arrows  outline the borders of the left upper lobe       
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from a rib or vertebral fracture can cause restrictive physiology. Diaphragmatic 
dysfunction (paresis/paralysis) resulting from phrenic nerve injury during surgery 
can result in impaired ventilatory function that may take months to improve or 
resolve. Muscle weakness and deconditioning occur commonly and can also con-
tribute to restrictive physiology. Chest wall pathology (kyphoscoliosis) present 
prior to transplant may continue to cause restrictive impairment after transplant. 
Pleural effusions or the development of fi brosis (as is present in RAS) are additional 
considerations. Obesity, an extremely common occurrence after treatment with 
long-term steroids following transplantation, must always be considered as a poten-
tial factor in the setting of restriction. Likewise, abdominal distension, particularly 
from signifi cant ascites, can cause a similar picture.  

    Cardiac Disease 

 Comorbid cardiac disease is increasingly common in the aging transplant popula-
tion. Coronary artery disease, non-ischemic cardiomyopathy, diastolic dysfunction, 
and pulmonary hypertension must be considered as alternate or additional diagno-
ses in patients with dyspnea on exertion and reduced FVC and/or diffusing capacity 
for carbon monoxide (DL CO ) after lung transplant. Routine electrocardiography and 
echocardiography, as well as heart catheterization when clinically indicated, can 
detect and characterize these diseases in most cases.  

    Malignancy 

 Lung cancer, either of the native lung (most common) or the allograft, might war-
rant consideration in the setting of reduced lung function and abnormal radio-
graphic fi ndings after lung transplant. This is particularly salient because many 
recipients and an increasing number of donors are ex-smokers. New pulmonary 
nodules or suspicious infi ltrates should be evaluated appropriately [ 49 ] to exclude 
the possibility of malignancy in this immunosuppressed population. Post-transplant 
lymph proliferative disorder with thoracic organ involvement is another signifi cant 
concern in the setting of immunosuppression. Evaluation for the presence of 
Epstein-Barr viremia and histopathologic evaluation of pulmonary nodules or 
unexplained infi ltrates may reveal this diagnosis, which should be of particular 
concern in the context of an EBV-negative recipient who received an organ from an 
EBV-positive donor.  
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    Aging 

 Lung function declines slowly through adult life, even in healthy persons. Studies 
have shown an FEV 1  loss of 28–42 mL/year in never smokers, and up to 55 mL/year 
in current smokers [ 50 – 52 ]. This annual loss may accelerate after age 70 [ 53 ,  54 ]. 
It is conceivable that age-related decline in FEV 1  may impact both allograft and 
native lung function after lung transplantation, and at least partially explain a loss of 
FEV 1  over time after transplantation, particularly in long-term survivors. 

 These non-BOS conditions, although extremely important to identify and 
address, often do not exist in isolation and do not preclude the coexistence of BOS.   

    Limitations of the Current Diagnostic Criteria 

 The diagnosis of a disease or syndrome is only as good as its established criteria. 
Although revised in 2002 to improve the sensitivity for the detection of BOS with 
the addition of the potential BOS “0p” category [ 3 ], the specifi city of the diagnosis 
remains undesirably low, making a confi dent diagnosis of BOS diffi cult to achieve. 

 There are many ways to conceptualize the many diagnostic tests and confound-
ers that must be considered when diagnosing BOS. Figure  5.7  is an example of a 
potential diagnostic algorithm that may be helpful in this setting.

  Fig. 5.7    BOS after lung transplantation: a diagnostic algorithm       
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       Conclusion 

 OB remains an enigmatic diagnosis. Attempts to defi ne a physiologic correlate in 
the form of BOS have enabled patients to be diagnosed without the need for a surgi-
cal lung biopsy. However, this has inadvertently resulted in multiple entities or phe-
notypes of chronic allograft dysfunction being labeled within the rubric of this 
physiologic entity. Recent attempts to provide further clarifi cation should result in a 
new consensus statement endorsed by most of the major Respiratory and Transplant 
Societies. This will hopefully provide a standardized blueprint whereby all of these 
newly recognized and future entities can be more accurately categorized. Hopefully, 
this will further enable and facilitate an accurate diagnosis of OB without having to 
revert to reliance on surgical lung biopsies.     
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    Abstract     Obliterative bronchiolitis (OB) is the pathology thought to result from 
chronic lung allograft rejection. Anti-donor alloimmune T cells have been consid-
ered to be the main culprits in development of OB, although non-transplant and non-
alloimmune etiologies of OB have also been identifi ed. This chapter reviews basic 
concepts of transplant immunology, generation of alloimmune T cells, and T cell-
mediated tissue injury. It further discusses the evidence supporting a role of alloim-
mune T cells in OB, based on human data and available animal models. Interactions 
between alloimmune T cells and other arms of the immune system immune system, 
such as the antibody response and innate immune cells, are described. New con-
cepts in lung transplant immunology and recent landmark studies are reviewed, 
including data on regulatory T cells, Th17 responses, and local intrapulmonary 
immune events, which may have important implications for the future direction of 
basic lung transplant immunology research and development of therapeutics.  

  Keywords     Alloimmune   •   Allorecognition   •   Alloantigen   •   T cell   •   Adaptive immu-
nity   •   Lung transplant   •   Obliterative bronchiolitis   •   Chronic rejection   •   Cytokine   
•   Major histocompatibility complex  

        Introduction 

 Post-lung transplant obliterative bronchiolitis syndrome (BOS) is equated with 
chronic lung allograft rejection. Consequently, the general dogma is that allograft 
long-term exposure to alloreactive T cells is key in the development of OB, the 
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pathologic manifestation of BOS. In fact, chronic rejection leads to occlusive fi brosis 
in other transplanted organs, such as chronic vasculopathy in heart transplant [ 1 ], 
arteriopathy along with bile duct vanishing disease in liver transplant [ 2 ], and arte-
riopathy with glomerulopathy in kidney transplant [ 3 ]. However, the lung’s propensity 
to develop chronic rejection appears stronger than that of other organs, and the 
incidence of OB remains high in spite of improved immunosuppressive agents. One 
has to therefore wonder whether alloreactive T cell responses are in fact necessary 
and/or suffi cient for development of OB. This very question will be analyzed and 
discussed in detail in this chapter. The lung is immunologically unique by its expo-
sure to the environment, its extraordinary abundance of immune cells, and its 
susceptibility to recurrent injury and infections. Alloreactive T cells therefore func-
tion within a complex milieu of infl ammatory and injurious stimuli that modulate or 
are modulated by rejection. While this chapter focuses on T cell-mediated alloreac-
tivity, B cell-mediated responses and innate immune recognition of nonself molecular 
patterns are also important contributors to alloimmunity and are covered in other 
chapters.  

    The Alloimmune Response 

 Solid organ rejection is primarily based on host recognition of nonself donor 
antigens, which constitutes the alloimmune response. This alloimmune response is 
driven primarily by T cell recognition of foreign major histocompatibility complex 
(MHC) proteins, called human leukocyte antigens (HLA) in humans. 

    Major Histocompatibility Complex/Human Leukocyte Antigen 

 The MHC is the most polymorphic gene cluster in the vertebrate genome, and MHC 
molecules expressed on the surface of cells are highly variable between individuals 
of each species. The extraordinary diversity of MHC polymorphisms constitutes the 
main obstacle to transplantation, as the donor organ is quickly recognized as nonself 
on the basis of MHC differences with the recipient [ 4 ]. The MHC complex is 
divided into class I genes and class II genes, and more recently class III genes have 
been described [ 5 ]. MHC genes are expressed co-dominantly, meaning that an 
individual will express all MHC genes inherited from both parent. Each MHC 
molecule is composed of an extracellular peptide-binding cleft, a transmembrane 
domain, and a cytoplasmic domain (Fig.  6.1 ). It is the peptide-binding cleft that is 
polymorphic, allowing it to bind a large variety of antigenic peptides. MHC class I 
molecules are expressed on most nucleated cells. MHC class II molecules are 
expressed constitutively on antigen-presenting cells (APC), including dendritic 
cells (DC), macrophages, and B cells, but can be upregulated on these and other 
cells under infl ammatory conditions [ 5 ].
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   MHC molecules in mice are referred to as H-2 antigens, and these are recognized 
as the counterparts of HLA in humans. In humans, HLA genes are located on the 
short arm of chromosome 6 and are traditionally divided into two classes based on 
historic differentiation. The classical HLA class I genes include A, B, and C loci. 
The classical HLA class II genes include DR, DQ, and DP genes [ 5 ].  

    Alloantigen 

 An alloantigen is defi ned as a molecule on the allograft that is recognized as foreign 
by the recipient’s alloreactive immune cells or antibodies. Most alloantigens are 
made up of polymorphic MHC peptides. Two individuals are allogeneic if they dif-
fer in their MHC molecules; twins or congenic mouse strains are identical in their 
MHC loci and are therefore syngeneic. In certain transplant settings, HLA matching 
can be performed to decrease allorecognition. In the case of lung transplantation, 
given the scarcity of organs and short time available for lung implantation, HLA 
matching is not usually performed, leading to a higher number of HLA mismatches 
compared to other organ transplantations [ 4 ].  

    T Cell Response to Antigen 

 T and B lymphocytes constitute the adaptive immune system in vertebrates, which 
is characterized by specifi city, memory, and clonal expansion. In other words, T and 

  Fig. 6.1    Structure of major histocompatibility complex (MHC) molecules. The MHC class I mol-
ecule is composed of a polymorphic heavy α (alpha) chain and a non-polymorphic light β (beta) 
2-microglobulin (β2m) chain. The α chain has a small cytoplasmic domain, a transmembrane- 
spanning domain, and an extracellular domain that is composed of three segments (α1, α2, and α3) 
and forms a peptide-binding cleft that presents antigen to CD8 T cells. The MHC class II molecule 
is a heterodimer with an α and a β chain. Both chains have an extracellular domain that includes 
two segments (α1, α2 and β1, β2), a transmembrane domain, and a cytoplasmic domain. The α1 
and β1 domains together form the peptide-binding cleft that presents peptide to CD4 T cells       
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B cells have the capacity to recognize specifi cally a large number of different 
peptides, generate memory cells with higher responsiveness to repeat stimuli, and 
rapidly produce clones of identical cells that can carry out the immune response. 
T cells recognize specifi c antigen through their T cell receptor (TCR), which is 
highly variable owing to somatic rearrangements. T cells also express several invari-
ant signal transduction molecules that participate in antigen responses, such as 
CD3, coreceptors CD4 or CD8, costimulatory molecules CD28, ICOS, and CD40L, 
as well as adhesion molecules. 

 After emerging from the bone marrow, immature nonfunctional T cells fi rst 
encounter MHC-bound peptides in the thymus, presented by thymic APC. Immature 
T cells that are able to bind self-MHC with adequate affi nity receive a survival signal: 
this is called positive selection and leads to self-MHC restriction, meaning mature 
T cells should only bind to a foreign peptide when it is bound to a self-MHC. T cells 
that recognize self-peptides presented on self-MHC get deleted: this is called nega-
tive selection and protects against autoimmunity. The resulting mature T cells are, 
therefore, schooled to recognize foreign-peptide-self-MHC complexes. 

 After the selection process in the thymus, naïve T cells enter the circulation. 
T cells are recruited to sites of antigen presentation by responding to recruiting 
cytokines such as interleukin-2 (IL-2), which binds to the IL-2 receptor on T cells. 
There is also an abundance of cytokines that have been shown to cause chemotaxis 
or directional movement of T cells, and these are called chemokines. After binding 
to a foreign-antigen-self-MHC complex via their TCR (Fig.  6.2 ), naïve T cells are 

  Fig. 6.2    T cell recognition of antigen. The antigen-presenting cell (APC) processes antigen and 
presents an antigenic peptide inside the peptide-binding cleft of its MHC molecule. The T cell 
receptor (TCR) binds this peptide with the help of the CD4 or CD8 coreceptor. The CD3 accessory 
protein helps with signal transduction. CD28, inducible T cell costimulator (ICOS), and CD40 
ligand (CD40L) are costimulatory molecules expressed on the surface of T cells. They bind to 
costimulatory molecules B7 (of which there are many subtypes) and CD40 expressed by the APC. 
Adhesion molecules are also present on the surface of T cells and facilitate homing to tissue       
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activated, undergo clonal expansion, and become memory T cells. After encounters 
with known antigen, memory T cells proliferate and become effector T cells that 
produce pro-infl ammatory signals and kill target cells [ 5 ].

       T Cell Allosensitization 

 Even without prior exposure to alloantigen, naïve alloreactive T cells exist in the 
circulation, able to recognize an alloantigen-self-MHC complex. The frequency of 
naïve alloreactive T cells in humans is about 0.1 %, which is about a 1,000 times 
more frequent than any other T cell specifi city. This high prevalence of alloreactive 
T cells has puzzled immunologists for decades and is now thought to be due to the 
inherent high affi nity of the TCR for HLA molecules and the lack of thymic deletion 
of T cells that recognize allogeneic MHC [ 5 ,  6 ]. 

 In general, T cells recognize antigens in the context of self-MHC (as opposed to 
B cells that can recognize soluble antigens as well) [ 5 ]. Nevertheless, in transplanta-
tion, unconventional recognition of antigen presented by nonself-MHC has been 
described through primary binding to the nonself-MHC molecule or primary binding 
to the antigen [ 6 ]. Consequently, there are two pathways for T cell allosensitization 
(Fig.  6.3 ). In the indirect pathway, recipient APC internalize and process donor 
antigens from dead cells and present alloantigen in the context of self-MHC to T 
cells. In the direct pathway, donor T cells directly recognize foreign MHC-peptide 
complexes on donor cells [ 4 ,  6 – 8 ]. The general thought is that the direct allosensiti-
zation pathway takes place early, potentiated by the greater presence of recipient 
MHC class II-expressing APC in the organ. Later, after transplant, as donor APC 
die out and there is increased donor cell injury, the indirect pathway takes over and 
remains active throughout the life of the allograft [ 9 ]. Furthermore, MHC expres-
sion is altered under infl ammatory stimulation post-transplantation, and MHC class 

  Fig. 6.3    Direct and indirect 
allorecognition. In the direct 
allorecognition pathway, 
T cells recognize intact 
allogeneic MHC molecules 
on donor cells. In the indirect 
allorecognition pathway, 
T cells recognize allogeneic 
MHC peptides processed and 
presented to them by 
recipient APC       
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II molecules can be upregulated on non-APC cells, such as epithelial or endothelial 
cells [ 10 – 12 ]. This may lead to direct recognition of structural allograft cells by 
CD4 T cells. Additionally, a semi-direct pathway of alloantigen recognition has 
recently been proposed, whereby recipient APC may acquire intact donor MHC- 
peptide complexes through cell–cell contact or exosomes, enabling recipient APC 
to interact with both CD4 and CD8 T cells simultaneously [ 13 ]. However, to date, 
no clear evidence of this semi-direct pathway occurring in lung transplant has been 
reported. Finally, T cells can also be cross-reactive to alloantigen through molecular 
mimicry with viral antigens. Viral peptides can resemble the variable region of 
MHC molecules. Therefore, humans may have clones of alloreactive memory 
T cells acquired through prior viral infections [ 14 ].

       T Cell Subsets 

    CD4 vs. CD8 T Cells 

 T cells always express CD3 but differentially express the coreceptors CD4 or CD8. 
CD4 helper T cells (Th) recognize MHC class II molecules and require interaction 
with professional APC. As their name implies, the main function of CD4 Th cells is 
to help other cells by producing cytokines for CD8 T cell stimulation and activation 
of other infl ammatory cells. CD8 T cells, called cytotoxic T cells (Tc), recognize 
MHC class I antigen. They can bind to any type of cell and have the ability to kill 
target cells by direct delivery of cytotoxic granules containing enzymes, such as 
granzyme B, that induce apoptosis [ 5 ]. In spite of this classical paradigm, CD4 and 
CD8 T cells have each been individually found to be suffi cient for rejection of solid 
organs in animal models: CD4 T cells are capable of causing cytotoxic damage, and 
CD8 T cells can be activated by non-CD4-dependent mechanisms [ 15 ].  

    T Cell Polarization 

 The specifi c interaction of the APC with the T cell and the associated cytokine 
milieu determines subsequent T cell differentiation and polarization towards a cer-
tain phenotype characterized by a specifi c cytokine signature. This has been best 
described for CD4 helper T cells, but is now also known to take place in the case of 
CD8 cytotoxic T cells, which can assume similar phenotypes. 

 Th1 polarization is triggered usually by intracellular bacteria and viruses via 
APC production of IL-12 and interferon-γ (IFN-γ). IFN-γ activates the transcription 
factor T-box-expressed-in-T cells (T-bet), leading to Th1 differentiation and their 
own production of additional IFN-γ and IL-2. Th2 cells are known to produce IL-4, 
IL-5, and IL-13 and have been implicated in allergic responses. Th17 cells are 
potentiated by IL-23, produce IL-17, IL-21, and IL-22, and classically play a role in 
autoimmune diseases. Regulatory T cells (Treg) differentiate upon induction of the 
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forkhead-box-protein-3 (FOXP3) transcription factor, make immunosuppressive 
IL-10, and are capable of suppressing other T cells [ 5 ]. Other Th polarization path-
ways have been described but are outside of the scope of this chapter. 

 Initial studies implicated mainly Th1 cells in the pathogenesis of organ rejection. 
However, more recent research has identifi ed an important role for Th2, Th17, and 
Treg cells in organ transplantation and will be discussed further below. Alloreactive 
T cells are capable of polarization towards all four phenotypes [ 15 ].    

    Role of Allogeneic T Cell Responses in Human OB and BOS 

 There is no doubt that alloreactive T cells cause acute allograft rejection. However, 
while it is accepted that BOS represents chronic rejection of the lung allograft and 
that alloreactivity plays a role in its pathogenesis, the exact contribution of alloreac-
tivity to OB is not entirely clear. T cells have been clearly identifi ed in OB biopsies 
and are part of the active OB pathology grade (Fig.  6.4 ) [ 16 ].    The most important 
piece of evidence towards alloreactivity is, perhaps, the fact that OB, a relatively 
rare pathologic entity, is prevalent in lung as well as bone marrow transplant (BMT) 
recipients: alloreactivity is the common feature of those two patient populations. 
In BMT, T cell-depleted allogeneic stem cell transplant (SCT) is associated with a 
lower incidence of BOS than non-T cell-depleted allogeneic SCT [ 17 ]. Acute graft-
versus- host disease, the hallmark of alloimmune recognition in BMT, increases the 
risk of subsequent BOS [ 17 ]; this is similar to the situation in lung transplantation 
whereby acute rejection increases the risk of BOS. What has puzzled the lung 

  Fig. 6.4    Photomicrograph of an active OB lesion with infi ltrating T cells. The tissue was obtained 
by bronchoscopic transbronchial biopsy from a lung transplant recipient. The pathology is 
described as active OB or a grade C1a lesion. ( a ) Shows a bronchiole obliterated with fi brous tissue 
and infl ammatory cells, with a signifi cant component of mononuclear cells ( arrows ) (hematoxylin 
and eosin stain). ( b ) Shows an adjacent section stained with anti-CD3 antibodies, showing clear 
T cell clusters within and on the periphery of the OB lesion ( arrows ) (peroxidase immunohisto-
chemical stain). Courtesy of Dr. David Howell, Duke University Medical Center, Department of 
Pathology       
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transplant community for decades has been the relative resistance of BOS to immu-
nosuppression. Additionally, OB develops in non-transplant settings (e.g., toxin 
exposures, autoimmune diseases, respiratory syncytial virus infections), implying 
that alloreactivity is not absolutely necessary for development of this pathology. 
In reality, it is most probable that OB represents a common endpoint caused by a 
number of alloimmune and non-alloimmune injuries. The question then remains 
whether alloreactive T cell injury represents one of the insults that directly lead to 
OB or whether the allogeneic milieu increases susceptibility to other injuries that in 
turn cause OB (Fig.  6.5 ). To attempt to address this question, the many studies of 
T cell numbers, phenotypes, and alloreactivity in BOS patients will be outlined 
below. Animal studies will be discussed later.

       Alloreactive T Cells in Human BOS 

 Several early, small studies showed that patients with BOS had increased donor- 
specifi c alloreactive T cells in their blood or bronchoalveolar lavage (BAL) com-
pared to non-BOS lung transplant recipients or non-transplant controls. This was 
determined by measuring cell proliferation in cultures of BAL cells with donor 
splenocytes [ 18 – 20 ]. The largest of those studies included 28 patients and showed 
increased proliferation of peripheral blood and BAL lymphocytes upon exposure to 
donor spleen cells in BOS patients vs. non-BOS [ 20 ]. A more recent analysis found 
elevated anti-HLA antibodies and specifi c anti-donor-HLA T cell IFN-γ production 
in fi ve BOS compared to fi ve non-BOS patients [ 21 ]. However, at least one manu-
script describes reduced T cell alloreactivity against donor cells in lung transplant 

  Fig. 6.5    Two paradigms of the role of alloreactivity in development of BOS. In paradigm 1, allo-
reactivity is just one of the many direct contributors to BOS and is capable of causing BOS by 
itself. In paradigm 2, other factors interact with each other and potentiate alloreactivity. 
Alloreactivity in turn augments the lung’s response to other factors. The overall resulting injury 
causes BOS. Based on available data, paradigm 2 is closer to reality, with an ongoing crosstalk 
between various injurious pathways that all contribute to the disease       
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patients compared to pre-transplant controls, unrelated to BOS or acute rejection 
[ 22 ]. The timing of the T cell alloreactivity measurement may be important. A study 
performed in kidney transplant recipients demonstrated that early post-transplant 
changes in donor-specifi c cytotoxic T cell activity were more predictive of graft 
survival than late changes [ 23 ]. It is possible that alloreactivity may wane with time 
and may be less active by the time BOS has fully developed.  

    Indirect Alloantigen Recognition and BOS 

 A number of studies suggest that indirect allorecognition is important for develop-
ment of BOS. The assumption is that long-term presentation of donor alloantigens by 
recipient APC maintains persistent allorecognition over time and constitutes a mech-
anism for chronic rejection. Relevant manuscripts are listed and explained below. 

 Analysis of TCR variable gene repertoires in the peripheral blood showed oligo-
clonal expansion (i.e., cells with identical TCR genes) of circulating CD4 (but not 
CD8) T cells in a small cohort of lung transplant patients with BOS as compared to 
non-BOS. Therefore, it is possible that alloimmune responses in BOS are driven by 
indirect recognition of a small number of dominant alloantigens by recipient CD4 T 
cells [ 24 ,  25 ]. In a study of T cell alloproliferation in 8 OB patients compared to 11 
stable patients, peripheral blood lymphocytes were hyperresponsive to alloantigen 
in the indirect route with concurrent direct hyporesponsiveness to donor cells. 
The investigators co-cultured recipient peripheral CD4 T cells with either a mixture 
of recipient APC and donor peptides (to test indirect allorecognition) or directly 
with donor APC (to test direct allorecognition). Proliferative responses were com-
pared to responses to third-party (allogeneic but not donor) antigens [ 26 ]. 

 Furthermore, a series of four smaller studies (5–7 patients in each arm) demon-
strated increased indirect allorecognition of mismatched donor MHC I and II 
peptides by recipient lymphocytes in BOS patients as compared to non-BOS 
controls. Recipient peripheral blood cells were cultured in the presence of mis-
matched donor HLA peptides (which had to be presented indirectly by MHC mol-
ecules on recipient APC), and proliferative responses and CD4 precursor frequencies 
were measured [ 21 ,  27 – 29 ]. These data show that indirect T cell alloreactivity takes 
place in BOS patients, but this observation is based on small numbers of subjects 
and does not prove causality between alloreactivity and BOS.  

    T Cell Phenotypes in BOS 

 Only a few manuscripts show an increase in overall T cell numbers in BOS. 
An analysis of peripheral blood cells showed increased numbers of activated cyto-
toxic CD8 T cells with elevation of granzyme B and decreased CD4:CD8 ratio in 
seven BOS vs. seven non-BOS patients [ 30 ]. BOS patients were also found to have 
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increased CD8 T cells in their endobronchial biopsies but not in their BAL [ 31 ]. In fact, 
studies of BAL total T cells have in general failed to show differences between BOS 
and non-BOS. Compared to non-transplant patients, lung transplant recipients had 
increased numbers of CD8 T cells [ 31 – 34 ] and granzyme B [ 35 ,  36 ] in their BAL 
without a signifi cant difference between BOS and stable patients. This points 
towards the concept that there is general local intrapulmonary lymphocytic infl am-
mation post-transplant that may change the lung’s response to subsequent stimuli 
but that BOS itself is not necessarily accompanied by a signifi cant lymphocytic 
infl ammatory response. Nevertheless, T cell infl ammation may precede BOS, as 
suggested by the fi nding that acute rejection is a BOS risk factor, as discussed fur-
ther below. 

 While total T cell numbers may not be markedly different, the T cell phenotype 
appears altered in BOS. A BAL study of 48 BOS and 50 non-BOS patients showed 
increased numbers of activated CD4 and CD8 T cells based on expression of CD25 
[ 37 ]. Using CD69 as a marker of T cell activation, activated T cells were found to 
be increased in the blood, induced sputum, and BAL of 12 patients with evolving 
BOS in comparison with stable post-transplant patients [ 38 ]. Analysis of peripheral 
blood cells of 10 BOS patients compared to controls showed that activated CD4+ 
CD28− T cells were more numerous, produced more perforin and granzyme B 
enzymes, were more resistant to cyclosporine, and were associated with worse lung 
function and with death [ 39 ]. Based on this data, T cells isolated in patients with 
BOS do appear to be more active. 

 Th1 T cell polarization has been thought to be the predominant T cell phenotype 
in BOS given elevation of several Th1 cytokines in the serum [ 21 ,  38 ] and increased 
Th1 CD3 T cells in the blood, induced sputum, and BAL of BOS vs. stable patients 
[ 38 ]. In general, Th1 responses are considered to be the main orchestrators of organ 
rejection, with data showing that skewing away from Th1 towards Th2 polarization 
may be protective [ 40 ,  41 ]. However, more recent studies have found alloreactive 
Th2 cells to be deleterious in other transplant settings: Notably, it appears that CD8 
T cells in fact block Th2 polarization, and in situations where CD8 T cells are 
impaired, Th2 CD4 T cells can cause rejection [ 42 – 44 ]. In lung transplantation, 
there are few data supporting a potential benefi t of Th2 polarization: One group 
showed an association between BOS and decreased CCL17 levels [ 45 ] and reduced 
CCR4 on T cells [ 46 ]. CCL17 recruits Th2 cells, but also regulatory T cells, via the 
CCR4 receptor [ 47 ]. Based on another publication, while IL-13-positive Th2 cells 
were elevated in BOS patients compared to non-BOS patients, they were highest 
in those patients in whom BOS had stabilized vs. others whose lung function 
continued to deteriorate, implying a potential protective function of Th2 [ 38 ]. 
Conversely, other studies imply that Th2 may be detrimental and pro-fi brotic, with 
increased IL-13 receptor expression on myofi broblasts in human OB lesions [ 48 ] 
and elevated and biologically active IL-13 in BAL from BOS patients compared to 
stable controls [ 49 ]. 

 Data regarding CD30, a T cell activation marker produced mostly by Th2 cells 
[ 50 ], remains inconclusive. Two early studies showed that elevated serum-soluble 
CD30 (sCD30) correlates with BOS [ 51 ,  52 ]. However, this was not replicated in 
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later studies [ 53 ,  54 ], one of which actually showed a general decrease in sCD30 
post-transplant, suggesting that improved immunosuppression decreased sCD30 
without affecting development of BOS [ 54 ]. Based on the available data regarding 
T cell polarization in lung transplantation, it is likely that Th2 cells and their cyto-
kines potentiate BOS, although the exact Th2/Th1 balance and the specifi c role of 
alloreactive T cells are not fully understood and likely vary according to the state of 
alloreactivity and immunosuppression. 

 While Th17 autoreactive T cells have been described in human BOS patients 
[ 55 ], alloreactive Th17 cells have only been studied in animal models of lung trans-
plantation and will be discussed below.  

    Effect of Anti-T Cell Therapies on BOS 

 Responsiveness of BOS to immunosuppression has been described. Early studies 
are useful, since the baseline immunosuppression used in the 1990s was generally 
lower than in recent times. One such study showed that 9 of 10 patients had slowing 
of their FEV1 decline after treatment with methylprednisolone and anti-thymocyte 
globulin [ 56 ]. Withdrawal of azathioprine in seven lung transplant recipients who 
were rejection-free for 2 years led to development of BOS in four of them, but treat-
ment with steroids and reinstitution of azathioprine did not help [ 57 ]. In more recent 
studies, positive responses to augmented immunosuppression have also been 
described. Total lymphoid irradiation slowed down progression of BOS in 27 
patients [ 58 ] as well as in another cohort of six azithromycin-unresponsive patients 
[ 59 ]. Alemtuzumab, which causes profound CD4 T cell depletion, slowed down 
BOS progression in 7 of 10 BOS patients [ 60 ]. Induction with alemtuzumab has 
also been associated with reduced BOS (46 % vs. 54 % at 5 years) [ 61 ]. 

 In spite of the positive reports mentioned above, the use of heavy immunosup-
pression, and the improved treatment of acute rejection, the incidence of BOS 
remains around 50 % at 5 years [ 62 – 64 ]. Despite alemtuzumab induction, BOS still 
occurred in 46 % of patients at 5 years [ 61 ]. Some have proposed that there may be 
potent pro-infl ammatory pathways unresponsive to post-transplant immunosup-
pression, as demonstrated by persistently elevated numbers of T cells in the BAL of 
lung transplant recipients as compared to non-transplant controls [ 34 – 36 ]. T cell 
production of pro-infl ammatory cytokines, including IFN-γ and IL-2, was also 
shown to be elevated in the blood and BAL post-lung transplant [ 65 ,  66 ].  

    HLA Mismatching and BOS 

 An indirect proof that alloreactivity is important for development of BOS is the 
demonstration that HLA mismatching predisposes to BOS. However, studies of 
HLA matching in lung transplantation have been hampered by the small numbers of 
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patients with high-level matching, thus making comparisons diffi cult. Early data-
base reviews did not identify an association between HLA matching and BOS [ 67 ]. 
Nevertheless, the most recent large study of the OPTN database (9,791 patients) did 
show that total HLA mismatches and HLA class I mismatches correlated with 
development of BOS and survival. HLA class II mismatches correlated with acute 
rejection but not with BOS or survival. The authors proposed that HLA class II, 
expressed on donor-derived APC that are present in the graft early after transplant, 
are important in mediating acute rejection. Later after transplant, donor APC are 
depleted, and recognition of HLA I mediates chronic rejection [ 68 ]. Several prior 
smaller studies also found a link between BOS and HLA mismatching. Most of 
these studies identifi ed an association between BOS and HLA class I mismatches 
[ 69 – 73 ]. One study reports that HLA-DR (class II) mismatches increase the risk for 
BOS in a multivariate analysis of 102 patients [ 74 ], and another found a link between 
BOS and male donor-female recipient matching in 98 patients [ 75 ].   

    Effector Functions of the Alloimmune Response 

 The alloimmune T cell response triggers three main mechanisms of tissue injury: 
(1) direct CD8 T cell cytotoxicity, (2) CD4-mediated delayed type II hypersensitiv-
ity (DTH) reaction, and (3) potentiation of the B cell-mediated antibody response. 
In addition, the Th2 response may lead to immunoglobulin E generation and eosino-
phil recruitment, causing mucosal infl ammation and airway hyperreactivity. Th17 
cells, in turn, produce IL-17, which causes a strong pro-infl ammatory reaction. 

    CD8 T Cell Cytotoxicity 

 The most commonly described mechanism of allograft rejection is cellular killing 
by cytotoxic CD8 T cells. Preexistent alloreactive CD8 T cells can respond directly 
to class I MHC expressed on donor cells. CD8 T cells that have been primed indi-
rectly by foreign-alloantigen-self-MHC complexes generally should not recognize 
alloantigen in the context of allo-MHC [ 5 ,  76 ]. However, there have been reports of 
indirectly primed CD8 T cells being able to cause rejection [ 77 ]. Alloreactive CD4 
T cells provide cytokine help and activation signals for priming of naïve CD8 T 
cells. Unlike other organ transplants, in mouse models of lung allograft rejection, 
CD8 T cells have been shown to cause rejection even in the absence of CD4 T cells, 
likely through alternate costimulatory pathways [ 78 ]. Activated CD8 T cells cause 
injury by attaching to target donor cells and releasing cytotoxic granules and 
enzymes (such as granzyme B) that cause donor cell apoptosis [ 5 ]. In an in vitro 
study, CD8 T cells primed with allogeneic airway epithelial cells caused subsequent 
lysis of those airway epithelial cells by binding to MHC class I and by secreting 
factors that further increased epithelial expression of MHC and Fas ligand (a pro- 
apoptotic molecule) [ 79 ].  
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    CD4-Mediated Delayed Type II Hypersensitivity Type Reaction 

 CD4 T cells can be primed directly by MHC class II on donor cells or indirectly by 
alloantigen presented on recipient MHC class II. These specifi cally primed (usually 
Th1) CD4 T cells can then contribute to a nonspecifi c effector mechanism with 
secretion of IFN-γ, IL-2, TNF-α (alpha), and other cytokines that lead to recruit-
ment of infl ammatory leukocytes including macrophages and monocytes, and this 
can stimulate production of mediators of tissue injury such as reactive oxygen spe-
cies, nitric oxide, and prostaglandins [ 5 ].  

    Alloreactive T Cells as Potentiators of the Antibody Response 

 Generation of donor-specifi c antibodies has been correlated with development of 
BOS [ 80 ] and is described in another chapter. The allogeneic CD4 T cell response 
is important for generation of antibody-mediated rejection [ 81 ]. During the humoral 
response, B cells process alloantigen and present it to CD4 T cells. CD4 T cells in 
turn provide cytokine help to B cells to produce antibodies specifi c to alloantigen. 
The humoral response can then lead to either antibody-mediated cellular cytotoxic-
ity or complement fi xation with endothelial activation and injury [ 82 ,  83 ].  

    Targets of Alloimmune Injury 

 The potent direct recognition of MHC class II alloantigen by recipient T cells and 
the associated tissue injury may be explained by increased MHC class II expression 
on donor lung cells. IFN-γ, the primary Th1 cytokine, has been shown to increase 
MHC class II expression on airway epithelial cells in vitro [ 79 ]. Several early, small 
studies demonstrated that patients with OB have increased MHC class II on vascu-
lar endothelium as well as on tracheal, bronchiolar, and alveolar epithelium [ 84 –
 86 ]. In 80 transbronchial biopsies from lung transplant patients, increased MHC 
class II (HLA-DR) expression was found on epithelial and endothelial cells with 
increased expression of cathepsin E, which is an aspartic proteinase involved in 
antigen processing [ 87 ]. The authors proposed that epithelial cells themselves may 
be able to trigger delayed-type hypersensitivity reactions due to CD4 T cell direct 
recognition of the donor MHC II presenting allopeptide [ 87 ]. Another small study 
showed increased expression of costimulatory CD80 and CD86 molecules on bron-
chial epithelial cells obtained by bronchial brushings from BOS compared to non-
BOS patients. This lends additional credence to the idea that epithelial cells may be 
able to directly activate alloreactive T cells [ 88 ].   
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    Acute Cellular Rejection as a Risk Factor for BOS 

 Thirty-six percent of patients have at least one episode of acute rejection in the fi rst 
year post-lung transplantation [ 89 ]. This staggering incidence of acute rejection is 
thought to be one of the reasons for subsequent predisposition to BOS. In fact, acute 
rejection has been found to be predictive of BOS in multiple cohorts comprising 
greater than 100 patients [ 71 ,  74 ,  90 ]. Even minimal grade A1 rejection was identi-
fi ed as a risk factor for BOS in cohorts of 128 patients [ 91 ] and 228 patients [ 92 ]. 
A single episode of A1 was a predictor of BOS in a study of 259 patients [ 93 ]. 
Furthermore, acute bronchiolar-based rejection, manifested as lymphocytic bron-
chiolitis, has been found to be an independent predictor of BOS with more severe B 
grade predicting increased BOS incidence [ 94 ]. 

 There are good data that acute rejection is mediated by alloreactive T cells. BAL 
T cells show specifi c hyperreactivity to donor splenocytes during acute rejection 
[ 20 ], and augmented immunosuppression is relatively effective in treating episodes 
of acute rejection [ 95 ]. On pathology, acute rejection is characterized by infi ltrates 
of T cells in the perivascular and peribronchial regions of the allograft [ 96 ]. Although 
both CD4 and CD8 T cells are present in the infi ltrate, CD8 T cells have been found 
to predominate in several studies and may represent mediators of cytotoxic tissue 
injury [ 37 ,  97 ]. 

 The general assumption is that alloreactive T cells cause repetitive injury during 
acute rejection and, thus, trigger mechanisms ultimately leading to OB. In fact, 
acute rejection appears to further enhance mechanisms of allorecognition by a self- 
perpetuating feedback loop. Increases in HLA-DR (class II) expression on pulmo-
nary epithelial and endothelial cells have been shown during acute rejection ( n  = 14) 
[ 98 ]. Furthermore, class I HLA molecules are released into the BAL [ 99 ] as well as 
into the circulation during acute rejection [ 100 ]. Circulating soluble HLA in the lat-
ter study correlated with later development of BOS. The authors postulated that 
soluble HLA antigens serve as substrates for indirect presentation to alloreactive T 
cells and further potentiate the alloimmune response and subsequent injury [ 100 ].  

    Interactions of Alloimmune T Cells with Innate 
Immune Responses 

 In contrast to the adaptive immune system, the innate arm of the mammalian 
immune system has lesser specifi city and generally no capacity for immunologic 
memory. Nevertheless, it interacts constantly with adaptive immune cells and 
responds to injury and infections within the allograft. The lung’s constant exposure 
to the ambient external environment and inhaled or aspirated pathogens is quite 
unique and has been thought of as a major contributor to the high incidence of acute 
rejection and BOS. The altered, post-transplant innate immune responses and their 
relationship to BOS are described in another chapter. While innate immune mecha-
nisms are altered post-lung transplant and are clearly sources of graft injury, this 
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section will discuss whether and how innate immune activation actually potentiates 
alloimmune T cell responses. Innate immune cells are recruited to and activated in 
the allograft by ongoing damage due to ischemia-reperfusion injury at the time of 
transplant, acute rejection, infections, and environmental insults. In fact, endothelial 
damage from acute rejection has been shown to generate APC-recruiting chemo-
kines. Activation of APC in turn leads to (1) upregulation of surface MHC expres-
sion and increased presentation of alloantigen to T cells, (2) upregulation of 
costimulatory molecules, (3) inhibition of Treg suppression, (4) production of cyto-
kines for T cell differentiation, and (5) production of cytokines that further recruit 
lymphocytes [ 101 ,  102 ]. 

    Innate Immunity Triggers are Associated with Rejection 

 Several nonspecifi c, injurious post-transplant events have been associated with 
acute and/or chronic lung allograft rejection, constituting indirect evidence that 
innate immunity can potentiate alloimmunity. Primary graft dysfunction was shown 
to be associated with generalized upregulation of infl ammatory cytokines (CCL2, 
CXCL10, IL-1β, IL-2, IFN-γ, IL-12) as well as with increased generation of allo-
specifi c antibodies and T cells, increased Th1, and increased predisposition to BOS 
[ 21 ,  103 ]. Gastroesophageal refl ux in human lung transplant recipients has been 
associated with increased incidence of acute rejection [ 104 ] as well as BOS [ 105 ]. 
A small study of a miniature swine lung transplant model showed that GERD 
increased indirect allorecognition of MHC class I alloantigen [ 106 ]. In an ortho-
topic rat lung transplant model, gastric acid aspiration was found to increase acute 
rejection [ 107 ] as well as OB with increased CD3 T cell infi ltration and Th1 cyto-
kine elevation [ 108 ], although specifi c changes in T cell allorecognition were not 
evaluated. Sendai viral infection also worsened airway obliteration in allografts but 
not in syngeneic grafts in a model of orthotopic lung [ 109 ] as well as orthotopic 
tracheal [ 110 ] transplantation in rats.  

    APC and T Cell Alloreactivity 

 APC are generally thought to present processed antigen to lymphocytes in the 
lymph nodes. However, recent research indicates that antigen presentation by APC 
can occur directly in the lung [ 111 ]. A study of human lung biopsies has identifi ed 
increased presence of intrapulmonary APC in patients with BOS [ 112 ]. Using the 
orthotopic mouse lung transplant model, decreased APC recruitment to the lung 
using CCR2-defi ciency led to decreased indirect T cell allorecognition. However, 
acute rejection still occurred, indicating that direct mechanisms of allorecognition 
were suffi cient to generate acute rejection [ 113 ]. Similarly, local alveolar macro-
phage depletion in a model of rat lung transplant led to decreased Th1 responses, 
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but overall acute rejection pathology remained unchanged [ 114 ]. Therefore, it has 
been postulated that APC presence may be important for potentiation of indirect 
recognition and subsequent chronic rejection. In fact, in the tracheal transplant air-
way obliteration model, CCR2 blockade did not change lymphocyte infi ltration but 
did decrease OB-like pathology [ 115 ]. Additionally, epithelial and endothelial cells 
have been shown to be capable of participating in the innate immune response: 
combined allotransplantation and viral infection stimulated production of IL-12p80 
by the airway epithelium, which led to macrophage accumulation and increased 
obliteration in the heterotopic tracheal transplant mouse model [ 116 ]. Additional 
research is needed to determine to what extent APC participate in development of 
post-transplant OB.  

    Toll-Like Receptor Signaling 

 APC express germ-line encoded pattern recognition receptors (PRR) that recognize 
conserved pathogen-associated molecular patterns (PAMP). The best-described 
PRR are the Toll-like receptors (TLRs). TLR signaling, mostly through the adaptor 
protein MyD88, activates downstream transcription factors that lead to maturation 
and activation of APC and their migration to lymph nodes [ 101 ,  102 ]. TLR signaling 
was found to be important for priming of alloimmune T cells by DC activated by 
hyaluronan, an endogenous matrix product that was found to accumulate during 
skin transplant-related injury and was elevated in BAL of BOS patients [ 117 ]. 

 In several animal models of organ transplantation, MyD88 has been found to be 
important for indirect antigen presentation by DC as well as for Th1 differentiation 
of alloreactive T cells; however, acute rejection occurred through direct allorecogni-
tion independent of TLR signaling [ 118 – 120 ]. TLR signaling has also been shown 
to block established tolerance in models of heart, skin, and bone marrow transplan-
tation [ 121 – 123 ]. TLR signaling is thus thought to likely play a larger role in chronic 
rather than acute rejection, as demonstrated in an animal model of chronic kidney 
rejection [ 124 ]. 

 TLR signaling has not been specifi cally studied in animal models of chronic lung 
rejection. Nevertheless, human genetic studies suggest that it may have an impor-
tant role, perhaps through its potentiation of indirect allorecognition, by showing 
that polymorphisms in TLR4 and its adaptor protein CD14 changed not only the 
risk of acute rejection in lung and kidney transplantation but also the risk of BOS 
[ 125 – 127 ].   

    Regulatory T Cells and Transplantation Tolerance 

 The occasional observation of long-term allograft acceptance in the absence of 
immunosuppression has long fascinated the transplant community, and mechanisms 
and potential therapeutic applications of tolerance have been heavily investigated. 
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Multiple immune cells, including regulatory T cells, B cells, macrophages, myeloid- 
derived suppressor cells, tolerogenic DC, and mesenchymal stromal/stem cells, 
have been described as having the potential to assume a regulatory immunosuppres-
sive phenotype. This section will focus on regulatory T cells. 

    Regulatory T Cells 

 The best-described regulatory T cells (Tregs) are CD4 T cells that express the 
FOXP3 transcription factor as well as CD25 and are therefore usually identifi ed as 
CD4+CD25+FOXP3+ triple positive cells. CD45RA or CD45RO is also expressed 
by human Tregs. Natural Tregs are selected in the thymus and function to suppress 
anti-self responses. Induced Tregs are generated from CD4 T cells in the periphery 
by pro-tolerogenic signals. Tregs cause suppression by direct contact via their cyto-
toxic T-lymphocyte antigen 4 (CTLA4) directly binding to other cells. CTLA4 
binds to APC and prevents them from activating other T cells. Tregs also produce 
suppressor cytokines, such as IL-10, that inhibit APC and transform other T cells 
into regulatory T cells. In addition, CD8, CD4−CD8−, NKT, and gamma-delta reg-
ulatory T cells have been described and implicated in transplantation tolerance 
[ 128 ]. Tregs have been shown to prevent or slow down rejection in many animal 
models [ 129 ].  

    Tregs in BOS 

 Several studies have described Treg defi ciencies in patients with BOS vs. without 
BOS, and it has been postulated that Tregs protect against chronic lung allograft 
rejection. Studies that were conducted before the use of FOXP3 as a marker of Tregs 
showed increased CD4+CD25+CD69− regulatory T cells in the blood [ 38 ,  130 , 
 131 ] and in the BAL [ 38 ] of stable patients as compared with BOS patients. In vitro, 
these regulatory T cells were hyporesponsive, suppressive of other autologous 
T cells, and produced IL-10 [ 130 ]. Increased CD4−CD8− CD30+ pro-tolerant T 
cells were measured upon peripheral blood stimulation by donor spleen cells in 
stable compared to BOS patients [ 132 ]. Other studies showed elevation of serum 
IL-10 with concurrently decreased Th1 cytokines [ 21 ] as well as increased IL-10 
production by peripheral blood CD4 T cells [ 133 ] in BOS vs. non-BOS patients. 

 FOXP3+ Tregs have been described in more recent manuscripts. Compared to 
BOS patients, stable patients were found to have higher numbers of Tregs in their 
blood that specifi cally stimulated proliferation of IL-10-producing anti-collagen-V 
suppressive T cells. These studies suggested that Tregs participate in suppressing 
the autoimmune pathways that may be responsible for BOS, which are described in 
another chapter [ 134 ,  135 ]. A study of Tregs in the BAL showed that 
CCR7+CD45RA− CD4+CD25+FOXP3+Tregs were associated with protection 
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against BOS, although overall numbers of Tregs were not found to correlate with 
outcomes [ 136 ]. In a larger cohort, Treg prevalence, measured as FOXP3+ cells as 
a percentage of CD4 T cells, was increased in the BAL but not in the blood of 14 
stable vs. 6 BOS patients [ 137 ]. 

 A mechanistic analysis of Tregs and tolerogenic DC was performed using co- 
cultures of monocyte-derived DC and autologous lymphocytes from BOS vs. stable 
patients. The stable patient cell cultures were characterized by less mature DC with 
decreased CD80 and CD83 expression as well as increased Tregs, higher IL-10 
levels, increased CTLA4, and decreased CD28 costimulation molecules. This indi-
cated that DC from stable recipients induced a tolerant T cell phenotype while DC 
from BOS patients induced a pro-infl ammatory T cell phenotype. The tolerogenic 
in vitro effect of DC on T cells could be abolished using anti-CTLA4 blockade 
[ 138 ]. This is consistent with data from other transplant settings indicating that 
tolerogenic DC are involved in promoting tolerance [ 139 ]. 

 While small studies in lung transplantation showed that the immunosuppressive 
regimen did not affect Treg prevalence [ 131 ,  140 ], data from other transplant sce-
narios indicate that individual agents can alter Tregs. Calcineurin inhibitors decrease 
the overall number of Tregs via inhibition of IL-2, which is necessary for Treg func-
tion. However, at least some studies show that calcineurin inhibitors preferentially 
decrease conventional T cells, leading to an increase in the Treg to effector T cell 
ratio [ 129 ]. Alemtuzumab anti-CD52 therapy was followed by a shift from myeloid 
to the more tolerogenic plasmacytoid DC phenotype [ 141 ,  142 ]. Furthermore, post- 
alemtuzumab immune reconstitution preferentially increased CD8+CD28− sup-
pressive T cells [ 143 ]. Rapamycin has been reported to promote Tregs in vitro [ 144 ] 
and in vivo [ 145 ]. Nevertheless, the combined effect of immunosuppressive agents 
in lung transplantation remains poorly understood. 

 While much more remains to be learned about Tregs in lung transplantation and 
their effect on BOS development, these cells represent an interesting potential thera-
peutic strategy. In fact, administration of Tregs [ 146 ] and potentiation of Tregs by 
oral tolerance therapy to collagen V decreased BOS in rat tracheal transplant mod-
els [ 147 ]. Alloantigen-specifi c Tregs would theoretically constitute an ideal targeted 
immunosuppressive modality.   

    Animal Models of OB and Lessons Learned 

 In this section, we will discuss animal models of alloimmune T cell-dependent 
BOS. However, toxin-induced and antibody-induced animal models of OB have 
also been developed. 

    The Rodent Heterotopic Tracheal Transplant Model 

 Many lung transplant immunology paradigms are based on the heterotopic (mean-
ing “out of place”) tracheal transplant model in mice and rats. This model consists 
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of implanting the trachea under the skin (and in some instances the omentum) of an 
allogeneic animal and is characterized by a triphasic time course with initial Th1- 
dominated lymphocytic infi ltration [ 148 ,  149 ], subsequent epithelial loss, and 
fi nally fi brotic obliteration of the trachea [ 150 ]. The fact that this tracheal oblitera-
tion occurs only in the allografts and not in syngeneic controls has been an impor-
tant piece of evidence that alloimmune T cells are key in the development of this 
post-transplant obliterative airway disease (OAD) [ 151 ]. Furthermore, RAG1- 
knockout mice that lack lymphocytes do not develop obliteration of a tracheal 
allograft [ 152 ]. Nevertheless, non-alloimmune mechanisms are thought to contrib-
ute to the OAD in this model. If the tracheal allograft stays implanted in an alloge-
neic recipient for 14 days and is then retransplanted into a syngeneic recipient, OAD 
progresses in spite of the lack of alloimmune stimuli [ 153 ]. Furthermore, an ortho-
topically transplanted trachea does not undergo the same level of obliteration, sug-
gesting that the ischemic injury of the non-vascularized, heterotopically transplanted 
trachea is an important pro-fi brotic factor [ 154 – 156 ]. Unlike human BOS, OAD in 
heterotopically transplanted tracheas responds well to anti-T cell therapies, such as 
calcineurin inhibitors via IL-2 receptor blockade [ 157 ,  158 ] or rapamycin [ 159 ]. 

    Direct vs. Indirect Allorecognition in the Heterotopic Tracheal 
Transplant Model 

 Heterotopic tracheal transplantation leads to an early CD8 T cell infi ltration at 2 
weeks, followed by a CD4-predominant T cell infi ltration at about 6 weeks [ 151 ]. 
This supports the simplifi ed idea that CD8 T cells cause acute rejection by direct 
recognition of MHC class I in the allograft, while CD4 T cells cause chronic injury 
via indirect allostimulation by recruited recipient APC. Further support for this 
paradigm is provided by experiments where CD4 T cells were more effective than 
CD8 T cells at causing rapid onset OAD, even though CD4 or CD8 T cells alone 
were both suffi cient to cause OAD [ 152 ]. Additional evidence for the importance of 
indirect allorecognition in this model of OAD comes from a study in which tracheas 
from transgenic mice that expressed human antigens were used as donors. Human 
antigens cannot be recognized directly by mouse CD8 T cells. Therefore, OAD that 
developed in this setting had to be due to indirect recognition through alloantigen 
presentation by recipient APC [ 160 ,  161 ]. 

 Conversely, other experiments support a role of direct allorecognition by CD8 T 
cells in OAD pathogenesis. To more specifi cally evaluate direct allorecognition by 
CD8 T cells in this model, the capacity of a recipient mouse to reject tracheas mis-
matched for a single minor histocompatibility antigen presented uniquely in the 
context of MHC class I on the donor trachea was analyzed. This antigen can be 
recognized only directly by CD8 T cells. Mice developed OAD, but disease onset 
was delayed compared to the usual timeline [ 162 ]. 

 Ultimately, both the direct and indirect allorecognition routes appear to play a 
role in rodent allogeneic tracheal obliteration. A comprehensive analysis of the role 
of MHC class I and/or II defi ciency in the donor and/or recipient confi rmed that the 
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direct allorecognition pathway was suffi cient to cause OAD, but the indirect 
allorecognition pathway was a stronger factor. Furthermore, MHC class I molecules 
were stronger alloantigens than MHC class II [ 163 ]. Another study showed that a 
single MHC class I molecule mismatch or a single minor antigen mismatch was 
insuffi cient to lead to OAD in spite of T cell accumulation. However, a combination 
of these two mismatches led to OAD, demonstrating cooperation between directly 
alloreactive CD8 T cells and minor antigen-specifi c CD4 T cells [ 164 ].  

    Costimulatory Blockade in the Heterotopic Tracheal Transplant Model 

 T cell costimulatory blockade has been shown to reduce OAD in models of hetero-
topic tracheal transplantation. One method of costimulatory blockade employed 
was CTLA4-immunoglobulin transfection, which blocks the interaction between 
CD28 on T cells and B7 expressed on APC [ 165 – 167 ]. Another T cell costimulatory 
molecule that binds to B7 is ICOS, and anti-ICOS treatment also decreased OAD in 
this model [ 168 ]. Other experiments demonstrated the importance of the costimula-
tory pathway and the interaction between CD40 expressed on APC and CD40 
ligand (CD40L) on T cells. This was achieved using CD40L-defi cient mice [ 169 ] or 
anti- CD40L antibody treatment [ 170 ]. CD40L-knockout recipients had ineffective 
allospecifi c priming of CD8 T cells with surprisingly preserved CD8 T cell prolif-
eration but reduction in OAD, suggesting uncoupling of cell proliferation from 
effector function of the T cells [ 171 ].  

    IL-10 in Tracheal Transplant Models 

 The suppressive cytokine IL-10 plays an important role in development of OAD in 
the heterotopic tracheal transplant model. IL-10 blockade worsened OAD in the rat 
heterotopic tracheal allograft, while recombinant IL-10 signifi cantly decreased dis-
ease [ 172 ]. Recombinant viral expression of IL-10 in this model also decreased 
OAD [ 173 ,  174 ]. These fi ndings were further corroborated by experiments with the 
intrapulmonary heterotopic tracheal transplant model (described below) where 
lentivirally delivered IL-10 also decreased OAD [ 175 ].  

    T Cell Recruitment in Tracheal Transplant Models 

 T cell recruitment via chemokine gradients has been shown to mediate OAD in 
rodent tracheal transplant models. Upon binding to a specifi c receptor, chemokine 
proteins mediate chemotaxis or directional movement of cells, usually toward sites 
of infl ammation. 

 After heterotopic allogeneic transplantation of mouse tracheas, antibody block-
ade of either the chemokine the chemokine receptor CXCR3, or its ligands CXCL9 
or CXCL10, led to reduction of OAD and decreased recruitment of CXCR3+ 
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mononuclear cells [ 176 ]. This was supported with human data showing elevated 
CXCL9, CXCL10, and CXCL11 chemokines in the BAL at the time of acute rejec-
tion or BOS [ 176 ]. Additional human data show increased CXCR3 receptor expres-
sion on T cells in biopsies of acute rejection and OB. BAL T cells obtained during 
rejection were found to express CXCR3 and demonstrated chemotaxis to CXCL10, 
and BAL macrophages and epithelial cells stained positive for CXCL10 [ 177 ]. In a 
later mouse study that used both the heterotopic and orthotopic tracheal transplant 
models, CXCR3 knockout recipients had decreased OAD, but disease in CXCL9 or 
CXCL10 knockouts was unchanged, suggesting that CXCR3 expression on 
recruited lymphocytes is important but that the ligands are redundant and may com-
pensate for each other [ 178 ]. 

 The CCL5 chemokine and its receptors CCR1 and CCR5 were also studied. 
Combined blockade of CCR1 and CCR5 as well as treatment with anti-CCL5 
reduced OAD [ 179 ,  180 ]. Other T cell recruitment pathways have been shown to 
mediate OAD in rodent tracheal transplantation including the leukotriene B4 path-
way [ 181 ] and the adenosine-A2B receptor pathway [ 182 ]. Adenosine, generated 
by the effect of the enzyme CD73, appears to stimulate recruitment of T cells via the 
A2B receptor but may provide important negative regulation of T cell chemotaxis in 
transplant by binding to the A2A receptors on T cells. Blockade of the adenosine- 
A2A receptor pathway was shown to increase OAD while its potentiation reduced 
OAD in models of rodent tracheal transplantation [ 183 ,  184 ]. 

 Studies in other transplant models have questioned the utility of single chemo-
kine blockade as therapeutic strategies to reduce rejection [ 185 – 187 ]. Many other 
chemokines appear to be elevated post-lung transplant [ 188 ,  189 ] with redundant 
activities, and it remains unclear whether single or multi-chemokine blockade may 
become a therapeutic strategy in human transplantation.   

    The Orthotopic Tracheal Transplant Model 

 In mice and rats that undergo orthotopic tracheal transplantation (wherein the tra-
chea is sutured in series or in parallel to the native trachea), concentric subepithelial 
fi brosis occurs in the allografts. However, epithelial destruction and airway oblitera-
tion are much less pronounced than in the heterotopic model, indicating that the 
epithelial injury in the heterotopic setting may be due to ischemia-reperfusion injury 
[ 154 – 156 ]. This model was used to investigate the role of Tregs with the fi nding that 
administration of exogenous Tregs decreased peritracheal fi brosis [ 146 ].  

    The Orthotopic Mouse Lung Transplant Model 

 The development of the orthotopic single left lung transplant model in mice has 
been an exciting advancement for the fi eld of lung transplantation immunology 
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[ 190 ]. While technically challenging, the ability to use mouse reagents while study-
ing the whole transplanted lung has yielded several new observations relevant to the 
fi eld. However, the diffi culty of generating OB, the ultimate killer in human lung 
transplantation, has been a source of major frustration. In spite of severe acute rejec-
tion, no OB lesions were seen at 1 month post-transplant with fi ndings of normal 
epithelium and increased levels of anti-apoptotic protein Bcl-2. The hypothesis is 
that mouse epithelial cells are resistant to alloimmune injury alone and that other 
stimuli are necessary for development of OB, such as ischemia, as seen in the het-
erotopic tracheal transplant [ 191 ]. 

 Nevertheless, two groups have now reported OB in the orthotopic mouse lung 
transplant model using strategies that in effect reduce the alloimmune signal. The 
fi rst study employed a transplant across a minor MHC antigen mismatch, which 
generated OB lesions in about half of the mice at 21 days [ 192 ]. The second group 
used immunosuppression with cyclosporine and reported that OB lesions develop 3 
months following major MHC antigen-mismatched transplantation in approxi-
mately 50 % of the animals [ 193 ]. In both cases, the OB lesions developed in the 
setting of severe rejection and cellular infi ltration of the allograft, which is different 
from the human OB lungs where relative sparing of the interstitial and alveolar tis-
sue is usually seen.  

    Th17 in OB 

 Development of OB in the minor-mismatched orthotopic mouse lung transplant 
model was found to be dependent on IL-17, and OB was signifi cantly reduced by 
IL-17 neutralization. Allospecifi c and collagen V-specifi c IL-17-producing lym-
phocytes were identifi ed as likely contributors to the infl ammation, suggesting that 
concurrent alloimmune and autoimmune processes were generating a Th17 response 
[ 192 ]. The Th17 pathway was not measured in the OB model post-cyclosporine 
treatment [ 193 ]. IL-17-producing alloreactive T cells were evaluated in another 
study of the orthotopic mouse lung transplant model using T-bet-defi cient mice 
with a strong polarization towards Th17. IL-17-producing CD8 T cells were identi-
fi ed as potentiators of acute rejection in T-bet-defi cient mice and were found to be 
resistant to anti-CD154 costimulatory blockade [ 194 ] . These fi ndings are consis-
tent with the association of small airway fi brosis after BMT using T-bet-defi cient 
donors and strong Th17 polarization [ 195 ]. In humans, IL-17 has been found to be 
elevated in the BAL of patients with acute rejection [ 196 ], and IL-17-dependent 
collagen V T cell reactivity was associated with BOS in another study [ 55 ]. These 
studies make Th17 and IL-17 exciting candidates as mediators of BOS, but addi-
tional confi rmatory studies need to be done in both animals and humans to fully 
understand the relationship between these immune pathways and airway fi brosis 
and obliteration.  
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    Location of Allorecognition in Animal Models of OB 

 Classically, APC are thought to circulate from the transplanted allograft to lymph 
nodes where they present alloantigen to T cells. In fact, in animal models of other 
solid organ transplants, acute rejection can be prevented by disrupting the lymphatic 
circulation [ 197 ]. However, in human lung transplantation, the lymphatic circula-
tion is not surgically reconnected at the time of transplant, and access of APC to 
recipient pulmonary lymph nodes is likely limited. In studies of transplantation of 
the intestine, which has intrinsic lymphoid tissue similar to the lung, residual donor 
APC were found in the donor intestinal lymphoid organs and constituted a major 
source of alloreactive T cell priming [ 198 ]. 

 In the case of lung transplantation, it has been hypothesized that allorecognition 
occurs in the lung itself. Abundant MHC class II-positive APC can be found in the 
lung post-transplant [ 112 ], and bronchus-associated lymphoid tissue (BALT) has 
been proposed as a site of intrapulmonary T cell priming. Rodent tracheal transplant 
models have been used to investigate this question. After heterotopic transplantation 
of the allogeneic mouse trachea, allospecifi c CD8 effector T cells traffi c to the native 
lung, suggesting that the lung functions as an immunologic organ [ 199 ]. In another 
set of experiments, investigators transplanted a rat trachea inside the lung of an allo-
geneic recipient rat. This model has been shown to generate OAD inside the intrapul-
monary tracheal allograft and not in isografts [ 200 ,  201 ] and has been proposed as a 
way to study alloimmunity in the context of the actual lung environment. De novo 
lymphoid tissue was found in the lungs containing allogeneic tracheas, and this lym-
phoid tissue was capable of maintaining the allospecifi c effector function of memory 
T cells after transplantation into another syngeneic rat. This suggested an important 
role of inducible BALT in generation and maintenance of allorecognition [ 202 ]. 

 A more defi nitive study was performed using the orthotopic mouse lung trans-
plant model. Using recipients that completely lacked all lymphatic tissue, acute 
rejection still developed, and clusters of recipient T cells and donor DC were identi-
fi ed within the lung allograft. This demonstrated that acute rejection can occur with-
out secondary lymphoid organs and that allorecognition can take place in the lung 
itself [ 111 ]. This implies that the lung may be the actual site of activation of naïve 
allogeneic T cells immediately after transplant, making some refer to the lung as a 
giant “lymph node with alveoli” [ 203 ]. This makes the lung distinct from most other 
transplanted organs and may also explain the persistence of the indirect allorecogni-
tion pathway, whereby recipient APC infi ltrate the lung and recognize donor anti-
gen a long time after transplant.  

    The Orthotopic Rat Lung Transplant Model 

 The orthotopic left lung transplant has also been performed in the rat. The technique 
is easier given the larger size of the animals compared to mice, but reagents and 
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transgenic tools in this species have always been limited. With cyclosporine immu-
nosuppression, this model develops minimal OB [ 204 ]. In the setting of lesser 
immunosuppression, small airway obliteration has been achieved but is not identi-
cal to human OB, showing severe acute rejection and whole lung cellular infi ltration 
in addition to the OB lesions, which are similar to the orthotopic mouse lung trans-
plant OB pathology. In one study, OB was seen 2 months after rat orthotopic lung 
transplantation with delayed methylprednisolone treatment. This study showed that 
acute rejection predisposes to OB and decreased immunosuppression increases OB 
[ 205 ]. Another group increased allorecognition after orthotopic rat lung transplant 
by presensitizing with a donor skin transplant 1 week prior to lung transplant. With 
rapamycin treatment and initial treatment with cyclosporine, OB was seen at day 
84, with signifi cant Th1 cytokine upregulation and decreased FOXP3 expression 
[ 206 ]. Another study showed that early initiation of everolimus or mycophenolate 
mofetil prevented development of OB, but institution of immunosuppression once 
OB had developed was not effective in decreasing disease progression [ 207 ,  208 ]. 
These studies support the notion that allorecognition is important in triggering OB 
pathogenesis, but further progression of OB may be independent of alloimmune 
mechanisms. The orthotopic rat lung transplant model has also been useful to study 
the effect of environmental insults on the allograft, and relevant studies are outlined 
in the section on innate immunity above.  

    Other Animal Models of OB 

 Other OB models have been developed that support the role of alloimmunity in the 
pathogenesis of the disease but have not been used much to advance our  understanding 
of the mechanisms underlying the pathogenesis of OB. 

    Pigs 

 Heterotopic subcutaneous transplantation of lung fragments has been performed in 
pigs and yields airway obliteration within 21 days, which can be delayed with 
immunosuppression [ 209 – 211 ]. The orthotopic lung transplantation in miniature 
swine has been a little more popular. OB lesions appear after tapering immunosup-
pression along with infi ltration of predominantly CD8 T cells and increased expres-
sion of MHC class II on the bronchiolar epithelium and increased DC [ 212 ]. When 
inbred miniature swine became available, studies were performed using MHC- 
matched animals. Transplanting across minor antigen mismatch only led to OB in 
four animals with documentation of anti-donor T cell proliferation and preponder-
ance of CD8 T cells in the lung [ 213 ]. Similar to the rodent orthotopic lung trans-
plant, OB lesions are found amidst a completely destroyed and fi brotic lung with 
severe A4 rejection. Tacrolimus but not cyclosporine has been found to induce long- 
term tolerance of the orthotopic lung without OB in this miniature swine 
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mismatched for minor antigens [ 214 ]. A higher mismatch status for the MHC mol-
ecules increased OB and made the disease resistant to tacrolimus [ 215 ]. This expen-
sive animal model has not been widely used in the transplant world.  

    Human-Mouse Chimera 

 An interesting variation on the heterotopic models has been developed whereby 
human small airways were implanted subcutaneously into an immunodefi cient 
mouse with concurrent infusion of allogeneic human leukocytes. This human- 
mouse chimeric airway transplant model showed development of T cell infi ltration, 
anti-donor-specifi c human T cell expansion, and OB-like disease in the transplanted 
airways. However, a syngeneic control was not provided in this study [ 216 ].  

    Mouse Bone Marrow Transplantation 

 Murine allogeneic BMT has been shown to generate small airway obliteration after 
cyclophosphamide treatment at 2 months in one study [ 217 ] and peribronchiolar 
fi brosis using donor T-bet defi ciency and Th17 polarization in another study [ 195 ]. 
These models also allow the study of allogeneic mechanisms and concurrent envi-
ronmental exposures in the study of OB-like disease in the whole mouse lung. 

 These animal models of OB have allowed signifi cant progress in our understanding 
of the disease and now offer a good arsenal of tools to study mechanisms of OB in 
the future. However, lung pathology in any of these models is not identical to human 
OB, in which alveolar and interstitial sparing stands in stark contrast to the fi brotic 
obliterated airways. Additional modifi cations of these animal systems will hope-
fully yield even better ways of modeling human disease.    

    New Directions 

 The number of lung transplants performed worldwide has been increasing over the 
last several decades. With improved therapies of primary graft dysfunction, acute 
rejection, and infection, BOS has become, even more than before, the ultimate 
obstacle preventing further progress in the therapeutic modality of lung transplanta-
tion. Embarrassingly, we are still uncertain as to whether specifi c immunosuppres-
sive regimens may in fact potentiate mechanisms of BOS by decreasing Tregs or 
potentiating Th2 or Th17 responses. With the growth of many lung transplant pro-
grams, collaborative clinical studies need to be set up to study the effects of immu-
nosuppression on various arms of the immune system and on BOS. With modern 
fl ow cytometric and immunological assays combined with methods to study immune 
processes in samples obtained directly from the lung itself, we can now obtain more 
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relevant and defi nitive answers. Our knowledge of T cell alloreactivity in BOS is 
based mostly on very small studies performed in the 1990s. This topic should be 
revisited with a larger numbers of patients, more precise reagents to measure donor 
and third-party alloreactivity, and comparison of peripheral vs. intrapulmonary 
cells. This will enable us to determine the effects of specifi c medical regimens on 
T cell function and T cell subsets and correlate these processes with precisely 
defi ned outcomes. 

 Furthermore, progress made in animal modeling of the disease is an important 
factor in allowing us to dissect the mechanisms of OB. Models that lead to genera-
tion of OB in the whole orthotopic lung combined with improved reagents and 
modern immunological tools such as in vivo imaging of immune cells and capacity 
for genetic manipulation in individual cell subsets will allow us to advance the sci-
ence. It will be important to better understand the crosstalk between various arms of 
the immune system: adaptive vs. innate, alloimmune vs. autoimmune, Th1 vs. Th17 
or Th2, Tregs vs. other T cells or APC. The application of modern immunologic 
methods will also allow characterization of interactions between immune cells and 
lung structural cells that generate the fi brotic structures. 

 Finally, with the progressive increase in clinical activity, validation of animal 
fi ndings in human subjects and clinical application of suggested therapies can now 
occur at a faster pace.  

    Conclusion 

 The fact that OB can develop in the absence of alloimmune stimuli suggests that 
there is a common pathway shared by the post-transplant and non-transplant OB 
that can progress in spite of alloimmunity. Nevertheless, alloimmunity is an impor-
tant contributor to development of post-transplant OB as demonstrated in the many 
studies cited above. In the clinical arena we continue to struggle with the balance of 
under- and over-immunosuppression, and effective therapies for BOS remain elu-
sive. Fortunately, with the recent development of new animal models of OB, with 
the renewed interest in OB by the basic science community, and with the identifi ca-
tion of novel mechanisms of this disease, we have entered into a very exciting time 
in the fi eld of lung transplantation. While our understanding of OB development 
remains terribly limited, I submit that new ideas for pathogenesis and treatment are 
now on the horizon. Further progress will rely on continued interaction and collabo-
ration among institutions, among lung transplant centers, and among investigators 
conducting basic, clinical, and translational research to achieve a common goal of 
unraveling BOS enigmas.     
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    Abstract     Why do apparently healthy, noninfected lungs fail after successful lung 
transplantation? Is there a unifying cause or do many insults and injuries lead to a 
stereotypic allograft response exacerbated by regional ischemia of the terminal 
bronchioles so that fi brogenesis dominates the histopathological result? These are 
basic questions that have troubled the lung transplant clinician since the fi rst suc-
cessful lung transplants were performed in the early 1980s. Perhaps we are closer to 
an understanding now, and the answer hinges, of course, on the concept of self and 
nonself and the recognition of the dichotomy that allows clonal expansion of B 
lymphocytes to mature into plasma cells that manufacture quantities of antibodies 
with allograft specifi city [“the shock troops” of antibody-mediated rejection 
(AMR)]. The process is typically stealthy, however, and tends to remain clandestine 
until it is almost too late to undo or reverse the damage. If one does not seek, one 
will not fi nd evidence that allograft damage is occurring due to AMR, and, as 
always, the tools that can be used to detect AMR are critical. We now have the tools, 
and the fi ndings are quite overwhelming in their complexity. Therefore, some sim-
plifi cation is mandated. Hence, this chapter will attempt to clearly and succinctly 
explain how our understanding of the role and importance of antibodies to compo-
nents of the pulmonary allograft has grown to the point where a seminal consensus 
can be reached about histopathological diagnosis that will help forge therapeutic 
endeavors with a novel uniformity of descriptive language, from whence adequate 
trials examining therapeutic effi cacy will surely spring.  
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        Introduction 

 The nature of antibody-mediated rejection (AMR) after solid organ transplantation 
(SOT) remains a topic of debate among pathologists, immunologists, and clinicians 
and represents one of the great frontiers of research in transplantation medicine. 
While AMR is well recognized as a cause of acute graft loss in the immediate 
postoperative period, it is perhaps the ultimate cause of graft loss in the long term as 
well. In fact, there is a strong belief that pulmonary AMR is implicated in the patho-
genesis of refractory “chronic rejection” after lung transplantation (LTX) and can 
manifest itself as the bronchiolitis obliterans syndrome (BOS). AMR is thought to 
be the major cause of late graft loss after kidney transplantation [ 1 ], and it would be 
naïve to surmise that the same factors would not be operational after LTX and capa-
ble of leading to chronic lung allograft dysfunction (CLAD). 

 AMR is driven by the humoral or B-cell arm of the immune system as opposed 
to T-cell-mediated rejection, which is often referred to as “cellular rejection” [ 2 ]. 
In AMR, the recipient’s immune system recognizes the extracellular peptides on the 
cells of the donor organ as nonself and produces antibodies against them. The bind-
ing of these antibodies to the donor organ results in an infl ammatory process that 
includes complement-mediated cell lysis [ 3 ] and antibody-dependent cell-mediated 
cytotoxicity [ 4 ]. In this chapter, our discussion surrounding AMR will focus on the 
antigens that elicit an antibody response and the extent to which they each contrib-
ute to graft dysfunction rather than the basic concepts of AMR. 

 AMR in SOT refers broadly to the formation of a circulating antibody to the 
donor organ; however, it has been described primarily in the setting of the formation 
of donor-specifi c antibodies (DSA) against mismatched human leukocyte antigens 
(HLA). While the potential for antibodies against additional targets has been raised 
in recent years, AMR in common parlance refers primarily to these anti-HLA DSA. 
The HLA represents the major histocompatibility complex (MHC) in humans, 
which are the most polymorphic genes known, with more than 200 alleles of class I 
and class II HLA genes that are codominantly expressed, such that most individuals 
are heterozygous at each gene locus. Six different HLA subtypes are expressed on 
cell surfaces, three class I (A, B, C) and three class II (Dp, Dq, Dr). With codomi-
nant expression, individuals may code for a maximum of 12 different HLA gene 
products [ 5 ]. As such, the probability of random complete matching of donors and 
recipients in the setting of lungs is diminishingly small. We will explore the various 
diagnostic tests utilized in the detection of anti-HLA DSA and other antibodies later 
in the chapter. 

 The effects of DSA have been documented most comprehensively in class I 
HLA. HLA class I molecules are constitutively expressed on all nucleated cells in 
the body, although to varying degrees, and hematopoietic cells express the greatest 
amount. HLA class II molecules are expressed constitutively on the surface of some 
hematopoietic cells and thymic stromal cells; however, they can be expressed by 
other cells following exposure to the cytokine, interferon-γ(gamma), and on bron-
chial epithelia [ 6 ]. Interferon-γ, an infl ammatory mediator, is released from T helper 
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cells, cytotoxic T cells, and natural killer cells during an infl ammatory response [ 7 ]. 
There is growing evidence that DSA against class II HLA can result in AMR, which 
is supported by the expression of HLA class II molecules in the donor organ. This 
aspect of AMR will be explored later in the chapter. 

 The initiation of the classical pathway of the complement cascade by antibodies 
at the donor organ interface is a central event in the process of AMR. This consists 
of a series of enzyme cleavage reactions following the binding of C1q to the anti-
gen–antibody complex that result in pathogen opsonization and peptide-mediated 
local infl ammation. During this process, complement breakdown products are 
deposited on the endothelium and on the basement membranes of infl amed tissue 
[ 3 ]. Most signifi cant from the standpoint of AMR is C4d, a breakdown product of 
activated C4b, which is deposited in the donor graft during AMR. C4d deposition is 
one of the best known markers for AMR, and positive staining for C4d in a graft 
biopsy concurrently with the detection of a circulating DSA is considered diagnos-
tic of AMR [ 2 ]. 

 Staging of AMR varies slightly from organ to organ (Table  7.1 ). In the kidney, 
AMR is a well-established phenomenon, and staging follows the 2005 Banff 
diagnostic criteria [ 2 ]. The general principles of staging, however, remain constant. 
Staging is dependent on the presence or absence of clinical graft dysfunction, histo-
pathological changes, positive C4D staining, and circulating antibody, irrespective 
of whether the antibody specifi city is anti-HLA or to an alternate donor antigen. 
These criteria are summarized below.

   The presence of positive C4D staining in the absence of a detectable antibody is 
suspicious for AMR, but this is not included within the renal diagnostic criteria [ 1 ]. 
However, building evidence suggests that autoantibodies may play a signifi cant role 
in AMR of the pulmonary allograft. 

 AMR has varied clinical presentations that extend beyond the realm of chronic 
graft dysfunction. These presentations appear to be dependent upon the mechanism 
of antibody production, the strength of the antibody response, and the timing of the 
AMR relative to transplantation. Hyperacute rejection (within the fi rst 24 h) can 
result from high titers of pre-transplant antibodies, particularly anti-HLA DSA in 
the so-called “sensitized patient.” This process is rapidly progressive and usually 

   Table 7.1    Stages of antibody-mediated rejection   

 Stage 
 Circulating 
antibody a   Biopsy specimen  Graft dysfunction 

 Stage I  Yes  Normal  No 
 Stage II  Yes  Normal  No 

 C4D positive 
 Stage III  Yes  Abnormal  No 

 C4D positive 
 Stage IV  Yes  Abnormal  Yes 

 C4D positive 

   a Presence of circulating antibody to human leukocyte antigen or other donor antigens  
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results in graft loss. Acute AMR may occur within the fi rst week due to an anamnestic 
response that leads to a vigorous increase of a previously low-level or even unde-
tectable pre-transplant antibody. Clinically, this is similar to hyperacute rejection and 
leads to rapid graft loss. In less severe cases, which sometimes occur in patients who 
were desensitized prior to transplantation, the graft is not lost, but long-term graft 
damage frequently occurs due to the acute event [ 8 ]. 

 Recipients who are not pre-sensitized to donor antibodies can develop a de novo 
DSA response resulting in AMR. When this occurs acutely in the weeks and months 
after transplantation, it is typically aggressive, but it may be responsive to treatment. 
The development of late de novo AMR is often indolent, with a lengthy silent period 
that eventually manifests clinically as slowly progressive graft dysfunction [ 8 ]. It is 
suspected that this late-onset AMR plays a large part in chronic rejection processes 
and graft dysfunction. The extent to which these processes contribute to BOS after 
lung transplantation remains a focus for research. 

 There is also an emerging body of evidence to support the concept of non-HLA 
AMR as a potential cause of BOS. The lung allograft sustains injuries from a variety 
of sources that include ischemia reperfusion injury, alloimmunity, and external 
pathogens. Individually, collectively, and severally, these can lead to the release of 
infl ammatory mediators and growth factors, thereby producing an environment that 
is conducive not only to alloimmune processes but autoimmune processes as well. 
While multiple autoantigens have been suggested as potential targets for this pro-
cess, the two for which the strongest research evidence exists are collagen type V 
(Col-V) and K-α(alpha)1 tubulin. K-α1 tubulin is an antigen expressed on the surface 
of airway epithelial cells (AEC) [ 9 ]. Col-V is a minor collagen, intercalated within 
fi brils of collagen type I, and Col-V is considered a sequestered antigen in the 
normal lung due to its location within peribronchial and perivascular spaces. When 
the transplanted lung becomes infl amed, however, this antigen can be exposed and 
become a target for both cellular [ 10 ] and humoral immune responses [ 11 ].  

    AMR in Other SOT 

 AMR remains an area of research interest after lung transplantation and is begin-
ning to assume a greater clinical relevance in day-to-day practice. Indeed, it is 
already recognized as a core clinical problem in transplantation of other solid 
organs. This relative paucity of data is largely due to the fact that we do not yet have 
large, long-term studies that focus on AMR in lung transplantation. Not surpris-
ingly, the bulk of evidence for AMR comes from transplantation of the kidney, the 
organ in which it was fi rst described. Williams et al. reported on hyperacute rejection 
in seven renal transplant recipients with preexisting circulating anti-HLA antibodies 
in 1968 [ 12 ]. Since that initial report, AMR has been shown convincingly to cause 
hyperacute, acute, and chronic rejection in the kidney as well as other solid organs 
[ 13 ]. The depth of evidence for AMR in renal transplantation relies on the numerical 
superiority of renal transplants that have been performed around the world. A total 
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of 17,682 renal transplants in the United States in 2009 alone, which was 3 times the 
next most common transplanted organ and more than tenfold the number of lung 
transplants performed over the same period [ 14 ]. 

 Though the strongest evidence for AMR lies in the settings of hyperacute and 
acute rejection, we will focus our discussions on the evidence that AMR represents 
a cause of chronic rejection and graft dysfunction in SOT, as this provides the most 
accurate parallel to CLAD in lung transplantation. The fi rst evidence for the role of 
AMR in chronic rejection came in 1969, when Morris et al. detected HLA antibod-
ies in 11/29 (38 %) of patients who had rejected their renal transplant after a mini-
mum of 2 months post-transplant [ 15 ], and this percentage steadily rose with the 
development of more sophisticated investigations. In 2002, Lee et al. [ 16 ] reported 
that HLA antibodies were detected by enzyme-linked immunosorbent assay 
(ELISA) both pre- and post-transplantation for all 29 recipients who subsequently 
developed chronic rejection. This stood in contrast to an 11 % rate of HLA antibody 
detection in those who did not develop chronic rejection ( n  = 129,  p  < 0.01). 
However, a signifi cant difference in graft survival times between those who did vs. 
those who did not develop HLA antibodies was not observed, and similar fi ndings 
have been refl ected in subsequent reports [ 17 – 20 ]. It was noted in some studies that 
class II HLA antibodies in particular were present prior to the onset of chronic 
rejection [ 18 ,  20 ]. 

 More recently, anti-HLA DSA have been utilized to predict AMR. In 2003 
Worthington et al. [ 21 ] reported on a study group in which 50.9 % of patients who 
progressed to graft failure within the 5-year follow-up period ( n  = 112) demon-
strated evidence of de novo DSA by ELISA as compared to 1.6 % in the control 
group ( n  = 123). While this was highly signifi cant ( p  < 0.01), the antibodies were not 
detected in 36 % until after the onset of graft failure, and these results have been 
supported by subsequent work [ 19 ,  22 ]. The detection of DSA does not necessarily 
represent a timely or sensitive screening method for the prediction of chronic graft 
dysfunction in isolation, which is potentially due to adsorption of circulating anti-
bodies by the graft. However, when the presence of de novo DSA is combined with 
other criteria that defi ne clinical AMR, the combination provides a more accurate 
clinical picture. 

 C4d staining of grafts, a recognized part of the diagnostic criteria for AMR in 
renal transplantation, was initially demonstrated as an independent marker for acute 
rejection [ 2 ,  23 ]. In a retrospective review of 265 patients, Nickeleit et al. [ 24 ] did 
not fi nd an association between C4d staining alone and chronic rejection. Subsequent 
studies have supported this [ 25 ]; however, when C4d is used in conjunction with 
other markers like DSA or transplant glomerulopathy, it is highly predictive of graft 
loss. Similar results have been published in the heart transplant literature. Rodriguez 
et al. [ 26 ] reported in 2005 that C4d deposition was detected in 16 patients from a 
consecutive series of 165 recipients who underwent right ventricular endomyocar-
dial, biopsies but only 5 of the 16 recipients went on to develop AMR as determined 
by the combination of immunofl uorescence criteria and clinical graft dysfunction. 
Of these fi ve, three had circulating DSA by fl ow cytometry. 

7 Antibody-Mediated Rejection and the Bronchiolitis Obliterans Syndrome



134

 In 2009 Einecke et al. [ 19 ] reported on one of the major problems with the 
current diagnostic criteria for AMR. While 17 of 27 kidney failures after 1 year 
could be attributed to AMR if defi ned by microcirculation changes on biopsy and 
anti- HLA DSA, only seven fi t the current defi nition for clinical AMR due to the 
requirements for positive C4d staining ( n  = 173). By multivariate analysis, C4d 
staining was not a signifi cant factor. Indeed, there is a subset of recipients with DSA 
who develop AMR in the absence of C4d staining, and evidence indicates that C4d, 
though it represents an excellent marker for acute graft rejection, is less sensitive in 
predicting chronic rejection. 

 Though DSA antibodies have more of a role in the hyperacute and acute setting, 
it is worth briefl y mentioning the impact of recipient pre-sensitization to DSA on 
graft loss. In 2008 Lefaucheur et al. [ 27 ] analyzed the signifi cance of pre- sensitization 
with DSA prior to transplantation and found an 8-year graft survival of 67.95 % in 
those with preformed DSA vs. 77.3 % in those without preformed DSA ( p  = 0.03).    
The incidence of AMR in those with pre-transplant DSA was 34.9 %, and these 
recipients had an 8-year graft survival of 43.6 %. Although the episodes of AMR 
associated with graft dysfunction occurred mainly in the acute setting with a median 
onset at 16 days post-transplant, the group continued to experience more graft loss 
out to 8 years.  

    Pulmonary AMR 

 Given that AMR represents a major cause of progressive chronic allograft dysfunc-
tion in other solid organ transplants, it seems intuitive that it plays a role after lung 
transplantation, where CLAD predominantly manifests as BOS. In 1998 two retro-
spective analyses demonstrated that the development of antibodies to HLA after 
transplantation correlated signifi cantly with BOS ( p  = 0.02) [ 28 ]. Work by 
Sundaresan et al. determined that HLA antibodies were a signifi cant predictor of 
BOS by both univariate and multivariate analysis [ 29 ]. 

 While this fi ts with the putative process of AMR in other SOT, at present there 
are only limited data on the effects of DSA as a marker of AMR after lung trans-
plantation. No studies have a follow-up of greater than 2 years. To our knowledge, 
no studies in LTX have yet examined the impact of pre-sensitization with DSA. 
In 2010 Hachem et al. [ 30 ] reported on a protocol change at their institute in which 
they preemptively treated patients who developed de novo DSA with intravenous 
gammaglobulin and rituximab (the specifi cs of therapy for AMR will be discussed 
later in the chapter). Given the nature of the therapy, it is not surprising that they did 
not detect an association between the treatment arm and BOS ( n  = 116), although 
there was an association between those who had persistent DSA after treatment and 
the development of BOS ( p  = 0.03). Four patients who did not receive treatment due 
to concurrent critical illness all died within 30 days. 

 The strong evidence from other SOT [ 17 ,  19 ,  21 ] makes it unlikely that a 
prospective, placebo-controlled study will provide a direct comparison between 
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patients with untreated DSA and DSA negative patients due to ethical concerns. 
However, it is possible that studies with longer follow-up periods may elicit further 
information. A study by Worthington et al. in renal transplant recipients found that 
the mean time from antibody production to graft failure was 996.9 days [ 21 ], while 
the longest follow-up period in a study directly investigating DSA in LTX was 
2 years by Hachem et al. [ 30 ]. The LTX literature may simply not yet have reports 
for which the duration of follow-up time required to demonstrate the full effects 
 of  de novo DSA is adequate. 

 One of the most salient points of evidence from other SOT is that the detection 
of anti-HLA DSA represents a more sensitive predictor of chronic graft dysfunction 
when it is used in conjunction with C4d staining of the graft [ 25 ,  26 ]. In 2003 Magro 
et al. [ 31 ] reported that C4d deposition in septal capillaries corresponded to mor-
phological evidence of AMR as defi ned by septal capillary necrosis in 30 of 33 
cases, with higher deposition patterns corresponding to more marked capillary 
necrosis and absent or limited deposition demonstrating minimal or no necrosis. 
Additionally, all patients with symptomatic acute rejection showed histopathologi-
cal evidence compatible with AMR, and patients with BOS were found to have 
deposits of C4d and other immunoreactants in the bronchial wall. However, the only 
statistically signifi cant fi nding for BOS was the deposition of C1q within the bron-
chial wall. They did not fi nd any association with HLA antibodies as detected by 
panel-reactive antibodies (PRA), which led them to conclude that AMR after LTX 
was not HLA mediated. With the benefi t of hindsight, it is arguable that more sensi-
tive screens for HLA antibodies now available may have detected DSA in these 
cases. Alternatively, these cases may indeed have represented true non-HLA- 
mediated AMR. 

 Concurrent work by the same group [ 32 ] directly explored the involvement of 
humoral immunity as a potential cause of BOS. Fresh frozen tissue from 13 single- 
lung transplant recipients was analyzed for deposition of C1q, C4d, C5b-9, and IgG, 
IgM, and IgA. An indirect immunofl uorescent assay was also conducted with 
patient serum against cytospins of the pulmonary endothelium. In each case, the 
tissue samples showed a microvascular injury syndrome involving the bronchial 
wall that was characterized by one or more of hemorrhage, fi brin deposition, and 
endothelial cell necrosis. Other features included bronchial epithelial and chondro-
cyte necrosis. The end-stage lesion was a thinned bronchial epithelial lining with 
mural fi brosis. Immunofl uorescent analysis showed deposition of C1q, C3, C4d, 
C5b-9, and Ig in the bronchial epithelium, chondrocytes, basement membrane zone 
of the bronchial epithelium, and bronchial wall microvasculature. The indirect anti- 
endothelial cell antibody assay result was positive in all instances where it was 
tested. It was concluded that AMR may be involved in the pathogenesis of BOS and 
that the antigenic targets included the bronchial wall microvasculature, the bron-
chial epithelium, and chondrocytes. 

 While this intriguing body of work stands as direct evidence for an antibody- 
mediated process as a cause of BOS, at present there is a lack of consensus in the 
literature, with confl icting reports on the utility of C4d and other immunohisto-
chemical markers in AMR. Wallace et al. [ 33 ] retrospectively stained transbronchial 
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biopsies ( n  = 68) from recipients with acute cellular rejection, obliterative bronchi-
olitis, or diffuse alveolar damage for C4d and found a variable, focal, nonspecifi c 
staining pattern of C4d that was not consistent across the different diagnostic 
groups. Another study by the Pittsburgh group [ 34 ] reported that specifi c subendo-
thelial C4d deposition was seen in 5 of 16 (31 %) patients with anti-HLA-Ab and 
was absent in 16 patients without anti-HLA-Ab ( p  < 0.05). Because only 4 of 15 of 
those who developed BOS demonstrated positive C4d staining, they concluded that 
C4d was not a sensitive marker for BOS. With no large studies on the utility of C4d 
to date, this clinical question remains unanswered. Perhaps the devil is in the detail, 
and the variability of conclusions refl ects a lack of consensus criteria for C4d stain-
ing positivity. The Pathology Council Working Group of the International Society 
for Heart and Lung Transplantation (ISHLT) has just released their initial consensus 
statement on the pathological criteria of pulmonary AMR, which should address 
exactly this source of confounding and allow a greater uniformity of defi nition [ 35 ]. 

 There is also an increasing body of evidence to support the relevance of non- HLA 
antibody targets for AMR as a potential cause of BOS. A study of LTX recipients 
with BOS who had no detectable anti-HLA antibodies by low-PRA, cytotoxicity, or 
ELISA used fl ow cytometry to test for the presence of non-HLA antibodies directed 
against AEC [ 9 ]. Twelve of 36 patients with BOS had antibodies that bound to 
AEC, while none of the controls did. They also noted acceleration of the fi bropro-
liferation cascade when AEC were incubated with the patient sera, which is one of 
the major recognized pathways that leads to chronic allograft dysfunction. The target 
antigen was found to be K-α(alpha)1 tubulin on Western blot analysis. 

 Tiriveedhi et al. [ 11 ] examined a case series of 12 LTX recipients with collagen 
V (Col-V) antibodies who developed BOS and reported that, antibodies to the 
α(alpha)1 chain of the Col-V antibody were present at the time of BOS onset in the 
sera of all 12 patients, while antibodies to the α(alpha)2 chain were only present in 
two patients. They suggested that antibodies to the α1 chain were immunodominant 
and could potentially represent a cause of BOS. This was further supported by the 
detection by immunohistochemistry of Col α1 (V) antibodies on frozen sections of 
biopsies taken 6 months after the onset of BOS [ 11 ]. Col-V antibodies have also 
been implicated as a potential cause of primary graft dysfunction [ 36 ], a known risk 
factor for the subsequent development of BOS [ 37 ]. The role of autoantibodies 
against Col-V and K-α1 tubulin as risk factors for BOS certainly requires further 
investigation; however, there can be little doubt that anti-HLA antibodies alone rep-
resent only a portion of the spectrum of AMR. Further support for the concept has 
been provided by Hagedorn et al., who found that BOS grades could be differenti-
ated by a profi le of autoantibodies binding to 28 proteins or their peptides [ 38 ]. 
Fukami et al. reported that animals receiving anti-MHC class I, but not control 
antibodies, developed marked cellular infi ltration around vessels and bronchiole of 
lung by day 15 followed by epithelial hyperplasia, fi brosis, and occlusion of the 
distal airways similar to chronic rejection following human lung transplantation. 
Lungs of mice receiving anti-MHC class I showed increased expression of chemo-
kines, their receptors, and growth factors and induced IL-17 as well as de novo 
antibodies to self-antigens, K-α1 tubulin, and collagen V [ 39 ]. 
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 Taken together, these pieces of evidence provide strong support for the notion 
that there is an antibody-mediated process contributing to BOS. Whether that 
process is driven primarily by anti-HLA antibodies or a spectrum of antigenic 
targets in addition to HLA molecules remains to be determined, as does the total 
contribution of AMR to BOS. It is likely that different individuals will have differ-
ent profi les that are dependent on factors such as HLA match, history of cellular 
rejection, graft infection, and gastric aspiration with the response modulated by 
genetic polymorphisms.  

    Screening for DSA 

 There is no consensus on the frequency of screening for anti-HLA antibodies before 
and after LTX despite the potential risk of graft dysfunction secondary to AMR 
[ 40 ]. Of course, the detection of anti-HLA antibodies alone is not synonymous with 
the presence of DSA, which represent the centerpiece of the immunological diagno-
sis of AMR. Prior to the development of the new technologies such as single- antigen 
bead assays (Luminex testing), screening for individual DSA was impractical, and 
tests for the presence of HLA antibodies could only play a surrogate role. However, 
it is now possible to test specifi cally for individual HLA antibodies and thereby 
detect the presence of true DSA. 

 Complement-dependent cytotoxicity (CDC) cross-matching was one of the ini-
tial techniques used to detect clinically relevant antibodies before transplantation in 
order to determine the viability of the graft for a specifi c donor-recipient match [ 41 ]. 
In this technique, separated donor B- and T-cell lymphocytes are incubated with the 
potential recipient’s serum in the presence of complement. If death of the donor 
cells above control levels is detected, cytotoxic antibodies are considered to be 
present, and the presence of these antibodies is considered a contraindication to 
transplant [ 36 ]. This technique is time consuming, and can only be performed in 
LTX when donor cells are available before retrieval, due to the importance of 
minimizing the ischemic time. It also has a low sensitivity compared to newer tech-
niques, and it is unable to detect low-level antibody titers, which can contribute to 
graft failure [ 42 ]. 

 One of the limitations of the CDC cross-match is that anti-HLA antibodies may 
be present that adsorb to the target lymphocytes but do not activate complement and 
cause cell lysis. These monovalent antibodies are unable to affect the high-affi nity, 
bivalent interactions with C1q required to activate the complement cascade and 
cause cell lysis. The addition of goat antihuman kappa light chain immunoglobulin 
(IgL) reagent (AHG) to the incubating serum allows these antibodies to cause direct 
cell lysis [ 43 ]. Therefore, the AHG-CDC has largely replaced the classical CDC 
cross-match [ 43 ]. 

 Flow cytometry cross-matching was developed as a more sensitive screen for 
donor-reactive antibodies. This technique involves incubation of patient serum with 
donor lymphocytes that are then stained with fl uorochrome-conjugated secondary 
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antibodies that are typically anti-IgG. The presence of antibody can then be detected 
by the surface fl uorescence of the antibodies. This allows for the detection of donor-
reactive antibodies independent of complement fi xation. Depending on the sample, 
fl ow cytometry can be 1–3 logs more sensitive than AHG-CDC cross- matching. 
Though these antibodies are present in a far lower titer, they are clinically signifi cant. 
In a study of fl ow cytometry cross-match-positive CDC cross-match- negative 
kidney transplants, Piatosa et al. [ 44 ] found an absolute reduction in 5-year graft 
survival of 11.5 % vs. negative controls. 

 The panel-reactive antibody (PRA) allows for a surrogate measure of donor- 
reactive antibodies as part of the workup for transplant. By performing the tests 
outlined in our discussion of cross-matching on lymphocyte cell lines of people 
with known HLA types (see above), we are able to approximate the percentage of 
the population against whom the potential recipient has antibodies. This allows 
detection of people who have been hypersensitized to HLA antibodies, as may 
occur with pregnancy or multiple blood transfusions. The level of sensitivity 
depends on the number of patients whose lymphocytes are included in the panel, 
which varies from center to center. Shah investigated the clinical implications of 
pre-transplant PRA and found that graft loss was increased in the PRA-positive 
patients vs. PRA-negative ones with a hazard ratio of 1.01 ( p  < 0.01) [ 40 ]. 

 Solid-phase antibody techniques are the newest development in the detection of 
anti-HLA antibodies. In this technique, purifi ed HLA antibodies bound to a solid 
matrix (e.g., beads) are used as the substrate to which the antibodies from the 
patient’s serum can bind. These antibodies can then be detected either through 
ELISA or via fl ow cytometry [ 45 ]. A study of PRA in kidney transplants comparing 
AHG-CDC with solid-phase assays by ELISA and fl ow cytometry found concor-
dance of the results in 83 % of samples ( n  = 264). In the remaining 32 samples, 0 of 
32 were positive by AHG-CDC, 20 of 32 were positive by ELISA, and 32 of 32 were 
positive by fl ow cytometry [ 46 ]. They concluded that fl ow cytometry was the most 
sensitive technique available, and subsequent studies have supported this fi nding. 

 The development of increasingly sensitive techniques for the detection of anti- 
HLA antibodies is driven, in part, by the understanding that the antibody levels 
detected do not necessarily correspond to their clinical effects. A study of fl ow PRA 
in kidney transplant recipients with negative AHG-CDC PRA found that those with 
a positive fl ow PRA were more likely to suffer an episode of rejection (36 %, 4/11) 
than those without (8 %, 3/36,  p  < 0.02) [ 47 ]. This is not to suggest that noncomple-
ment fi xing antibodies detected by fl ow represent an absolute contraindication to 
transplant. Shah’s retrospective review of 10,000 LTX from 1987 to 2005 found that 
though a positive PRA was associated with an increased 30-day (HR, 2.6) and over-
all mortality (HR 1.3) on multivariate analysis, when the cohort from 1998 to 2005 
was analyzed alone, the effect was not seen. They concluded that the development 
of more sensitive screening techniques in this era has allowed for better manage-
ment of the sensitized patient [ 40 ]. The presence of positive fl ow PRA indicates that 
the patient is at an increased risk of graft dysfunction and acute AMR, and, there-
fore, requires closer monitoring than those with negative fl ow PRA to achieve the 
best outcomes. 
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 Single-antigen bead fl ow cytometry provides the ability to detect specifi c 
anti-HLA antibodies, which, when combined with donor HLA typing, directly 
informs us of the presence and level of DSA. The most well-known of these is the 
LUMINEX single-antigen bead assay, which operates by using beads coated with 
known individual HLA antigens such that fl ow cytometry can determine the indi-
vidual HLA antigens to which the recipient’s antibodies are binding. Currently, the 
mean fl uorescence intensity (MFI) and standard deviation (SD) of the cutoff 
between positive and negative are set at 1,000 ± 500 [ 48 ,  49 ]. Though the single- 
antigen bead LUMINEX provides a quantitative measure, the MFIs do not have a 
clinical impact based on their level. Seemingly low MFIs may translate into AMR. 
Equally important, the majority of patients pre-sensitized with DSA detected by 
LUMINEX do not go on to have episodes of AMR [ 27 ,  48 ,  49 ]. The fi ndings in 
those who develop de novo DSA are similar [ 19 ,  21 ,  22 ]. 

 While it is evident that screening for DSA by LUMINEX prior to transplantation 
is worthwhile, at present there is no consensus on appropriate post-transplant 
screening intervals, which is not surprising given the valid questions regarding their 
clinical signifi cance. The Pathology Council of the ISHLT encourages the develop-
ment of site protocols for regular DSA surveillance and biopsy [ 50 ]. At our center, 
we screen potential recipients as part of the transplant workup, on the night of trans-
plant, at regular intervals after transplant, and when clinically mandated by a drop 
in lung function.  

    Diagnosis 

 Though the Banff reports [ 2 ,  51 ] have provided diagnostic criteria for AMR in kid-
ney transplantation since 2003, it is only recently that a consensus agreement has 
been reached by the Pathology Council of the ISHLT with the caveat that pulmo-
nary AMR remains an area of investigation in which there are no large unifying 
studies [ 50 ]. Pragmatically, it has been agreed that the diagnosis of AMR requires 
the “triple-test” of clinical allograft dysfunction, circulating DSA, and pathological 
fi ndings. 

 The classical histopathological fi ndings of AMR comprise capillary injury with 
neutrophilic margination, defi ned by the Council as neutrophilic infi ltrates within 
the interstitial capillaries and septae in the absence of karyorrhectic changes and 
fi brin accumulation. The histopathological fi ndings in general represent nonspecifi c 
patterns of infl ammation and injury, which can also be produced by a broad spec-
trum of disorders. Histopathologically, AMR should be considered a diagnosis of 
exclusion, and current recommendations state that reporting should use the terms 
“No evidence of AMR” or “Findings suggestive of AMR,” thereby informing the 
treating physician of the need for serological studies, if such had not been con-
ducted prior to the biopsy. 

 The list of histopathological indications for performing immunostaining is 
diverse (Table  7.2 ). C4d staining is reported as strong or weak.  Strong  C4d staining 
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demonstrates continuous linear endothelial deposition that outlines the capillary 
vasculature in longitudinal sectioning and creates ringed or “doughnut” shapes in 
cross section.  Weak  staining has a fainter pattern that appears patchy or granular.

   In light of the limited published data, the ISHLT has defi ned C4d positivity in 
lung allografts as being immunoreactivity in >50 % of the interstitial capillaries, 
including multifocal and diffuse staining. Focal staining (<50 %) is classifi ed as 
negative, but should be included in reporting, as serological studies may be indi-
cated. Recommended follow-up for positive C4d staining is 1 month after treatment 
has been completed, with continued staining until there is complete resolution with 
negative C4d staining follow-up biopsy specimens. 

 C4d positivity is required to achieve a clinical diagnosis of renal AMR [ 51 ], but 
there is a subset of LTX recipients who have been clinically diagnosed with AMR 
in the past despite being C4d-negative, in light of consistent histopathological fi nd-
ings and in the absence of an alternative diagnosis [ 34 ]. The ISHLT Pathology 
Council Working Group affi rmed that the defi nitive diagnosis of pulmonary AMR 
requires the combination of clinical dysfunction, circulating DSA, and C4d immu-
noreactivity. Certainly AMR may present as an acute illness or simply with an 
otherwise unexplained drop in lung function that is potentially the harbinger of 
BOS. Pulmonary AMR can occur at any time and should always be considered as a 
potential cause in the differential diagnosis of allograft dysfunction [ 52 ]. DSA can 
be detected using the methods discussed earlier in the chapter, but single-antigen 
fl ow cytometry (LUMINEX) is the most sensitive technology utilized for this 
purpose and is becoming a widely used method for DSA detection [ 19 ,  30 ].  

    Management 

 The basic tenet of therapy for AMR is to remove circulating DSA from the patient’s 
serum and prevent further production of DSA, which perhaps is a lofty goal. DSA 
are central to the pathogenesis of AMR, and it is likely that their removal prevents 

   Table 7.2    Histopathological indications for immunopathological 
evaluation           

  1.  Neutrophilic capillaritis 
  2.  Neutrophilic septal margination 
  3.  High-grade acute cellular rejection (≥A3) 
  4.  Persistent/recurrent acute cellular rejection (any A grade) 
  5.  Acute lung injury pattern/diffuse alveolar damage 
  6.  High-grade lymphocytic bronchiolitis (grade B2R) 
  7.  Persistent low-grade lymphocytic bronchiolitis (grade B1R) 
  8.  Obliterative bronchiolitis (grade C1) 
  9.  Arteritis in the absence of infection or cellular rejection 
 10.  Graft dysfunction without morphological explanation 
 11.  Any histological fi ndings in setting of de novo DSA 
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further damage to the graft. However, it should be emphasized that it is not the 
circulating antibody that does the damage; it is the antibody bound to the graft 
(a simple concept, but one best remembered). Nevertheless, the three treatment 
modalities in common usage in the treatment of AMR are therapeutic plasma 
exchange (plasmapheresis), intravenous immunoglobulin (IVIG), and the anti-
CD20 monoclonal antibody, rituximab, and these are usually used in combination 
with each other. The ultimate therapeutic goal is maintenance of graft function, but 
measurements of circulating antibody are often used as a surrogate goal. 

    Plasmapheresis 

 Plasmapheresis is an extracorporeal treatment involving the removal of blood from 
the patient followed by separation of the plasma from the other blood products, after 
which the plasma is either fi ltered or replaced before the blood is returned to the 
patient’s circulation. There are several forms of plasmapheresis.  Plasma exchange , 
in which the plasma is discarded and substituted (usually with albumin);  double 
fi ltration plasmapheresis , in which the separated plasma is fi ltered again into large 
and small molecular weight components with the large molecular weight component 
discarded and the low molecular weight component, which contains albumin but not 
the IgG, is returned to the circulation; and  immunoadsorption plasmapheresis , in 
which the plasma is passed through an adsorption column such that antibodies are 
adsorbed depending on affi nity for the membrane that it contains. Plasmapheresis 
can remove DSA from the patient’s circulation more rapidly than other interven-
tions, and it has the benefi t of reducing complement levels in the blood for up to 
48 h after it has been performed. One disadvantage of plasmapheresis is that it adds 
a level of immunosuppression that may not be desirable due to risk of infections. 
Also, antibody levels quickly rebound if it is used as monotherapy. Hence, it is com-
monly used with adjunctive therapies, particularly IVIG, which can be used in a 
lower dose when combined with plasmapheresis [ 1 ,  38 ].  

    Intravenous Immunoglobulin 

 Although high-dose IVIG (2 mg/kg IV that is often given in three divided doses on 
alternate days) has been recognized as an effective treatment for AMR, the mecha-
nisms by which it induces desensitization remain unknown. There are several theo-
ries that have been proposed to explain the effect of IVIG. The benefi ts of IVIG 
were originally thought to be due to the neutralizing effects on circulating antibod-
ies, but the benefi t extends well beyond the half-life, suggesting that regulation of 
adaptive cellular immunity occurs. The likely mechanism for this is through the 
saturation of Fc receptors on the surface of a number of immune cell subsets. Some 
Fc receptors are known to have immunosuppressant effects, particularly via 
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expression of FcgRIIb, which is induced in response to IVIG and can induce B-cell 
apoptosis. There is also some evidence that IVIG can inhibit T-cell activation as 
well as the actions of monocytes and macrophages. Although immunoglobulin is 
known to be a potent activator of the complement cascade, new data have shown 
that immunoglobulins can also act as inhibitor of this cascade via binding to com-
plement and scavenging activated complement, thereby suppressing AMR. It is 
likely that the mechanisms by which IVIG lowers DSA and prevents recurrence are 
multiple [ 53 ]. 

 Rituximab is a monoclonal antibody to CD20; a receptor expressed on the surface 
of immature B lymphocytes and B memory lymphocytes. Rituximab does not work 
by reducing circulating DSA but by reducing long-term production of DSA. As the 
antibody-secreting plasma cells do not express CD20 on their surface, rituximab has 
an indirect infl uence on the production of DSA by causing apoptosis of the imma-
ture B cells, which prevents clonal expansion of the DSA-producing cell line that is 
causing AMR. It is also possible that additional therapeutic benefi t may come from 
modifi cations of cellular immunity as well as the effect on DSA production. 

 Therapy can be given either as desensitization therapy prior to transplantation to 
prevent AMR or when an episode of AMR is detected following the development of 
de novo DSA post-transplant. No evidence-based, standardized protocols for the 
treatment of AMR currently exist for any SOT. However, there is a clear need to 
establish best practice, which will likely constitute IVIG or IVIG/plasmapheresis as 
the standard of care. The effi cacy of novel therapeutics also needs to be assessed 
following standardization of an accepted treatment regime [ 54 ]. 

 The 2010 retrospective trial by Hachem et al. [ 30 ] determined that there was no 
increased risk of BOS with preemptive treatment of de novo DSA-positive patients 
using a single dose of rituximab and a monthly regime of IVIG (0.5 g/kg) for at least 
6 months if follow-up DSA screens were negative. Monthly treatment continued if 
DSA screens remained positive. 

 It is important to recognize that these extremely potent therapies for AMR are 
capable of treating for all circulating antibodies that may be causing damage to the 
graft. However, our impression that the treatment of declining graft function in lung 
transplant recipients with anti-HLA DSA leads to remission of AMR may be naive. 
Certainly, there are other antibodies for which we do not routinely screen that may 
contribute to allograft dysfunction, and perhaps it is the reduction of these antibod-
ies that actually leads to recovery of allograft function. Autoantibodies of note 
include Col-V and k-α1-tubulin, and multiple antibodies directed against currently 
unknown antigens may prove to be extremely important mediators of AMR- 
associated graft dysfunction but have yet to be discovered.   

    Future Directions 

 As a lung transplant community, it appears we may fi nally be nearing the threshold 
of answering the enigma of why the transplanted lung fails even in the absence of 
cellular rejection or infection. Allograft rejection is, perhaps not surprisingly, due to 
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lack of tolerance to the graft and its components, as the lung allograft is variably 
challenged by the vicissitudes of constant exposure to the external environment but 
ultimately at the mercy of the immune system, which has had millennia to develop 
sophisticated responses to nonself-antigens, however presented to immune 
surveillance. 

 With this understanding, combined with an expanding technology platform, we 
can now look forward to offering our patients the hope of better survival and quality 
of life, although the cynics amongst us might reply that all we can hope to know is 
why the graft failed. That at least is a beginning to solving the problem of lung 
allograft rejection.     

   References 

      1.    Takemoto SK, Zeevi A, Feng S, Colvin RB, Jordan S, Kobashigawa J, et al. National confer-
ence to assess antibody-mediated rejection in solid organ transplantation. Am J Transplant. 
2004;4(7):1033–41.  

        2.    Solez K, Colvin RB, Racusen LC, Sis B, Halloran PF, Birk PE, et al. Banff ’05 meeting report: 
differential diagnosis of chronic allograft injury and elimination of chronic allograft nephropa-
thy (‘CAN’). Am J Transplant. 2007;7(3):518–26.  

     3.    Cooper NR. The classical complement pathway: activation and regulation of the fi rst comple-
ment component. Adv Immunol. 1985;37:151–216.  

    4.    Lanier LL, Phillips JH. Evidence for three types of human cytotoxic lymphocyte. Immunol 
Today. 1986;7(5):132–4.  

    5.    Piertney SB, Oliver MK. The evolutionary ecology of the major histocompatibility complex. 
Heredity. 2006;96(1):7–21.  

    6.    Glanville AR, Tazelaar HD, Theodore J, Imoto E, Rouse RV, Baldwin JC, et al. The distribu-
tion of MHC class I and II antigens on bronchial epithelium. Am Rev Respir Dis. 
1989;139(2):330–4.  

    7.    Steimle V, Siegrist CA, Mottet A, Lisowska-Grospierre B, Mach B. Regulation of MHC class 
II expression by interferon-gamma mediated by the transactivator gene CIITA. Science. 
1994;265(5168):106–9.  

     8.    Montgomery RA, Cozzi E, West LJ, Warren DS. Humoral immunity and antibody-mediated 
rejection in solid organ transplantation. Semin Immunol. 2011;23(4):224–34.  

     9.    Goers TA, Ramachandran S, Aloush A, Trulock E, Patterson GA, Mohanakumar T. De novo 
production of K-alpha1 tubulin-specifi c antibodies: role in chronic lung allograft rejection. 
J Immunol. 2008;180(7):4487–94.  

    10.    Burlingham WJ, Love RB, Jankowska-Gan E, Haynes LD, Xu Q, Bobadilla JL, et al. IL-17- 
dependent cellular immunity to collagen type V predisposes to obliterative bronchiolitis in 
human lung transplants. J Clin Invest. 2007;117(11):3498–506.  

      11.    Tiriveedhi V, Angaswamy N, Brand D, Weber J, Gelman AG, Hachem R, et al. A shift in the 
collagen V antigenic epitope leads to T helper phenotype switch and immune response to self- 
antigen leading to chronic lung allograft rejection. Clin Exp Immunol. 2012;167(1):158–68.  

    12.    Williams GM, Hume DM, Hudson Jr RP, Morris PJ, Kano K, Milgrom F. “Hyperacute” renal- 
homograft rejection in man. N Engl J Med. 1968;279(12):611–8.  

    13.    Sis B, Mengel M, Haas M, Colvin RB, Halloran PF, Racusen LC, et al. Banff ’09 meeting 
report: antibody mediated graft deterioration and implementation of Banff working groups. 
Am J Transplant. 2010;10(3):464–71.  

    14.   (SRTR). OPaTNOaSRoTR. OPTN/SRTR 2010 Annual Data Report. Rockville, MD: 
Department of Health and Human Services HRaSA, Healthcare Systems Bureau, Division of 
Transplantation; 2011.  

7 Antibody-Mediated Rejection and the Bronchiolitis Obliterans Syndrome



144

    15.    Morris PJ, Mickey MR, Singal DP, Terasaki PI. Serotyping for homotransplantation. XXII. 
Specifi city of cytotoxic antibodies developing after renal transplantation. BMJ. 1969; 
1(5646):758–9.  

    16.    Lee P-C, Terasaki PI, Takemoto SK, Lee PH, Hung CJ, Chen YL, et al. All chronic rejection 
failures of kidney transplants were preceded by the development of HLA antibodies. 
Transplantation. 2002;74(8):1192–4.  

     17.    Mauiyyedi S, Pelle PD, Saidman S, Collins AB, Pascual M, Tolkoff-Rubin NE, et al. Chronic 
humoral rejection: identifi cation of antibody-mediated chronic renal allograft rejection by C4d 
deposits in peritubular capillaries. J Am Soc Nephrol. 2001;12(3):574–82.  

    18.    Worthington JE, Martin S, Dyer PA, Johnson RW. An association between posttransplant anti-
body production and renal transplant rejection. Transplant Proc. 2001;33(1–2):475–6.  

        19.    Einecke G, Sis B, Reeve J, Mengel M, Campbell PM, Hidalgo LG, et al. Antibody-mediated 
microcirculation injury is the major cause of late kidney transplant failure. Am J Transplant. 
2009;9(11):2520–31.  

     20.    Tambur AR, Bray RA, Takemoto SK, Mancini M, Costanzo MR, Kobashigawa JA, et al. Flow 
cytometric detection of HLA-specifi c antibodies as a predictor of heart allograft rejection. 
Transplantation. 2000;70(7):1055–9.  

       21.    Worthington JE, Martin S, Al-Husseini DM, Dyer PA, Johnson RWG. Posttransplantation pro-
duction of donor HLA-specifi c antibodies as a predictor of renal transplant outcome. 
Transplantation. 2003;75(7):1034–40.  

     22.    Mao Q, Terasaki PI, Cai J, Briley K, Catrou P, Haisch C, et al. Extremely high association 
between appearance of HLA antibodies and failure of kidney grafts in a fi ve-year longitudinal 
study. Am J Transplant. 2007;7(4):864–71.  

    23.    Herzenberg AM, Gill JS, Djurdjev O, Magil AB. C4d deposition in acute rejection: an inde-
pendent long-term prognostic factor. J Am Soc Nephrol. 2002;13(1):234–41.  

    24.    Nickeleit V, Zeiler M, Gudat F, Thiel G, Mihatsch MJ. Detection of the complement degrada-
tion product C4d in renal allografts: diagnostic and therapeutic implications. J Am Soc 
Nephrol. 2002;13(1):242–51.  

     25.    Kieran N, Wang X, Perkins J, Davis C, Kendrick E, Bakthavatsalam R, et al. Combination of 
peritubular c4d and transplant glomerulopathy predicts late renal allograft failure. J Am Soc 
Nephrol. 2009;20(10):2260–8.  

     26.    Rodriguez ER, Skojec DV, Tan CD, Zachary AA, Kasper EK, Conte JV, et al. Antibody- 
mediated rejection in human cardiac allografts: evaluation of immunoglobulins and comple-
ment activation products C4d and C3d as markers. Am J Transplant. 2005;5(11):2778–85.  

     27.    Lefaucheur C, Suberbielle-Boissel C, Hill GS, Nochy D, Andrade J, Antoine C, et al. Clinical 
relevance of preformed HLA donor-specifi c antibodies in kidney transplantation. Am J 
Transplant. 2008;8(2):324–31.  

    28.    Smith MA, Sundaresan S, Mohanakumar T, Trulock EP, Lynch JP, Phelan DL, et al. Effect of 
development of antibodies to HLA and cytomegalovirus mismatch on lung transplantation 
survival and development of bronchiolitis obliterans syndrome. J Thorac Cardiovasc Surg. 
1998;116(5):812–20.  

    29.    Sundaresan S, Mohanakumar T, Smith MA, Trulock EP, Lynch J, Phelan D, et al. HLA-A locus 
mismatches and development of antibodies to HLA after lung transplantation correlate with the 
development of bronchiolitis obliterans syndrome. Transplantation. 1998;65(5):648–53.  

       30.    Hachem RR, Yusen RD, Meyers BF, Aloush AA, Mohanakumar T, Patterson GA, et al. Anti- 
human leukocyte antigen antibodies and preemptive antibody-directed therapy after lung 
transplantation. J Heart Lung Transplant. 2010;29(9):973–80.  

    31.    Magro CM, Pope Harman A, Klinger D, Orosz C, Adams P, Waldman J, et al. Use of C4d as a 
diagnostic adjunct in lung allograft biopsies. Am J Transplant. 2003;3(9):1143–54.  

    32.    Magro CM, Ross Jr P, Kelsey M, Waldman WJ, Pope-Harman A. Association of humoral 
immunity and bronchiolitis obliterans syndrome. Am J Transplant. 2003;3(9):1155–66.  

    33.    Wallace WD, Reed EF, Ross D, Lassman CR, Fishbein MC. C4d staining of pulmonary 
allograft biopsies: an immunoperoxidase study. J Heart Lung Transplant. 2005;24(10):
1565–70.  

H.W. Ainge-Allen and A.R. Glanville



145

     34.    Ionescu DN, Girnita AL, Zeevi A, Duquesnoy R, Pilewski J, Johnson B, et al. C4d deposition 
in lung allografts is associated with circulating anti-HLA alloantibody. Transpl Immunol. 
2005;15(1):63–8.  

    35.    Berry G, Burke M, Andersen C, Angelini A, Bruneval P, Calbrese F, et al. Pathology of pulmo-
nary antibody-mediated rejection: 2012 update from the Pathology Council of the ISHLT. 
J Heart Lung Transplant. 2013;32(1):14–21.  

     36.    Talbot D, Givan AL, Shenton BK, Stratton A, Proud G, Taylor RM. The relevance of a more 
sensitive crossmatch assay to renal transplantation. Transplantation. 1989;47(3):552–5.  

    37.    Daud SA, Yusen RD, Meyers BF, Chakinala MM, Walter MJ, Aloush AA, et al. Impact of 
immediate primary lung allograft dysfunction on bronchiolitis obliterans syndrome. Am J 
Respir Crit Care Med. 2007;175(5):507–13.  

     38.    Hagedorn PH, Burton CM, Carlsen J, Steinbrüchel D, Andersen CB, Sahar E, et al. Chronic 
rejection of a lung transplant is characterized by a profi le of specifi c autoantibodies. 
Immunology. 2010;130(3):427–35.  

    39.    Fukami N, Ramachandran S, Saini D, Walter M, Chapman W, Patterson GA, et al. Antibodies 
to MHC class I induce autoimmunity: role in the pathogenesis of chronic rejection. J Immunol. 
2009;182(1):309–18.  

      40.    Shah AS, Nwakanma L, Simpkins C, Williams J, Chang DC, Conte JV. Pretransplant panel 
reactive antibodies in human lung transplantation: an analysis of over 10,000 patients. Ann 
Thorac Surg. 2008;85(6):1919–24.  

    41.    Patel R, Terasaki PI. Signifi cance of the positive crossmatch test in kidney transplantation. 
N Engl J Med. 1969;280(14):735–9.  

    42.    Reinsmoen NL, Nelson K, Zeevi A. Anti-HLA antibody analysis and crossmatching in heart 
and lung transplantation. Transpl Immunol. 2004;13(1):63–71.  

     43.    Fuller TC, Fuller AA, Golden M, Rodey GE. HLA alloantibodies and the mechanism of the 
antiglobulin-augmented lymphocytotoxicity procedure. Hum Immunol. 1997;56(1–2):94–105.  

    44.    Piatosa B, Rubik J, Grenda R. Is positive fl ow cytometric cross-match a risk factor for early 
cadaveric kidney graft dysfunction? Transplant Proc. 2006;38(1):53–5.  

    45.    Pajaro OE, George JF. On solid-phase antibody assays. J Heart Lung Transplant. 
2010;29(11):1207–9.  

    46.    Gebel HM, Bray RA. Sensitization and sensitivity: defi ning the unsensitized patient. 
Transplantation. 2000;69(7):1370–4.  

    47.    Gebel HM, Bray RA, Ruth JA, Zibari GB, McDonald JC, Kahan BD, et al. Flow PRA to detect 
clinically relevant HLA antibodies. Transplant Proc. 2001;33(1–2):477.  

     48.    Vlad G, Ho EK, Vasilescu ER, Colovai AI, Stokes MB, Markowitz GS, et al. Relevance of 
different antibody detection methods for the prediction of antibody-mediated rejection and 
deceased-donor kidney allograft survival. Hum Immunol. 2009;70(8):589–94.  

     49.    Ho EK, Vasilescu ER, Colovai AI, Stokes MB, Hallar M, Markowitz GS, et al. Sensitivity, 
specifi city and clinical relevance of different cross-matching assays in deceased-donor renal 
transplantation. Transpl Immunol. 2008;20(1–2):61–7.  

     50.    Berry GJ, Burke M, Anderson C, Angelini A, Bruneval P, Calbrese F, et al. The pathology of 
pulmonary antibody mediated rejection: 2012 update from the Pathology Council of ISHLT. 
J Heart Lung Transplant. 2012;32(1):14–21.  

     51.    Mengel M, Sis B, Haas M, Colvin RB, Halloran PF, Racusen LC, et al. Banff 2011 meeting 
report: new concepts in antibody-mediated rejection. Am J Transplant. 2012;12(3):563–70.  

    52.    Glanville AR. Antibody-mediated rejection in lung transplantation: myth or reality? J Heart 
Lung Transplant. 2010;29(4):395–400.  

    53.    Jordan SC, Toyoda M, Vo AA. Intravenous immunoglobulin a natural regulator of immunity 
and infl ammation. Transplantation. 2009;88(1):1–6.  

    54.    Archdeacon P, Chan M, Neuland C, Velidedeoglu E, Meyer J, Tracy L, et al. Summary of FDA 
antibody-mediated rejection workshop. Am J Transplant. 2011;11(5):896–906.    

7 Antibody-Mediated Rejection and the Bronchiolitis Obliterans Syndrome



147K.C. Meyer and A.R. Glanville (eds.), Bronchiolitis Obliterans Syndrome in Lung 
Transplantation, Respiratory Medicine 8, DOI 10.1007/978-1-4614-7636-8_8,
© Springer Science+Business Media New York 2013

    Abstract     The innate immune system, central to host defense, is now recognized to 
play a critical role in regulating adaptive immune responses, including allograft 
rejection. Innate immunity is of particular importance in lung transplantation, given 
the specialized innate defense mechanisms within the lung and the constant interac-
tion between the allograft and the external environment. A central principle of 
innate immunity is the recognition of highly conserved molecular patterns present 
on microbial pathogens or injured tissue by host innate pattern recognition receptors 
(PRRs). The Toll-like receptors (TLRs) are the best described and most extensively 
studied PRRs of relevance to transplant rejection. For example, in animal models, 
genetic inhibition of TLR signaling attenuates allograft rejection, while TLR activa-
tion impedes successful transplant tolerance. These fi ndings have been translated 
into clinical lung transplantation, as we have shown that functional polymorphisms 
in the innate receptors TLR4 and CD14 impact the risk for acute rejection and bron-
chiolitis obliterans syndrome (BOS). Consequently, a more complex view of BOS 
pathogenesis that considers the infl uence of previously identifi ed clinical risk fac-
tors on activation of both innate and adaptive immunity has emerged. While addi-
tional studies are needed to defi ne the full spectrum of innate ligands and PRRs 
relevant to lung transplantation, it is clear that innate mechanisms are likely to play 
a central role in mediating lung allograft rejection and BOS. Selective inhibition of 
innate pathways represents an attractive approach that could complement existing 
immunosuppressive strategies to reduce rejection after lung transplantation.  
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        Introduction 

 The lung represents a unique challenge as compared to other commonly trans-
planted solid organs in that it is in constant interaction with the external environ-
ment. As a result of this direct interface, the lung has developed a sophisticated and 
complex system of innate defense mechanisms in order to protect the host from 
invading pathogens and other injurious events. The complexity and central impor-
tance of innate immunity became apparent with the description of a novel family of 
innate pattern recognition receptors (PRRs), the Toll-like receptors (TLRs). 
Specialized cells within the lung, including resident alveolar macrophages (AMs), 
are equipped with TLRs and other innate PRRs that enable rapid and effi cient 
responses to inhaled toxins or infections. Beyond PRRs, an array of important 
secreted and soluble proteins produced by the pulmonary epithelium and alveolar 
pneumocytes also contribute to the maintenance of host defense. 

 While most of the early work in pulmonary innate immunity focused on its 
actions related to pathogen defense, it is now clear that innate mechanisms are rel-
evant to almost all aspects of pulmonary health and disease, including the response 
to allotransplantation. In this chapter we provide a brief overview of the basic mech-
anisms of pulmonary innate immunity, including the relevant PRRs and their respec-
tive ligands. We then describe important experimental and clinical evidence 
supporting a role for the innate immune system in allograft rejection, highlighting 
key studies specifi c to lung transplantation. This growing body of research supports 
a more complex view of bronchiolitis obliterans syndrome (BOS) risk factors and 
pathogenic mechanisms than previous primarily T cell-focused work. An enhanced 
understanding of innate immunity in lung transplantation is critical to the develop-
ment of more effective therapeutic strategies to reduce the high burden of lung 
rejection and BOS and improve long-term patient outcomes.  

    Overview of Pulmonary Innate Immunity 

 The innate immune system is a highly conserved mechanism of host defense that 
evolutionarily long predates adaptive immunity. As shown in Table  8.1 , the innate 
immune system differs from adaptive immunity in that it provides an immediate 
response, distinguishes self from nonself, and uses germline-encoded receptors to 
recognize patterns distinct to invading pathogens or injured tissues [ 1 ]. It also dif-
fers such that, in isolation, the innate response cannot confer longstanding immuno-
logical memory. While recent studies suggest some of these distinctions are less 
absolute than originally hypothesized, the diverse and complementary functions of 
innate and adaptive immunity provide a highly coordinated host response effective 
against a wide range of potential pathogens. In addition, it is now recognized that 
extensive cross-talk occurs between these two facets of the immune system, and this 
appears critical to allow for the most mature and effective host response [ 2 ].
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   Innate pathways are of particular importance in the lung given the extensive 
alveolar surface area and continuous exposure to a wide array of airborne particles 
and invading microbes during normal respiration. The lung presents unique chal-
lenges because the degree of host response needs to be appropriate to resolve the 
infection or airborne challenge, but not so excessive as to damage the delicate alveo-
lar structures necessary for gas exchange. The lung is able to achieve this balance 
by relying on several layers of pulmonary innate immunity that can be divided into 
tissue- and cell-specifi c structural properties, soluble or secreted proteins in the air-
way and alveolar space, and cells that reside within or are recruited to the lung [ 3 ]. 

 The anatomical design of the upper and lower airways represents the initial bar-
rier to foreign invaders. Particles larger than 5 μm are sequestered in the tortuous 
channels of the upper airway and in the mucociliary lining of the trachea, bronchi, 
and larger bronchioles [ 3 ]. The cough refl ex and highly coordinated ciliary beat 
facilitate movement of trapped particles toward the oropharynx for expectoration 
[ 4 ]. Smaller particles, including most bacterial, viral, and mycobacterial compo-
nents, gain access to the terminal airways and alveolar spaces where they encounter 
a variety of soluble proteins critical to the maintenance of a sterile intrapulmonary 
environment. 

 Numerous soluble or secreted proteins have been described to include defen-
sins, collectins (surfactant proteins A and D), lysozyme, lactoferrin, fi bronectin, 
complement, and immunoglobulins A and G [ 3 – 7 ]. These secreted or soluble com-
ponents of the innate immune system are present in the fl uid of the epithelial lining 
where they exert direct microbicidal effects, act as opsonins and agglutinins to 
facilitate subsequent phagocytosis, and play an important role in regulating local 
infl ammation [ 3 ]. 

 The cellular innate immune response becomes activated either by the action of 
these soluble protein mediators or in direct response to invading pathogens. Cells 
important to the innate response include airway and alveolar epithelial cells, AMs 
and recruited natural killer (NK) cells, dendritic cells (DCs), and neutrophils. AMs 
account for the vast majority of leukocytes in the normal, healthy lung, where they 
phagocytose and eradicate inhaled particles on an ongoing basis [ 8 ]. In the event of 
a large particulate load or exceptionally virulent pathogen, AMs produce proinfl am-
matory cytokines and chemokines to initiate recruitment of neutrophils, DCs, and 
monocyte-derived macrophages from the pulmonary vasculature in order to 

   Table 8.1    Important differences in innate and adaptive immunity   

 Innate  Adaptive 

 Antigen specifi city  Nonspecifi c  Exquisite specifi city 
 Limited number PAMPs/DAMPs  >10 14  unique epitopes 

 Germline encoded  Yes  No 
 Response time  Rapid, active before exposure  Days, clonal proliferation 
 Immunologic memory  No  Yes, robust second response 
 Distinguish self vs. non  Yes  No, delete self-reactive 

   PAMP  pathogen-associated molecular pattern,  DAMP  damage-associated molecular pattern  
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generate a robust local infl ammatory response. Additionally, AMs act as antigen- 
presenting cells (APCs), carrying foreign antigens to regional lymph nodes, where 
they are taken up by DCs and presented to naïve lymphocytes, thus invoking clonal 
T-cell proliferation and promoting robust adaptive immune responses [ 8 ]. 
Importantly, recent literature also suggests that the lung itself can act as a tertiary 
lymphoid organ, with local antigen presentation and cell maturation occurring even 
in the absence of extrapulmonary lymphoid tissue, a novel fi nding with contextual 
relevance to lung transplantation [ 9 ].  

    Receptors and Ligands of the Innate Immune System 

 Initiation of the innate immune response depends on a series of germline-encoded 
PRRs that recognize highly conserved molecular patterns on microorganisms 
(pathogen-associated molecular patterns [PAMPs]). More recently, it has been 
noted that in addition to recognition of foreign molecular patterns, PRRs also 
provide an internal mechanism by which to mount a response to injured self-tissue 
via recognition of damage-associated molecular patterns (DAMPs). PRRs can be 
secreted into the bloodstream or expressed either intracellularly or on the cell 
surface, where they serve a variety of functions depending on the cell type and 
location of expression. For example, secreted PRRs activate the complement 
cascade and promote microbial opsonization and phagocytosis, while ligation of 
cell surface PRRs stimulates maturation of APCs and infl ammatory cytokine 
production [ 10 – 15 ]. 

 The earliest identifi ed and best described PRRs are those in the TLR family. 
TLRs are expressed by a wide variety of cells important in pulmonary innate immu-
nity, including AMs, DCs, neutrophils, and epithelial cells of the alveoli and con-
ducting airways. To date, there are 11 well-described TLRs (numbered TLR1 
through TLR11), and their ligand specifi city, location of expression, and functions 
demonstrate a high degree of specialization in pathogen recognition (Table  8.2 ) [ 11 , 
 13 ,  16 ]. Notably, myeloid differentiation factor 88 (MyD88) is an adaptor protein 
shared by all TLRs with the exception of TLR3, and signaling can occur in a 
MyD88-dependent or independent fashion, with the MyD88-independent signaling 
pathway utilizing the adaptor protein TRIF [ 11 ,  12 ,  16 ]. While some TLRs do not 
have known co-receptor requirements, others have been shown to associate with 
co-receptors in a tissue-specifi c manner in order to detect microbial antigens. TLR4, 
for example, utilizes co-receptor CD14 to recruit lipopolysaccharide (LPS) for 
subsequent direct receptor-ligand interaction. Interestingly, in addition to tissue- 
and location-specifi c specialization of function, TLRs have also recently been 
reported to form heterodimers, and this cooperativity is believed to further diversify 
the range of recognizable molecular motifs [ 15 ]. Certainly, the complexity of TLR 
signaling and its integration into the full host response is only now just beginning to 
be understood.

   Microbial PAMPs and endogenous DAMPs demonstrated to signal in a TLR- 
dependent fashion are outlined in Table  8.2  [ 11 ,  13 ,  16 ]. Ligation of the TLR by 
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these and other yet to be identifi ed PAMPs and DAMPs initiates a complex intracel-
lular kinase cascade either in a MyD88-dependent or independent fashion. While 
the MyD88-independent pathway results in upregulation of interferons important in 
host response to viral infection, the MyD88-dependent pathway ultimately activates 
transcription factor NFκ(kappa)B, thus promoting DC maturation and proinfl am-
matory cytokine and costimulatory molecule production that in turn direct a Th1 
immune response [ 11 ]. Hence, TLR signaling is a critical mechanism by which the 
immune system can distinguish healthy self from injured self and microbial nonself 
and instruct downstream adaptive immune reactivity.  

    TLR Signaling in Transplant Rejection and Tolerance 

 Registry data suggest that long-term outcomes after lung transplantation remain 
inferior when compared to most other solid organs, despite aggressive immunosup-
pression protocols [ 17 ]. Given that the lung is in constant interaction with the 

    Table 8.2    Toll-like receptors with known ligands and location of expression   

 Toll-like receptor  Ligand(s)  Location 

 TLR1  Triacyl lipopeptides, bacteria, and mycobacteria  Cell surface 
 TLR2  Hemagglutinin proteins, measles virus  Cell surface 

 Lipoarabinomannan, mycobacteria 
 Phospholipomannan, yeast 
 Zymosan, yeast 
 Porins,  Neisseria  
 Peptidoglycan, gram-positive bacteria 
 Lipoteichoic acid,  group B Streptococcus  

 TLR3  Ds RNA, viruses  Intracellular 
 Polyinosine:cytosine, viruses 

 TLR4  Lipopolysaccharide, gram-negative bacteria  Cell surface 
 F protein, respiratory syncytial virus 
 Mannan, yeast 
 Fibrinogen, tissue injury 
 Hyaluronic acid, tissue injury 
 Heat-shock proteins, tissue injury 

 TLR5  Flagellin, fl agellated bacteria  Cell surface 
 TLR6  Zymosan, yeast  Cell surface 

 Lipoteichoic acid,  group B Streptococcus  
 TLR7  Ss RNA, RNA viruses  Intracellular 
 TLR8  Ss RNA, RNA viruses  Intracellular 
 TLR9  Unmethylated CpG DNA, bacteria and mycobacteria  Intracellular 

 DNA, viruses 
 TLR10  Uncertain  Uncertain 
 TLR11  Profi lin-like molecules,  Toxoplasma gondii   Intracellular 

   CpG  cytidyl phosphate guanosine oligodeoxynucleotides  
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external environment, it has been hypothesized that these inferior outcomes are 
mediated by an amplifi ed immune response in the setting of concomitant exposure 
to alloantigens and environmental PAMPs or endogenous DAMPs [ 18 ,  19 ]. Because 
of the complexity and central importance of pulmonary innate immunity in host 
defense, it is plausible that similar innate mechanisms also contribute to the relative 
frequency of lung allograft rejection. The failure of aggressive T cell-based immu-
nosuppression to adequately prevent the onset of BOS after lung transplant substan-
tiates this hypothesis; however, much of the early work that established a role for 
innate immunity in allograft rejection primarily focused on models of skin and non-
lung solid organ transplantation. 

 One of these early studies, for example, demonstrated the development of a 
robust infl ammatory response in murine cardiac allografts, even in the absence of 
functional donor and recipient lymphocytes [ 20 ]. Later, a novel hierarchical cluster 
analysis of gene expression at multiple time points after murine heterotopic cardiac 
transplantation revealed two distinct phases of rejection, with genes important in 
innate immunity, including the TLR co-receptor CD14, being expressed as early as 
6 h post-transplant [ 21 ]. These data suggested that the full host response to solid 
organ transplant includes both innate and adaptive components and, furthermore, 
implicated a role for TLR signaling in the pathobiology of allograft rejection. 

 Since these initial descriptions, a series of elegant experimental and clinical 
studies have enhanced our understanding of the signifi cance of TLR signaling in 
transplant rejection and tolerance. In a seminal study, Goldstein and colleagues 
demonstrated a critical role for the TLR adaptor molecule MyD88 in acute skin 
allograft rejection [ 22 ]. Using a minor antigen mismatched skin transplant model in 
mice with targeted deletions of TLR2, TLR4, or their downstream signal MyD88, 
Goldstein et al. showed that recipients and donors lacking MyD88 had indefi nite 
allograft survival. Furthermore, the authors demonstrated a reduction in the number 
of DCs in draining lymph nodes, impaired generation of alloreactive T cells, and 
reduced Th1 immunity as measured by interferon-γ (gamma) (IFN-γ) in the absence 
of MyD88, indicating that skin graft rejection across minor mismatch was critically 
dependent upon innate immune MyD88 signaling [ 22 ]. 

 Subsequent studies, however, have generated inconsistent results with respect to 
innate signaling in murine solid organ transplant rejection and in fully major histo-
compatibility complex (MHC) mismatched skin transplant models. For example, in 
contrast to the dramatic results in the minor antigen skin transplant model, Goldstein 
et al. later found that in the context of completely allogeneic transplantation, both 
skin and heart rejection occurred despite targeted deletion of MyD88 or TLRs, 
although notably the tempo of rejection was reduced [ 23 ]. In contrast, McKay et al. 
demonstrated that combined deletion of both MyD88 and TRIF signaling prevented 
skin allograft rejection across major and minor MHC mismatch barriers [ 24 ]. 
The disparate results of these studies suggest that there are likely to be important 
organ- specifi c differences in the innate signaling mechanisms that contribute to 
allograft rejection. Perhaps due to the limited model systems in which to study lung 
rejection or BOS, similar studies have not yet been performed in the context of 
experimental lung transplantation. 
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 As an alternative approach to understanding the importance of TLRs in the con-
text of transplantation, several investigators have demonstrated that administration 
of TLR agonists is suffi cient to prevent the establishment and maintenance of long- 
term allograft acceptance [ 25 ,  26 ]. These studies provide strong and consistent evi-
dence that various PAMPs are able to break allograft tolerance even in the setting of 
otherwise tolerizing regimens. Chen et al., for example, administered the bacterial 
PAMP cytidyl phosphate guanosine oligodeoxynucleotides (CpG) perioperatively 
in a completely MHC mismatched murine cardiac allograft model in which the 
mice were treated with a CD154 monoclonal antibody tolerizing regimen known to 
mediate long-term graft acceptance. CpG injection broke the tolerance that is nor-
mally induced by anti-CD154, invoking prompt acute allograft rejection [ 26 ]. 

 Perhaps more relevant to lung transplantation, a similar potentiation of alloim-
mune lung injury was observed after intrapulmonary administration of the bacterial 
PAMP LPS or the viral PAMP polyinosinic:polycytidylic acid (poly I:C) in a fully 
mismatched murine bone marrow transplantation (BMT) model. The model is rel-
evant in that the observed pathology of alloimmune injury in BMT-related pulmo-
nary graft versus host disease (GVHD) overlaps considerably with that observed 
after lung transplantation. The results suggested these PAMPs contribute to exacer-
bations of pulmonary GVHD. Furthermore, the development of lymphocytic lung 
infl ammation after LPS administration was found to be dependent on functional 
TLR4 on donor-derived hematopoietic cells [ 27 ,  28 ]. 

 The distinct mechanisms underlying the impedance of tolerance in these models 
are becoming better understood and emphasize the important immunomodulatory 
functions of CD4 + Foxp3 +  T-regulatory (Treg) cells in mediating graft acceptance. 
Indeed the TLR ligand CpG was shown to eradicate Treg proliferation in the murine 
cardiac allograft model, while mice that underwent allogeneic BMT had diminished 
numbers of Tregs and thereby an attenuated Treg response to poly I:C exposure 
compared to their syngeneic counterparts [ 26 ,  28 ,  29 ]. Still other studies demon-
strate that, apart from Tregs, the production of proinfl ammatory cytokines, specifi -
cally interleukin-6 and interleukin-17, represents a critical mechanism by which 
bacterial PAMP exposure abrogates allograft tolerance [ 30 ,  31 ]. 

 While much remains to be learned, these infl uential lines of experimental 
research have established that defects in TLR signaling modulate allograft rejection, 
TLR activation by a variety of environmental PAMPs impedes successful experi-
mental transplant tolerance, and that this reversal of tolerance is facilitated by 
favoring proinfl ammatory cytokine production and the differentiation of Th1 and 
Th17 type responses while inhibiting a T-regulatory response. The translation 
of these laboratory fi ndings into the human transplant setting, specifi cally lung 
transplantation, has served to substantiate the clinical relevance of TLR signaling in 
mediating lung allograft rejection and BOS. 

 Given the heterogeneity in the timing and severity of BOS onset after lung 
transplant and the notable variation in innate immune responses in humans [ 32 ], we 
hypothesized that single nucleotide polymorphisms (SNPs) in innate immune genes 
may account for the clinically apparent differential susceptibility to BOS. Two loss-
of- function SNPs in the TLR4 gene had previously been described as associated 
with an attenuated infl ammatory response to inhaled endotoxin and protective with 
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respect to the development of infl ammatory-mediated diseases, such as vascular 
atherogenesis [ 33 ]. 

 These two SNPs were subsequently genotyped in a large cohort of lung- transplant 
recipients and evaluated for their correlation with acute rejection, BOS, survival, 
and burden of post-transplant infections. Strikingly, compared with wild-type recip-
ients, a signifi cant reduction in the absolute rate of acute rejection was noted 
amongst lung-transplant recipients heterozygous for either TLR4 loss-of-function 
SNP [ 34 ]. A follow-up study in 170 patients confi rmed the low rate of acute rejec-
tion in TLR4 heterozygotes over an extended period post-transplant, and, further-
more, it indicated a trend towards improved BOS-free survival [ 19 ]. 

 Perhaps due to standard antimicrobial prophylaxis employed after lung trans-
plantation, no difference in the rate or type of post-transplant infections was noted 
between the groups [ 19 ]. Additionally, only recipient, not donor, TLR4 polymor-
phisms were noted to be associated with the risk for allograft rejection, consistent 
with the idea that TLR signaling in recipient-derived cells, such as AMs, but not 
donor structural lung cells, contribute directly to the development of acute rejection 
[ 34 ]. Importantly, these fi ndings parallel those in previous experimental transplant 
models, particularly studies of pulmonary GVHD, where TLR4 signaling in bone 
marrow-derived hematopoietic cells rather than structural lung tissue was necessary 
for LPS-induced disease exacerbation [ 27 ]. 

 To further test our hypothesis, we later went on to characterize CD14 SNPs 
amongst 252 lung allograft recipients and demonstrated that recipients homozygous 
for the CD14 SNP TT, associated with endotoxin  hyperresponsiveness , had an ear-
lier onset of BOS (Fig.  8.1 ) and overall worse survival when compared to wild-type 
recipients. Consistent with a dose response effect of this SNP, heterozygous patients 
had intermediate rates of acute rejection and BOS. Furthermore, markers of systemic 
infl ammation, including levels of IFN-γ (gamma) and interleukin-6, were higher in 
TT recipients, even in the absence of active infection or allograft rejection [ 35 ].

   In summary, these important clinical studies indicate that BOS develops as a 
consequence of intricate interactions between environmental stimuli and host 
genetic susceptibilities and confi rms experimental fi ndings that TLR activation and 
signaling play a critical role in modulating allograft rejection. As many patients 
with protective TLR4 polymorphisms still went on to develop BOS, however, it is 
very likely that BOS susceptibility is regulated by multiple genes with overlying 
complex, and yet to be elucidated, gene–gene and gene–environment interactions 
occurring in the context of varying post-transplant PAMP/DAMP exposure and 
PRR activation.  

    Additional Innate Immune Mechanisms in Transplant 
Rejection and Tolerance 

 Although TLRs have been the most extensively described and studied elements of 
the innate immune system in the context of transplantation, additional basic and 
clinical studies suggest the importance of other innate immune components in the 
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development or maintenance of allograft rejection, including complement activa-
tion, proteins secreted into the epithelial lining, and local innate immune cell- 
mediated responses. 

    Complement and Soluble Innate Proteins 

 The soluble and secreted protein components of the pulmonary innate immune 
system are essential to local pathogen control and furthermore maintain the ability 
to invoke and modulate local infl ammatory responses. While the function of many of 
these secreted proteins as it relates to transplantation remains to be fully evaluated, 
activation of the complement cascade and alterations in the levels of mannose- 
binding lectin (MBL), alpha defensins, and surfactant protein A (SP-A), in particu-
lar, have been demonstrated to impact the risk for allograft rejection. 

 The complement system is a highly complex cascade involving three pathways—
the classical, alternative, and lectin—all of which converge to generate C3 convertases 
that cleave C3 to C3a and C3b. While complement activation results in neutrophil and 
epithelial activation and cell lysis, it can also regulate the alloimmune response by 

  Fig. 8.1    Recipient CD14 polymorphisms impact the risk for BOS after lung transplantation. 
Lung-transplant recipients with the homozygous for the TT CD14 genotype have a signifi cantly 
worse freedom from BOS as compared to those with CC or CT genotypes ( p  = 0.006).  BOS  bron-
chiolitis obliterans syndrome. Reproduced with permission from Palmer SM, Klimecki W, Yu L, 
Reinsmoen NL, Snyder LD, Ganous TM, et al. Genetic regulation of rejection and survival follow-
ing human lung transplantation by the innate immune receptor CD14. Am J Transplant. 2007 
Mar;7(3):693–9       
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enhancing or suppressing T cell-based immunity. Rigorous work has established the 
signifi cance of the complement system in regulating allograft rejection in murine 
models of renal, cardiac, and skin transplantation in addition to pulmonary GVHD 
[ 36 – 41 ]. 

 Pratt and colleagues, for example, demonstrated that wild-type mice do not reject 
allogeneic C3-defi cient kidneys [ 37 ]. Similarly, enhanced local complement activa-
tion resulted in accelerated rejection kinetics and amplifi ed anti-donor T-cell reac-
tivity in a heart transplant model [ 38 ]. The mechanisms by which complement 
affects T-cell function are also becoming better understood. Experiments by Vieyra 
et al. revealed that complement production by DCs and expression of C3a and C5a 
receptors is required for CD4 +  lymphocytes to provide help to CD8 +  cells important 
in allograft rejection [ 40 ]. Accordingly, C5a receptor blocking strategies have been 
shown to prevent T-cell priming and result in prolonged allograft survival in rodent 
models of both renal and cardiac transplantation [ 39 ,  41 ]. 

 More recently, and of increased relevance to lung transplantation, Khan et al. 
used a murine orthotopic tracheal transplant model to demonstrate that antibody- 
mediated complement activation results in microvascular injury and tissue ischemia, 
even in the absence of lymphocytes. This fi nding is important because tissue isch-
emia and loss of microcirculation are events thought to precede the development of 
obliterative airways disease [ 42 ] and furthermore is consistent with the observation 
that C4d deposition on pulmonary capillaries precedes vascular disruption during 
acute allograft rejection in models of rat orthotopic lung transplantation [ 43 ]. 

 Clinical studies have corroborated the relevance of complement in human trans-
plantation. Tissue from rejecting heart and kidney allografts has higher quantities of 
mRNA for the C5a and C3a complement receptors [ 36 ], and polymorphic variants 
in donor C3 have been demonstrated to impact recipient outcomes after renal trans-
plantation [ 44 ]. Additional studies have invoked a potential role for complement 
activation, particularly of the lectin pathway by MBL, in modifying outcomes after 
lung transplantation [ 45 – 47 ]. MBL levels vary in the population owing to genetic 
variation and, importantly, defi ciency has been shown to predispose to a variety of 
infections [ 4 ]. While current data remain inconclusive, alterations in MBL level 
may also impact susceptibility to lung allograft rejection and moderate post- 
transplant outcomes. 

 Beyond complement, others have noted that variations in pulmonary surfactant 
proteins [ 48 ], specifi cally surfactant protein A (SP-A), and the antimicrobial pep-
tide alpha defensin [ 49 – 51 ] can be associated with the presence of BOS or even 
potentially predict its future onset. Nelsestuen and colleagues performed proteomic 
analysis on bronchoalveolar lavage (BAL) specimens from 57 lung allograft recipi-
ents and demonstrated that alpha defensin levels were 10–100 times greater in 
allograft recipients with BOS compared to stable post-transplant patients. 
Furthermore, the authors showed that alpha defensin levels begin to increase in the 
BAL up to 15 months prior to BOS diagnosis [ 50 ]. In contrast, a separate study 
demonstrated  reduced  SP-A levels in the BAL of patients with BOS. This decrease 
was detectable early after transplant, preceding BOS onset in most patients [ 48 ]. 
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 Interestingly, while SP-A has been demonstrated to have inhibitory effects on 
T-cell proliferation and DC maturation [ 5 ], alpha defensins are chemotactic for 
memory T cells and DCs [ 6 ] and may promote lung fi broblast proliferation and col-
lagen synthesis [ 52 ]. It is therefore plausible that a reduction in SP-A eliminates an 
important immunoregulatory mechanism while increased levels of alpha defensins 
facilitate a robust infl ammatory response. Further research into the specifi c role for 
these and other protein components in lung allograft rejection, specifi cally as they 
relate to long-term outcomes and BOS, is necessary. A focus on complement activa-
tion, in particular, is attractive because novel small molecule inhibitors of comple-
ment receptors are emerging and may offer selective therapeutic benefi t.  

    Antigen-Presenting Cells 

 APCs, including DCs and macrophages, are central to innate immunity and repre-
sent a critical link between innate and adaptive responses. Consistent with this idea, 
in the context of transplant biology, ample evidence exists across numerous experi-
mental systems illustrating a key role for DCs and macrophages in priming the 
alloimmune response. 

 DCs, in particular, are a heterogeneous population of innate cells that exist in a 
variety of functional states and may be derived from plasmacytoid cells (pDCs) or 
myeloid precursors such as monocytes (mDCs) [ 53 ]. While immature DCs are poor 
APCs and may even contribute to maintenance of tolerance, mature DCs are highly 
potent APCs that, upon activation, upregulate costimulatory molecules necessary 
for effective adaptive responses and express infl ammatory cytokines that direct 
local immune processes [ 54 ]. Importantly, pDCs and mDCs have been described to 
have differential effects on T-cell activation. Whereas pDCs exert an immunoregu-
latory role and polarize toward a Th2 response, mDCs promote a strong Th1 type 
infl ammatory response. 

 Initial work depleting and restoring these so-called graft passenger leukocytes in 
a kidney allograft model implicated DCs as key to alloantigen presentation, with 
donor organs devoid of incompatible leukocytes promoting graft acceptance and 
subsequent DC infusion reinstating immunogenicity [ 55 ]. More recent experiments 
in a murine orthotopic lung transplant model have confi rmed the importance of 
donor-derived DCs in alloantigen-induced priming of recipient T cells [ 56 ]. Benson 
et al. evaluated the effect of either donor pDC or mDC depletion or concomitant 
depletion of both cell types in modulating experimental lung allograft rejection. 
While eradication of either cell type alone had minimal effect on the tempo or 
degree of acute rejection, elimination of both DC populations attenuated the sever-
ity of acute allograft rejection and decreased recipient T-cell proliferation [ 56 ]. 

 Macrophages, like DCs, are important in antigen presentation and furthermore 
secrete growth factors that may play a role in mediating fi brotic airway responses 
after lung transplantation. Oyaizu et al. hypothesized that pharmacologic depletion 
of macrophages in a rat model of heterotopic tracheal transplantation would prevent 
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the development of obliterative airway disease. Indeed, the authors demonstrated 
that macrophage-deplete recipients had a signifi cant reduction in tracheal oblitera-
tion and profi brotic growth factors, including decreased expression of platelet- 
derived growth factor, a factor known to promote fi broblast proliferation [ 57 ]. This 
fi nding is consistent with later work in a murine cardiac allograft model that reported 
a 70 % reduction in the development of chronic cardiac allograft vasculopathy in 
macrophage-deplete hosts, an effect independent of T-cell or B-cell alloreactivity 
[ 58 ]. Interestingly, with a focus on graft obliteration, these studies also indicate that 
macrophages or macrophage-derived products may be important end-effector mech-
anisms in the profi brotic processes relevant to chronic allograft rejection [ 57 ,  58 ]. 

 To date, very few studies have characterized DC and macrophage populations in 
the setting of clinical lung transplantation. The results of one small study evaluating 
peripheral blood leukocyte chimerism in lung allograft recipients suggest that while 
donor-derived mDCs persist and can be detected in the blood up to 1 year post- 
transplantation, pDCs are conspicuously and consistently absent, a fi nding of inter-
est given the purported immunoregulatory function of pDCs [ 59 ]. Adjunctive work 
by Rizzo and colleagues demonstrated increased expression of adhesion molecules 
and the infl ammatory cytokine interleukin-6 by AMs isolated from the BAL of 
lung-transplant recipients with acute rejection compared to stable controls, impli-
cating AMs as important mediators of mononuclear cell adhesion and extravasation 
during allograft rejection [ 60 ].  

    Effector Cells of Innate Immunity 

 In addition to APCs, effector cells of innate immunity including neutrophils and NK 
cells have been implicated to play a role in the complex sequence of events culmi-
nating in airway fi brosis after lung transplantation. Kreisel et al. demonstrated that 
syngeneic lung transplantation stimulates granulopoiesis and accumulation of 
neutrophils within allograft tissues, suggesting that the transplant procedure itself or 
ischemic injury promotes neutrophils infl ux into the graft [ 61 ]. Furthermore, infi l-
trating neutrophils were recently shown to interact directly with graft donor-derived 
DCs in a murine model of orthotopic lung transplantation, and this interaction was 
associated with production of interleukin-12 and potentiation of Th1 alloimmunity 
and acute rejection [ 62 ]. As such, this neutrophil-DC interaction may represent a 
previously unrecognized link between innate and alloimmune responses after lung 
transplantation. 

 Neutrophil chemotaxis and angiogenesis have been shown to be promoted by 
ELR +  CXC chemokines (such as interleukin-8) that utilize the CXCR2 receptor. 
Belperio et al. demonstrated that the CXCR2/CXCR2 ligand axis is critical in 
mediating early neutrophil recruitment and late vascular remodeling important to 
the development of fi bro-obliterative airway disease in a heterotopic tracheal trans-
plantation model, and, furthermore, levels of ELR +  CXC chemokines in the BAL 
positively correlated with the presence of BOS in human lung allograft recipients 
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[ 63 ]. The neutrophil is by far the most predominant cell type in the BAL fl uid of 
patients with BOS, even in the absence of concurrent infection or acute rejection, 
and the degree of BAL neutrophilia increases in correlation with increasing BOS 
stage. Going beyond a simple association, several studies have demonstrated the 
value of elevated BAL neutrophil counts prior to the onset of BOS as a factor useful 
in predicting its future development [ 64 – 66 ]. Neurohr et al., for example, followed 
63 patients for 3 years post-transplant and showed that neutrophil proportions 
greater than 20 % predicted BOS onset a median of 232 days post-bronchoscopy [ 65 ]. 

 NK cells are also important innate effector cells of increasingly recognized com-
plexity. Recent work has validated that NK cells contribute to the development of 
solid organ transplant rejection in experimental models. In a mouse model of car-
diac transplantation CD28 knockout mice depleted of NK cells were unable to reject 
heart allografts, while reconstitution of NK cells facilitated acute rejection via acti-
vation of CD28-negative cells, suggesting that NK cells provoke rejection through 
mechanisms that are not dependent on T-cell costimulation [ 67 ]. Interestingly, NK 
cells have also been demonstrated to play a role in chronic cardiac allograft rejec-
tion [ 68 ]. Although the precise function of innate immune cells as it relates to the 
mechanisms of allograft rejection in lung transplant recipients remains to be 
clarifi ed, the results of one small study suggest that in recipients with BOS, there is 
both an increase in the number of NK cells present in lung tissue and increased 
activation of NK cells in the peripheral blood [ 69 ]. 

 Together these studies implicate DCs, macrophages, and neutrophils, in par-
ticular, as important innate immune cells of particular relevance to lung transplant 
rejection. Further mechanistic studies characterizing the complex relationship 
between innate immune cells and T-cell reactivity in the context of transplantation 
may reveal novel strategies to polarize toward tolerant responses or minimize 
alloimmune and profi brotic processes.   

    Impact of Innate Immunity on Environmental Risk 
Factors for BOS 

 Evolving evidence supporting a central role for innate immune activation in regulat-
ing the host alloimmune response to lung transplantation provides an opportunity to 
reconsider the pathogenic mechanisms of established BOS risk factors. In fact, as 
outlined in Table  8.3 , many of the previously established and more recently reported 
clinical risk factors for BOS are factors that could activate pulmonary innate immu-
nity and include ischemia reperfusion injury (IRI), gastroesophageal refl ux disease 
(GERD), exposure to air pollutants, and infection or colonization with viral or 
fungal pathogens, respectively [ 70 – 75 ].

   Consistent with this idea, multiple studies have shown that endogenous DAMPs, 
such as high-mobility group box-1 and hyaluronic acid, released from ischemic or 
dying tissues in the setting of IRI, can activate innate pathways via TLR2, TLR4, 
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and the innate PRRs pentraxin-3 and receptor for advanced glycation end products 
[ 76 – 81 ]. This response may potentiate alloimmune reactivity and account for the 
increased risk for BOS in lung allograft recipients with a history of primary graft 
dysfunction. Interestingly, other noninfectious insults, such as GERD and chronic 
inhalation of environmental particulate matter, may also cause tissue injury and 
DAMP release or, alternatively, may directly activate TLRs to invoke downstream 
infl ammation and adaptive processes. Aspiration of gastric refl uxate, for example, 
has been noted to precipitate severe acute lung rejection and increases in innate 
cytokine levels in rat models of chronic sublethal aspiration [ 82 ,  83 ]. Still others 
have demonstrated a relationship between exposure to traffi c air pollution and the 
development of BOS in a large, well-characterized sample of lung-transplant recipi-
ents from a region where air pollution levels are relatively high [ 73 ]. These latter 
fi ndings are noteworthy given that genetic variations in TLR2 and TLR4 moderate 
responses to air pollutants in childhood asthma [ 84 ], and the functional and biologi-
cal airway response to ozone has been shown to be TLR4-dependent [ 85 ]. 

 Apart from tissue injury and DAMP release, lung-transplant recipients are also 
exposed to a myriad of microbial PAMPs that hold the potential to directly activate 
TLRs and initiate subsequent alloimmune reactivity. Lung allograft recipients, in 
particular, demonstrate increased susceptibility to infection due to both ongoing 
immunosuppression and underlying impairment in mechanical host defense [ 86 ]. 
Many clinical and basic studies support the link between infection and BOS. 
Retrospective studies suggest that community-acquired respiratory viral infections 
increase the risk for BOS [ 87 – 90 ], and experiments in a murine orthotopic tracheal 
transplant model indicate that infection with Sendai virus, a murine parainfl uenza 
type I-like virus, increases tracheal fi bro-obliteration and alloreactive T cells while 
invoking Treg apoptosis [ 91 ,  92 ]. Similarly, cytomegalovirus (CMV) pneumonitis 
has been demonstrated in large clinical cohorts to be a risk factor for BOS and 
death, even in the era of CMV post-transplant prophylaxis [ 70 ], and elevated levels 
of CCL2, a chemokine typically secreted by macrophages and chemotactic for DCs 
and memory T cells, have been noted in the BAL fl uid from patients with CMV 
infection who later go on to develop BOS [ 93 ]. 

 While literature evaluating a role for bacterial infection and colonization in BOS 
is inconsistent, the impact of fungal colonization is just beginning to be explored. 
An intriguing study by Weigt and colleagues recently implicated Aspergillus  colo-
nization  in the lung allograft, even in the absence of frank infection, as a novel BOS 
risk factor that independently predicted BOS-related morbidity and mortality 
regardless of acute rejection burden [ 72 ]. As Aspergillus is recognized through 
TLR2 and TLR4, this suggests that the relationship between lung infection and 
BOS may not be limited to specifi c pathogens, but rather depend on activation of the 

   Table 8.3    Clinical BOS risk factors that activate pulmonary innate immunity   

 Ischemia reperfusion injury  Community respiratory virus infection 
 Cytomegalovirus pneumonitis  Gastroesophageal refl ux disease 
 Aspergillus colonization  Air pollutants 

   BOS  bronchiolitis obliterans syndrome  
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innate immune system and subsequent alloimmune potentiation in response to a 
broad spectrum of pathogen-associated motifs [ 94 ]. 

 Further identifi cation and characterization of the specifi c PAMPs, DAMPs, and 
PRRs involved in the pulmonary allograft response to each of these clinical risk 
factors may offer the ability to selectively target and block subsequent adaptive 
immune responses. In the meantime, efforts to limit environmental infectious and 
noninfectious insults in addition to heightened surveillance and early recognition of 
allograft rejection provoked by these processes are warranted.  

    Future Directions 

 The innate immune system is now recognized to play a critical role in regulating 
adaptive immunity and the response to transplantation. This is of particular rele-
vance to lung transplantation, given the constant interface between the lung allograft 
and external environment. Experimental evidence supports an essential role for 
TLR signaling and other innate processes, including complement and innate cell 
activation in modulating allograft rejection. Furthermore, clinical studies reinforce 
these experimental fi ndings, particularly with respect to TLR activation, and indi-
cate that BOS susceptibility is very likely to be regulated by multiple genes in the 
context of gene–gene and gene–environment interactions based on patterns of 
post- transplant PAMP/DAMP exposure and PRR activation. These data suggest a 
constant interplay between environmental stimuli, the innate immune response, and 
recipient genetic susceptibilities that together shape and regulate the subsequent 
adaptive response. 

 A major limitation of the current studies as they relate to lung transplantation is 
that much of the available evidence related to innate immune activation in allotrans-
plantation has utilized experimental models of skin or heart rejection. Many oppor-
tunities now exist to take advantage of the range of newly established lung allograft 
models, including the murine orthotopic lung transplant model, in order to directly 
explore these innate processes in a context that is more relevant to human lung 
transplantation [ 95 ]. Such studies have already implicated a novel role for the lung 
as a tertiary lymphoid organ and established the importance of neutrophils in acute 
rejection [ 9 ,  62 ]. Rigorous work to further characterize the specifi c innate processes 
involved in lung rejection using these and other model systems is likely to identify 
novel targets for selective therapeutic intervention. 

 In fact, TLR inhibitors and antagonists of other innate immune receptors or 
protein effectors, such as CD14 and complement receptors, are being developed for 
use in humans, and clinical trials are already ongoing in certain immune or infl am-
matory conditions [ 96 – 98 ]. Although no substantial adverse effects have been 
reported to date, the effi cacy of such approaches remains to be determined. In addi-
tion, studies of therapeutics targeting innate immunity must balance the risks of 
inhibiting protective fi rst-line host defense with the potential benefi t of attenuating 
harmful downstream infl ammatory responses. The timing of such targeted therapies 
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with respect to transplantation also remains to be explored, as innate stimuli are 
both immediate and persistent over the lifetime of the allograft. 

 The growing understanding of innate immunity in solid organ transplantation 
offers important mechanistic insights that are highly relevant to lung transplanta-
tion. Innate processes are likely to contribute to the high rates of lung rejection 
and BOS. As additional mechanistic details related to the innate-alloimmune 
interaction are discovered, there is great potential to develop novel therapies that 
could signifi cantly enhance the effectiveness of current immunosuppressive regi-
mens and reduce lung rejection. In summary, an evolving body of experimental 
and clinical evidence suggests that further research focused on innate immunity is 
critical to advance the fi eld of lung transplantation, and an improved understand-
ing of the role of innate immunity in lung allograft rejection could translate into 
therapies that substantially improve long-term patient outcomes in the future.     
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Abstract Bronchiolitis obliterans (BO) post-lung transplant is a fibroproliferative 
disease of the small airways. Among all fibrotic diseases, BO is unique in that we 
have the opportunity to follow the evolution of airway remodeling and fibrosis via 
serial lung samplings. Although there is a definite role of immune and nonimmune 
injury in the pathogenesis of this disease, the physiological impairment in BO is 
related to fibrogenesis. Hence, understanding the pathogenesis of fibroproliferation 
in BO is critical for identifying targets for future therapeutic interventions and the 
timing of such therapy. This review updates the understanding of the cellular and 
molecular participants in fibrotic remodeling of the lung allograft.
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 Fibrosis as a Prominent Histological Feature of Chronic 
Allograft Rejection

Architectural remodeling with fibrosis and scarring of airways and blood vessels is 
the most prominent histological feature noted in lung allografts undergoing chronic 
allograft dysfunction [1, 2]. Basement membrane fragmentation, intra-luminal, or 
subepithelial infiltration of mesenchymal cells, and dense collagen deposition are 
noted in the membranous and respiratory bronchioles. This fibroproliferative pro-
cess results in partial or complete obliteration of the lumen [3] and in late stages the 
small airways can be completely replaced by a fibrous scar (Fig. 9.1).

 Role of Allo- and Autoimmune Injury in Pathogenesis  
of Fibrosis Accompanying BO in Lung Transplant Recipients

While the pathological diagnosis of bronchiolitis obliterans (BO) is not limited to 
lung transplant recipients, its predominance in patients with either bone marrow 
transplantation or lung transplantation—scenarios marked by allogeneic mismatch 
of the lung with the hematopoietic cells—suggests an important role for alloim-
mune insults in perpetuating this process. Further evidence is provided by an asso-
ciation of acute rejection episodes with the development of BOS in lung transplant 
recipients [4–8]. Specifically, lymphocytic infiltration of small airways is thought to 
precede fibrotic obliteration [9–11]. Both T and B lymphocytes have been impli-
cated in development of airway obliteration in murine models, suggesting a role for 
cell-mediated and humoral immunity in the resultant fibrotic responses [12–15]. 
Alloimmune injury can also potentially initiate development of an autoimmune 
response. Work in this field demonstrates development of collagen(V)-specific cel-
lular immunity prior to development of BOS [16]. Thus, BO can be characterized as 
an aberrant repair response of the donor lung to chronic/recurrent allo- or autoim-
mune insults and can be compared to wound healing.

 Myofibroblasts: The Central Effector Cell in BO

Recruitment and proliferation of mesenchymal cells and their differentiation to myo-
fibroblasts represent the hallmark of fibroproliferative disorders [17]. Myofibroblasts 
demonstrate phenotypic and behavioral features of fibroblasts and smooth muscle 
cells and are characterized by expression of the contractile protein, α(alpha)-smooth 
muscle actin (α-SMA). BO lesions in human lungs demonstrate luminal or subinti-
mal infiltration by myofibroblasts [18] (Fig. 9.1). Due to their increased collagen 
synthetic function and contractile phenotype, these cells play a crucial role in the 
resulting fibrotic pathology and associated obstructive physiology.
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 Origin of Mesenchymal Cells in Graft Fibrogenesis

Understanding the origin of myofibroblasts is crucial to targeting molecular mecha-
nisms that underlie the recruitment and differentiation of mesenchymal cells in 
fibrotic lung diseases. In the context of lung transplantation, the potential sources of 

Fig. 9.1 Myofibroblasts in a bronchiolitis obliterans lesion. Bronchiolitis obliterans is noted as 
demonstrated by complete fibrotic obliteration of a terminal bronchus. (a) H&E staining, ×40 
magnification. (b) Alpha-smooth muscle actin-positive mesenchymal cells (myofibroblasts) can be 
identified in the lesion by immunohistochemical staining
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mesenchymal cells can be divided into those of donor vs. recipient origin. Resident 
mesenchymal or epithelial somatic cells in the lung graft can contribute to augmen-
tation of the mesenchymal cell pool by proliferation or trans-differentiation, respec-
tively. Donor lungs also contain a population of long-lived mesenchymal progenitor 
cells with an ability to differentiate into multiple mesenchymal lineages, including 
myofibroblasts. The presence of mesenchymal stem cells in the bone marrow and an 
increased expression of CD45-positive collagen-expressing cells termed fibrocytes 
in the blood of patients with BOS also suggests that the recipient has the ability to 
contribute to the mesenchymal pool in the transplanted lung [19, 20]. These multi-
ple potential sources, combined with the lack of unique markers of origin, make it 
difficult to determine the relative contribution of a specific compartment to lung 
fibrogenesis. However, recent studies of sex-mismatched patients and comparison 
of lung-derived to bone marrow-derived mesenchymal progenitor cells have shed 
more light on this issue. Newer methodology that combines staining for mesenchy-
mal markers with fluorescent in situ hybridization (FISH) for detection of sex 
chromosomes can be utilized to identify the origin of cells in lung grafts. This tech-
nique, when applied to histologic samples of BO, carries the risk of overestimating 
recipient contribution, because hematopoietic cells can lie in close proximity to 
mesenchymal cells [21]. Nonetheless, in a study of BO lesions utilizing this tech-
nique, only a minority of the cells could be attributed to the recipient [22]. Analysis 
of mesenchymal cells derived from transplanted lungs of sex-mismatched patients 
at a single cell level conclusively demonstrated that this population is predomi-
nantly donor in origin [23]. The persistence of mesenchymal cells of donor origin 
up to 11 years post-transplant emphasizes the ability of the graft to self-perpetuate 
and self- replenish its cellular populations (Fig. 9.2) [23]. Furthermore, unique 
expression of embryonic lung mesenchyme-associated transcription factors such as 
forkhead/winged helix transcription factor forkhead box (FOXF1) in graft-derived 
mesenchymal progenitor cells as well as in the myofibroblasts in biopsy samples 
strongly suggest that the mesenchymal component of the transplanted adult lung is 
the major contributor to fibrogenesis occurring in the graft [24].

 Migration and Recruitment of Mesenchymal Cells  
Within an Allograft

Mobilization of mesenchymal cell populations within an allograft has been demon-
strated by quantification of fibroblast colony-forming units in bronchoalveolar 
lavage fluid (BAL) [23]. An increase in mesenchymal cells in the airspaces is noted 
early post-transplant, suggesting a role for these cells in lung repair [25]. An increase 
in mesenchymal cell numbers in the BAL fluid also accompanies and predates 
development of BOS [25]. These finding are in contrast to normal lungs or quies-
cent allografts, which do not demonstrate a significant mesenchymal cell population 
in the BAL [23].
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Fig. 9.2  Mesenchymal cells in an allograft are donor derived. XY chromosome analysis in sex- 
mismatched recipients demonstrates donor origin of mesenchymal progenitor cells population 
derived from bronchoalveolar lavage of human lung allografts. Red signal indicates X chromosome, 
and green signal indicates Y chromosome. Cells shown in (a) demonstrate female sex chromosome 
pattern and were obtained from a male patient who received a female donor lung. (b) demonstrates 
the male sex chromosome status of mesenchymal cells obtained from BAL of a male donor lung 
transplanted into a female recipient. Republished with permission of American Society for Clinical 
Investigation, from Lama VN, Smith L, Badri L, Flint A, Andrei AC, Murray S, et al. Evidence for 
tissue-resident mesenchymal stem cells in human adult lung from studies of transplanted allografts. 
J Clin Invest 2007;117:989–96; permission conveyed through Copyright Clearance Center, Inc.
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Mesenchymal cell recruitment and migration during wound healing can be medi-
ated by a wide array of chemokines, growth factors, and lipid mediators. Several of 
these mesenchymal chemotactic factors have been demonstrated to be present in a 
human lung allograft milieu and could potentially be relevant in migration of mes-
enchymal cells within an allograft. Endothelin-1 (ET-1), a potent mitogenic and 
pro-fibrotic peptide produced by pulmonary vascular endothelial cells, is increased 
in BAL [26] and also stimulates migration of mesenchymal progenitor cells isolated 
from allograft airspaces [27]. BAL derived from human lung allografts can induce 
migration of mesenchymal cells in vitro [28]. The predominant factor responsible 
for this capacity was found to be a bioactive lipid mediator, lysophosphatidic acid 
(LPA) [28]. LPA levels in BAL correlate with number of mesenchymal cells, and 
antagonism of LPA receptor can counteract the majority of the mesenchymal che-
moattractant ability of BAL. LPA-induced migration of lung allograft–derived mes-
enchymal cells is mediated via activation of β(beta)-catenin, an integral cell–cell 
adhesion adaptor protein and a transcriptional co-regulator. LPA-induced ligation of 
the G protein coupled receptor, LPA1, induces PKC-mediated GSK3β (beta) phos-
phorylation, which results in cytoplasmic accumulation and nuclear translocation of 
β(beta)-catenin [28].

 Altered Mesenchymal Cell Phenotype in BOS

Investigation of mesenchymal cells post-transplant suggests a stable phenotypic 
alteration in patients with BOS [24, 29]. Increased extracellular matrix synthetic 
capacity as well as higher α(alpha)-SMA expression is seen in mesenchymal cells 
isolated from allografts of patients with BOS [24], and these functional alterations 
appear to predate development of BOS. Failure of anti-fibrotic mechanisms and an 
augmentation of pro-fibrotic mediators likely contribute to skewing of the mesen-
chymal progenitor cells in the lung allograft towards fibrotic differentiation. 
Prostaglandin (PG) E2, a well-recognized anti-fibrotic lipid mediator, can inhibit 
proliferation and myofibroblast differentiation of mesenchymal cells of normal lung 
allografts. However, a decreased synthesis and response to PGE2 is noted in mesen-
chymal cells in BOS [30]. On the contrary, an augmented secretion of the pro- 
fibrotic mediator, endothelin-1, is described in mesenchymal cells in BOS [27].

 Mesenchymal Cell and Myeloid Cell Interactions  
in the Allograft

The allograft milieu, which is marked by infiltration with recipient immune cells 
and mobilization of donor lung-resident progenitor cells, provides a fertile ground 
for interaction of these cell types. Macrophages are the foremost adaptive immune 
cell that can regulate mesenchymal cell recruitment and differentiation directly by 
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secreting pro-fibrotic growth factors such as TGF-β(transforming growth factor-
beta) and PDGF (platelet derived growth factor). Alveolar macrophage secretion 
and BALF levels of TGF-β1 are both increased in BOS [31, 32]. Similarly, increased 
concentrations of PDGF and IGF-1 (insulin like growth factor-1) are seen in BALF 
from patients with BO [33, 34]. Neutrophils, recruited to the graft by variety of 
chemoattractants such as interleukin(IL)-8, IL-17, and proline-glycine-proline 
(PGP), are also of great significance in BOS [35, 36]. A large body of literature sup-
ports a strong association of an increase in neutrophil numbers in the BAL and 
development of BOS [35, 37–41]. Furthermore, their persistence during the course 
of the disease supports their role in ensuing fibroproliferation in BOS.

Critical to regulation of mesenchymal cell function by the innate immune 
response is the balance of pro-inflammatory cytokines such as IL-1β, TNF-α (tumor 
necrosis factor-alpha), and IFN-α (interferon-gamma) to pro-fibrotic cytokines such 
as IL-13. IFN-α inhibits mesenchymal cell proliferation and myofibroblast differen-
tiation. Both IFN-α and IL-1β are potent inducers of cyclooxygenase 2 and, hence, 
upregulate secretion of PGE2, and the augmented production of PGE2, which is a 
potent anti-fibrotic mediator, can ameliorate TGF-β-induced myofibroblast differ-
entiation of lung allograft-derived mesenchymal cells. While preponderance of 
these pro-inflammatory cytokines is noted in ischemia reperfusion and acute rejec-
tion [42–46], the allograft milieu in BOS is characterized by predominance of 
IL-13, a pro-fibrotic Th2 cytokine, and growth factors such as TGF-β. IL-13 released 
by graft-infiltrating host cells acts as a critical effector cytokine that drives fibropro-
liferation in BO [18]. Myofibroblasts in the human lung allograft express IL-13 
Rα(alpha)1 [18], and IL-13 promotes collagen secretion and α-SMA expression in 
graft-resident mesenchymal progenitor cells [24]. IL-13 is also a well-characterized 
inhibitor of PGE2 synthesis by mesenchymal cells. Thus, a switch from pro-inflam-
matory to pro-fibrotic cytokines can promote maladaptive repair responses leading 
to remodeling. However, the interaction of various myeloid cells among themselves 
and with the resident mesenchymal cells is likely much more complex and involves 
both soluble mediators and cell–cell contact. An interesting example is the ability of 
donor lung mesenchymal cells to inhibit T-cell proliferation and modulate cytokine 
secretion [47]. Soluble mediators, among them PGE2 that is secreted by mesenchy-
mal cells when cocultured with allogeneic T cells, play an important role in mediat-
ing this effect [47]. But in BOS, a stable phenotypic change in mesenchymal cells 
characterized by a loss of PGE2 synthetic function combined with preponderance of 
TH1 rather than TH2 cytokines can explain a “switch” of the function of these cells 
from immunoregulatory to pro-fibrotic.

 Mesenchymal Epithelial Interaction in the Allograft

Epithelial cell injury and dysregulation of homeostatic epithelial-mesenchymal 
interaction is key to the development of fibrosis. Compelling evidence about the 
importance of epithelium in the pathogenesis of the fibrotic lesion in BO is provided 
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by animal studies where re-epithelization of donor trachea by recipient cells 
prevents fibrotic obliteration [48–50]. Epithelium has been shown to be an impor-
tant target of immune responses following human lung transplantation. Bronchial 
epithelial cells are capable of inducing T-cell proliferation, and upregulation of 
major histocompatibility class I and class II antigen expression is seen in bronchial 
epithelial cells in BOS [51, 52], making them prone to binding by anti-HLA anti-
bodies [53, 54]. Non-HLA antibodies directed against alveolar epithelial cells are 
also present in BOS patients [55], and ligation of antibodies leads to upregulation of 
pro- fibrotic growth factors in epithelial cells [55, 56]. Epithelial cell injury can also 
be induced by infections such as cytomegalovirus, which are associated with devel-
opment of BOS [8, 57–59]. Furthermore, microvascular loss and resulting airway 
ischemia have been shown to lead to epithelial cell injury. While epithelial cells can 
also potentially contribute directly to fibrosis via acquisition of a mesenchymal 
phenotype [60], epithelial cell injury by immune and nonimmune mechanisms 
likely plays a major pathogenic role by inducing of mesenchymal cell migration, 
proliferation, and differentiation.

 Studying Fibrogenesis in the Allograft

As the physiologic abnormalities seen in BOS are a direct consequence of progres-
sive matrix deposition and airway obliteration, there has been an increasing empha-
sis on understanding cellular types and signaling pathways involved in 
fibroproliferation. The de novo development of fibrosis during the allograft life can 
be studied longitudinally, thus providing an ideal opportunity to investigate fibrop-
roliferative responses over time. Furthermore, human lung is unique among trans-
planted solid organs because of the easy accessibility to lung tissue and the allograft 
milieu via bronchoscopy. This ability to repeatedly specimens from the lung has 
been utilized to identify biomarkers and biomodulaters of BO onset via translational 
studies. However, factors leading to a disorganized remodeling response in the 
allograft remain to be completely determined. An important question is whether, 
once initiated, fibrosis can self-perpetuate itself independent of allo- or autoimmune 
stimulation. This is indeed suggested by the failure of augmented immunosuppres-
sive medications to alter the progressive course of BOS and further underscores the 
need to develop anti-fibroproliferative therapies.

 Animal Models of BO

Attempts have been made to model fibrotic airway obliteration that occurs in allo-
immune transplantation in small animals. Allogeneic rodent tracheal transplant into 
subcutaneous sites, while anatomically incorrect, provides a simple and reproduc-
ible model of fibroproliferation and luminal obliteration [61]. The histologic lesions 
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progress from immune cell infiltration and epithelial injury to complete fibrotic 
obliteration, thus allowing for studies of alloimmune mechanisms as well as fibro-
genesis. An orthotopic transplant model where donor trachea is re-anastomosed to 
the recipient trachea is technically more challenging, but it offers the advantage of 
allowing airflow through the lumen and revascularization of the graft. In this model, 
while acute alloimmune injury leads to immune cell infiltration, epithelial regen-
eration from migration of recipient-derived epithelial cells limits development of 
overt fibrotic airway intra-luminal obstruction [50]. This model has highlighted the 
role of epithelial injury in fibroproliferation and continues to be utilized for 
studying mechanisms of alloimmune injury [18, 62–64]. However, both heterotopic 
and orthotopic tracheal transplant models share the drawback of having a histologi-
cally incorrect graft placed in an extra-pulmonary environment. Refinements have 
been made to the latter in a recently described intrapulmonary tracheal transplant 
model [64–66].

Whole lung transplant offers a significant advantage for investigating the cellular 
interactions and mechanistic pathways in an allograft milieu. However, the use of 
large-animal models of orthotopic lung transplantation is limited by the expense of 
animal care and cost of housing. Initial work using a rat model of orthotopic aerated, 
vascularized lung transplantation provided a realistic model to approximate lung 
transplantation in humans [67], and modifications of the protocol have made the 
model more reproducible for study [68]. Fully mismatched allografts are acutely 
rejected without immunosuppression, and attempts to mimic BO have been made 
by using moderately histocompatible strains without immunosuppression [69]. 
However, fibrotic remodeling has not been validated or extensively applied in this 
model. The limited availability of specific antibodies and transgenic or knockout 
strains has shifted the focus to the development of an orthotopic lung transplant 
model in mice [70, 71]. An obliterative bronchiolitis model using minor histo- 
incompatible antigen murine orthotopic single-left lung transplants has been 
recently described [72]. While still requiring further validation, this model opens 
exciting new avenues for investigating the pathogenesis of fibroproliferation in a 
lung allograft.

 Conclusion

Bronchiolitis obliterans is a fibrotic remodeling response of the donor lung. 
Epithelial injury from persistent or recurrent immune-mediated or infectious insults 
leads to mesenchymal cell migration and infiltration (Fig. 9.3). However, the devel-
opment of a persistently altered phenotype of mesenchymal cells in this disease 
suggests its independence from continuing immune injury and the need to directly 
target mesenchymal cells to arrest its progression. As the fibroproliferation of BO 
develops de novo in a transplanted graft during the period of active surveillance, this 
disease process provides an ideal scenario in which one can study novel anti-fibrotic 
therapies.
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Abstract Many risk factors and post-transplant events have been linked to the 
development of bronchiolitis obliterans syndrome. Evolving research suggests that 
the development of cell-mediated and humoral reactivity to self-antigens (collagen 
V, K-α1 tubulin) in the lung allograft may play a very significant role in the bron-
chiolar inflammation and fibrosis that lead to obliterative bronchiolitis and progres-
sive graft dysfunction and loss. Alloimmune and autoimmune mechanisms likely 
work together to mediate chronic lung allograft rejection. This chapter examines the 
role of autoimmunity in bronchiolitis obliterans syndrome with a focus on the role 
of Th17 lymphocytes, IL-17, and immune regulatory mechanisms in the develop-
ment and progression of obliterative bronchiolitis.
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 Introduction

Bronchiolitis obliterans syndrome (BOS) is a major cause of allograft dysfunction 
and loss following lung transplantation. The histopathologic correlate of lung 
allograft dysfunction due to BOS is obliterative bronchiolitis (OB), which is gener-
ally considered to be caused by chronic lung allograft rejection. BOS is recognized 
as a major cause of graft dysfunction following lung transplantation and is the major 
cause of graft loss and patient death for patients who survive beyond 1 year 
post- transplant [1–3]. Lung histopathology in patients with BOS can show striking 
similarities to the OB that can lead to progressive pulmonary function decline in 
allogeneic bone marrow or stem cell transplant recipients as well as the constrictive 
bronchiolitis that can occur in patients with connective tissue diseases (CTD). These 
airway changes are perceived as alloimmune or autoimmune disorders, respectively.

Numerous risk factors have been associated with the development of BOS. 
Alloimmunity is still the most widely accepted and “logical” cause of delayed 
allograft dysfunction in all types of organ transplantation, including that due to BOS 
after lung transplantation. Mismatching of tissue antigens, particularly HLA-A, 
HLA-B, and DR/DQ, tends to cause recipient alloimmune rejection responses to 
foreign tissue that are not adequately suppressed by currently available post- 
transplant immunosuppressive therapies [4–6]. Risk factors for BOS that have been 
linked to alloimmune rejection responses include acute cellular rejection, lympho-
cytic bronchiolitis, greater degrees of human leukocyte antigen (HLA) mismatch, 
and generation of de novo anti-HLA antibodies. Additional risk factors associated 
with BOS include pathologic gastroesophageal reflux (GER) with microaspiration, 
primary graft dysfunction (PGD), infection (viral, bacterial, and fungal), and expo-
sure to high levels of ambient air pollution.

The idea of HLA mismatch as the proximal cause of BOS has been brought into 
question by studies of HLA-mismatching in the European Collaborative Transplant 
Study data base. Opelz and colleagues [7] found relatively few HLA-0MM (mis-
matched) transplants [n = 28/8,020], but these had a very high graft failure rate 
despite having no mismatches, suggesting that factors other than HLA may be 
driving lung allograft rejection. Recent investigations have linked autoimmunity to 
solid organ allograft dysfunction. Evolving research has shown that de novo immune 
responses to self-antigens (e.g., myosin or vimentin in heart transplantation, colla-
gen IV or VI in renal transplantation, and collagen V or K-α(alpha)1 tubulin in lung 
transplantation) can develop post-transplantation, and such autoimmune responses 
may be triggered or induced by alloimmune responses in the setting of orthotopic 
organ transplantation [8, 9]. Hagedorn et al. [10] have reported that sera from 
patients with higher grades of BOS contain autoantibodies that react to a number of 
self-antigens. This chapter will review findings from investigations into the role of 
autoimmunity in lung allograft rejection and focus especially on collagen V autoim-
munity, which has been identified as a key risk factor for developing BOS [11–13] 
and which may be present in some individuals with advanced lung disease prior to 
lung transplant [14].
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 Autoimmunity and Chronic Lung Diseases

As in other forms of end-stage organ failure, autoimmunity underlies many of the 
diseases typical of patients presenting for lung transplantation. Indeed, autoimmu-
nity appears to play a role in an expanding number of lung diseases. Many patients 
with CTD, such as rheumatoid arthritis (RA), systemic sclerosis (SS), inflammatory 
myopathies, systemic lupus erythematosus (SLE), Sjogren’s syndrome, and mixed 
CTD, develop CTD-associated lung disease [15, 16]. The CTD disorders are recog-
nized as systemic autoimmune diseases, and diagnosis is made via a combination of 
clinical presentation and patterns of autoantibodies that are present in the circula-
tion [17]. Multiple patterns of involvement (airway-predominant, parenchymal 
inflammation, pulmonary fibrosis, pleural inflammation) and different idiopathic 
interstitial pneumonia (IIP) pathologies (e.g., nonspecific interstitial pneumonia 
[NSIP], usual interstitial pneumonia [UIP]) may develop in patients diagnosed with 
CTD [15, 16]. Interestingly, a UIP pattern is the typical and defining histopathologic 
pattern in patients with idiopathic pulmonary fibrosis (IPF), and areas of NSIP are 
also frequently present in the lungs of patients with IPF [18], but CTD-associated 
autoantibodies are usually not detected in patients diagnosed as having IPF.

Recent studies suggest that autoantibodies and T cells associated with autoreac-
tivity can be found in IPF [14, 19–21]. Bobadilla et al. [14] found that T-cell autoim-
munity to collagen type V was specifically elevated in many patients with end-stage 
IPF prior to lung transplantation. Feghali-Bostwick et al. [19] found abnormal pro-
liferation of CD4+ T-cell clones and IgG autoantibodies directed against a number 
of cellular antigens in the majority of a cohort of 48 IPF patients, and extracts of IPF 
lung could stimulate autologous CD4 T-cell proliferation (but not preparations from 
normal lung or non-IPF lung disease), suggesting that these responses were driven 
by autoantigens in the IPF lung. Additionally, Kurosu et al. [20] reported that CD4+ 
T-lymphocyte proliferation to the N-terminal region of annexin-1 was associated 
with acute exacerbation of IPF, and Taille et al. [21] identified anti-periplakin anti-
bodies in both serum and bronchoalveolar lavage (BAL) fluid from patients with 
IPF; 16 of 40 patients with IPF had anti-periplakin antibodies in sera versus none of 
the 40 healthy control subjects or patients with COPD. Additionally, although peri-
plakin was expressed in both normal and IPF lung specimens, expression of peripla-
kin in alveolar epithelium of IPF lungs was significantly altered from the pattern 
observed for normal lungs. In addition to evidence of both T-cell and humoral auto-
reactivity in IPF, the appearance of unusual T-cell subsets such as CD4+CD28 null 
lymphocytes (suggesting antigen-driven proliferation) by Gilani et al. [22] corre-
lated with more aggressive disease. Kotsianidis et al. [23] found that suppressor 
function by regulatory T cells (Treg) was impaired in both BAL and peripheral 
blood in patients with IPF as well as patients with CTD-ILD.

Evidence for sensitization to self-antigens has also been reported for obstructive 
lung disease. Rinaldi et al. [24] examined plasma and peripheral blood mononuclear 
cell (PBMC) from 320 patients with chronic obstructive pulmonary disease (COPD). 
They report a significant increase in T-cell sensitization to collagen V in both 
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smokers and patients with COPD vs. those who had never smoked. Similarly, Liu 
et al. [25] found that patients with asthma had higher concentrations of anti-colla-
gen V antibodies vs. controls, and higher antibody levels correlated with more 
severe asthma and with use of corticosteroids. Antibodies to other self-antigens 
were also detected; these included epidermal growth factor receptor, activin A type 
1 receptors, and α(alpha)-catenin. Additionally, Nunez et al. [26] detected circulat-
ing anti- tissue antibodies in 26 % of 328 patients with COPD.

 Animal Research

Because therapies for BOS are generally ineffective, several different animal mod-
els have been developed to study the mechanisms of chronic rejection and OB and 
to investigate treatment options. Small- and large-animal models have been devel-
oped that allow the study of acute rejection (AR) and therapies for its treatment and 
prevention, and a number of models have also been developed to study chronic 
rejection and OB.

Tracheal transplantation has been used for tracheobronchial restorative surgery 
[27, 28], and Hertz et al. [29] subsequently used the mouse model of heterotopic 
tracheal transplantation to study development of OB lesions. This model has since 
been widely used to study OB in mice and rats and also dogs [30, 31]. Common 
observations include evidence of epithelial damage, lymphocytic inflammation, and 
luminal obliteration. However, some major differences as compared to OB in the 
human lung allograft remained and limited the use of this model for mechanistic 
studies of OB. OB is a disease of small airways, and the heterotopic tracheal graft is 
not vascularized and aerated. Similarly, the use of a heterotopic model of lung trans-
plantation showed little success because of the complete loss of lung structure, mak-
ing it impossible to differentiate AR and OB [29, 32]. A more successful model of 
heterotopic airway transplantation was developed in swine by Ikonen et al. [33, 34]. 
In contrast to the rodent model, the use of terminal bronchi leads to lesions that 
resemble OB much more closely, although some remaining disadvantages include 
the lack of vascularization and aeration. Additionally, orthotopic tracheal trans-
plants have also been used to study tracheal repair and to reduce the shortcomings 
of heterotopic transplantations [35–37]. However, the pathology is significantly dif-
ferent in these models; the lack of fibrosis and the replacement of the airway epithe-
lium by host cells are the main differences as compared to the heterotopic models.

A much better model to investigate lung transplant rejection is provided by 
orthotopic lung transplantation in the mouse or rat. This procedure is significantly 
more technically demanding compared to orthotopic or heterotopic tracheal trans-
plantation, but the results provide a much closer approximation of clinical AR and 
OB. The original method for lung transplantation in rats used sutures to anastomose 
the vessels, but this was shown to be difficult and time consuming [38–40]. A con-
siderably improved technique was introduced by Mizuta et al. and later improved 
by Zhai et al. in 2008 using a cuff technique for rat lung transplantation [41–43], 
and the same technique was applied by Okazaki et al. to achieve lung 
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transplantation in the mouse [44]. This method was further developed by 
Jungraithmayr et al. [45, 46] and has become the major model used to study AR and 
OB in animals. Acute rejection can be observed in any transplant with differences 
in MHC or non-MHC molecules between donor and recipient.

The extent of the antigenic difference (e.g., MHC plus non-MHC vs. non-MHC 
only mismatch) influences the speed of rejection but does not guarantee a switch 
from AR to OB. When it occurs, the development of OB lesions is not apparent in 
all animals, and only a few approaches will lead to the occlusion of small airways 
typical of clinical OB. In Lewis rats that are sensitized with skin from brown 
Norway (BN) rats 7 days before receiving left lung transplants from donors that 
were Lew × BN F(1) hybrids, fibroproliferative lesions with partial obliteration of 
airways develop in the presence of  CsA and rapamycin treatment [47]. A break-
through was reported in 2011 by Fan et al. [48] when lungs from C57BL/10 mice 
were transplanted into C57BL/6 mice. These mouse strains are MHC compatible, 
but minor histocompatibility antigen incompatible, which leads to the development 
of OB in about 55 % of the animals within 21 days. A different mouse model was 
introduced by a Swiss group using completely MHC-mismatched mice with addi-
tional treatment with CsA and steroids [49]. This leads to the development of OB 
lesions in approximately 30 % of the animals. The difference in MHC antigens 
drives the alloimmune response after transplantation, and the allo-response induced 
by the instillation of allogeneic (C57BL/6) BAL cells into the lungs of recipient 
BALB/c mice generated the histology and immunology associated with acute lung 
allograft rejection. This was thought to result from the presentation of donor lung 
alloantigens to recipient lymphocytes [50], and the deposition of IgG2a in the peri-
vascular and peribronchiolar tissues seemed to confirm this conclusion. However, 
the antigen recognized by these antibodies was not the donor MHC molecule but 
was identified as collagen type V (colV), a minor fibrillar collagen required for col-
lagen fiber production in lung tissue [51, 52]. Moreover, only the α(alpha)1 chain of 
colV is recognized, although several different collagens are found in the lung. The 
response to colV may be induced through the extensive remodeling during rejection 
and inflammation associated with up-regulated activity of MMP-2 and MMP-9, 
which are capable of cleaving collagen molecules [53, 54]. Subsequent studies 
revealed a new and previously unknown role for this antigen. Tolerance to colV 
induced by instillation of colV or colV-pulsed autologous macrophages before the 
instillation of allogeneic macrophages inhibited development of rejection pathology 
in the lung induced by the transfer of allogeneic BAL cells [55]. Similarly, induction 
of oral tolerance to colV prior to lung transplantation in rats abrogated graft rejec-
tion [56]. More detailed analysis revealed that rejection pathology was mediated by 
colV-specific CD4+ effector T cells [12] and protection from rejection was associ-
ated with regulatory CD4+ T cells [57]. Adoptive transfer of CD4+ T cells from 
colV-tolerant rats induced similar protection in allograft recipients [58]. The colV-
specific T-cell-mediated reactivity is sufficient to induce rejection- like pathology in 
lung isografts, and transfer of colV-specific CD4+ T cells or lymph node cells from 
colV-immunized rats into well-healed lung isografts induced rejection-like pathol-
ogy, whereas other specificities did not show an effect [11, 12].
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Although most animal models show acute rejection pathology, development of 
OB has so far only been observed in a small proportion of experimental lung trans-
plant recipients. In contrast, development of OB or BOS is a major concern in 
human lung transplantation. OB was first observed after bone marrow and lung 
transplantation [59–61]. As mentioned in the introduction to this chapter, the driv-
ing mechanism leading to OB was originally thought to be an alloimmune response 
resulting in the production of antibodies and activated T cells to mismatched HLA 
antigens [6, 62]. However, in many cases of OB, no antibodies to HLA antigens 
were detected, an observation that is similar to the finding in mice [55]. Inspired by 
the animal data, analysis of cellular reactivity in human lung transplant recipients 
revealed a strong correlation between the risk of developing BOS and the presence 
of colV immune reactivity [13]. Observation of human lung transplantation recipi-
ents over a 7-year period using a trans-vivo delayed-type hypersensitivity (TV-DTH) 
assay to monitor colV reactivity showed a tenfold increased risk of developing 
severe BOS (level 2 or 3) in patients with elevated colV-specific cell-mediated 
immunity [13]. Interestingly, in the same group of lung transplant patients, the rela-
tive risk for severe BOS imparted by an HLA-DR mismatch was only twofold [13]. 
Collagen V sensitization has also been associated with PGD [14, 63] and the induc-
tion of alloimmune injury to the lung allograft potentiates the production of anti- 
colV antibodies [9, 65].

Autoimmunity after lung transplantation is not restricted to colV, nor is the phe-
nomenon of allo-induced autoimmunity restricted to lung transplants. After lung 
transplantation, antibodies and T-cell reactivity to K-α(alpha)1 tubulin and collagen 
type V (colV) have been identified and characterized [11, 65, 66]. Experimental 
evidence for autoimmunity was also shown in a mouse heart transplant model where 
vasculopathy persisted when the allograft was retransplanted into a syngeneic host, 
suggesting that the recognition of an autoantigen contributes to the rejection [67].

Anti-colV responses in lung transplant recipients have been identified as IL23-, 
IL17-, and Th17 cell-dependent [12, 13, 58], which is similar to what has been 
observed in non-transplant-related autoimmune disorders. IL-10-producing regula-
tory T cells that are dependent on the presence of regulatory CD4+CD25+ cells may 
suppress collagen V autoimmune sensitization, and these IL-10-secreting cells 
decline in peripheral blood of human lung transplant recipients when BOS appears 
[68, 69].

IL8 (CXCL8), a key chemoattractant and activating factor for neutrophils, was 
identified as one of the major mediators of airway inflammation in human BOS 
[70]. The concentration of CXCL8 in BAL fluid of BOS patients correlates with 
airway neutrophilia [70] and is produced by epithelial cells, endothelial cells, mac-
rophages, and smooth muscle cells in response to IL-17 [71, 72]. In addition, IL-17 
increases E-selectin-dependent leukocyte rolling on microvascular endothelium and 
enhances endothelial expression of the chemokines, CXCL1, CXCL2, and CXCL5, 
which leads to CXCR2-dependent neutrophil but not T-cell transmigration [73]. 
IL-17 was discovered by subtracted cDNA Iibrary cloning from mouse T cells [74] 
and by sequence homology from human T cells [75]. Six cytokines are part of the 
interleukin-17 family of cytokines, IL-17A, IL-17B, IL-17C, IL-17D, IL-17E (also 
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called IL-25), and IL-17F. IL-17A and IL-17F can be secreted as both disulfide- 
linked homodimeric and heterodimeric glycoproteins with the IL-17A homodimer 
being the most potent [76]. Of particular interest is the rather restricted set of T cells 
that produced IL-17 with a group of CD4+ T helper cells being the predominant 
producer [76]. These T cells were shown to be different from Th1 and Th2 cells and 
are called Th17 [77, 78]. However, IL-17A and IL-17F homodimers and heterodi-
mers are also produced by CD8+ T cells (Tc17), γδ(gamma, delta) T cells, natural 
killer T (NKT) cells, activated monocytes, and neutrophils [79]. IL-17 and, there-
fore, Th17 cells are critical to the adaptive immune response against bacterial and 
fungal infections [80].

The production of IL-17 is associated with the development of autoimmunity in 
animal disease models and human diseases, and it was also found to be associated 
with the occurrence of BOS after lung transplantation before Th17 cells were iden-
tified [81–88]. Bettelli et al. discovered the association of increased Th17 cell num-
ber and disease severity in the development of experimental autoimmune encephalitis 
(EAE) [89], and earlier work associated the cytokine IL-23 with the development of 
EAE and collagen-induced arthritis, distinguishing the effect of IL-12 from IL-23 
[90]. Because IL-23 is a key cytokine for the development of pathogenic Th17 cells, 
these findings had already suggested that IL-17 mediates autoimmunity. The rela-
tionship of IL23 to endogenous production of TGF β(beta)3, which is critical for 
conversion of the harmless Th17 precursor (induced by TGF β1 plus IL-6 into a 
fully pathogenic Th17 effector cell), has recently been elucidated by Lee et al. [91]. 
Several autoimmune diseases are now associated with the presence and activity of 
pathogenic Th17 effector cells. The evidence has accumulated on several levels 
including the production of IL-17, IL-23, or CCL20, the ligand for CCR6, that 
mediate recruitment of Th17 cells [92]. Human diseases include psoriasis, rheuma-
toid arthritis, multiple sclerosis, and inflammatory bowel disease, and correspond-
ing animal disease models show a strong correlation between disease severity and 
Th17 cell number in the tissue.

As mentioned above, autoreactivity to colV is associated with BOS after lung 
transplantation. The production of IL-17 is up-regulated in bronchoalveolar fluid of 
transplant patients during acute rejection [93]. In animal models transfer of colV 
reactivity or tolerance was strictly associated to lung graft destruction or survival 
[48, 56, 58]. Furthermore, in the mouse model of BOS recently published by Fan 
et al. [48, 56, 58], IL17 blockade using a recombinant IL17R/Fc approach com-
pletely prevented formation of the OB lesion. However, the relative contribution of 
autoimmune vs. alloimmune and innate immune T cells to the critical event of 
IL-17A production remains to be established.

 Autoimmunity and Allograft Dysfunction in Humans

A prospective study that monitored PBMC responses in 54 lung transplant recipi-
ents over a 7-year period showed a strong correlation of collagen V-specific cell- 
mediated immune responses with the incidence (HR 5.4 for BOS-1, HR 9.8 for 
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BOS-2) and severity of BOS [13]. The colV-specific response was detected using 
the trans-vivo DTH assay [94, 95]. This is a relatively simple assay that measures 
the swelling of a SCID mouse footpad 24 h after injection of human PBMC plus 
antigen. Because the study was begun in 2000 when the Th17 cell was completely 
unknown and IFNγ-producing Th1 cells were the standard target for in vitro moni-
toring of transplant recipients, this remarkably strong correlation of colV autoim-
munity with severe BOS development would undoubtedly have been missed if we 
had chosen a IFNγ(gamma)-based monitoring assay. However, fortuitously, IL-17–
producing CD4 T cells are efficient inducers of foot pad swelling in SCID mice, 
even though the mechanism involved is quite different from that used by Th1 cells 
[13] (see also below). ColV-specific autoimmunity was detected with the same 
assay in PBMC obtained prior to lung transplant in a subset of patients with end- 
stage lung disease, particularly those with a diagnosis of IPF, and pre-transplant 
reactivity to colV was found to be associated with PGD immediately after lung 
transplant [64]. Because IPF had been previously associated with GER disease, 
induction of collagen V reactivity was studied in relation to abnormal GER and the 
development of BOS, and it was found to be associated with both [14]. Also of 
interest is the recent report by Saini et al. [96] that found a strong correlation of the 
appearance of donor-specific anti-HLA antibodies with the detection of antibodies 
directed against self-antigens (collagen V and K-α(alpha)1 tubulin) in a retrospec-
tive analysis of 42 lung transplant recipients with BOS.

One of the mysteries regarding autoimmune etiologies of late allograft failures is 
the role of the passenger leukocyte and microchimerism. Particularly in the lung, 
which may contain upwards of 1010 donor leukocytes at the time of transplant, the 
activities of T cells, B cells, and myeloid components in the generation of allo- and 
autoimmunity cannot be underestimated. Just as the presence of bronchus- associated 
lymphoid tissue (BALT) and lymphoid neogenesis can be associated with lung 
transplant tolerance [97], so the presence of so many donor tissue-resident memory 
T cells may exert a powerful influence on subsequent development of autoimmu-
nity. Microchimerism resulting from a donor with immune response genes (includ-
ing HLA-DR/DQ) different from that of the recipient, might conceivably impart 
susceptibility or resistance to development of an autoimmune response directed 
against collagen V or other potential targets of an autoimmune response in the lung. 
Such a pathway has recently been invoked to explain the observed protection from 
rheumatoid arthritis in HLA-DR “susceptible” women after pregnancy with a fetus 
bearing a DR “resistance” allele [98].

 Treg Suppression of Th17 Autoimmunity

Certain unusual features of Th17 cell biology deserve mention in the context of 
understanding which regulatory T cells are best equipped to control Th17 autoim-
munity. One feature that appears to distinguish these cells from Th1 cells is their 
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unique dependence on monocytes [99]. This dependence also appears to be linked 
to a requirement for IL-1β(beta) and for extracellular ATP (Sullivan, Hegde, 
Jankowska-Gan, and Burlingham, manuscript in preparation), which is needed for 
the P2X7-dependent processing of pro-IL1β(beta) to its mature bioactive form. 
Recent studies have shown that a subset of CD4+CD25+ Treg cells expressing the 
ectonuclease CD39, which cleaves extracellular ATP, is essential for control of 
TH17 cell function. Removal of these Tregs does not compromise regulation of Th1 
proliferation or IFN-γ(gamma)-mediated immunity, but it completely abolishes the 
regulation of Th17 cells [100, 101].

In light of these new insights, the observation that Th17 responses to collagen V 
can be suppressed by CD4+CD45RChigh regulatory T cells [57, 58] is of interest. It 
has been postulated that such regulatory T cells likely account for the suppression 
of rejection responses and the consequent airway pathologic changes via the col-
lagen V-induced oral tolerance that has been observed in animal models of lung 
transplantation [56, 102, 103]. Both TGFβ(beta)- and IL-10-producing regulatory T 
cells (suppressor IL-10 T cells) that are dependent on the presence of natural T 
regulatory CD4+25high cells have been reported to suppress collagen V autoimmune 
sensitization [56]. The suppressive cytokine-producing regulatory T cells, most 
likely iTregs (induced type) appear to decline along with loss of nTregs in periph-
eral blood of human lung transplant recipients when BOS appears [68, 69]. 
However, the loss of CD39 ectonuclease activity in Tregs may be even more critical 
than the loss of nTregs as a whole; recent studies in our lab indicate a negative cor-
relation between colV-specific Th17 activity in PBMC and the percent of CD39+ 
Tregs (manuscript in preparation). Similarly, the role of the novel suppressive cyto-
kine IL-35, which is produced by a subset of Treg cells, is relatively unexplored 
[104, 105].

 Conclusion

Sensitization to self-antigens such as colV may play a key role in the development 
of autoimmune responses directed against airways of the lung allograft following 
lung transplantation along with cell-mediated and humoral alloimmune responses 
(Fig. 10.1). Patients with lung disease (especially those with IPF) may already have 
sensitization to colV prior to transplantation, and T17 responses directed against 
the allograft as well as compromised regulatory mechanisms to suppress such 
responses likely play a key role in the initiation and progression of chronic lung 
allograft dysfunction due to the development of OB. An improved understanding of 
how autoimmune responses are induced and regulated may lead to the development 
of novel therapies to prevent and treat BOS, which remains the major cause of graft 
loss and patient death beyond the first post-transplant year.
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 Future Directions

We are currently investigating the immunogenetics of colV-specific autoimmunity, 
the role of CD39 Tregs in control of BOS, and the interplay of TGFβ(beta)1, TGFβ3, 
IL1β, and IL23 in the generation of pathogenesis vs. “reg-like” TH17 cells. We 
speculate that if we could keep Treg cells fully functional in our patients following 
lung transplantation (as in healthy controls), they might be protected from the devel-
opment and expansion of pathogenic anti-colV, anti-Kat, anti-vimentin Th17 cells 
that have been linked to the pathogenesis of BOS.
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Abstract Background: Infectious agents, particularly cytomegalovirus (CMV), 
have long been considered to be potential triggers for BOS, although the exact mag-
nitude of the role of infections and the mechanisms thereof remain an area of active 
research. Methods: This chapter will review previous literature and newer results 
concerning the possible roles of CMV, other herpesviruses, community-acquired 
respiratory viruses, bacteria (including Pseudomonas, other gram-negative, gram- 
positive, and atypical organisms), and fungi, including colonization as well as inva-
sive infection. Results: The text reviews and evaluates the body of literature 
supporting a role for these infectious agents as risk factors for BOS and time to 
BOS. Changing patterns of infection over time are taken into account, and studies 
that have shown an association between BOS (or lack thereof) and CMV are 
reviewed. Strategies for prevention or early treatment of infections are discussed as 
potential means of preserving allograft function long term. Immunizations, strin-
gent infection-control practices, and antimicrobial treatment including newer thera-
pies will be discussed. Conclusion: In addition to the classic literature that has 
focused on CMV, an expanding spectrum of infectious organisms has been impli-
cated as possible risk factors for BOS. Increasing knowledge of the impact of long- 
term antiviral suppression, prophylaxis, and outcomes of early therapy will help 
guide future recipient management.
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 The CMV Controversy

Cytomegalovirus (CMV) has always been one of the most frequently identified 
pathogens in solid organ transplantation, despite multiple prevention strategies that 
have been developed over time. Lung transplant recipients, among all other solid 
organ transplant recipients, appear to be particularly susceptible to CMV disease, 
recurrences, and antiviral resistance. In the early era of lung transplantation, prior to 
widespread use of ganciclovir-based prophylaxis, symptomatic CMV disease 
including CMV pneumonitis was very common, occurring in up to 60–80 % of 
patients [1]. The highest-risk group was identified as the donor-seropositive, 
recipient- seronegative (D+/R−) group, which corresponds to the introduction of 
CMV from the donor organ into a recipient without antecedent CMV immunity and, 
thus, limited ability (at least initially) to limit viral replication. In studies by Zeevi 
and others, the development of CMV-specific immunity was shown to be delayed in 
some D+/R− lung recipients, although most did develop such immunity eventually 
[2]. In most early studies, both CMV disease and donor CMV-seropositive serology 
were associated with worse outcomes, including increased risk of BOS, shorter time 
to BOS, and/or mortality [3–7]. In some studies, use of CMV prophylaxis was asso-
ciated with decreased mortality [3] or delayed onset of BOS [1].

Mechanisms of CMV effects on the allograft are an area of active research. 
Studies in animal models (rat tracheal allografts) have supported the hypothesis of 
a causative role for CMV, in that obliterative bronchiolitis was accentuated by CMV 
and prevented by ganciclovir prophylaxis or hyperimmune serum [8]. In this model, 
CMV effects were accompanied by increases in interleukin-2 and tumor necrosis 
factor-alpha expression and a decrease in interleukin-10 expression [8]. Wiebe et al. 
found that both rat CMV and bacterial infection increased chronic airway rejection 
in a rat model, and this process was associated with increased expression of intercel-
lular adhesion molecule (ICAM)-1 on endothelium, as well as increased numbers of 
infiltrating leukocytes and ED-1 positive macrophages [9].

More recently, CMV has been associated with increased activity of pro- 
inflammatory chemokines such as CXCL 10 [10, 11]. Increases in CXCL 10 (IP 10) 
in CMV-positive BAL samples were associated with a decrease in FEV1 in a study 
by Weseslindtner et al. [10]. Weigt et al. found that pulmonary CMV was associated 
with increased levels of the chemokines CCL 2 and CCL 5, with CCL 2 being pre-
dictive of BOS development and CCL 5 predictive of mortality [12]. In addition, the 
role of recipient genetic polymorphisms in determining CMV risk has generated 
increasing interest [11], including a polymorphism affecting interferon-gamma lev-
els [13]. Recent work has suggested that CMV levels in epithelial lining fluid are 
more relevant that those in plasma [14].

Studies that have assessed the putative association of CMV with BOS or allograft 
dysfunction are summarized in Table 11.1. Recently, the impact of treated CMV 
pneumonitis in the prophylaxis era has been reassessed, with studies showing 
disparate results: both a decreased impact [15] and a continued adverse impact [16, 
17] of CMV pneumonitis on allograft function have been reported. Tamm et al. 

R.K. Avery



201

Table 11.1 Studies of the association between CMV infection, disease, or serostatus and the risk 
of developing bronchiolitis obliterans syndrome and allograft dysfunction

Year Author References
No. of 
patients Main findings

1991 Keenan et al. [7] 27 CMV serology and CMV infection: increased 
risk for BOS

1992 Cerrina et al. [5] 36 CMV D+/R−, CMV pneumonitis, and CMV 
recurrence: increased risk for BOS

1995 Bando et al. [3] 239 CMV D+/R−: risk for BOS and death; survival 
improved with prophylaxis

1996 Girgis et al. [49] 74 CMV added additional risk to the acute 
rejection score for BOS risk

1996 Soghikian et al. [1] 89 CMV prophylaxis with ganciclovir delays BOS 
onset

1996 Sharples et al. [88] 157 CMV infection and CMV disease: increased 
risk for BOS

1997 Kroshus et al. [4] 132 CMV pneumonitis: increased risk for BOS and 
time to BOS

1998 Gutierrez et al. [89] 61 On prophylaxis, donor serology but not CMV 
infection or CMV disease predicts BOS

1998 Heng et al. [6] 230 CMV serology and CMV disease: increased risk 
for BOS

1998 Smith et al. [90] 301 CMV D+/R−: increased risk for BOS within 3 
years

1999 Speich et al. [91] 22 Oral ganciclovir prophylaxis, decreased risk for 
BOS

2001 Schulman et al. [92] 152 CMV pneumonitis: increased risk for BOS
2002 Fiser et al. [93] 134 CMV infection: increased risk for BOS 

progression
2002 Jackson et al. [94] 204 CMV not associated with acute-onset BOS
2003 Luckraz et al. [95] 297 BOS in CMV D−/R− not significantly different 

from D+ and/or R+
2003 Westall et al. [96] 26 Early CMV DNAemia associated with BOS risk 

despite prophylaxis
2004 Tamm et al. [15] 341 Treated CMV pneumonitis and CMV serology: 

not risk factors for BOS
2005 Hachem et al. [97] 157 ATG decreases BOS risk vs. basiliximab, but no 

difference in CMV
2005 Perreas et al. [98] 146 CMV prophylaxis (3 months.) decreased CMV 

but not BOS risk
2006 Moffatt-Bruce 

et al.
[99] 128 Heart-lung recipients had more CMV than lung 

patients but BOS same
2006 Ruttmann et al. [100] 68 CMV Ig addition to ganciclovir decreased CMV 

disease and BOS at 3 years
2008 Chmiel et al. [101] 96 CMV prophylaxis decreased BOS and increased 

survival at 5 years
2008 Kwakkel-van  

Erp et al.
[102] 48 Lack of activating KIR correlates with BOS but 

not CMV
2008 Solidoro et al. [103] 46 No difference in OB with combined prophylaxis

(continued)
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Year Author References
No. of 
patients Main findings

2008 Valentine et al. [18] 151 CMV pneumonitis in 38 % of patients who 
stopped prophylaxis; 50 % of these 
developed BOS in 1 year

2008 Weigt et al. [12] 72 CCL 2 and CCL 5 in CMV pneumonitis; CCL 2 
predicted BOS risk and CCL 5 predicted 
mortality

2009 Manuel et al. [35] 93 CMV detection in BAL is not associated with 
increased BOS risk

2009 Ranganathan 
et al.

[104] 599 CMVIg prophylaxis not related to BOS risk in 
pediatric lung recipients

2009 Valentine et al. [17] 161 CMV pneumonitis in first 100 days increased 
BOS risk

2010 Snyder et al. [16] 231 Treated CMV pneumonitis remains a risk for 
BOS and death

2011 Paraskeva et al. [105] 192 CMV detection in BAL is associated with 
increased BOS risk

2011 Kwakkel-van  
Erp et al.

[106] 85 Mannose-binding-lectin deficiency increased 
CMV reactivation but no effect on BOS

ATG antithymocyte globulin, CMV cytomegalovirus, CMV Ig CMV hyperimmune globulin, CMV 
D+/R− CMV donor seropositive, recipient seronegative, CMV R+ recipient seropositive, CMV 
D−/R− CMV donor seronegative, recipient seronegative, KIR killer immunoglobulin-like 
receptor, OB obliterative bronchiolitis

studied 341 lung recipients, including 151 with CMV pneumonia who were treated 
with ganciclovir, and 190 without CMV pneumonia. There were no significant dif-
ferences in BOS or in patient survival at 1, 3, and 5 years [15]. There was also no 
association between CMV donor/recipient serostatus and BOS or survival [15]. 
Snyder et al., however, reported that there was an association between treated CMV 
pneumonitis and BOS. [16]. In 231 patients transplanted between 2000 and 2004, 
1,887 biopsies were performed including CMV immunostaining. CMV pneumoni-
tis developed in 49 (21 %). Treated CMV pneumonitis within the first 6 months 
increased the risk of BOS (hazard ratio 2.19) and death (hazard ratio 1.89). This 
remained significant in multivariable analysis [16]. Similarly, Valentine et al. 
assessed the impact of respiratory infections due to a variety of pathogens and found 
that CMV pneumonitis in the first 100 days increased BOS risk with a hazard ratio 
of 3.1 [17]. In another study, Valentine et al. reported that indefinite ganciclovir 
prophylaxis was associated with long-term freedom from CMV pneumonitis, but 
that in the group of patients who stopped prophylaxis, 38 % developed CMV pneu-
monitis, and 50 % of these developed BOS within 1 year [18].

Thus, some controversy still exists, but most evidence suggests at least some role 
for CMV. In the current era, several important differences have emerged as com-
pared with the earlier era. CMV pneumonitis has notably declined, comprising, for 
example, only 4.3 % of a set of 559 respiratory infections in lung recipients in a 

Table 11.1 (continued)
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study by Valentine et al. [19]. Longer-term viral suppression has become an option 
because of the availability of oral valganciclovir. In a randomized, multicenter 
study, CMV events and severity were significantly decreased in the group receiving 
12 months as compared with 3 months of valganciclovir prophylaxis [20]. This 
benefit was maintained out to >4 years in a single-center subgroup [21]. Whether 
this enhanced freedom from CMV events improves the lifespan of the allograft is 
still a question. As mentioned above, the study by Valentine et al. of increased CMV 
pneumonitis and BOS in the group that stopped prophylaxis has led this group to 
call for indefinite long-term prophylaxis [18].

In addition, methods of CMV detection have become increasingly sophisticated, 
especially with the development of quantitative measures of blood and BAL viral 
loads, allowing for detection of early and/or subclinical infection [14, 22–25], with 
particular recent attention to the lung compartment over blood or plasma [14, 25]. 
There has also been increasing recognition in other solid organ transplant recipients 
of the importance of subclinical CMV infection on allograft function (e.g., cardiac 
allograft vasculopathy in heart recipients) [26, 27]. Whether such early detection, 
particularly of late CMV after cessation of prophylaxis, improves allograft function 
for lung recipients also remains to be shown. Given the results of Bauer et al. regard-
ing CMV detection in epithelial lining fluid, it has been questioned whether moni-
toring of viremia is adequate for early detection [14]. Disparities in results between 
groups in the current era may also reflect more subtle differences. For example, the 
role of mixed infection with more than one CMV genotype is an area of active 
research [28].

Although CMV has received the most attention, multiple other organisms have 
been described as possible triggers for BOS. These include viral, bacterial, and 
fungal organisms (Table 11.2).

Table 11.2 Organisms that have been associated with risk of developing bronchiolitis obliterans 
syndrome and allograft dysfunction

Viral
Cytomegalovirus
Other herpesviruses: human herpesvirus-6, human herpesvirus-7, Epstein-Barr virus
Community respiratory viruses: influenza, parainfluenza, respiratory syncytial virus, adenovirus, 

metapneumovirus, rhinovirus, coronavirus, others
Bacterial

Pseudomonas aeruginosa
Other gram-negative bacteria (Burkholderia spp., Klebsiella spp., others)
Gram-positive bacteria (Staphylococcus spp., Streptococcus spp., others)
Chlamydophila (Chlamydia) pneumoniae
Mycobacteria
Simkania negevensis

Fungal
Aspergillus spp.
Pneumocystis jiroveci (formerly P. carinii)
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 Other Herpesviruses

The herpesvirus family includes herpes simplex virus 1 and 2, varicella-zoster virus, 
CMV, Epstein-Barr virus (EBV), human herpesvirus 6 and 7 (HHV-6 and HHV-7), 
and human herpesvirus-8 (Kaposi’s sarcoma herpesvirus). Of these, HHV-6 and 7, 
along with CMV, are termed the beta-herpesviruses. HHV-6 and 7 are the viruses 
that cause roseola in infants and can reactivate post-transplant, often in an earlier 
timeframe than CMV. HHV-6 reactivation, in particular, has been described to cause 
clinical syndromes that have some similarity to CMV, including pneumonitis, hepa-
titis, meningoencephalitis, and pancytopenia. [29] HHV-6 pneumonitis was identi-
fied as one of the causes of apparent culture-negative interstitial pneumonitis in 
bone marrow transplant recipients [30].

Of the herpesviruses listed above, HHV-6, HHV-7, and EBV have been reported 
in association with BOS or similar syndromes. Neurohr et al. performed a panel of 
viral PCR tests on BAL fluid from 87 lung recipients and found that HHV-6, which 
was detected in 20 patients, was an independent risk factor for BOS and death [31]. 
On the other hand, Ross et al. found a possible association between HHV-7 detec-
tion and bronchiolitis obliterans with organizing pneumonia after lung transplanta-
tion [32]. The possible role of EBV was studied by Engelmann et al., who monitored 
385 lung transplant recipients for CMV (by pp65 antigenemia assay), EBV DNA, 
and adenovirus DNA in blood [33]. Over half of the patients had EBV DNA detected 
on at least one occasion, and repeated EBV DNA detection was associated with 
BOS risk [33]. Diagnosis of BOS prior to study entry, retransplantation, and the use 
of sirolimus or everolimus were associated with detection of EBV [33]. This latter 
finding was somewhat surprising, as the sirolimus group of immunosuppressive 
agents has been thought to have a protective effect with respect to viral infections as 
compared with other immunosuppressive agents [34].

In contrast to the above studies, a recent study by Manuel et al. of viral PCR 
detection in BAL did not show an association between CMV, HHV-6, or HHV-7, on 
the one hand, and BOS or acute rejection, on the other, although half of the patients 
had CMV detected and one-fifth each had HHV-6 and HHV-7 detected [35]. 
Differences in baseline patient populations, immunosuppression, prophylaxis, and 
detection methods might account for some of the differences in findings, but these 
remain largely unexplained. Manuel et al. hypothesized that prolonged antiviral 
prophylaxis, while not preventing viral reactivation within the allograft, might miti-
gate some of its damaging effects [35]. Although reports of associations of BOS 
with detection of these other herpesviruses are intriguing, the disparate results from 
different centers must introduce a note of caution when assessing the impact of 
these viruses overall.
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 Community Respiratory Viruses

Lung transplant recipients are highly susceptible to infection by community- 
acquired respiratory viruses (CARVs), particularly at times of intensified immuno-
suppression. Such infection may be asymptomatic or may involve the upper or 
lower respiratory tract. Occasionally infectious syndromes can be severe enough to 
warrant ICU admission and mechanical ventilation. In addition to such dramatically 
symptomatic episodes, however, less symptomatic but truly chronic infections have 
also been documented, even with the comparatively underrated and ubiquitous rhi-
novirus [36]. The major question with regard to CARVs (in addition to the direct 
infectious syndromes they produce) is the indirect and longer-lasting effect on the 
allograft. Mechanisms are being investigated, and recent attention has focused on 
the increase in the chemokine receptor CXCR 3 and its chemokine ligands. Weigt 
et al. compared BAL fluid in CARV and non-CARV-infected lung recipients and 
found that elevated levels of CXCL 10 and CXCL 11 correlated with greater 
decreases in FEV1 when measured 6 months after the initial infection episode [37].

Multiple studies have demonstrated an impact of community respiratory viral 
infection on allograft function, not only during the acute infectious process but also 
3 and 6 months after resolution, although results have varied. Kumar et al. studied 
100 patients from 2001 to 2003, comparing 50 patients with clinically diagnosed 
viral respiratory infections and 50 who were asymptomatic [38]. Nasopharyngeal 
and throat swabs revealed viral pathogens in two-thirds of the group with clinical 
respiratory infection [including rhinovirus, coronavirus, respiratory syncytial virus 
(RSV), influenza, parainfluenza, and human metapneumovirus]. The incidence of 
acute rejection and of decline in FEV1 over 3 months was significantly higher in the 
viral respiratory infections group, and for some patients, the decline in FEV1 was 
sustained out to 1 year [38]. A more recent prospective study by this group utilized 
a multiplex panel of molecular detection assays for 19 viruses on BAL samples of 
93 lung recipients. Eighty-one BAL samples were positive for viruses; rhinovirus 
was detected in 46, and smaller numbers of recipients had parainfluenza, coronavi-
rus, influenza, metapneumovirus, or RSV. Acute rejection or ≥20 % decline in 
FEV1 over 3 months occurred in 33.3 % of virus-positive vs. 6.7 % of virus- negative 
patients (p = 0.001). This was true regardless of whether the viral infection was 
symptomatic or not [39]. In another study, Gottlieb et al. followed 388 lung recipi-
ents with nasopharyngeal and oropharyngeal viral swabs for 12 community respira-
tory viruses and found that 7.7 % of patients manifested a CARV infection. BOS 
occurred at 1 year in 25 % of CARV-positive patients vs. 9 % of CARV-negative 
patients (p = 0.002) [40]. RSV and parainfluenza virus appeared to have more of an 
effect than rhinovirus and coronavirus. Symptomatic CARV remained a risk factor 
for BOS in multivariable analyses but did not appear to influence progression of 
preexisting BOS [40]. Khalifah et al. followed 259 adult lung recipients and found 
that CARV infection was associated with BOS, death, and death from BOS [41]. In 
this study, these effects were particularly strong for lower-tract CARV infection [41]. 
In a study by Vilchez et al., parainfluenza virus was especially strongly associated 
with subsequent BOS (32 %) [42].
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A few studies have not shown the same impact of CARVs. A study of pediatric 
lung recipients by Liu et al. found that over half developed CARV infections, but 
these infections were not associated with chronic allograft dysfunction or death in 
this particular cohort [43]. In another report of 576 pediatric lung recipients in a 
multicenter study by Liu et al., CARV infection was associated with decreased 
12-month survival but not with acute rejection [44]. A study of 50 adult lung recipi-
ents by Milstone et al. found that one-third developed CARV infection, but this was 
not associated with subsequent graft dysfunction [45]. Soccal et al. performed both 
BAL and nasopharyngeal swabs and found that 29.3 % of the upper respiratory and 
17.2 % of the BAL samples were virus-positive. Acute rejection was not associated 
with viral infection but recovery of lung function was significantly slower when 
both infection and rejection were present [46]. Finally, Vu et al. performed an analy-
sis of 34 pooled studies and confirmed an association between respiratory viral 
infections and symptoms, but not BOS [47].

Thus, there are some studies that provide evidence in favor of an association of 
CARV infection with BOS, but this was not confirmed in an analysis of pooled stud-
ies. Further multicenter studies would be of interest, involving uniform monitoring 
assays and protocols. The potential effects of antiviral therapy on preservation of 
allograft function are discussed in the section on treatment below.

 Bacterial Infections

Whereas CMV infections have decreased in frequency, bacterial infections remain 
a common post-transplant complication [48]. In a study by Valentine et al., over 
80 % of lung pathogens in the current era were bacterial, and more than half of these 
were Pseudomonas aeruginosa [19]. While bacterial infections in general have 
been identified as a risk factor for BOS [6, 49], Pseudomonas has been of particular 
interest [50]. It has been noted since the early days of lung transplantation that 
infection and colonization with Pseudomonas spp., including multidrug-resistant 
strains, is extremely common in lung recipients [51, 52]. Whereas many CF and 
bronchiectasis patients are colonized with Pseudomonas pre-transplant, 
Pseudomonas may also be acquired de novo post-transplant in any recipient, and is 
associated with an intense inflammatory response [52]. In one study by Botha et al., 
de novo acquisition of Pseudomonas was associated with increased risk of BOS 
within 2 years (23.4 % vs. 7.7 %, p = 0.006) [53]. Pseudomonas colonization pre-
ceded BOS by a median of 204 days [53]. Gottlieb et al. reported that Pseudomonas 
colonization post-transplant in CF patients was a risk for BOS, whereas eradication 
of previous Pseudomonas colonization was associated with less frequent BOS 
(p = 0.006) [54]. In addition, a variety of both enteric (E. coli, Klebsiella, 
Enterobacter, Proteus, etc.) and non-enteric gram-negative organisms 
(Stenotrophomonas, Alcaligenes, Acinetobacter, etc.) may be isolated from post- 
transplant BAL cultures, particularly in those patients with airway complications and/
or protracted post-transplant recovery and ventilator courses. Burkholderia cepacia 
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complex has been associated with high mortality post-transplant (particularly 
B. cenocepacia or genomovar III), although much of that mortality is due to direct 
infectious syndromes rather than long-term effects of colonization.

Gram-positive organisms, including methicillin-resistant Staphylococcus aureus 
(MRSA), have been increasingly identified as significant causes of post-transplant 
morbidity [55]. Gupta et al. reported that gram-positive infections occurred in 40 % 
of lung recipients, mostly S. aureus (of which 42 % was MRSA) [55]. MRSA can 
be acquired from the donor, can be related to pre-transplant colonization in the 
recipient, or can be acquired de novo post-transplant from sources other than the 
donor. In the study by Gupta et al., gram-positive lung infections were associated 
with risk of development of BOS and also with surgical airway complications [55]. 
Valentine et al. identified both gram-positive and gram-negative infections as asso-
ciated with increased risk for BOS [17].

Mycobacterial infections, although less common than conventional bacterial 
infections, are also associated with morbidity and, in some settings, decreased sur-
vival after lung transplantation [56]. In the case of Mycobacterium tuberculosis, this 
morbidity is largely related to direct infectious syndromes, [57] whereas coloniza-
tion with non-tuberculous mycobacteria can be associated with a spectrum of 
clinical manifestations, including asymptomatic colonization. Whether non-tuber-
culous mycobacterial infection predisposes to BOS is as yet uncertain, but in a study 
by Huang et al., non-tuberculous mycobacterial infection was associated with 
increased mortality independent of BOS [56].

Possible mechanisms of the allograft effects of bacterial colonization might 
include increased neutrophilic and other inflammatory responses [52] that lead to 
release of cytokines and chemokines; up-regulation of endothelin-1 [58]; or predis-
position to other infections, including viral and fungal infections that might addi-
tionally increase risk for BOS. Borthwick et al. reported that Pseudomonas can 
serve as a cofactor in TGF-beta-1-driven epithelial-to-mesenchymal transition, 
which has been implicated in the pathogenesis of BOS [59]. The intriguing possible 
relationship of Pseudomonas colonization to gastroesophageal reflux has been 
explored by Vos et al. [60].

More subtle and difficult-to-culture organisms such as Chlamydophila pneu-
moniae (Chlamydia) have recently attracted interest [61], particularly as such 
organisms may be responsive to azithromycin. Chlamydophila pneumoniae is best 
detected by PCR from BAL fluid rather than culture. Such organisms have been 
studied in a variety of non-transplant settings because of their affinity for endothe-
lium. Glanville et al. reported that C. pneumoniae was detected in BAL samples in 
25 % of lung recipients and was associated with higher risk for early mortality, 
acute rejection, and BOS [61]. In another study by Kotsimbos et al. [62], Chlamydia 
D+/R− status was associated with a BOS incidence of 75 %; whereas low anti-C. 
pneumoniae titers in the donor and high anti-C. pneumoniae titers in the recipient 
were found to be predictive of freedom from BOS, suggesting that stronger anteced-
ent recipient immunity to C. pneumoniae might be helpful in ameliorating effects of 
donor-derived C. pneumoniae in the allograft [62].
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Husain et al. investigated the novel chlamydia-like organism, Simkania negevensis, 
in lung recipients [63]. This study found that detection of S. negevensis was frequent 
(40/41 recipients) and was associated with concomitant acute rejection [63]. The 
effects of S. negevensis on chronic allograft dysfunction are not yet known; how-
ever, because acute rejection is a risk factor for BOS, an association with acute 
rejection (if confirmed) might also mean an association with longer-term BOS risk.

Interestingly, Clostridium difficile colitis, although not an infection that affects 
the lung directly, was associated with increased risk of BOS in a study by Gunderson 
et al., particularly when C. difficile occurred in the early post-transplant period [64]. 
Whether early C. difficile is a marker for other complications that predispose to 
BOS or whether the inflammatory milieu induced by C. difficile infection itself is 
responsible needs further study.

 Fungal Infections

Fungal infections, particularly aspergillosis, have long been identified as a source of 
morbidity and mortality in the lung transplant recipient [19, 49, 65]. Risk factors are 
described in the section on prevention below. Traditionally, fungal processes have 
been defined as invasive fungal infection or as colonization. The effects of fungal 
infection on the allograft have been less frequently studied than those of viral or 
bacterial infections. Valentine et al. identified fungal pneumonia as a significant risk 
factor for subsequent BOS [17]. Recent intriguing evidence from Weigt et al. has 
demonstrated that aspergillus colonization, even in the absence of invasive infec-
tion, is a risk factor for BOS and BOS-related mortality, independent of acute 
rejection [66]. Aspergillus colonization preceded BOS by a median of 261 days in 
this study [66]. However, neither fungal colonization nor pulmonary fungal infec-
tion was identified as a risk factor for chronic allograft dysfunction in a study of 55 
pediatric lung recipients by Liu et al. [67], although pulmonary fungal infection was 
associated with greater 12-month mortality in a large multicenter pediatric cohort 
[68]. It would be of interest to determine whether there are differential effects of 
different antifungal prophylaxis strategies. The changing landscape of antifungal 
prophylaxis, particularly the shift towards voriconazole and away from itracon-
azole, is of interest [69, 70]. Although antifungal prophylaxis has traditionally been 
undertaken with a goal of preventing invasive fungal infection, perhaps the results 
of Weigt et al. (described above) will prompt reassessment of current antifungal 
prophylaxis strategies with an eye to decreasing colonization as well. In particular, 
it could be asked if the addition or substitution of inhaled amphotericin or liposomal 
amphotericin preparations [71, 72] might lead to decreased airway fungal coloniza-
tion compared with systemic-only antifungal strategies, and long-term benefits to 
the allograft should be further explored.
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 Prevention of Infection-Associated BOS and Allograft 
Dysfunction

The following section assumes that infections do predispose to BOS, although in 
the case of each group of organisms, the evidence, including dissenting evidence, is 
reviewed above. If CMV does pose a significant risk for BOS development, an 
important question is whether the key risk factor is symptomatic CMV disease, 
subclinical viremia, or subclinical replication in the lung compartment [14]. As 
discussed above and summarized in Table 11.1, some but not all studies have sug-
gested a beneficial effect of CMV prophylaxis on decreasing BOS risk. A variety of 
prevention strategies are effective in preventing symptomatic CMV disease, but pre-
vention of subclinical viremia likely requires longer prophylaxis or preemptive 
therapy (or both), since asymptomatic viremia might otherwise occur without 
detection. As mentioned above, Valentine et al. called for indefinite prophylaxis, 
related to the finding that the group that stopped prophylaxis had high rates of CMV 
pneumonitis and progression to BOS within 1 year [18]. From the randomized, 
controlled trial by Palmer et al., it is known that CMV outcomes are significantly 
decreased with a 12-month course of valganciclovir prophylaxis compared with a 
3-month course, but whether that benefit translates into improved long-term results 
for the allograft needs to be investigated further.

CMV prophylaxis might also work by decreasing replication of other herpesvi-
ruses such as EBV and HHV-6, but since the impact of those viruses on the allograft 
is controversial (see above), it cannot yet be concluded that this mechanism is 
contributory.

Other methods of CMV prevention include avoidance of CMV exposures for 
D−/R− patients (including use of CMV-free blood if any blood transfusions are 
needed), and the development of CMV vaccines in the future. If the highest-risk 
group (D+/R−) can be transformed into D+/R+ by pre-transplant vaccination, the 
risk of CMV might be ameliorated significantly in this group. Recent studies of a 
glycoprotein B CMV vaccine are promising in pre-transplant patients [73].

Regarding community respiratory viruses, the most important methods of pre-
vention are immunization (for influenza) and rigorous infection control. Influenza 
immunization has been shown to be safe in transplant recipients, as larger studies 
have not corroborated any clinically significant increase in rejection or allograft 
dysfunction in solid organ transplant recipients [74]. The efficacy of influenza vac-
cine may be suboptimal, particularly in those recipients with recent transplants or 
intensified immunosuppression, but per current guidelines [74], partial protection is 
preferable to no immunization. It is also extremely important that family members 
and health care workers be immunized, to decrease risk of transmission of influenza 
to the patient. If the transplant recipient does acquire influenza despite these 
measures, early detection and antiviral treatment can reduce morbidity, including 
the need for ICU admission [75]. It is important to get this message out to primary 
care providers, urgent care, and emergency room clinicians, who may (rather than 
the transplant team) be the first to assess a transplant recipient with a viral illness. 
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Each year the types of circulating influenza strains and the patterns of antiviral 
resistance are different; clinicians should follow yearly updates from their national 
health organizations with each year’s recommendations for antiviral therapy.

For any respiratory virus, stringent hospital infection control is essential. 
Outbreaks of respiratory infection, including RSV and parainfluenza, can be devas-
tating to transplant wards. Early viral detection with nasopharyngeal swabs (even in 
minimally symptomatic patients) is important in limiting in-hospital transmission. 
Adherence to recommended precautions and to hand hygiene is essential, and pro-
grams that increase compliance with these measures will have a beneficial effect for 
all patients, including vulnerable transplant recipients. Health care workers with 
respiratory viral illnesses should ideally not have contact with transplant recipients 
at all, but if such contact is unavoidable, all possible measures should be taken to 
prevent transmission (including mask, gloves, limiting time in room, etc.). Transplant 
centers should develop policies that do not penalize employees for absenteeism due 
to illness. Educational efforts should emphasize that mild viral symptoms in a health 
care worker (that a worker might tend to ignore or to “work through”) can translate 
into acute respiratory failure and/or long-term loss of allograft function in a lung 
recipient. Educating patients and family members regarding avoidance of out-of- 
hospital exposures, as well as the importance of early reporting of symptoms, are 
also important measures.

The role of antiviral therapy for non-influenza respiratory viruses is still evolv-
ing. Many centers use ribavirin preparations for treatment of symptomatic RSV 
infection [76] and sometimes parainfluenza virus [77] and metapneumovirus infec-
tion as well [78], although further data would be welcome. Most literature to date 
has reported on aerosolized ribavirin, but inconvenience and potential toxicity to 
health care workers has led to the study of other ribavirin preparations. Glanville 
et al. described the use of intravenous ribavirin plus oral corticosteroids in 18 lung 
recipients, in whom an initial fall in FEV1 was followed by recovery at 3 months, 
and only one patient developed subsequent BOS [79]. Intravenous ribavirin is not 
currently available in the United States. Similarly, promising preliminary results 
from a study by Pelaez et al. demonstrated preservation of allograft function in a 
group of lung recipients with RSV who received a regimen of 10 days of oral riba-
virin in combination with high-dose steroids for the first 3 days [80]. In addition, 
Fuehner et al. reported on a nonrandomized study of 38 patients who received oral 
ribavirin compared with 29 who did not, during paramyxovirus infection. Whereas 
both groups had declines in FEV1, a greater percentage of ribavirin-treated patients 
recovered lung function within 1 month (84 % vs. 59 %, p = 0.02). New-onset BOS 
within 6 months occurred in 5 % of the ribavirin vs. 24 % of the non-ribavirin- 
treated patients [77]. Novel therapies are also under development. A recent study of 
a small interfering RNA (siRNA) treatment for RSV infection demonstrated a 
decrease in new-onset BOS and progression to BOS by day 90 in the treatment 
group (n = 16), as compared with others (n = 8) who received standard care for RSV 
infection (6.3 % vs. 50 %, p = 0.027) [81]. The likely availability of other antiviral 
therapies in the future would make larger, multicenter comparative effectiveness tri-
als that include long enough follow up to detect effects on time to BOS desirable.
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Prevention of bacterial infections is also a matter of infection control and hand 
hygiene. Immunizations for Pneumococcus and for pertussis (in the form of Tdap 
vaccine for adults) should be kept up to date and ideally should be updated during 
the pre-transplant evaluation phase [82]. Given the results of Gottlieb et al. regard-
ing decreased risk in patients in whom prior Pseudomonas colonization was eradi-
cated, strategies that enhance eradication are likely to produce long-term benefit for 
the allograft [54]. Such strategies might include individualized peri-transplant com-
binations of systemic and inhaled antibiotics, as well as pre-transplant attention to 
potential reservoirs such as the sinuses. If effective vaccines for prevention of 
Pseudomonas infection and colonization become available in the future, that would 
be an important intervention. The effects of airway interventions such as stents 
should also be considered, as foreign bodies in the airway can serve as a nidus for 
bacterial colonization, albeit an important intervention in prevention of post- 
obstructive pneumonia and allograft dysfunction.

The demonstrated effects of azithromycin in protecting the allograft from BOS 
[83, 84] do bring up the question as to whether prevention of infection, including 
subclinical infection with organisms that lack a cell wall (e.g., Chlamydophila, 
Mycoplasma, Simkania) might be one of the mechanisms that contribute to such 
protection. More work in this area would be of interest. The risk of emergence of 
azithromycin resistance in these organisms is also worthy of future study.

Prevention of fungal infections is informed by an understanding of risk factors. 
Exposures related to the external environment should be minimized, including pro-
tection from the effects of hospital construction. Transplant recipients should be 
educated about the risks of marijuana smoking, gardening, farming, construction 
work, composting, cave exploration, and other activities that they consider under-
taking as they recover from the initial post-transplant phase and begin to resume a 
more normal life [85]. Antifungal prophylaxis is now utilized by many lung trans-
plant programs, most frequently using azole antifungal agents, inhaled amphoteri-
cin preparations, combinations of the above, and sometimes other agents [69, 70]. 
Regarding the type of azole used, there has been a shift from itraconazole towards 
voriconazole over time [70]. However, even in the presence of antifungal prophy-
laxis, breakthrough fungal infections may occur. In fact, antifungal prophylaxis may 
select out for certain types of fungal organisms (e.g., zygomycetes in the setting of 
voriconazole prophylaxis.) Protocol BALs can help with detection of fungal coloni-
zation in the asymptomatic patient and might prompt either a change of prophylaxis 
or increased clinical and radiographic monitoring or both. The occurrence of fungal 
infections late in the post-transplant course (after discontinuation of prophylaxis) 
might be related to late rejection, environmental exposures, or a reservoir in the 
native lung for single-lung transplant recipients. An enhanced clinical awareness in 
patients falling into any of the above groups is helpful.

For prevention of Pneumocystis jiroveci pneumonia (PJP, formerly P. carinii), 
center-specific practices have varied, but some clinicians (e.g., Gordon et al.) have 
recommended to continue PJP prophylaxis long-term (lifelong) in lung recipients, 
as they, uniquely among solid organ recipients, continue to have significant PJP risk 
beyond the first year [86]. Trimethoprim-sulfamethoxazole is the most commonly 
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used agent and has the added benefit of preventing several other infections (toxo-
plasmosis, listeriosis). For sulfa-allergic or intolerant patients, monthly aerosolized 
pentamidine, oral dapsone, or oral atovaquone are alternative prophylaxis options.

Whereas many previous studies have focused on individual infectious agents, the 
overall microbial ecology (the microbiome) of the allograft may be a more fruitful 
area of study [87]. Immune responses to different infectious agents may be inter-
twined, and ideally in the future, interventions should be assessed in terms of altera-
tion of the microbiome rather than just impact on one particular organism.

 Conclusion

A growing body of literature has linked the risk for new-onset or progressive BOS 
to a variety of infections, including CMV, other herpesviruses, CARVs, and bacte-
rial and fungal infections. Although results from different centers have varied, it 
appears that infections play a role in BOS development in at least some settings, and 
mechanistic considerations (e.g., chemokines) and animal models support this 
hypothesis. Recent studies support longer durations of CMV prophylaxis. The role 
of colonization as opposed to active infection (in the case of bacteria or fungi) and 
the role of subclinical viral infection in the allograft are areas of considerable inter-
est. To the extent that infections trigger BOS, development of newer strategies 
(including vaccines and immunotherapies) that enable early detection and interven-
tion will be important in providing long-term preservation of allograft function.
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Abstract The role of gastroesophageal reflux (GER) as a risk factor in chronic 
lung allograft dysfunction (CLAD) and/or bronchiolitis obliterans syndrome (BOS) 
is strongly supported by the cumulative evidence collected to date. Proximal gastro-
intestinal tract motility studies and pH/impedance testing can be used to diagnose 
motility abnormalities and GER and to determine whether reflux is acid or nonacid. 
However, a true gold standard methodology for detecting penetrance of refluxed 
duodeno-gastric secretions into the lung is lacking, and a definitive marker of GER 
combined with microaspiration that identifies patients at significant risk for associ-
ated allograft injury and dysfunction needs to be determined. Prospective, multi-
center, adequately powered clinical trials should be performed to better understand 
the role of GER in CLAD and to identify appropriate criteria for patient selection 
for possible surgical correction of GER.

Keywords Lung transplantation • Gastroesophageal reflux • Nonacid reflux • 
Chronic lung allograft dysfunction • Bronchiolitis obliterans syndrome
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 Introduction

Over the last 3 decades, lung transplantation has become an accepted therapeutic 
option for patients with end-stage lung disease. A major limitation to long-term 
survival after lung transplantation is the development of chronic lung allograft dys-
function (CLAD), which is largely due to obliterative bronchiolitis (OB), a process 
of fibrous obliteration of the small airways that leads to progressive airflow obstruc-
tion. The clinical correlate of OB, bronchiolitis obliterans syndrome (BOS), is 
defined as persistent drop in FEV1 to <80 % of a defined FEV1 baseline of the mean 
of the two best FEV1 values taken at least 3 weeks apart following transplantation. 
Alloimmune-mediated injury directed against endothelial and epithelial structures 
has been thought to be the underlying cause of OB. However, non-alloimmune 
inflammation including viral infections or ischemic injury also appears to play a 
role in its pathogenesis [1]. Retrograde aspiration secondary to gastroesophageal 
reflux (GER) has been implicated as a potential contributor to lung allograft dys-
function and, in particular, to development of CLAD and BOS [2–12]. Two forms 
of OB have been identified in the transplanted lung: (1) a relatively acellular, con-
centric fibrosing process limited to the terminal bronchioles, and (2) a focal cellular 
process extending into the distal alveolar spaces that is associated with aspirated 
material and foreign body-type giant cells [13]. The latter pathological finding is 
supportive of a role for GER in the development of BOS.

 Pathophysiology of GER and Lung Disease

The potential of GER to cause pulmonary complications is underappreciated, 
although it has been recognized for a long time [14–20]. William Osler first 
described the relationship between asthma and GER in 1892 [14]. GER can affect 
the lungs via an esophago-tracheo-bronchial vagal reflex that can be associated with 
chronic cough and asthma, and GER with micro- or macro-aspiration has been 
linked to laryngitis, pneumonia, lung abscess, fibrosis, acute and chronic bronchitis 
and bronchiectasis.

The pathophysiology of gastro-esophageal reflux disease (GERD) is determined 
by a combination of factors that include decreased salivation, impaired esophageal 
clearance of refluxed secretions, impaired tissue resistance to potentially injurious 
components of refluxate, decreased resting tone of the lower esophageal sphincter 
(LES), the presence of hiatus hernia with a deranged anatomical relationship 
between the diaphragmatic hiatus and the LES, transient LES relaxations, and 
delayed gastric emptying. The role of the resting tone of the LES in GER is pro-
moted by (1) increased gastric volume (e.g., large meals or increased gastric secre-
tions) or (2) increased intra-abdominal pressure, which can be tonic (e.g., obesity, 
ascites, tight clothing, slouching posture) or phasic (e.g., contraction of the stom-
ach, contraction of somatic muscles, cough, sneeze, wheeze, and strain). The LES 
tone is reduced or augmented by a number of  substances, as given in Table 12.1.
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Transient LES relaxations are prolonged in time and not induced by swallowing, 
but LES relaxations can be triggered by distension of the gastric fundus and are 
considered the primary mechanism of non-pathologic reflux in healthy individuals 
as well as in patients who develop GERD. Delayed gastric emptying, which conse-
quently causes distention of the gastric fundus, has been identified as a potent stim-
ulus for transient LES relaxations [21, 22].

The anatomical relationship between the LES and the diaphragmatic hiatus is of 
importance to maintain the synergistic effect of the intrinsic LES tone and the 
extrinsic LES component that is provided by the diaphragmatic hiatus [23]. The 
importance of this anatomic relationship is well documented in the context of hiatus 
hernia complicated by esophageal shortening [24]. In severely advanced, end-stage 
lung disease, whether obstructive (as in advanced emphysema and cystic fibrosis, 
which are characterized by flattened or concave diaphragms) or restrictive (as in 
pulmonary fibrosis with severe cupping of the diaphragm) the anatomical relation-
ship between the diaphragmatic hiatus (the extrinsic LES) and the intrinsic LES is 
likely stressed. The synergistic relationship between the intrinsic and extrinsic 
mechanisms is possibly less efficient in pulmonary fibrosis, which may especially 
be the case when intra-abdominal pressures change during the respiratory phases, 
cough, sneeze, wheeze, and strain.

Table 12.1 Modulators of lower esophageal sphincter (LES) tone

Agent Decrease LES tone Increase LES tone

Hormones Secretin Gastrin
Cholecystokinin Motilin
Glucagon Substance P
Gastric inhibitory polypeptide (GIP)
Vasoactive intestinal peptide (VIP)
Progesterone

Neuroactive agents Alpha-adrenergic antagonists Alpha-adrenergic agonists
Beta-adrenergic agonists Beta-adrenergic antagonists
Cholinergic antagonists Cholinergic agonists
Serotonin

Medications Nitrates Metoclopramide
Calcium channel blockers Domperidone
Theophylline Prostaglandin F
Morphine Cisapride
Meperidine
Diazepam
Barbiturates

Foods Fat Proteins
Chocolate
Ethanol
Peppermint
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The upper esophageal sphincter (UES) has no baseline tone during sleep and lacks 
the reflex capability to augment pressure in response to reflux; therefore, retrograde 
micro- or macro-aspirations are facilitated in the context of proximal GER [25]. 
Interestingly, impedance pH testing in normal individuals showed episodes of reflux 
that can be either distal or proximal, and the vast majority of such episodes are acid 
in the distal esophagus and nonacid when they reach the proximal esophagus [26].

GER has been shown to be prevalent in patients with a variety of lung diseases 
that include asthma, cystic fibrosis, idiopathic pulmonary fibrosis (IPF), and chronic 
obstructive pulmonary disease (COPD), and it has also been associated with the 
development of bronchiolitis obliterans organizing pneumonia (BOOP) a term that 
has been superseded by organizing pneumonia (OP) [27–37]. In a prospective study 
of consecutive lung transplant candidates, the LES tone was reduced in over 70 % 
of patient with end-stage COPD or advanced CF-associated lung disease, and in 
54 % of patients with end-stage interstitial lung disease (ILD). Esophageal peristal-
sis may also be reduced, thus impairing esophageal clearance, as seen in 20–30 % 
of all end-stage lung disease patients [38]. Similar findings have been reported in 
other retrospective studies [39], and delayed gastric emptying has been observed in 
over 40 % of lung transplant candidates [38].

Proximal and distal esophagus 24-h pH testing in patients with end-stage lung 
disease who are candidates for lung transplantation showed that distal esophageal 
acid reflux (DeMeester score) was abnormal in 20 % of patients with COPD, 60 % 
with CF, and 32 % with ILD. Additionally, and likely more importantly, abnormal 
proximal esophageal acid exposure during the supine portion of the 24-h pH moni-
toring period was noted in 30 % of patients with COPD, 40 % with CF, and 16 % 
with IPF [38].

Lung defense mechanisms, including cough reflexes and mucociliary clearance, 
are markedly impaired in lung transplant recipients, and mucociliary clearance has 
been measured at less than 15 % of normal clearance time in transplanted lungs 
[2–7]. It is also conceivable that a prolonged contact time of aspirated gastric con-
tents with respiratory mucosae may lead to substantially greater lung parenchymal 
injury. While GER may cause direct lung injury, it is also possible that it may alter 
innate immune responses and augment alloimmune responses by creating an up- 
regulated local inflammatory environment.

 Diagnosis of GER in Lung Transplantation

Based on the assumption that acid reflux might be an important cause of CLAD and 
BOS, lung transplant patients commonly receive proton pump inhibitor (PPI) ther-
apy. This pharmacologic therapy suppress gastric acid secretion and changes the pH 
of the refluxate from acid to nonacid, which may alleviate the classic GER-related 
symptoms from prolonged exposure of the esophageal mucosa to acid reflux, but it 
does not appear to reduce the quantity and or the frequency of reflux episodes. This 
has been demonstrated by studying GER using impedance pH monitoring with 
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patients both on and off PPI medication [40]. Indeed, it is now well recognized that 
gastric secretions can still gain access to the esophagus and that such refluxate may 
not be acidic enough to be detected by pH monitoring such that symptoms classi-
cally associated with reflux are not evoked. Combined impedance and pH monitor-
ing allow the detection of both acid and nonacid reflux and can determine the 
proximal extent to which refluxed secretions penetrate into the esophagus [41].

It should be noted that classic GER symptoms are absent in 57–94 % of patients 
with laryngeal manifestations of GER, in 43–73 % of patients with GER-related 
chronic cough, and in 40–60 % of patients with GER-related asthma [42, 43]. 
Moreover, a substantial number of lung transplant recipients have been found to be 
asymptomatic when abnormal GER is objectively documented [44–46].

Several methods have been studied that can document the relationship between 
lung disease and GER. These include scintigraphic monitoring, 24-h esophageal pH 
testing, assays for pepsin in saliva and sputum, and detection of lipid-laden macro-
phages, pepsin, or bile acids in bronchoalveolar lavage (BAL) [47–55]. Of note 
Hartwig et al. documented that chronic aspiration of acid gastric fluid accelerates the 
development of pulmonary allograft dysfunction in a rat model of lung transplanta-
tion [56]. The injurious agent may be gastric acid or other components of the gastro-
duodenal juices (bile, pepsin, trypsin, and others) rather than the acid reflux per se. 
In fact, chronic silent aspiration of acidic secretions alone may not be as injurious 
[57, 58] as aspiration of other components of the duodenal and gastric juice refluxate 
such as pepsin, trypsin, and bile acids. It should be noted that the bronchoalveolar 
environment has a pH that favors the activity of the duodeno-pancreatic agents rather 
than just the acidic gastric juice. Additionally, what has been considered standard pH 
testing does not test for the presence of alkaline (pH > 7) or weakly acid (4 < pH < 7) 
refluxate [59]. Multichannel intraluminal pH-impedance monitoring (in contrast to 
pH monitoring alone) allows monitoring of reflux episodes that are nonacid in qual-
ity, and such monitoring can discriminate between fluid and gas reflux regardless of 
pH, estimate the size of a refluxed secretion bolus and measure the proximal extent 
of GER into the esophagus while differentiating acid from nonacid reflux [41, 60–
62]. This methodology is likely the best tool to investigate for significant GER in the 
context of lung transplantation. To date, however, the only apparatus with acceptable 
sensitivity for detecting the presence of duodeno-gastroesophageal refluxate remains 
the Bilitec 2000 (Medtronic); this spectrophotometric testing probe, which is cali-
brated for the detection of bilirubin, has not been widely adopted clinically due to its 
limited specificity, and it remains predominantly a clinical research tool [63].

 GER and Chronic Lung Allograft Dysfunction

Retrospective studies with standard single-channel distal esophageal pH recordings 
have indicated an increased esophageal acid exposure in up to 70 % of lung trans-
plant recipients [64, 65]. The prevalence and severity of GER following lung trans-
plantation was found to be increased [64, 66], and the detection of GER is associated 
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with worse pulmonary function test results. Therefore, it has been advocated that all 
lung transplant recipients should be screened for GER [64]. At the time of this 
study, 60 % of patients had BOS and 77 % of those patients who had developed 
BOS had abnormal esophageal pH testing as compared with 58 % of patients who 
had not developed BOS [64]. The frequency and severity of reflux, especially the 
upright contact time, was associated with the presence chronic allograft dysfunction 
[64]. The Toronto group reported [67] a prospective study that used 2-channel 
esophageal pH monitoring (proximal 5 cm below UES, and distal 5 cm above LES, 
implemented according to standard criteria) and showed that 30 % of lung trans-
plant candidates (66/218 patients) had elevated distal esophageal pH findings (high 
DeMeester score), and proximal esophageal pH testing was abnormal in 19 % 
(41/218 patients) [67]. pH testing was also prospectively performed in the same 
patients at 3 and 12 months post-transplant, and DeMeester scores were observed in 
35 % (16/46 patients) and 31 % (10/32 patients) at the two time points, respectively. 
Interestingly 64 % of patients with a high DeMeester score before transplant had 
normal testing at 3 months, but 34 % of patients with normal pre- transplant 
DeMeester scores had newly detected distal esophageal acid reflux at 3 months 
post-transplant. Similarly, 77 % of patients with abnormal proximal esophageal acid 
exposure before transplant had normal testing 3 months after transplantation, and 
similar findings were noted when comparing pre-transplant test results to those at 
12 months post-transplant. Of particular interest is the observation that when results 
of testing at 3 months were compared to test results at 12 months post- transplant, 
the DeMeester score normalized in 36 %, but acid reflux was newly diagnosed in 
30 %. In addition, abnormal proximal pH testing, if detected at 3 months, was found 
to be normal in 100 % esophageal acid reflux was noted in 15 % [67]. Therefore, 
simple acid (pH < 4) detection by esophageal pH testing only could either overesti-
mate or underestimate the true role of GER in the development of CLAD and BOS. 
These findings suggest that acid pH testing is likely not the most appropriate way to 
investigate GER and retrograde aspiration or to guide treatment post-transplant.

GER and retrograde aspiration are promoted by gastroparesis via the stimulation 
of inappropriate transient LES relaxations. Gastroparesis is a common disorder in 
lung transplant recipients and has been linked to the induction of BOS [10, 68, 69]. 
Gastroparesis has been attributed to preexisting lung disease [38, 70–74], vagal 
nerve injury or other intra-operative damage, or medications (especially calcineurin 
inhibitors) [75, 76]. In addition, the presence of other conditions, including weight 
loss [70], acute stress, diabetes mellitus, and uremia, may worsen gastroparesis 
before or after transplantation [77, 78]. Of note, the American Gastroenterology 
Association has included lung and heart-lung transplantation as one of the causes of 
delayed gastric emptying [79].

Gastric dysmotility after heart-lung transplantation has been shown to be present 
in nearly one-third of recipients [4]. In another study, one-third of patients with 
post-transplant GER had delayed gastric emptying, and 13 % had incomplete relax-
ation of the LES [80]. Similar findings were reported in a prospective study wherein 
36 % of patients had abnormal liquid emptying at 3 months and 71 % at 12 months 
post-transplant [10–12]. Prolonged gastric emptying for solids was observed in 
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91 % of patients at 3 months after transplantation, and 80 % still had prolonged 
gastric emptying at 12 months [10–12].

In the context of delayed gastric emptying and considering that higher levels of 
bile acids are found in the stomach during the night [81], the likelihood of having 
nocturnal nonacid reflux is high when patients are given PPI therapy. Aspiration of 
nonacid gastric components during the night is facilitated by reduced protective 
reflexes (e.g., swallowing and coughing) [82]. Such factors might explain the asso-
ciation between nocturnal weakly acidic reflux and bile acid aspiration [83].

Acid and nonacid reflux may affect the allograft via two different mechanisms. 
Aspiration of refluxed acidic gastric juice may provoke lung inflammation, but 
patients treated with acid-suppression therapy (PPI) may aspirate nonacid refluxate 
that contains active pancreatic enzymes and bacterial substances such as lipopoly-
saccharides, which can also trigger significant bronchial inflammatory reaction [84].

Recently it has been demonstrated that 48 % of lung transplant patients have 
reflux at 1 year post-transplant, and nearly one-third of these patients exclusively 
had nonacid reflux as detected by pH/impedance testing [83]. Moreover, the pres-
ence of nonacid reflux as measured by pH/impedance testing increased the risk for 
developing BOS nearly threefold, while risk was not significantly associated with 
the presence of acid reflux [85]. Although abnormal acid GER can be detected via 
esophageal pH probe monitoring and nonacid reflux can be detected via pH/imped-
ance monitoring, the detection of abnormal GER does not objectively identify 
microaspiration of refluxed gastroduodenal secretions, and a mild degree of GER 
can be observed in normal subjects and considered normal.

Single-center studies have used the detection of constituents of gastric juice 
(pepsin and bile acids) in BAL fluid of transplant recipients as a biomarker for ret-
rograde aspiration associated with GER that is independent from the pH quality of 
the refluxate [10, 46, 86–88].

Pepsin in BAL fluid has been identified as a marker of GER and aspiration [87, 
89, 90], and BAL pepsin levels were shown to be higher in the transplanted popula-
tion when compared with normals, suggesting aspiration of gastric juice [46, 87]. 
Another study showed that pepsin levels in BAL were increased in lung transplant 
recipients without evidence of the presence of BOS, showing that pepsin can be 
present without airflow limitation. Interestingly, higher pepsin levels were associ-
ated with acute allograft rejection [88], which suggests that interactions between 
alloimmune and non-allo-immune-mediated allograft damage may occur [88]. 
However, others [87] have found that pepsin levels in BAL fluid did not correlate 
with FEV1, while the presence of bile acids correlated with risk for developing 
BOS. This finding agrees with the correlation of high bile acid levels with the devel-
opment of BOS that was initially reported by the Toronto group [10, 12]. They 
explored and described a link between GER and aspiration of bile acids in patients 
with BOS. Their findings suggested a role for duodeno-gastroesophageal refluxate, 
irrespective of the pH, retrograde aspiration of with investigations performed at a 
time when impedance testing was not yet widely available. Bile acids were detected 
in BAL fluid from 71 of 107 recipients who underwent surveillance bronchoscopies 
at 6 months after lung transplantation, and total bile acids were significantly 
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increased in patients with BOS (stages 0–p and 1–3), but this increase was essen-
tially limited to patients who developed BOS early (within 12 months after lung 
transplantation) vs. those with late BOS. Additionally, high levels of bile acids in 
BAL fluid correlated positively with BAL IL-8 and neutrophil levels, and the pres-
ence of bile acids was associated with significantly depressed levels of surfactant 
protein-A, surfactant protein-D, and dipalmitoylphosphatidylcholine, which led to 
the suggestion that one effect of aspirated bile acids may be depression of innate 
immune function in the lung allograft [12].

The lung transplant group in Leuven [46] also evaluated a cohort of lung trans-
plant recipients and detected abnormal acid and nonacid GER in 22 of 45 patients 
and measured bile acids and pepsin in BAL fluid. All lung transplant recipients had 
detectable levels of pepsin in BAL, but levels of pepsin were 23-fold increased over 
that of control subjects. Twenty-two lung transplant recipients had bile acids 
detected in BAL fluid, and although pepsin levels showed no correlation with FEV1 
values, bile acids were significantly increased in patients with BOS stages 1–3. An 
additional, interesting aspect of this study was the persistence of abnormal GER, 
especially weakly acidic GER, in patients on PPI therapy (7 of 18 patients, five with 
weakly acid reflux), although esophageal acid exposure and acid reflux events were 
significantly reduced for patients on PPI when compared to a cohort of patients 
studied off PPI therapy. Vos et al. [91] found a significant association of allograft 
colonization by Pseudomonas aeruginosa with the presence of bile acid aspiration 
in a matched lung transplant recipient cohort of 24 subjects. Indeed, taken together, 
these investigations suggest that bile acids aspirated into the lower respiratory tract 
in the transplanted lung may be particularly injurious to respiratory mucosa and 
induce airway injury and dysfunction that can lead to chronic infection and/or BOS.

Various biomarkers of GER have been investigated in exhaled breath condensate 
in order to noninvasively detect reflux and microaspiration of gastroduodenal secre-
tions [92–97]. However, this attractive methodology does not appear to be useful as 
a diagnostic technique using currently available technology. To date, no correlation 
of biomarker levels in BAL fluid with levels measured in exhaled breath condensate 
has been observed.

The presence of bile acids in BAL is considered to reflect duodeno- 
gastroesophageal reflux and aspiration [10, 83, 98], and bile acid aspiration into the 
lung has been associated with severe pulmonary injury [66, 83] and BOS. Bile acids 
are cytotoxic, disrupt cellular membranes, damage type II pneumocytes [99], which 
are responsible for surfactant protein and phospholipid production and homeostasis 
[10, 12, 68], and down-regulate innate immunity by affecting receptors on mono-
cytes and macrophages [12, 68]. Althouph, todste the role of bile acids in reflux-
related lung damage remains somewhat unclear, which is partly due to the fact that 
bile acid concentrations are difficult to accurately measure in the lung. Additionally, 
there is discordance between the presence of bile acids in BAL fluid and abnormal 
pH findings in lung transplant patients.

The uncertain cause and effect relationship between gastric aspiration, the detec-
tion of gastric juice constituents in BAL fluid, and the ultimate development of graft 
failure have been investigated in animal and in vitro models. A single lung transplant 
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model has been developed in rats that demonstrates the harmful effects of gastric 
aspiration on airways. Recipients of major histocompatibility complex- mismatched 
grafts were exposed to repetitive airway stimulation with gastric contents via tracheal 
instillation. A significant increase in pulmonary infiltrates rich in CD8+ and CD68+ 
cells was observed in animals exposed to gastric contents, indicating a role for cyto-
toxic T cells and monocytes, which were associated with areas of acute airway fibro-
sis. Additionally, an increase in circulating levels of transforming growth factor-beta 
(TGF-β) was observed [100, 101]. Bile acids may alter innate immune responses by 
dampening the release of the lung collectins, surfactant protein- A, and surfactant 
protein-D, which play a key role in orchestrating the ability of lung macrophages to 
clear microbes [12]. Additionally, a receptor for bile acids, TGR5, that is expressed 
abundantly on human monocytes and macrophages has been identified, and this dis-
covery has led to experiments that have confirmed the direct inhibitory effect of these 
bile acids on macrophages. The effect of bile acids on innate immune responses 
appears to be largely immunosuppressive, whereas other constituents of gastric juice 
appear to have the opposite effect and stimulate innate immune responses.

Additional studies correlating BAL markers of microaspiration with the pres-
ence of abnormal gastroesophageal GER with CLAD and/or BOS are needed to 
validate the predictive capability of such measurements. The combination of BAL 
biomarkers of aspiration with pH/impedance and proximal foregut motility studies 
may facilitate the accurate selection of recipients at risk for allograft dysfunction 
due to retrograde microaspiration from GER and facilitate the identification of lung 
transplant recipients who begin to display manifestations that are consistent with 
the onset of CLAD for more effective interventions to prevent reflux such as anti- 
reflux surgery.

 Treatment Options for GER After Lung Transplantation

It is clear that GER that leads to aspiration of refluxed secretions is a significant risk 
factor for graft loss after lung transplantation. Therefore, one must ask what treat-
ments or interventions can mitigate this risk, and when should such interventions be 
instituted. Because airway epithelia lack the defenses that protect gastric mucosae 
from foregut secretions, airways can be expected to be more vulnerable to aspiration 
injury. Therefore, treatments of gastroesophageal GER may prevent or attenuate 
BOS by reducing retrograde nocturnal reflux and microaspiration, which would 
prevent or lessen the epithelial injury and epithelial-mesenchymal transition that 
can lead to OB and BOS.

Acid suppression (e.g., PPI administration) is usually first-line therapy for GER 
and can improve classic GER symptoms, but lung transplant recipients may remain 
at risk to develop BOS because such therapy may only convert acid reflux into 
asymptomatic nonacid reflux, and gastroesophageal aspiration of bile acids may not 
reduced in patients on PPI therapy [46]. Lifestyle changes (avoiding late evening 
meals, not lying in bed for the first 2–3 h after dinner, avoiding snacks or drinks 

12 Gastroesophageal Reflux and Aspiration in Chronic Lung Allograft Dysfunction…



228

after the evening meal, elevating the head of the bed during sleep) may reduce the 
amount of nocturnal reflux and, thus, may help to prevent nocturnal GER and 
aspiration.

Prokinetic drugs, which may improve esophageal motility and accelerate gastric 
emptying, have been used either alone or in combination with PPIs for the treatment 
of GER [102–104]. Macrolide antibiotics (e.g., erythromycin) have a significant 
prokinetic effect on the gastrointestinal tract and have also been proposed for the 
treatment of GER [105], and the neomacrolide/azalide, azithromycin, has been 
shown to reduce GER and gastroesophageal bile acid aspiration in lung transplant 
recipients [106]. On the basis of these observations, it could be hypothesized that 
the beneficial effect of azithromycin, which is frequently used in lung transplant 
recipients, is not only due to its anti-inflammatory properties but might be further 
potentiated by an anti-reflux effect due to its prokinetic properties on esophageal 
and gastric motility. Baclofen, a GABA receptor agonist, has been shown to reduce 
episodes of transient LES relaxation and thereby might reduce both acid and non-
acid GER, but most patients experience intolerable side effects [107, 108].

Surgical fundoplication for treatment of GER in lung transplant recipients has 
been shown to prevent BOS and improve patient survival. Laparoscopic Nissen fun-
doplication can be performed with reasonable safety on lung transplant candidates 
with advanced lung disease prior to lung transplant [45, 109, 110], and prophylactic 
fundoplication may decrease the incidence of post-transplant allograft dysfunction 
and BOS [8, 9, 111]. Potential benefits of anti-GER surgery prior to transplant 
include decreased risk of perioperative aspiration and immediate protection from 
microaspiration of gastroduodenal secretions that increase the risk of post- transplant 
allograft dysfunction [109]. However, as suggested by the Toronto group, transplan-
tation itself may resolve pre-transplant acid GER by restoring the anatomic relation-
ship between the diaphragmatic and LES [67].

In lung transplant recipients, lung function might be improved by anti-reflux 
surgery and freedom from developing BOS may be enhanced [46, 86–92]. A num-
ber of investigations, both retrospective and prospective, undertaken by the lung 
transplant group at Duke University have repeatedly supported benefit of laparo-
scopic Nissen fundoplication in preventing BOS [8, 9, 111–113], particularly if 
adopted early after lung transplantation [8]. Similarly, other investigators have 
shown that anti-reflux surgery is both safe and effective [45, 114], and that it can 
reduce pepsin levels in BAL fluid [115].

Laparoscopic Nissen fundoplication is the favored technique in the lung trans-
plant candidate or recipient, and it is the anti-reflux surgical procedure of choice, 
unless esophageal dysmotility is present [8, 113]. Caution should prevail if esopha-
geal dysmotility is present, because a complete wrap may obstruct passage of 
ingested food from esophagus to stomach and lead to dysphagia [113, 116]. Partial 
fundoplication can be performed for such patients as an alternative to the Nissen 
360-degree wrap using the techniques described by Dor and Toupet [117–119].

In lung transplant recipients with severely delayed gastric emptying, the implan-
tation of a gastric stimulator has been suggested, although the true role of this device 
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in this patient population has not been explored [120–124]. Gastric emptying may 
improve following Nissen fundoplication and obviate the need for such a device.

 Conclusion

The evidence collected to date strongly supports the role of GER as a risk factor for 
CLAD and/or BOS. Proximal gastrointestinal tract motility studies and pH/imped-
ance testing can be used to diagnose motility abnormalities and GER (and deter-
mine whether refluxate is acid and/or nonacid), respectively. Unfortunately, a true 
gold standard for detecting aspiration of refluxed secretions into the lung is lacking, 
and a definitive marker of GER combined with microaspiration that identifies 
patients at significant risk for GER-associated allograft injury and dysfunction 
needs to be determined. Indications for anti-reflux surgery will most likely need to 
be based on reasonably stringent criteria, given that not all the patients with GER 
are likely to experience silent, retrograde aspiration of gastroduodenal contents into 
the lungs. Furthermore, GER that is identified pre-transplant may not persist follow-
ing transplantation if the anatomical relationship of the gastroesophageal junction 
high-pressure zone is restored.

Prospective studies to determine the most effective approach to prevent reflux- 
related lung injury in lung transplant patients are needed, as only retrospective stud-
ies have linked prophylactic fundoplication for recipients with GER to improved 
post-transplant outcomes and decreased incidence and/or severity of CLAD and/or 
BOS. Future research should seek to identify the most effective protocols that can 
detect susceptibility to GER and microaspiration in lung transplant candidates and 
recipients. The optimal timing of diagnostic testing needs to be determined.

Prospective, multicenter, adequately powered clinical trials are needed to better 
understand the role of GER in CLAD and to establish appropriate criteria to select 
patients for anti-reflux surgery.
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Abstract Extrapolation of adult-based evidence into pediatric management 
 decisions is often unavoidable owing to a lack of sufficiently powered, suitably 
designed pediatric studies. Pediatric data are emerging but are challenged by the 
lower numbers of lung and heart–lung transplants performed annually as compared 
to adult transplantation. Pediatric data are further diluted by the relatively large 
number of centers that perform pediatric transplants internationally. This chapter 
will discuss available pediatric data to illustrate the similarities that exist between 
pediatric and adult subjects with respect to incidence, risk factors, diagnosis, 
and management of bronchiolitis obliterans (BO). Although the pediatric lung 
transplant literature generally supports the use of data that are extrapolated from 
lung transplantation in adults, specific challenges also exist that are unique to the 
pediatric age range, and the resultant differences in approach are outlined.
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 Introduction

As with many areas of pediatric medicine, evidence-based management is chal-
lenged by a lack of sufficiently powered, suitably designed studies. Extrapolation 
from adult studies is not ideal, as children should not be thought of as simply 
“small adults,” but such extrapolation is often unavoidable. This chapter will discuss 
similarities between the two different age groups, which may in part support this 
extrapolated approach. However, we will also outline how the approach to risk  
factors, surveillance, and management of bronchiolitis obliterans (BO) may differ 
in pediatric lung and heart–lung transplant recipients as compared to their adult 
counterparts.

 Overview of Pediatric Lung Transplantation

The following is an overview of pediatric lung and heart–lung transplants based on 
data contained in the last official report of the ISHLT in 2011 [1]. The number of 
centers performing pediatric lung and heart–lung transplantation is growing 
steadily and has now reached almost 50 centers worldwide, but the majority con-
tinue to perform relatively small numbers per year, with over 50 % of centers per-
forming fewer than five procedures annually. Approximately 130 pediatric 
transplants occur globally each year, based on data reported to the registry, but this 
total is recognized to be an underestimate of true numbers. The most common 
indications for transplant are idiopathic pulmonary hypertension in preschoolers 
(aged <6 years) and cystic fibrosis in older children. Single lung transplantation, 
heart–lung transplantation, and living related lobar lung transplantation are now 
rarely performed.

Peri- and post-transplant immunosuppression regimens are similar to those 
employed in adults. The most common regimen involves induction therapy (approx-
imately 60 % of cases), followed by triple-agent maintenance immunosuppression 
with tacrolimus, the preferred calcineurin inhibitor (CNI); mycophenolate mofetil 
(MMF), the preferred cell-cycle inhibitor (78 % and 65 % of cases at 1 year post- 
transplant, respectively); and prednisolone. Almost all children continue to receive 
prednisolone at 5 years post-transplant, in contrast to almost all other solid organ 
recipient groups.

Overall survival in pediatric subjects appears comparable to adult recipients, 
with a median survival of 5.5 and 5.4 years, respectively, but longer-term survival 
appears to be greater in pediatric subjects (Fig. 13.1). In addition, pediatric survival 
appears to be improving over time [2]. Within the pediatric age range, the best sur-
vival rates are seen in children aged 1–11 years, and while infants (aged <1 year) 
have the lowest short-term survival, subsequent long-term outcomes are compara-
ble. The adolescent age range has the poorest long-term survival of the pediatric age 
range, and this is attributed to factors including treatment compliance issues [3, 4].
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 Incidence of BOS

Current registry data provides the best available estimate of the incidence of BOS in 
pediatric recipients, and the incidence appears to be similar to that seen in adults: It 
is the second most common morbidity within 5 years post-transplantation and 
reported in 56 % of recipients [2] vs. 49 % of adults [5]. Interestingly, an age effect 
did appear in a recent analysis that was based on incidence at 4 years post- 
transplantation. Incidence is lowest in the youngest transplant recipients (31 % in 
those transplanted in the first year of life compared to 44 % of recipients aged 1–11 
years and 54 % of children aged ≥12 years at the time of transplantation). Lower 
rates are also reported in living related lobar transplant recipients [6]. It is important 
to note that registry data are based on fulfilling BOS grade 1, not the expanded crite-
ria including the earlier grade 0p; therefore, true incidence may be underestimated.

These lower rates in infants are intriguing and match similar reduced rejection 
rates seen in infant recipients of cardiac or liver grafts. This may reflect the potential 
benefit of transplantation early in life during a period of relative immune system 
immaturity. The explanation for this lower incidence of chronic rejection has yet to 
be fully understood, but successful ABO-incompatible heart (and subsequently 
lung) transplantation has also been demonstrated in this age group. ABO- 
incompatible infant heart transplantation is now an established procedure across 
multiple centers, and survival outcomes are comparable to those achieved in  
ABO- compatible subjects [7]. The first ABO-incompatible infant lung transplant 

Fig. 13.1 Kaplan–Meier survival in pediatric and adult recipients of lung and heart–lung trans-
plant between 1990 and 2009 [1]. Reprinted from The Journal of Heart and Lung Transplantation, 
30/10, Benden C, Aurora P, Edwards LB, Kucheryavaya AY, Christie JD, Dobbels F, et al., The 
registry of the International Society for Heart and Lung Transplantation: Fourteenth Pediatric 
Lung and Heart-Lung Transplantation Report—2011, 1123–1132, Copyright 2011, with permis-
sion from Elsevier
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described in the literature was recently performed in Toronto, Canada [8]. The lack 
of anti- graft antibodies in these infants is thought to be due to several factors, includ-
ing acquired donor-specific B-cell tolerance from persistent exposure to donor 
 antigens during this immunological window [9], development of graft cellular resis-
tance to humoral injury [10], or reduced antibody-binding effectiveness to donor 
cells allowing accommodation [11].

 Risk Factors

 Technical Factors

Although the transplant procedure used in children is very similar to that used in 
adults, one notable difference is that cardiopulmonary bypass (CPB) is more com-
monly used in children [12]. CPB has been reported to be an independent risk factor 
for primary graft dysfunction (PGD) [13]. However, direct comparison of PGD inci-
dence between adult and pediatric cohorts at a single center failed to document a 
significant difference [14], and the significance of this increased use of CPB remains 
unclear. BOS incidence is recognized to increase with PGD severity [15]. 
Nonetheless, despite the greater technical challenge of performing the operation in 
smaller children and infants, the authors are not aware of any data suggesting that 
ischemia time is longer in the pediatric and infant age range than it is in adults.

 Acute Rejection Episodes

Adult data have demonstrated that a single episode of minimal acute cellular rejec-
tion (grade A1) is a significant independent predictor of BOS at 3 years post- 
transplant [16, 17], but this is not reflected in the pediatric data that are available to 
date. In a retrospective multicenter analysis of 383 subjects across 14 European and 
North American sites (age less than 21 years), Benden et al. found no documented 
increase in the early risk of BOS (within the first year post-transplant) in subjects 
suffering either a single or repeat A1 episode. However, a single A2 episode dou-
bled subsequent early BOS risk [18].

 Gastroesophageal Reflux Disease

Adult series have shown that gastroesophageal reflux disease (GERD) is common 
in recipients and associated with both increased frequency and earlier onset of acute 
rejection [19] as well as lower subsequent lung function [20]. Additionally, GERD 
has been shown to be a significant independent risk factor for BO, especially if 
nonacid reflux is present [21]. In a series of 59 adult transplant recipients screened 
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for GERD using impedance/pH monitoring, 65 % had abnormal acid reflux and 
27 % had abnormal nonacid reflux with a hazard ratio of 2.8 between nonacid reflux 
and BOS. Initial published pediatric data suggest that GERD is a significant issue 
post-transplantation in children as well. A protocol has been in place at our hospital 
since 2002 to screen all pediatric lung transplant recipients within the first 3–6 
months for GERD, initially using pH studies and more recently by including imped-
ance monitoring. In a small case series published in 2005, asymptomatic abnormal 
acid reflux was found in a high proportion of children (nine of ten cases screened) 
and tended to be moderate to severe in intensity (seven of nine cases) [22]. Of these 
ten cases, three had episodes of acute rejection, and all three of these children had 
moderate to severe GERD on pH probe screening.

 Increased Role of Viral Infections

Community-acquired respiratory viral infections (CARV) such as respiratory syn-
cytial virus (RSV), human metapneumovirus, parainfluenza, and influenza are risk 
factors for acute rejection, development of BOS, and death from BOS in adult lung 
transplant cohorts [23, 24]. CARV are common in the pediatric age range, espe-
cially during the infant and preschool years. In a recent multicenter study of 576 
pediatric lung transplant recipients between 1988 and 2005 across 14 centers in the 
United States and Europe, younger age was associated with shorter time to an epi-
sode of CARV, and the occurrence of CARVs was independently associated with 
decreased 1-year survival (hazard ratio 2.6, 95 % confidence interval 1.6–4.4) [25]. 
No association with acute rejection episodes was demonstrated within this large 
pediatric cohort. The relative impact of CARV on pediatric lung transplant out-
comes is now the focus of a prospective, current National Institutes of Health (NIH)-
funded multicenter study, and the results of this investigation are eagerly awaited.

The lower incidence of recipient CMV exposure in the pediatric age range 
increases the risk of CMV mismatch at the time of transplant. CMV is the most com-
mon opportunistic infection encountered post-lung transplantation and is a well-
recognized risk factor for chronic graft dysfunction [26]. CMV prophylaxis has been 
shown to reduce the incidence of BOS in adults in the first year post- transplantation 
[27]. Recently, chronic EBV viremia has been linked with BOS development within 
a lung transplant cohort [28]. Previous EBV exposure at the time of transplantation 
is less common in the pediatric population, with half of all 5-year-old children hav-
ing been exposed compared to 90–95 % of adults in the United States [29].

 Age of Donor

Almost two-thirds of pediatric transplant recipients (based on collated data over a 
15-year period between 1986 and 2010) received organs from pediatric donors, 
although geographical variation exists, ranging from 45 % in Europe to 64 % in 
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North America. Only 6 % of children received organs from donors aged over 50 
years over the same time period [1]. Survival benefits may be present if pediatric 
donors are used, and decreased survival has been suggested with increasing donor 
age. In a study of 37 pediatric lung transplant recipients by Cano et al., survival rates 
were worse in those receiving a graft from a donor aged over 16 years: 1-, 3-, 5-, and 
10-year survival was 33 %, 25 %, 12.5 %, and 12.5 % compared to 76 %, 67 %, 
56 %, and 49 %, respectively, in those receiving organs from donors aged less than 
16 years (p = 0.005) [30]. Adult studies have tended to focus on the survival impact 
of much older donors, and lower rates of survival (16 % vs. 39 % at 10 years, 
p = 0.07) and higher relative BOS rates (65 % vs. 34 % at 10 years, p = 0.01) have 
been described in adult cohorts with use of organs from donors aged over 60 years 
as compared to donors aged less than 60 [31].

 Diagnostic Challenges of Bronchiolitis Obliterans in Children

 Transbronchial Biopsy

Regular bronchoscopy with transbronchial biopsy is an integral component of sur-
veillance of lung transplant recipients, as it can detect both acute rejection and respi-
ratory infection. When suspicious symptoms are present, this investigation is 
clinically indicated and uncontroversial, but the optimal frequency and duration of 
surveillance bronchoscopy (i.e., in asymptomatic individuals) remains unclear. At 
Great Ormond Street Hospital, surveillance biopsies are performed at 1 week and at 
1, 3, 6, and 12 months post-transplantation. An evaluation of this approach was 
published by Benden et al. in 2007, and, in our opinion, the use of surveillance 
bronchoscopy is supported. Asymptomatic rejection (≥A2) and symptomatic rejec-
tion were detected in 4 % and 12 % of biopsies, respectively. In addition, potential 
pathogens were detected in 29 % of asymptomatic and 69 % of symptomatic chil-
dren, and the overall diagnostic yield was 35 % for asymptomatic children and 85 % 
for children with respiratory symptoms [32]. Detection of clinically silent acute 
cellular rejection (ACR) in the initial post-lung transplant period has also been 
described in other pediatric populations [33].

Challenges specific to pediatric subjects relate to the size of instruments that can 
be used for transbronchial biopsy and the challenge of getting adequate samples for 
processing and grading. Broadly speaking, there are two different transbronchial 
biopsy forcep options for use in the pediatric age range: radial jaw forceps with a 
cup volume of 2.0 μL, which can fit down a 2-mm working channel; and smooth 
oval cup forceps with a cup volume of 0.5 μL, which can be used with a 1.2-mm 
working channel. The smallest flexible bronchoscopes currently available with 2.0- 
and 1.2-mm working channels have an outer diameter of 4.0 mm and 2.8 mm, 
respectively, although actual diameter of a 4.0-mm scope is 4.4 mm beyond the tip. 
Flexible bronchoscopes can also vary significantly from the manufacturers 
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specifications [34]. Obtaining adequate samples is challenging with smaller instru-
ments. In a retrospective analysis at one institution, adequate samples were obtained 
in 97 % and 84 % of specimens collected with the radial and oval cup forcep equip-
ment set-ups, respectively, defined as a minimum of five alveolar tissue fragments 
or if a specific diagnosis (i.e., treatable grade of ACR or infection) was possible 
[35]. The presence of bronchial tissue for B grading of biopsies for ACR was not 
assessed in this study. The overall complication rate (bleeding >150 mL, bleeding 
that required a transfusion, pneumothorax, or septicemia) was 2 %, which is consis-
tent with complication rates quoted in the adult literature.

The actual number of biopsies taken in each patient to obtain at least five ade-
quate samples was not outlined, but studies in adult recipients have shown that tak-
ing 10–12 tissue fragments via transbronchial biopsy yields an average of six 
acceptable fragments of alveolated lung parenchyma, which meets the Lung 
Rejection Study Group recommendations of retrieving at least five pieces of lung 
98 % of the time (with only 3.6 % of subjects not having adequate bronchial wall 
for histological staging of bronchial inflammation) [36]. The reported complication 
rate was 6 %, although the pediatric complication rate is felt to be lower, which may 
reflect that, in general, fewer biopsies are taken in pediatric recipients (typically five 
to six per subject at our center).

The earlier practice of performing bronchoscopy and transbronchial biopsy 
under heavy sedation with midazolam and fentanyl plus topical lidocaine [35] is 
now far less common. The majority of centers (including our own) now perform 
these procedures under general anesthesia with fluoroscopic guidance. In cases 
where transbronchial biopsy is not felt to be adequate, either open lung biopsy or 
video-assisted thoracoscopic surgical (VATS) lung biopsy is considered. However, 
even open lung biopsy may not be 100 % diagnostic [37]. It should be noted that 
transbronchial biopsy cannot be employed to diagnose BO. If histological confirma-
tion of this diagnosis is required, a more invasive procedure is mandated.

 Diagnosis of Bronchiolitis Obliterans Syndrome

As outlined elsewhere in this book, clinical diagnostic criteria for chronic allograft 
dysfunction have been developed due to the patchiness of the disease process and 
the relative insensitivity of transbronchial biopsy. Although raw (or actual) values 
for spirometry test results are commonly used for adults, this is inappropriate in 
children. Specifically, the challenge within the pediatric population is that somatic 
growth is an ongoing process, and measures of lung function need to take account 
of concurrent changes in lung volume and airway caliber.

The issue of whether transplanted lungs will continue to grow in proportion to 
ongoing somatic growth is unique to pediatrics, and the question remains unan-
swered. The available evidence suggests that the transplantation of immature or 
mature lungs into children allows continued growth and alveolarization in line with 
somatic growth. Infant lung function studies and studies using CT scanning to 
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directly measure airway dimensions suggest that transplanted lungs continue to 
grow over time. However, while increases in forced expiratory volume values pro-
vide information about increase in lung size (and probably airway size), whether 
continuing alveolarization actually occurs remains unclear. Data from transplanta-
tion of mature single lobes from living related donors into pediatric recipients sug-
gest that increase in lung size occurs by alveolar distension rather than increase in 
alveolar numbers [38].

For physiological monitoring of lung allograft function in the pediatric age 
range, it is recommended that all spirometry outcomes be converted to percent pre-
dicted values or standard deviation scores using recognized reference equations. 
This was recommended in the 2001 update to the BOS diagnosis guidelines [39], 
but, anecdotally, this recommendation is not universally applied, particularly in 
adult institutions that primarily perform transplants on adult patients but also care 
for a smaller number of pediatric patients (who are typically in the adolescent age 
range). The impact of using percent predicted values (instead of raw values) for the 
baseline lung function (maximum post-transplant FEV1 value) achieved and for 
establishing the subsequent incidence and time to detection of BOS remains unclear. 
Baseline lung function in the growing child may take a number of years to be 
achieved, in contrast to adults, where baseline values are typically reached within 
the first year. A large number of reference equations are available for use in the 
pediatric age range, but many are based on cohorts measured a number of decades 
ago and may no longer represent contemporary values that are predictive of normal 
lung function. Additionally, due to varying numbers of subjects at outlying ages 
included in these data, these predicted values may not be accurate in younger chil-
dren. Recently “all age” reference equations have been produced by collating a 
number of these data sets together to produce optimized reference data that are 
applicable down to age 4 years [40, 41]. However, the lack of appropriate reference 
data for infant lung function remains a concern, and until this is addressed, the clini-
cal utility of lung function in this age range remains unclear [42].

Further difficulty may be encountered due to variable lung function technique, 
and the majority of pediatric lung function laboratories may not establish adequately 
reproducible techniques until age 6–7 years. Spirometry in the preschool age range 
has excellent feasibility in specialty centers, but this requires modification of exist-
ing quality control criteria. These include use of FEV0.5 rather than FEV1, volume of 
back extrapolation to determine start of test, and repeatability criteria of two FVCs 
within 10 % of each other. Feasibility rates of 75 % have been reported amongst 
preschoolers [43]. However effort-dependent measures such as peak expiratory flow 
rate are not used for monitoring purposes in the pediatric age range.

The recent incorporation of FEF25–75 criteria into early BOS (BOS 0p) appears to 
be applicable to recipients in the pediatric age range as well, with initial data sup-
porting a role in earlier detection. Woo et al. reviewed the post-transplant lung 
function changes in 18 pediatric subjects (aged 14.1 ± 3.7 years) who subsequently 
met the current BOS 1 criteria (FEV1 decrease of 20 % from baseline) and found 
that when compared to changes in other parameters such as FEF25–75 and Vmax at 
60 %, 70 %, and 80 % from post-transplant baseline, FEV1 was the first 
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abnormality detected in only 39 %, while a decline in FEF25–75 of >30 % was the 
primary abnormality in 78 % [44].

Other potential markers for chronic allograft dysfunction exist, but clinical utility 
has yet to be established. Tidal breathing lung function tests, such as the forced oscil-
lation technique and inert gas washout [45], have strong feasibility across the pediat-
ric age range but have not been systematically evaluated to date. Air trapping or 
mosaic pattern on expiratory slice HRCT is a marker of small airway disease, but 
studies have yet to demonstrate strong clinical utility in BOS surveillance due to poor 
specificity despite reports of good sensitivity [46]. Concerns about the cumulative 
radiation dose associated with surveillance CT scanning protocols are less relevant in 
a population with shortened life expectancy. However, relative radiation risk is 
inversely proportional to age and highest in infancy [47]. Therefore, risk of cumula-
tive radiation exposure needs to be taken into account. Ventilation perfusion (V/Q) 
scans are also feasible in children and have some evidence for utility in monitoring 
lung disease in conditions such as cystic fibrosis (CF) [48], but utility of V/Q scanning 
in monitoring for BO following lung transplantation is unclear. KL-6, a glycoprotein 
expressed on type 2 pneumocytes, is detectable in higher concentrations in the serum 
of pediatric BOS subjects (n = 9 mean [SD] KL-6 596 [309] vs. n = 36 non-BOS KL-6 
352 [140] U/mL [p = 0.05]) [49], and the relative sensitivity to detect BOS if a thresh-
old of 200 U/mL elevation from baseline was 67 % with a specificity of 95 %. No 
increases in KL-6 were seen during acute rejection episodes. Although the authors 
felt that KL-6 was a relatively specific marker of BOS, further studies are warranted, 
and use of KL-6 as a biomarker of BOS remains a research tool at present.

Exhaled nitric oxide (eNO) has been proposed as a sensitive measure of acute post-
transplant complications, such as acute rejection [50] and infection. However, the evi-
dence for utility of eNO for detection of BOS in adults is conflicting. Although Silkoff 
et al. found no elevation in eNO levels, a subsequent study by Verleden et al. described 
increased eNO levels in BOS and potential utility of eNO as an early diagnostic mea-
sure due to the observation that eNO was elevated mean (SD) 263 (169) days before 
a formal diagnosis of BOS was made using the FEV1 diagnostic criteria for BOS stage 
1 [51]. No pediatric-based biomarker studies have been published to date.

 Management

Management of pediatric BOS is extrapolated from adult data, and there is no cur-
rent evidence to suggest that the underlying disease process fundamentally differs 
from that seen in the adult transplant population.

Augmentation of immunosuppression is controversial and should only be 
attempted if there is evidence of under-immunosuppression (e.g., through repeated 
ACR episodes), because the disadvantage of increased infections is likely to out-
weigh any benefit. Experience with sirolimus or everolimus is increasing, but use of 
these agents within the pediatric population remains limited according to registry 
data. Azithromycin is well tolerated within the pediatric population, and it tends to 
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be started once children fulfill BOS diagnostic criteria due to the beneficial results 
that have been described in adult transplant BOS populations. The characteristics of 
pediatric responders have not been described to date, and it is unknown whether the 
benefits of early commencement of azithromycin therapy during BOS stage 0p [52] 
or in those with neutrophilic airway inflammation are also present in younger sub-
jects. Montelukast, which has been suggested to be beneficial in recipients with 
BOS stage 2 who lack significant BAL neutrophilia (either on or off azithromycin 
therapy) [53], is also readily available for administration to recipients in the pediat-
ric age range, both as granules for children aged less than 2 years and as chewable 
tablets for older children.

Increased use of statins in pediatric patients has been triggered by adult data 
describing an association with reduced acute rejection rates [54] and delayed pro-
gression to chronic kidney disease [55]. Statins are generally well tolerated by 
recipients in the pediatric age range, although pediatric-specific data showing ben-
efit are lacking. Pediatric guidelines for familial hyperlipidemia recommend that 
statins should not be used in children until they have attained Tanner stage II or 
higher in pubertal development [56].

Other therapeutic options include fundoplication and total lymphoid irradiation 
(TLI), and gastric fundoplication has been shown to improve lung function in adult 
cohorts when GERD is present [57]. Although fundoplication is feasible in chil-
dren, it is unclear from currently available, published pediatric data whether fundo-
plication can lead to improved pulmonary outcomes and lower BOS rates [58]. 
Published experience with TLI is limited to the adult transplant literature, although 
TLI has been used at our own center in children with BOS with varying success.

Outcomes for re-transplantation for pediatric BOS were analyzed in the ISHLT 
registry report in 2011. Half of the 105 pediatric re-transplantation procedures were 
for BOS, and almost three-quarters were performed in older pediatric subjects (aged 
≥12 years). Re-transplantation is slightly more common in North American trans-
plant centers, but it still only accounts for 3–7 % of annual pediatric transplants. 
Overall survival is inferior to that for first-time transplants, with 1- and 5-year sur-
vival at only 63 % and 38 %, respectively, and it does not differ when re-transplant 
is performed for BOS vs. non-BOS indications [1]. The ethics of re-transplantation 
in a climate of limited availability of suitable pediatric donor organs, given the 
 inferior survival statistics, will continue to be debated.

Preventative measures include screening for GERD at an early stage post- 
transplantation, early commencement of azithromycin once diagnostic criteria for 
BOS are fulfilled, and avoidance of associated risk factors such as viral and bacte-
rial infections. Recipients are asked to avoid day-care facilities when respiratory 
viral infection rates are high and should have annual flu vaccination. A causative 
role for bacterial infection in development of BO remains controversial, but the two 
often coexist, and most centers treat bacterial infections aggressively. Post-transplant 
treatment of CF paranasal sinus disease to decrease contamination of the lower 
airways has been described. Initial data suggest that a reduced incidence of BOS 
may be possible, but adequately powered studies need to be performed before it can 
be accepted as an essential component of routine management.
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 Conclusion

Most aspects of prevention, detection, and treatment of BO in children are the same 
as for adults. Given the small number of children transplanted every year, extrapola-
tion from adult practice to pediatric practice is inevitable and appropriate. 
Modifications to monitoring protocols, particularly with regard to lung function and 
bronchoscopic biopsy, are required.
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Abstract Over the past 3 decades, lung transplantation has evolved into a life- 
saving procedure for patients with end-stage lung disease. During this time, further 
development of biologic agents and newer immunosuppressive agents has contin-
ued to improve outcomes after transplantation. Although there is variability among 
centers regarding specific immunosuppressive medications, the overall approach to 
immunosuppressive regimens in lung transplantation is quite uniform and consists 
of a triple-drug immunosuppressive regimen that includes a calcineurin inhibitor, an 
antimetabolite, and corticosteroids (CS), with or without a biological agent as 
induction therapy. However, the discovery and continued development of new 
immunosuppressive agents that target novel immune pathways provide alternate 
therapeutic options for lung recipients with progressive decline in pulmonary func-
tion. The current goal of immunosuppression is to maintain allograft viability by 
preventing acute and chronic rejection while decreasing toxicities associated with 
immunosuppression. This chapter will review the current approach to immunosup-
pressive medications that are used in the maintenance of allograft stability and the 
prevention and treatment of bronchiolitis obliterans syndrome (BOS).
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 Introduction

Lung transplantation has evolved into a life-saving procedure for patients with 
advanced lung disease. Since the first lung transplant, which was performed in 1963 
by Dr. James Hardy, the success of long-term survival after lung transplantation has 
been largely due to the discovery of more potent immunosuppressive medications. 
Corticosteroids (CS) and azathioprine (AZA) were the initial primary immunosup-
pressive agents that were used in lung transplantation between the 1960s until the 
1980s. During this time, survival after lung transplantation was limited owing to 
poor bronchial anastomotic healing and persistent rejection with graft loss. The 
discovery of cyclosporine A (CsA) in the 1980s significantly improved success 
rates after lung transplantation. Over the past 3 decades, further development of 
biologic agents and newer immunosuppressive agents has continued to improve 
outcomes after transplantation.

The ultimate goal of immunosuppression is to enable the recipient’s immune 
system to develop and maintain tolerance to the lung allograft. Unfortunately, this 
goal has not quite been attained, as can be seen by the high incidence of chronic 
rejection or bronchiolitis obliterans syndrome (BOS) after lung transplantation. As 
a result, the current goal of immunosuppression is to maintain allograft viability by 
preventing acute and chronic rejection while decreasing toxicities associated with 
immunosuppression. Current immunosuppressive therapies target multiple path-
ways involved in the alloimmune response to the allograft.

Although there is variability among centers regarding specific immunosuppres-
sive medications, the overall approach to immunosuppressive regimens in lung 
transplantation is quite uniform. Specifically, a triple immunosuppressive drug regi-
men consisting of a calcineurin inhibitor, antimetabolite, and CS is administered 
life-long in lung transplant recipients. In addition, per the International Society of 
Heart and Lung Transplant (ISHLT) registry, approximately 55 % of lung transplant 
recipients receive induction therapy with a biological agent that is administered at 
the time of transplantation in order to augment immunosuppression early after 
transplantation [1]. This chapter will review the current approach to immunosup-
pressive medications that are used in the maintenance of allograft stability and the 
prevention and treatment of BOS.

 Maintenance Immunosuppression

 Calcineurin Inhibitors

 Cyclosporine A

Cyclosporine A (CsA) is a natural, highly aliphatic cyclic compound that was ini-
tially isolated from the fungus Trichoderma polysporum Rifai in 1979 [2]. In 1983 
Dr. Joel Cooper and his colleagues at the University of Toronto performed the first 
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single-lung transplant with the use of a CsA-based immunosuppressive regimen. 
This patient survived 6 years and revolutionized the success of lung transplantation.

Cyclosporine A is a potent inhibitor of T-cell activation and proliferation. 
Cyclosporine A binds to cyclophilin, an immunophilin that engages and inhibits 
calcineurin, a calcium-dependent phosphatase. Calcineurin inhibition decreases 
activation of several transcription factors, including the nuclear factor of activated T 
cells (NFAT). Therefore, CsA arrests the lymphocyte cell cycle in the early phase of 
activation (G0–G1 phase). Inhibition of NFAT blocks transcription of other cytokine 
growth factors, including IL-2, as well as co-stimulatory molecules, including CD40 
ligand. Decreased elaboration of cytokines and growth factors subsequently leads to 
decreased antigen recognition and decreased clonal expansion of lymphocytes [3].

The unique structure of CsA impacts upon its delivery system, its absorptive 
properties, and dosing regimens. The chemical structure of CsA, specifically its 
aqueous insolubility, has made reliable formulations and delivery systems of CsA 
more complicated. As a result, there is significant variability in intra- and interindi-
vidual absorption of CsA. Cyclosporine A is administered either orally or intrave-
nously. The initial oral formulation was an oil-based formulation (Sandimmune, 
Novartis, New York, NY, USA) that resulted in variable absorption due to depen-
dence on bile flow and the timing and nature of oral intake. In addition, certain 
patient populations, including cystic fibrosis patients, African Americans, and dia-
betics, tend to absorb this agent erratically. A newer microemulsion formulation, 
Neoral (Novartis, New York, NY, USA) has improved bioavailability with more 
rapid absorption [4, 5]. Given the variability in absorption, different CsA formula-
tions should not be interchanged. If one formulation is substituted for another, care-
ful monitoring of therapeutic drug levels is necessary to ensure appropriate dosing.

The efficacy and safety profile of CsA correlate best with the total drug exposure 
as measured by area under the curve (AUC). However, due to the cumbersome tech-
nique of obtaining AUC, most transplant programs previously measured 12-h trough 
levels. Unfortunately, trough levels have been shown to correlate poorly with sys-
temic exposure to CsA [6]. Instead, CsA levels drawn at 2 or 3 h post-dose (C2 and 
C3, respectively) are highly predictive to estimate the exposure to CsA over time [7]. 
A recent study comparing 50 lung transplant recipients with C2 monitoring to a group 
of historical control patients with trough monitoring revealed lower rates of acute and 
chronic rejection and improved renal function in the C2 monitoring group [8].

Aerosolization of CsA was initially proposed in order to increase drug delivery 
directly to the lung parenchyma while minimizing systemic toxicity. Initial studies 
showed that the use of inhaled CsA improved refractory acute rejection and was 
associated with a trend toward improved survival [9, 10]. A single-center, random-
ized, double-blind, placebo-controlled trial compared the addition of inhaled CsA to 
placebo to standard immunosuppression in lung transplant recipients. The study 
showed no difference in acute rejection rates but did show an improvement in overall 
survival as well as chronic rejection-free survival at 3 years after transplantation. This 
study prompted a larger, randomized, placebo-controlled, multicenter trial in order to 
confirm these results. Two hundred eighty-four patients from 19 lung transplant cen-
ters were randomized to either inhaled CsA or placebo in addition to standard immu-
nosuppression. Unfortunately, preliminary results from this study did not show a 
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significant difference in BOS-free survival (hazard ratio (HR) = 1.32; confidence 
interval (CI): 0.86–2.04; p = 0.23) or all-cause mortality (HR = 1.39; CI: 0.73–2.65; 
p = 0.42) between the two groups [11].

 Tacrolimus

Tacrolimus (TAC) (FK506, Prograf, Astellas Pharma US, Deerfield, IL, USA) is a 
macrolide antibiotic that was initially isolated from the soil microorganism 
Streptomyces tsukubaensis in Northern Japan in 1984. Tacrolimus was approved by 
the Food and Drug Administration (FDA) in 1994, and its use has now surpassed 
that of CsA in lung transplantation. The mechanism of action for TAC is very simi-
lar to that of CsA. Tacrolimus binds intracellularly with cytoplasmic immunophilin, 
FK binding protein (FKBP). The TAC-FKBP complex then engages and inhibits 
calcineurin, a calcium-dependent phosphatase. Calcineurin inhibition prevents the 
dephosphorylation of NFAT, thereby inhibiting the transcription of several T-cell 
growth cytokines. Tacrolimus is approximately 100 times more potent than CsA. 
However, when administered to provide equivalent levels of calcineurin inhibition, 
the efficacy of the two drugs is similar [12].

Tacrolimus is administered orally, sublingually, or intravenously. Like CsA, TAC 
has poor oral absorption, variable bioavailability, and a narrow therapeutic window. 
A fatty meal (46 % fat) will reduce the rate and extent of absorption of TAC by up 
to 37 %. It is recommended that patients take the drug on an empty stomach or 2 h 
after a meal. Similar to CsA, absorption of TAC is quite variable, and trough levels 
have shown poor correlation with overall exposure to TAC over time [13]. Recent 
data suggest that 3-h post-dose concentrations may more accurately reflect AUC 
exposure to TAC [14].

 Drug Interactions with Calcineurin Inhibitors

Both CsA and TAC are metabolized via the hepatic cytochrome P-450 system. 
Therefore, any alteration of the P-450 system, either by medications or hepatic dys-
function, will result in variable trough levels. Several medications may interact with 
the P-450 system and result in variability in CsA or TAC levels (Table 14.1). Careful 
monitoring of calcineurin inhibitor levels is warranted if any of these medications 
are added to a patient’s regimen. Dosing of calcineurin inhibitors should be adjusted 
for renal dysfunction.

 Toxicities Associated with Calcineurin Inhibitors

Several side effects and toxicities are associated with both CsA and TAC. The most 
significant side effect is nephrotoxicity. In general, there appear to be three forms of 
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renal injury, including (1) an acute renal dysfunction due to vasoconstriction of the 
afferent arteriole, (2) a thrombotic microangiopathy that leads to thrombotic thrombo-
cytopenic purpura and hemolytic uremic syndrome, and (3) chronic interstitial fibrosis 
and arteriolar sclerosis associated with persistent deterioration of renal function [5].

Other common side effects include hypertension, hyperkalemia, hyperglycemia, 
and hyperlipidemia. Neurological side effects are well described and range from 
mild tremor to frank delerium and seizures. Posterior reversible encephalopathy syn-
drome (PRES) has been associated with the calcineurin inhibitors, most commonly 
in the critical care setting in the presence of systemic hypertension. Hirsutism and 
gingival hypertrophy are associated with CsA use. Neurological complications and 
post-transplant diabetes are more strongly associated with TAC. Toxicity is clearly 
associated with higher trough levels and may be treated with dose adjustments.

Table 14.1 Drugs that affect the cytochrome P450 system

Drugs that inhibit cytochrome P450  
(increase levels of calcineurin inhibitors)

Drugs that induce cytochrome P450  
(decrease levels of calcineurin inhibitors)

Calcium channel blockers Anticonvulsants
Diltiazem Carbamazepine
Nifedipine Phenobarbital
Nicardipine Phenytoin
Verapamil
Amlodipine

Macrolides Antibiotics
Erythromycin Nafcillin
Clarithromycin (not azithromycin) Rifampin

Rifampicin
Rifabutin

Antifungals Other agents
Itraconazole Octreotide
Ketoconazole Ticlodipine
Fluconazole Orlistat
Clotrimazole St. John’s wort

Prokinetic agents
Cisapride
Metoclopramide

GI agents
Cimetidine
Lansoprazole
Rabeprazole

Anti-gout agents
Colchicine
Allopurinol

Other agents
Chloroquine
Sertraline
Danazole
Grapefruit juice
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 Clinical Trials Comparing CsA and TAC

There are now four randomized controlled studies that have compared CsA to TAC 
in lung transplantation. Although results from these studies are somewhat conflict-
ing, taken altogether, the studies suggest that TAC may be more effective than CsA 
in lung transplantation. The first single-center study of 133 patients compared CsA 
and TAC in combination with AZA and CS. The study showed a statistically signifi-
cant reduction in the incidence of obliterative bronchiolitis and a trend toward 
decreased acute rejection episodes and improved survival with TAC [15, 16]. In a 
second study comparing CsA and TAC in conjunction with mycophenolate mofetil 
(MMF) and CS, there was a trend toward decreased acute rejection episodes with 
TAC, but this did not reach statistical significance [17]. In a third study that com-
pared 90 patients who received either CsA or TAC in combination with AZA and 
CS, TAC was associated with significant reduction in cumulative acute cellular 
rejection and lymphocytic bronchiolitis with a median follow-up period of 2 years 
[18]. Recently, a large, multicenter, randomized study compared de novo TAC to 
CsA in combination with MMF and CS. This study showed a statistically significant 
decrease in the 3-year incidence of BOS with TAC compared to CsA (11.6 % vs. 
21.3 %, respectively). There was no significant difference in acute rejection rates or 
survival between the two groups. In total, these results suggest that TAC may result 
in decreased alloreactivity and overall improved allograft function [19]. Per the 
ISHLT registry, TAC is used in approximately 80 % of all lung transplant recipients, 
while CsA is used in less than 20 % of all lung transplant recipients [1].

 Antimetabolites

 Azathioprine

Developed in the 1960s, azathioprine (AZA) in combination with CS transformed 
organ transplantation from an experimental science to an acceptable therapy for a 
number of inflammatory disorders. Azathioprine is an imidazole-derivated prodrug 
that is metabolized by glutathione to 6-mercaptopurine (6-MP) and inactivated by 
the enzyme thiopurine S-methyltransferase (TPMT). 6-mercaptopurine interferes 
with de novo purine synthesis and inhibits DNA replication. As a result, AZA inhib-
its the proliferation of T and B lymphocytes, and reduces the number of circulating 
monocytes [20].

Azathioprine is available in both oral and intravenous formulations. It is rapidly 
but incompletely absorbed with an oral bioavailability of 40 %. Given the longer 
half-life of its metabolites, AZA is typically dosed at 2 mg/kg once daily. It is 
important to note that approximately 10 % of the population has polymorphisms of 
the enzyme TPMT that reduce the enzyme’s activity and enhance the myelosup-
pressive effects of AZA [21]. As a result, some transplant centers routinely screen 
lung transplant candidates for TPMT deficiency and consider either dose reduction 
or use of an alternative agent in patients with low TPMT levels.
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Drug levels of AZA are not routinely monitored. However, accumulation of its 
active metabolites may occur in renal insufficiency. There are fewer drug interac-
tions associated with AZA compared to the calcineurin inhibitors. However, one 
important drug interaction includes allopurinol. Allopurinol inhibits metabolism of 
6-MP, resulting in a fivefold increase in 6-MP levels. Therefore, AZA and allopuri-
nol should not be used together. If necessary, the AZA dose should be lowered by 
one-fourth of the normal dose. The main adverse effects related to AZA are bone 
marrow suppression, gastrointestinal symptoms, including nausea, diarrhea, and 
anorexia, pancreatitis, and cholestatic hepatic damage. Hepatic dysfunction can 
improve with discontinuation of AZA. Increased risk of malignancy has also been 
described with the use of AZA.

 Mycophenolate Mofetil

MMF is the prodrug of its active component, mycophenolic acid (MPA), which was 
initially isolated as a fermentation product of Penicillium brevicompactum. However, 
MPA did not surface as an immunosuppressive agent until the early 1990s. 
Development of the drug was based on the principle that defects of the de novo 
purine biosynthesis pathway lead to immunosuppression without affecting other 
tissues. MMF was FDA-approved for the prevention of renal allograft rejection in 
1995. Immunosuppression by MMF occurs when its active metabolite, MPA, blocks 
inosine monophosphate dehydrogenase (IMPDH), the rate-limiting enzyme in the 
de novo synthesis of guanosine monophosphate (GMP). While resting lymphocytes 
and otherproliferating tissues can rely on the salvage pathway for purine biosynthe-
sis alone, T and B lymphocytes depend on both the salvage and the de novo pathway 
for proliferation. Therefore, by blocking the de novo pathway for GMP production, 
T and B lymphocyte clonal expansion is selectively inhibited [22].

MMF is available via both oral and intravenous formulation and is usually 
administered at 1 g twice daily. While drug levels of MPA are monitored, recom-
mendations regarding ideal drug levels have not been established for lung transplan-
tation. Drug interactions with MMF are relatively uncommon. Antacids and 
cholestyramine have been demonstrated to reduce levels of MMF. In addition, CsA 
may also reduce MMF levels by 50 % by interfering with enterohepatic recircula-
tion. The most common side effects associated with MMF include gastrointestinal 
symptoms (most notably diarrhea) and bone marrow suppression. A new enteric-
coated formulation of MMF was developed to decrease the adverse gastrointestinal 
effects of MMF. Clinical trials in renal and heart transplantation have shown com-
parable efficacy to the previous formulation of MMF [23, 24].

 Clinical Trials Comparing AZA and MMF

There have been several clinical trials in heart and renal transplantation that have 
suggested that MMF is superior to AZA in decreasing acute rejection rates and 
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improving survival [25–27]. Similarly, several small, single-center, retrospective 
studies have also suggested a potential benefit of MMF in reducing the incidence of 
acute rejection and BOS in lung transplantation [28–30]. However, two large, pro-
spective, randomized studies in lung transplantation have not shown similar results. 
Palmer and colleagues initially performed a randomized study comparing MMF to 
AZA in a CsA-based regimen. They found no difference in 6-month acute rejection 
rates between the two groups [31]. In a subsequent multicenter, prospective, ran-
domized, controlled study, MMF was compared to AZA in a CsA-based regimen 
with anti-thymocyte globulin induction. No significant difference in 3-year acute 
rejection rates, incidence of BOS, or survival was detected between the two groups. 
In addition, there was no difference in infection rates or malignancy between the 
two groups. Importantly, there was an increased number of withdrawals in the AZA 
group, primarily due to lack of efficacy [32]. Per the ISHLT registry, approximately 
60 % of lung transplant recipients receive MMF, and 30 % receive AZA [1].

 Corticosteroids

Corticosteroids have been an integral aspect of immunosuppression in solid organ 
transplantation since the inception of renal transplantation in the late 1950s. While CS 
remain a mainstay of immunosuppression in lung transplantation, several transplant 
centers have minimized the dose of CS in order to attenuate the toxicities of steroid 
use. Although there have been a few reports of successful steroid withdrawal in lung 
transplantation, in general, complete steroid withdrawal is not advocated in lung 
transplantation due to the high risk of developing acute and/or chronic rejection.

Corticosteroids have both immunosuppressive and anti-inflammatory properties, 
and they may affect the immune system by a myriad of pathways, most of which 
remain to be adequately elucidated. Corticosteroids bind to specific glucocorticoid 
receptors and inhibit transcription factors, including nuclear factor kappa B (NFκB). 
In addition, CS are potent anti-inflammatory agents, as manifested by inhibition of 
leukotrienes and prostaglandins via a variety of different pathways [33].

The most common steroid preparations in transplantation include oral predni-
sone, oral prednisolone, intravenous methylprednisolone, or intravenous hydrocor-
tisone. In general, many transplant centers will use steroid induction therapy 
(methylprednisolone, 500–1,000 mg intravenously) intraoperatively prior to 
implantation of the lung. This dose is usually followed by a prednisone taper to 
5 mg/day by 3 months after transplantation.

Corticosteroids continue to be the most important first-line agent in the treatment 
of acute rejection. In general, once the diagnosis of acute rejection is confirmed, 
methylprednisolone with daily dosing of 500–1,000 mg is typically administered 
intravenously for 3 days. This dose is usually followed by a rapid prednisone taper 
to the previous maintenance dose of CS. In cases of milder rejection, high-dose pred-
nisone (80–100 mg/day) may be considered for approximately 7–10 days followed 
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by a rapid steroid taper. In general, sustained, high-dose CS is not recommended for 
the treatment of BOS due to lack of efficacy.

The side effects of CS are numerous and are associated with considerable mor-
bidity. Corticosteroids have been associated with Cushingoid features (acne, moon 
facies, buffalo hump, truncal obesity), weight gain, fluid retention, diabetes melli-
tus, peptic ulcer disease, hypertension, cataracts, emotion lability, osteoporosis, 
poor wound healing, and growth retardation in children. The side effects associated 
with CS are dose-related and may be attenuated by decreasing the dose of CS when-
ever possible.

 Mammalian Target of Rapamycin Inhibitors

 Sirolimus

Sirolimus, a macrocyclic lactone produced by the actinomycete, Streptomyces 
hygroscopicus, was discovered in the soil of Easter Island in 1975. It was initially 
evaluated as an antifungal medication. However, due to its effects on lymphoid tis-
sue further research into its antifungal properties was abandoned [34]. Sirolimus 
was FDA-approved for the prevention of renal allograft rejection in 1999. Although 
sirolimus is structurally similar to tacrolimus and binds to FKBP, this sirolimus:FKBP 
complex does not inhibit calcineurin. Instead, sirolimus exerts its effects by binding 
to and inhibiting the activation of the mammalian target of rapamycin (mTOR), a 
critical regulatory kinase of the cell cycle. This inhibition prevents T-cell prolifera-
tion by inhibiting cell cycle progression from the G1 to the S phase. In addition to 
inhibiting T-cell proliferation, sirolimus also inhibits B cells as well as the prolifera-
tion of vascular smooth muscle cells, fibroblasts, and endothelial cells [35–39].

Sirolimus is a highly lipophilic agent with a half-life of approximately 60 h. 
Consequently, it is administered as a once-daily oral agent initiated at 2 mg/day. 
Sirolimus is often used in conjunction with the calcineurin inhibitors. Given the syn-
ergistic effect of the mTOR inhibitors and the calcineurin inhibitors, levels of both 
agents should be decreased. The calcineurin inhibitors should be reduced by a third 
to a half of their usual dosing. In addition, it is important to note that there is a phar-
macokinetic interaction between CsA and sirolimus. Therefore, sirolimus should not 
be administered within 4 h of CsA [39, 40]. Therapeutic trough levels of sirolimus 
are generally between 5 and 10 ng/mL if combined with calcineurin inhibitors and 
between 10 and 15 ng/mL when used without calcineurin inhibitors. In addition, 
sirolimus is metabolized in the liver by the cytochrome P-450 system (CYP3A4). 
Consequently, sirolimus should be used with caution in the presence of hepatic dys-
function, and levels should be carefully monitored when these medications are added 
to the patient’s regimen. Given this concern, a black box warning was issued for the 
concomitant use of sirolimus and voriconazole. Sirolimus is not removed by hemo-
dialysis, and no dose adjustment is required in the presence of renal insufficiency.
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 Everolimus

Everolimus is a synthetic derivative of sirolimus that is designed to have greater 
bioavailability than that of sirolimus. Everolimus recently received FDA approval 
for use in renal transplantation. Its mechanism of action is similar to that of siroli-
mus, but it has a shorter half-life than sirolimus, and dosing is often initiated at 
1.5 mg twice daily. Similar to sirolimus, everolimus often acts synergistically with 
the calcineurin inhibitors, and dosing should be adjusted in a similar fashion. Target 
trough levels for everolimus are between 3 and 12 ng/mL when used in conjunction 
with the calcineurin inhibitors [41, 42].

 Toxicities Associated with mTOR Inhibitors

Several toxicities associated with the mTOR inhibitors often limit their effective-
ness in lung transplantation. One of the most concerning toxicities is impaired 
wound healing, and bronchial anastomotic dehiscence may occur if mTOR inhibi-
tors are given peri-operatively. Two case series have associated the administration 
of sirolimus with the development of fatal bronchial anastomotic dehiscence when 
sirolimus was initiated at the time of transplantation. Therefore, if mTOR inhibitors 
are used, such therapy is generally not initiated until 6–12 weeks after transplanta-
tion [43, 44].

Other toxicities associated with mTOR inhibitors include myelosuppression, 
dyslipidemia, venous thromboembolic disease, gastrointestinal side effects, and 
pulmonary toxicities, which include interstital pneumonitis, lymphocytic alveolitis, 
organizing pneumonia, and diffuse alveolar hemorrhage. Thrombotic thrombocyto-
penia and hemolytic uremic syndrome have also been described with mTOR inhibi-
tors when used in combination with the calcineurin inhibitors. Other 
non-life-threatening toxicities that often lead to discontinuation of mTOR inhibitors 
include apthous ulcers, acneiform rash, pedal edema, and excessive bleeding 
[45–49].

Of note, mTOR inhibitors are not independently nephrotoxic but may potentitate 
calcineurin inhibitor nephrotoxicity. In contrast, substitution of the calcineurin 
inhibitor by an mTOR inhibitor has been shown to improve renal function in lung 
transplant receipients with renal insufficiency [50].

 Clinical Trials with mTOR Inhibitors

Given the prominent antiproliferative effects of the mTOR inhibitors, there was 
much promise that these agents may be able to decrease the incidence of BOS. 

S.M. Bhorade
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There are two published, randomized, multicenter clinical trials comparing the 
mTOR inhibitors to the antimetabolites. The initial study of mTOR inhibitors in 
lung transplantation was a randomized, double-blind, placebo-controlled trial that 
compared everolimus to MMF in a CsA-based immunosuppressive regimen. The 
investigators randomized stable patients between 3 and 12 months post- 
transplantation. At 24-month follow-up, there was no significant difference in the 
primary endpoints, which included FEV1 decline >15 % of baseline, death, or graft 
loss. Interestingly, although there was a significant reduction in the incidence of 
acute rejection with everolimus, there was no significant difference in the rate of 
BOS. Additionally, an increase in adverse events with everolimus compared to 
MMF was observed [49].

In a recent prospective, randomized, open-label, multicenter study, 181 lung 
transplant recipients were randomized to either sirolimus or AZA with a tacrolimus- 
based immunosuppressive regimen. Patients were randomized at 3 months post- 
transplantation to avoid the complications of bronchial anastomotic dehiscence and 
followed to 3 years post-transplant. There was no significant difference in the inci-
dence of acute rejection episodes, BOS, or survival between the two groups. There 
was a higher rate of early discontinuation of sirolimus due to poor tolerance of the 
drug. Interestingly, while there was no significant difference in the incidence of all 
infections, there was a lower rate of CMV events with sirolimus [48].

Two recent clinical trials have been presented in abstract form at the recent 
ISHLT meeeting in Prague (April 2012). The first of these studies is an Australian/
European multicenter study that compared everolimus to enteric-coated mycophe-
nolate sodium in a CsA-based regimen where CsA was monitored by C2 levels. One 
hundred and sixty-four patients were randomized at 12 weeks post-transplant to 
avoid the risk of bronchial anastomotic dehiscence. There was no significant differ-
ence in the incidence of BOS or survival at 3 years post-transplant. However, there 
were an increased number of adverse events associated with mycophenolate, which 
included leukopenia, diarrhea, and the incidence of CMV infection [51]. The sec-
ond study is a prospective, randomized, single-center study comparing everolimus 
to MMF in a CsA-based regimen. Randomization occurred at 6 weeks post- 
transplant. In contrast to the previous studies, preliminary analyses found an 
increase in the 2-year BOS-free survival in the everolimus group. The study also 
showed an increase in 2-year CMV-free survival with everolimus compared to 
MMF [52]. Nonetheless, the results of these studies do not unequivocally prove that 
mTOR inhibitors are more beneficial than other antimetabolites when used in com-
bination with the calcineurin inhibitors for post-transplant immunosuppression, and 
the use of the mTOR inhibitors is often limited by their tolerability. According to 
the ISHLT registry, less than 20 % of lung transplant recipients receive mTOR 
inhibitors in their maintenance immunosuppressive regimen [1].

Table 14.2 presents a list of drugs used for maintenance immunosuppression in 
lung transplantation.
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 Induction Therapy with Biologic Agents

The use of biologic agents for immunosuppression dates to the very beginnings of 
solid organ transplantation. These agents have been used as both induction agents 
and for treatment for refractory acute rejection in solid organ transplantation. 
In some cases, the biologic agents have been used in the early phase of BOS. 
Induction therapy in lung transplantation is most often used in the perioperative and 
early postoperative period to decrease early alloreactivity as well as to allow for the 
gradual introduction of the nephrotoxic calcineurin inhibitors. In general, induction 
therapies have been associated with increased infection and malignancy due to their 
potent effects upon lymphocytes [1]. Table 14.3 presents a list of drugs used for 
induction therapy following lung transplantation.

 IL-2 Receptor Antagonist Antibodies

The IL-2 receptor antagonists or anti-CD25 monoclonal antibodies are the most 
commonly used agents in lung transplantation. Initially, two agents (basiliximab 
and daclizumab) were commercially available for use in transplantation. However, 
daclizumab (a humanized monoclonal antibody) is no longer being manufactured. 
As a result, basiliximab, a chimeric murine/human monoclonal antibody to the α 
(alpha) subunit (CD25) of the IL-2 receptor, is the only IL-2 receptor antagonist that 
is currently available for clinical use. These antibodies inhibit T-cell proliferation 
and differentiation by binding to the IL-2 receptor, but they do not cause T-cell 
depletion. Basiliximab has a half-life of approximately 13 days and is approved for 
a 20-mg dose on Day 0 and Day 4 post-transplant. Due to the chimeric nature of 
these antibodies, they are generally well tolerated and have few side effects. 
However, there have been a few case reports of pulmonary edema associated with 
basiliximab [53, 54].

 Anti-thymocyte Globulin

The first induction agent used was anti-lymphocyte serum (ALS), created by immu-
nizing animals with human lymphoid cells. This was a very nonspecific agent with 
low potency and significant toxicity, but it was refined into several purified anti- 
lymphocyte and anti-thymocyte immunoglobulin preparations that included anti- 
lymphocyte globulin (ALG), anti-thymocyte globulin (Atgam [horse], 
Thymoglobulin [rabbit]), and Minnesota anti-lymphoblast globulin (MALG). 
Currently, only Atgam (Pfizer, New York, NY, USA) and Thymoglobulin (Genzyme, 
Cambridge, MA, USA) are commercially available.
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Polyclonal antibodies act by inducing profound generalized lymphocyte deple-
tion. This nonspecific action is directed against a wide range of lymphocyte surface 
antigens and may induce either complement- or antibody-dependent cytolysis. 
When used as induction therapy, the first dose is given intra-operatively before 
implantation of the allograft. Atgam has a half-life of 2–7 days, and Thymoglobulin 
has a half-life of 30 days. In general, both agents are given daily to 14 days. Dosing 
is quite variable and often determined by individual center protocols along with 
lymphocyte subset studies [55–57].

The most significant toxicity of anti-thymocyte antibodies is a “cytokine release 
syndrome” that often results in fever, chills, diarrhea, nausea, and vomiting. In addi-
tion, increased vascular permeability can result in significant fluid shifts, causing 
pulmonary edema and hemodynamic instability. Appropriate prophylaxis with glu-
cocorticoids, antihistamines, and antipyretics may attenuate this syndrome. In up to 
30 % of cases, the recipient can form an immune response to the foreign antibodies 
that may reduce their effectiveness. Serum sickness, while rare, has also been asso-
ciated with ATG administration [55–57].

 Anti-CD3 Monoclonal Antibody

OKT3 is a murine monoclonal antibody that has been used as induction therapy 
since the 1980s. OKT3 targets the epsilon chain of the CD3 molecule in the CD3/
TCR complex on T cells and can cause a profound depletion of circulating T cells. 
Immediately following administration, OKT3 paradoxically activates a large num-
ber of T cells, which releases massive amounts of cytokines. Often this “cytokine 
release syndrome” is more profound than that of anti-thymocyte globulin and may 
result in fevers, rigors, pulmonary edema, renal failure, encephalopathy, and hemo-
dynamic instability. Like polyclonal antibodies, patients should be pretreated with 
glucocorticoids, antihistamines, and antipyretics. In addition, OKT3 has been asso-
ciated with aseptic meningitis, pulmonary edema, elevated pulmonary artery pres-
sures, and decreased oxygenation. Due to the intolerable side effects of this 
medication, OKT3 has largely fallen out of favor in clinical use [58].

 Alemtuzumab

Alemtuzumab (Campath-1H, Genzyme, Cambridge, MA, USA) is a humanized 
monoclonal antibody to CD52 that is found on both T and B cells, natural killer 
cells, and monocytes. It was initially used in chronic lymphocytic leukemia (CLL), 
other lymphoid malignancies, graft-versus-host disease, and multiple sclerosis. By 
binding to CD52 surface antigen, alemtuzumab causes a profound depletion of 
mononuclear cells through multiple pathways, including complement-mediated and 
direct cellular toxicity. This prolonged depletion leads to delayed recovery of CD4 
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and CD8 T cells, often up to 3 years after administration of alemtuzumab. The effect 
of alemtuzumab on B cells is less prolonged, and recovery of B cells occurs in 
approximately 3 months [59, 60]. Due to the profound effects on all monocyte pop-
ulations, the use of alemtuzumab has been associated with increased infections. A 
recent large study including 547 solid organ transplant recipients from the University 
of Pittsburgh showed that alemtuzumab was an independent risk factor for opportu-
nistic infections [61]. Alemtuzumab is currently used in only a few lung transplant 
centers across the world [62, 63]. In one of the largest reports of the use of alemtu-
zumab in lung transplantation, the University of Pittsburgh group performed a ret-
rospective single-center study comparing alemtuzumab to historical controls 
receiving either IL-2 receptor antagonist, Thymoglobulin, or no induction therapy. 
The results showed a greater freedom from acute rejection, lymphocytic bronchiol-
itis, obliterative bronchiolitis, and BOS with alemtuzumab. In addition, patients 
who received alemtuzumab had improved survival [62]. The study is limited by the 
single-center retrospective sequential study design and the absence of reporting of 
infections and other adverse events. Although the study is provocative, further 
investigations should be undertaken to confirm the benefits seen in this study.

Currently, dosing of alemtuzumab is variable and center-specific. Toxicities 
associated with alemtuzumab include a cytokine release syndrome, although this is 
milder than previously reported with OKT3. Consequently, when alemtuzumab is 
given, patients receive prophylaxis with steroids, antihistamines, and antipyretics. 
Not surprisingly, alemtuzumab is associated with profound and prolonged cytope-
nias. In addition, there have been case reports of diffuse alveolar hemorrhage and 
paroxysmal nocturnal hematuria with the use of alemtuzumab.

 Clinical Trials with Induction Therapy

The use of induction therapy in lung transplantation remains controversial. Per the 
ISHLT registry, only 55 % of all lung transplant recipients receive induction therapy 
(37 % receive an IL-2 receptor antagonist, 13 % receive ATG, and 5 % receive alem-
tuzumab), highlighting the difference in opinions regarding the benefit of these 
agents among lung transplant physicians. Data from the ISHLT registry suggest that 
there is a small but significant improvement in survival with the use of induction 
therapy contingent upon survival to 14 days post-transplantation [1]. However, any 
benefit of induction therapy must be balanced by the increased risk of this therapy, 
including increased incidence of infections, other adverse events, and higher costs.

There have been numerous studies comparing the use of different biological 
agents to each other and/or to placebo in lung transplantation. Unfortunately, the 
data have been somewhat conflicting, due in part to the small single-center trial 
designs and registry reports. As a result, there is no consensus regarding the type of 
induction therapy or whether induction therapy is of benefit in lung transplantation 
[64–70]. Data from the ISHLT registry suggest that IL-2 receptor antagonists are 
associated with a decreased incidence of acute rejection compared to no induction 
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therapy or ATG. A recent retrospective analysis of the ISHLT registry evaluated 
approximately 4,000 lung transplant recipients who received either an IL-2 receptor 
antagonist, ATG or no induction therapy. The study showed a decrease in rejection 
rates and an increase in 4-year survival in the patients who received the IL-2 recep-
tor antagonist. Interestingly there was no difference among the groups in the inci-
dence of BOS. However, there was a higher incidence of infection in patients who 
received induction therapy [71]. Several small single-center studies have shown 
variable results regarding the benefit of IL-2 receptor antagonist, ATG and OKT3 
compared to no induction therapy. The majority of these studies suggest that these 
agents are beneficial in reducing early (<6 months) acute rejection. However, there 
did not appear to be a significant difference in BOS rate or survival. Comparisons 
among different agents have yielded conflicting results with respect to acute and 
chronic rejection primarily due to suboptimal study designs [64–70]. As a result, 
large, prospective, randomized, controlled studies are necessary to identify optimal 
induction therapies (if any) in lung transplantation.

 Antihumoral Therapy

The majority of the therapies utilized as maintenance immunosuppression after lung 
transplantation primarily suppress T cells and cell-mediated rejection. Recently, 
there has been more evidence that antibodies may also play a role in lung allograft 
dysfunction. These antibodies, which are often specific for donor alloantigens 
(donor-specific antibodies [DSA]) may be present prior to transplantation (sensi-
tized candidate) or may develop de novo after transplantation. In addition, DSA 
may be associated with histological findings of graft injury and physiological lung 
allograft dysfunction, also known as antibody-mediated rejection (AMR) [72]. 
There have been case reports of successful treatment of AMR with combinations of 
several agents, including CS, intravenous immunoglobulin, plasmapheresis, ritux-
imab, and/or bortezomib in lung transplant recipients. However, further understand-
ing of the pathogenesis of AMR is clearly needed in order to better evaluate the 
benefit of the immunosuppressive medications used to treat this condition [73].

 Rituximab

Rituximab is a chimeric monoclonal antibody that is used in the treatment of lym-
phoma and rheumatoid arthritis. Rituximab binds to CD20 surface antigen present 
on early B cells (not mature plasma cells that produce antibodies) and depletes B 
cells by several mechanisms, including antibody- and/or complement-dependent 
cellular cytotoxicity as well as by inducing apoptosis. Pharmacodynamic studies 
have shown that B cells were eliminated from the peripheral blood within 1–2 days 
of treatment and remained suppressed for at least 1 year. There have been several 
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anecdotal studies in lung, renal, and heart transplant that suggest potential benefit 
for rituximab when given in addition to other therapies in the treatment of AMR 
[73–76]. While the usual dose is 375 mg/m2, the number of doses for the treatment 
of AMR has been variable. It should also be noted that most of these studies were 
often small, retrospective, and performed in combination with several other thera-
pies for AMR. Consequently, further investigation of rituximab for the treatment of 
AMR is needed in order to confirm its benefit in lung transplantation. Adverse 
events associated with the use of rituximab include infusion reactions (which occurs 
most commonly with the first infusion) and cytopenia.

 Bortezomib

Bortezomib is a proteasome inhibitor that has been approved for use in multiple 
myeloma. Bortezomib has been shown to cause apoptosis of mature plasma cells 
that produce antibodies, including DSA. Bortezomib is typically administered on 
days 1, 4, 8, and 11 in a 21-day cycle. There have been a few case reports of the use 
of bortezomib in combination with other agents that have shown a decrease in DSA, 
reversal of rejection, and stabilization of graft function in renal transplantation [77, 
78]. In a single case report of refractory rejection in lung transplantation, one cycle 
of bortezomib allowed for recovery of graft function [79]. Side effects of bortezo-
mib include gastrointestinal effects and peripheral neuropathy.

 Belatacept

Belatacept is a humanized CTLA-4 fusion protein that prevents T-cell activation by 
binding to CD80 and CD86 on antigen-presenting cells. It is a selective costimula-
tion blocker whose specificity was designed to provide effective immunosuppres-
sion while avoiding the toxicities of the calcineurin inhibitors. Belatacept was 
recently approved by the FDA for prophylaxis against acute rejection in renal trans-
plantation. A large, multicenter, randomized, controlled study of renal transplant 
recipients compared belatacept to CsA. Six hundred and sixty-six renal transplant 
recipients were randomized to receive one of three immunosuppressive regimens: a 
more intensive regimen of belatacept (MI), a less intensive regimen of belatacept 
(LI), or CsA in combination with MMF and steroids. The study revealed similar 
patient and graft survival among all three arms and superior renal function and 
decreased metabolic complications (hypertension, hyperlipidemia, and diabetes 
mellitus) in both belatacept arms compared to the CsA arm. However, there was an 
increased rate of early (<1-year post-transplant) acute rejection and post-transplant 
lymphoproliferative disorder (PTLD) in the belatacept treatment arms. The risk of 
PTLD was highest in patients who were EBV serostatus negative and received the 
more intensive belatacept regimen. The authors concluded that belatacept may be 
beneficial for a select group of patients, but the risk:benefit ratio for each individual 
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should be assessed [80, 81]. To date, there have been no reports of the use of belata-
cept in lung transplantation. However, the addition of the agent to the current immu-
nosuppressives may allow clinicians to further tailor immunosuppressive 
medications to the individual patient.

 Conclusion

Unfortunately, there is currently no panacea for BOS. As a result, there is no consen-
sus regarding first-line therapies among expert clinicians regarding treatment for BOS 
[82]. In general, there are three main strategies regarding immunosuppression in BOS 
management, including (1) substituting one immunosuppressive agent for another, (2) 
augmenting the overall level of immunosuppression, and (3) adding other immuno-
modulating therapies, such as azithromycin, statins, photopheresis, or total lymphoid 
irradiation (these are discussed elsewhere). These strategies may be undertaken con-
secutively or simultaneously, depending upon the patient, the trajectory of decline in 
pulmonary function, and the clinician’s experience. The majority of the data that sup-
port these strategies are from small, single-center, retrospective, uncontrolled studies; 
consequently, the evidence supporting these strategies is quite variable.

Conversion of baseline immunosuppression from one agent to another is often 
undertaken when the initial decline of pulmonary function is identified. There have 
been several small studies that have shown that the conversion from CsA to TAC has 
been associated with reversal or refractory acute rejection and have decreased the 
rate of decline of pulmonary function [83–85]. An international, retrospective, mul-
ticenter study also showed that conversion of CsA to TAC allowed for reversal of 
refractory acute rejection and short-term stabilization of pulmonary function [86]. 
Likewise, conversion of AZA to MMF or mTOR inhibitors has also been associated 
with stabilization of pulmonary function in patients diagnosed with BOS [28–30].

Augmentation of immunosuppression by the addition of biologic agents (IL-2 
receptor antagonists, ATG, alemtuzumab) is another strategy that has been utilized 
to stabilize pulmonary function in patients with BOS. Some studies have docu-
mented treatment of refractory acute rejection and stabilization of pulmonary func-
tion with the use of these agents [63, 71, 87]. However, these studies are small, 
retrospective, and lack long-term follow-up. Therefore, these agents should be used 
with caution in the treatment of BOS, and the risk:benefit ratio must be carefully 
weighed prior to administration of these medications.

In conclusion, there has been a significant increase in the armamentarium of 
immunosuppressive medications used for solid organ transplantation over the past 3 
decades. These new agents have enhanced the ability of clinicians to tailor immuno-
suppressive therapy to a given individual. Unfortunately, there is no specific immu-
nosuppressive regimen that is superior to the others in the prevention or treatment of 
BOS. Further investigation into the pathophysiology of BOS may lead to the iden-
tification of molecular targets for future novel and innovative therapies. In addition, 
large, multicenter, randomized trials are necessary to identify new immunosuppres-
sive agents that are truly beneficial in the prevention and treatment of BOS.
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    Abstract     Chronic lung allograft rejection or its clinical correlate, the bronchiolitis 
obliterans syndrome (BOS), characterized by a persistent decline in forced expira-
tory volume in 1 s (FEV 1 ) from an established baseline, is the single most important 
cause of death in lung transplant recipients after the fi rst postoperative year. BOS is 
thought to be the fi nal common endpoint of various injuries to the pulmonary 
allograft, triggering different innate and adaptive immune responses. Most preven-
tive and therapeutic strategies for BOS have thus far been largely unsuccessful. 
However, the introduction of macrolide antibiotics, such as clarithromycin or par-
ticularly azithromycin (AZI), in the fi eld of lung transplantation (LTx) as of 2003 
made it clear that some patients with established BOS might in fact benefi t from 
such therapy due to its various anti-infl ammatory and immunomodulatory proper-
ties, as summarized in this chapter. Particularly in patients with an increased bron-
choalveolar lavage (BAL) neutrophilia, AZI treatment could result in an increase in 
FEV 1  of at least 10 %. More recently, it has become clear that prophylactic therapy 
with AZI actually may prevent BOS and improve FEV 1  after LTx. However, one 
should always be aware of possible adverse effects related to AZI when implement-
ing this drug as prophylactic or long-term treatment. Even so, AZI therapy after LTx 
can generally be considered as safe.  

  Keywords     Azithromycin   •   Bronchiolitis obliterans syndrome   •   Chronic lung 
allograft rejection   •   Macrolide   •   Lung transplantation   •   Obliterative bronchiolitis  
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           Pathophysiological Mechanisms Involved in Chronic Lung 
Allograft Rejection/BOS 

 Chronic lung allograft rejection/BOS is thought to be the fi nal common endpoint of 
a multifactorial process of injuries to the pulmonary allograft in the context of recip-
ient immune recognition, and this multifactorial process involves alloimmune, non- 
alloimmune, and (probably) autoimmune components [ 1 ,  2 ]. The most important 
alloimmune-dependent risk factors for chronic lung allograft rejection are undoubt-
edly early acute allograft rejection and late or recurrent/refractory acute rejection. 
Another alloimmune risk factor is lymphocytic bronchiolitis, with late-onset lym-
phocytic bronchiolitis posing a greater risk. Next, total human leukocyte antigen 
(HLA) mismatches and HLA mismatches at the A locus are also well-known allo-
immune risk factors [ 3 ]. Alloimmune-independent risk factors can be divided into 
donor or recipient factors. Studies have shown only weak evidence for ischemia- 
reperfusion injury (IRI) or primary graft dysfunction (PGD) as risk factors, but 
there is no evidence for donor age, sex, blood type, or ischemic time [ 3 ]. Several 
recipient factors have also been proposed, such as younger age and transplantation 
for primary pulmonary hypertension, although these are not yet widely accepted 
[ 3 ]. Patient noncompliance to immunosuppressive treatment may provoke acute 
rejection and should also be considered a risk factor for chronic lung allograft rejec-
tion. Both cytomegalovirus (CMV) infection (without pneumonitis) and CMV 
pneumonitis are also considered as probable risk factors [ 3 ]. As the immunocom-
promised pulmonary allograft recipient may be particularly susceptible to lung 
infl ammation triggered by exogenous infectious agents, toxins, and irritants, it is no 
surprise that community respiratory virus infections, bacterial/fungal infections, 
and airway colonization with gram-negative bacteria (e.g.,  P. aeruginosa ) or with 
fungal species (e.g.,  Aspergillus  spp.) as well as exposure to air pollution have been 
associated with the development of chronic lung allograft rejection [ 3 – 5 ]. 
Gastroesophageal refl ux disease (GERD) with aspiration of gastric contents has 
also been shown to provoke allograft injury, subsequent activation of the innate and 
adaptive immune system, airway infl ammation, and eventually progression towards 
chronic lung allograft rejection [ 6 ]. 

 This primary allograft insult activates resident airway dendritic cells and/or mac-
rophages and upregulates chemokines and cytokines from the endothelium or epi-
thelium itself, resulting in local attraction and activation of other infl ammatory cells 
(lymphocytes, neutrophils) and production of a broad range of chemokines and 
cytokines by structural airway cells such as smooth muscle cells. Activated neutro-
phils may further increase epithelial or interstitial damage—for instance, via the 
production of reactive oxygen species and matrix metalloproteinases (MMP). It is 
thought that in a later stage a fi broproliferative phase occurs, which is driven by 
growth factors and infi ltration of fi brocytes, that leads to smooth muscle cell and 
myofi broblast proliferation and eventually results in collagen deposition and, ulti-
mately, fi brous, obliterative airway lesions (obliterative bronchiolitis, OB) [ 7 ]. 
Moreover, recent evidence also suggests the existence of epithelial-mesenchymal 
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transition (EMT) as a factor in the fi brotic response after initial epithelial damage 
[ 8 ]. Interleukin (IL)-17-producing T-helper cells (T h 17) have recently been shown 
to participate in chronic lung allograft rejection/BOS [ 9 ]. T h 17 may be responsible 
for driving IL-8 secretion from various cell types in the airways through IL-17. 
Because IL-8 is the most important neutrophil-attracting chemokine in humans 
[ 10 ], T h 17 may account for the increased BAL neutrophilia seen in some patients 
with BOS. Histologically, pulmonary allograft lesions are initially characterized by 
infi ltration of mononuclear cells in the lamina propria of the affected airway wall, 
followed by eosinophilic hyaline fi brosis of the submucosa; a fi brous scarring pro-
cess affecting non-cartilaginous terminal (membranous or respiratory) bronchioles 
of the pulmonary allograft ultimately occurs, which may be associated with fi bro-
intimal changes affecting pulmonary arteries and veins [ 11 ].  

    How Azithromycin May Interact with the Underlying 
Pathophysiological Mechanisms in Chronic Lung Allograft 
Rejection/BOS 

 Macrolides belong to the polyketide group of natural products, originally isolated 
from  Streptomyces  species [ 12 ]. Their characteristic structure consists of a macro-
cyclic lactone ring to which various deoxy sugars, most commonly cladinose and 
desosamine, are attached. The most important macrolide antibiotics are 14-, 15-, 
and 16-membered compounds. The prototype macrolide is erythromycin, a 
14- membered macrolide. Drug delivery problems resulting from acid instability 
prompted the design of newer macrolides. These include (1) clarithromycin, rox-
ithromycin, dirithromycin, and the ketolides and fl uoroketolides, all of which have 
a 14-membered ring structure; (2) the 15-membered azithromycin (AZI; Fig.  15.1 ), 

  Fig. 15.1    Chemical structure 
of azithromycin       
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also termed “azalide”; and (3) the 16-membered agents spiramycin, rokitamycin, 
and josamycin. The more advanced macrolides, AZI and clarithromycin, as well as 
the (fl uoro-) ketolides, have several distinct advantages over erythromycin. These 
include extended spectrum of activity, improved pharmacokinetics, pharmacody-
namics, tolerability, and once-daily administration [ 12 ]. For instance, AZI, and to a 
lesser extent clarithromycin, demonstrate high and prolonged concentrations at sites 
of infection, reaching tissue levels that are 10- to 100-fold and 2- to 20-fold greater 
than serum concentrations, respectively [ 12 ]. Although predominantly bacterio-
static, the high tissue, macrophage, and polymorphonuclear leukocyte concentra-
tions attained by macrolides and macrolide-like agents may favor bactericidal 
activity in vivo. Similar to other macrolides, AZI has the ability to reversibly bind 
to the bacterial 50S ribosome subunit and inhibit protein synthesis, thereby prevent-
ing bacterial multiplication. Because AZI demonstrates bacteriostatic activity 
against gram-positive (e.g.,  S. pneumoniae, S. aureus ) and gram-negative pathogens 
(e.g.,  H. infl uenzae ,  M. catarrhalis ), as well as atypical respiratory tract pathogens 
(e.g.,  Chlamydia ,  Mycoplasma, Listeria, Pneumocystis , and  Legionella  spp . ), it is 
extensively prescribed for the treatment of upper and lower respiratory tract infec-
tions [ 12 ]. During the 1990s, however, it became clear that the prognosis of patients 
with diffuse panbronchiolitis, most of whom are chronically colonized with pseudo-
monas species, dramatically improved after long-term treatment with macrolides 
was implemented [ 13 ]. Additional research showed that macrolides exerted a dele-
terious effect on the  P. aeruginosa  biofi lm formation and epithelial adherence, mak-
ing individual bacteria more susceptible for more specifi c antibiotic therapy [ 13 , 
 14 ]. Later, long-term, low-dose AZI therapy also proved benefi cial in cystic fi brosis 
(CF) patients with chronic  P. aeruginosa  infection/colonization [ 14 ] and in non-CF 
bronchiectasis [ 15 ]. Because airway colonization with pseudomonas, which has a 
prevalence of 30–40 % after LTx and constitutes an important non-alloimmune risk 
factor for BOS [ 4 ], may induce neutrophilic airway infl ammation in a similar way 
as in the aforementioned neutrophil-driven respiratory disorders [ 16 ], comparable 
benefi cial effects of macrolide therapy may be expected after LTx. Because most of 
the clinical data with macrolide therapy after LTx have been obtained with AZI, the 
remainder of this review is specifi cally devoted to AZI therapy.

   The mechanisms by which AZI interacts with bacterial (pseudomonal) infection/
colonization and host immune defenses are numerous, but generally can be catego-
rized as  direct  antimicrobial activity or as  indirect  immunomodulatory activity [ 17 ], 
as summarized in Table  15.1 . Moreover, AZI has recently also been demonstrated 
to have antiviral properties (e.g., anti-rhinovirus activity and increased production 
of interferon-stimulated genes in bronchial epithelial cells during rhinovirus infec-
tion) [ 18 ]. Antiviral effects may be as important as the antibacterial effects in LTx 
recipients, who are prone to develop community-acquired respiratory viral infec-
tions (CARV), although the relationship of CARV with acute and/or chronic 
allograft rejection still remains unclear [ 19 ]. The anti-pseudomonal activity of AZI 
is due to inhibition of pseudomonal quorum sensing-dependent virulence factor 
production as well as alginate and biofi lm formation, making mucoid bacteria more 
susceptible to complement- or oxidative stress-mediated killing as well as to 
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specifi c antibiotics when in the stationary growth phase [ 20 ,  21 ]. A bactericidal 
effect through interaction with the outer membrane [ 22 ] and inhibition of protein 
synthesis after intracellular accumulation has also been demonstrated [ 23 ].

   Modulation of host defenses by AZI during infection/colonization includes 
effects on the respiratory epithelium that include preserved integrity [ 24 ], reduced 
mucin secretion [ 25 ], altered signal transduction (mitogen-activated protein kinase, 
MAPK) pathways, and gene expression of infl ammatory, lipid metabolism, and cell 
cycle pathways [ 26 ,  27 ]. In untreated endothelial cells, AZI has been shown to 
upregulate various cell surface markers involved in interactions between endothelial 
cells and leukocytes [ 28 ], yet suppression of adhesion molecule function can be 
seen with other macrolides in lipopolysaccharide [LPS]-stimulated epithelial cells 
or neutrophils [ 29 ,  30 ] 

 AZI not only inhibits interleukin (IL)-17-induced IL-8 and 8-isoprostane release 
in airway smooth muscle cells [ 31 ], but it can also attenuate fi broblast growth factor 
(FGF)-induced vascular endothelial growth factor (VEGF) production in airway 
smooth muscle cells via its interactions with MAPK-signaling [ 32 ]. AZI also has a 
direct relaxant effect on precontracted airway smooth muscle cells [ 33 ], and it has 
an antiproliferative and autophagic effect on airway smooth muscle cells [ 34 ]. It has 
also been suggested that fi broblasts may act as a tissue reservoir for AZI and may 
even be involved in the transfer of AZI to phagocytic cells, such as macrophages 
and neutrophils [ 35 ,  36 ]. 

 AZI has been shown to inhibit LPS-induced production and expression of pro- 
infl ammatory cytokines by alveolar macrophages via inhibition of nuclear expres-
sion of activator protein-1 (AP-1) [ 37 ,  38 ], and it has been shown to increase 
phagocytosis of apoptotic epithelial cells or neutrophils by upregulation of the mac-
rophage mannose receptor [ 39 ]. In LPS or interferon (INF)-γ(gamma)-stimulated 
macrophages, AZI has also been recently shown to attenuate subsequent T h- 1 
responses [ 40 ], and AZI may also shift macrophage polarization towards the alter-
natively activated M2-phenotype, which plays a role in directing T h -2 responses and 
coordinating repair following an infl ammatory reaction [ 41 ]. 

 Due to its intracellular accumulation, the concentration of AZI in neutrophils can 
reach more than 2,000 times that of the plasma concentration [ 42 ], which promotes 
antibiotic delivery to phagocytosed bacteria [ 43 ] and may explain the ability of AZI 
to exert direct effects on neutrophils as it accumulates at the site of infl ammation. 
Uptake of AZI results in acute stimulation of neutrophil degranulation and the 
phagocytosis-associated oxidative burst, which may contribute towards the acute 
antibacterial activity of AZI. Acute anti-infl ammatory actions include down- 
regulating effects on chemokine production, and delayed inhibitory effects of AZI 
on neutrophils include decreased oxidative respiratory burst responses, down- 
regulating effects on myeloperoxidase (MPO) production, and an increase in neu-
trophil apoptosis. Additionally, AZI attenuates both chemokine-dependent (e.g., 
IL-8) and chemokine-independent neutrophil chemotactic responses by having a 
suppressive effect on the MAPK-signal transduction pathway (inhibition of tran-
scription factors NFκ(kappa)-B and AP-1) [ 44 ]. 
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 Leukotriene B4 (LTB4), a metabolite of the arachidonic acid cascade that is 
known to be released from neutrophils and alveolar macrophages in response to 
various stimuli, is another potent, endogenously formed chemotactic and adhesion- 
promoting factor for human neutrophils. LTB4-production has been shown to be 
suppressed by erythromycin and roxithromycin in patients with panbronchiolitis 
who are colonized with pseudomonas species, which suggests that LTB4 may also 
be inhibited by AZI [ 45 ]. AZI can also inhibit prostaglandin E2-synthesis in LPS- 
stimulated polymorphonuclear and mononuclear leukocytes by suppressing mRNA- 
expression for prostaglandin synthetic enzymes (COX-1 and COX-2) [ 46 ]. At high 
concentrations (as can be seen with accumulation of AZI at a site of infl ammation), 
AZI may also promote apoptotic cell death of local lymphocytes via upregulation of 
Fas/Fas-ligand antigen expression or down-regulation of Bcl-xL expression [ 47 ]. 
AZI has been shown to decrease tumor necrosis factor (TNF)-α(alpha) and granulo-
cyte monocyte-colony-stimulating factor (GM-CSF) production by LPS-stimulated 
monocytes [ 48 ], and AZI also modulates the differentiation and the LPS-induced 
maturation of dendritic cells (DC) towards a DC phenotype that is associated with 
regulatory properties and increased phagocytic capacity [ 49 ,  50 ]. Finally, AZI can 
not only inhibit expression of co-stimulatory molecules (CD40 and CD86) and 
major histocompatibility complex (MHC) class II in LPS-induced DC, but it can 
also reduce Toll-like receptor (TLR)-4 expression, IL-12 production, and the allo-
stimulatory capacity of DCs, all of which suggests that it has the potential to modu-
late allogeneic responses [ 51 ]. 

 It should be noted that the pleiotropic, anti-infl ammatory, and immunomodula-
tory effects of AZI on the innate immune response described above may occur in the 
absence of lower respiratory tract colonization or infection by microbes. As an 
example, in the setting of transplantation, in vivo immunomodulatory effects have 
been described in a murine model of isolated lung IRI in which AZI pretreatment 
reduced leukocyte, lymphocyte, and neutrophil numbers and also reduced 
8- isoprostane, IL-1β(beta), and, to a lesser extent, IL-6 and GRO/KC levels follow-
ing ischemia and reperfusion [ 52 ]. Additionally, clarithromycin therapy has been 
shown to attenuate TNF-α(alpha) and IFN-γ(gamma) expression and fi brous oblit-
eration of heterotopic tracheal allografts in a rat model of OB [ 53 ]. AZI has also 
been shown to inhibit the acute phase response of the pentraxin serum amyloid-A 
(SAA) to a sterile infl ammatory stimulus in mice [ 54 ]. SAA is synthesized by the 
liver after IL-1β(beta) or IL-6 stimulation, as is C-reactive protein (CRP); therefore, 
AZI could also directly (i.e., by inhibiting CRP synthesis in hepatocytes and/or 
local CRP-producing cells) or indirectly (i.e., by reducing cytokine release at the 
site of infl ammation) reduce circulating or local CRP levels after LTx, and this has 
been demonstrated in patients with both COPD and CF [ 39 ,  55 ]. Moreover, AZI has 
not only been shown to reduce local airway infl ammation after LTx (e.g., decreased 
BAL fl uid IL-8, MMP-9, and neutrophilia) [ 56 ], but it has also been recently shown 
to attenuate plasma levels of multiple pro-infl ammatory chemokines in a cohort 
of LTx recipients with BOS after 6–12 months of azithromycin treatment [ 57 ,  58 ]. 
The unique immunomodulatory properties of AZI (as discussed above), combined 
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with its exceptional intrapulmonary pharmacokinetics [ 59 ], which promote exten-
sive and sustained lung tissue penetration [ 60 ], are not only the likely explanation 
for its disease-modifying effects in various infectious [ 55 ] or noninfectious infl am-
matory pulmonary conditions [ 61 ,  62 ], but these properties are also likely to be 
operant in chronic allograft rejection after LTx, as it is clear that many pathophysi-
ological mechanisms involved in airway infl ammation and remodeling can be mod-
ulated by AZI. One can readily suspect that interaction with or even reversal of 
ongoing airway infl ammation/remodeling by AZI may affect airfl ow and, thus, 
FEV 1  measurements in patients with BOS.  

    Azithromycin in the Treatment of Chronic Lung Allograft 
Rejection/BOS 

 Despite the initial use of immunosuppressive protocols that consisted of a triple- 
drug regimen of prednisolone, cyclosporine A, and azathioprine, recipients remained 
at risk to develop chronic lung allograft rejection. Although the subsequent intro-
duction of newer immunosupressants such as tacrolimus, mycophenolate mofetil, 
sirolimus, and everolimus allowed modifi cation of immunosuppressive protocols, 
these newer agents have also been unable to prevent chronic rejection after LTx 
[ 63 ]. Furthermore, once chronic lung allograft rejection/BOS was diagnosed, con-
ventional treatment with changes to other agents or increased dosages of available 
immunosuppressives and/or corticosteroids did not seem to signifi cantly improve 
the typical course of the decreasing FEV 1 ; at best, such changes could only stabilize 
FEV 1  [ 63 ]. Given these frustrating results of attempts to prevent and treat BOS, it 
became clear that other therapies were needed. Because of the similarities of BOS 
with other neutrophilic-driven pulmonary diseases (as discussed above), Gerhardt 
et al. introduced macrolide therapy to the treatment of BOS and were the fi rst to do 
so [ 64 ]. Maintenance AZI therapy was given (250 mg 3 times a week for a mean of 
13.7 weeks) in addition to conventional immunosuppression in this open-label land-
mark study of six LTx recipients with BOS. Remarkably, fi ve of these six patients 
demonstrated a signifi cant improvement in FEV 1  of 17.1 % predicted or 0.5 L (as 
compared with their baseline values at the start of AZI therapy). Two other small 
studies corroborated these fi ndings shortly thereafter and demonstrated a mean 
increase in FEV 1  of 18.3 % predicted (0.33 L) and 14 % predicted (0.11 L), respec-
tively [ 65 ,  66 ]. Subsequently, Shitrit et al. were unable to demonstrate similar fi nd-
ings; however, as FEV 1  stabilized after 10 months of AZI treatment (i.e., 40 ± 9 % 
predicted at initiation vs. 38 ± 10 % predicted at end of follow-up), the authors con-
cluded that AZI may nevertheless slow disease progression [ 67 ]. More recently, 
however, other groups [ 56 ,  68 – 72 ] were able to demonstrate FEV 1  improvement 
after initiation of AZI, as summarized in Table  15.2 . Comparable results have also 
been obtained using clarithromycin in BOS [ 73 ]. Of note, it has now been reported 
that AZI treatment could have an effect on structural airway changes in addition to 
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functional improvement, as was seen in a LTx recipient with end-stage chronic 
rejection (BOS stage 3) who demonstrated a major improvement in bronchiectasis 
after 5 months of AZI treatment [ 74 ]. This was more recently corroborated in a 
large, retrospective cohort-study that demonstrated radiologic improvement in 
bronchial dilatation, consolidation, and air trapping in the subgroup of BOS patients 
responsive to AZI (i.e., those who demonstrated increased airway neutrophilia at 
initiation of therapy and improvement of FEV 1  while receiving AZI) [ 75 ].

   How can one explain the observed interactions of AZI on FEV 1  mechanistically? 
Gottlieb et al. demonstrated that AZI responders at 6 months (i.e., improvement of 
FEV 1  of at least 10 % predicted or more) demonstrated that higher percentages of 
neutrophils were present in BAL for responders vs. non-responders [ 71 ]. This fi nd-
ing was later confi rmed [ 69 ] and is corroborated by previous data showing that AZI 
signifi cantly reduced BAL neutrophilia and IL-8 protein levels in patients with BOS 
[ 68 ]. Moreover, pretreatment BAL neutrophilia had a high positive predictive value 
for subsequent improvement of FEV1 after initiation of AZI with a cut-off that varied 
from 15 [ 68 ] to 20 % [ 71 ]. Thus, modulation of airway infl ammation (and associated 
airway remodeling) by AZI may explain the effect on airfl ow and improved FEV 1 . 

 Recently, we have obtained additional evidence for modulation of host innate 
immune responses by AZI. A signifi cant improvement in FEV 1  with AZI therapy 
was observed in those BOS patients who demonstrated pretreatment upregulation of 
factors associated with airway infl ammation (IL-1β(beta), IL-8), oxidative stress 
(myloperoxidase), and matrix remodeling (tissue inhibitor of metalloproteinases 
(TIMP)-1; MMP-8/9) [ 76 ]. When various risk factors for BOS were examined, 
responders seemed to have higher PGD scores and more lymphocytic bronchiolitis 
(LB) episodes compared to non-responders, and both PGD and LB are associated 

   Table 15.2    Azithromycin for established BOS a    

 Author 
[Reference]  No. included  No. improved 

 FEV 1  improvement 
(responders) 

 FEV 1  change 
(mean all patients) 

 Gerhardt [ 64 ]  6  5 (83 %)  +21 %  +17 % 
 Verleden [ 65 ]  8  4 (50 %)  +26 %  +18 % 
 Yates [ 66 ]  20  10 (50 %)  ?  +14 % 
 Shitrit [ 67 ]  11  2 (18 %)  ?  Stable 
 Verleden [ 68 ]  14  6 (43 %)  At least +10 %  +13 % 
 Vos [ 69 ]  107  43 (40 %)  +12 %  Stable 
 Porhownik [ 70 ]  7  2 (29 %)  At least +10 %  Stable 
 Gottlieb [ 71 ]  81  24 (30 %)  +17 %  Stable 
 Jain [ 72 ]  78  28 (36 %)  At least +10 %  ? 
 Meloni [ 57 ]  62  13 (21 %)  +24 %  +7 % (estimate) 
 Vos [ 82 ]  18  11 (61 %)  +15 %  ? 
 Total  412  148 (36 %)  –  +7.6 % (mean estimate) 

   a Note that some patients may have been included in more than one study and that time of evalua-
tion after initiation of azithromycin after transplantation differs between studies and ranges from a 
mean of 3 months to 3 years  
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with airway infl ammation and BAL neutrophilia [ 69 ]. In addition to its immuno-
modulatory properties, AZI can enhance esophageal motility and accelerate gastric 
emptying, and a reduction in airway infl ammation caused by aspiration of gastric 
contents (pepsin and bile acids) after LTx may also partially explain the benefi cial 
effects of AZI in this setting [ 77 ]. A remarkable fi nding by Gottlieb et al., however, 
was the fi nding that 23 % of the initial AZI responders eventually developed a pro-
gressive decrease in FEV 1  compatible with BOS despite sustained treatment with 
AZI. This fi nding was confi rmed by our group, and concurrent BAL neutrophilia 
was absent when relapse occurred [ 69 ]. This observation suggests that despite the 
modulation of some innate pathophysiological mechanisms by AZI, other mecha-
nisms (yet to be unraveled) may nevertheless be unaffected and eventually may lead 
to recurrence and progression of BOS in initial responders. Despite this fi nding, 
however, a signifi cantly better overall survival in responders compared to non-
responders has now been demonstrated by several studies [ 69 ,  71 ,  72 ]. Additionally, 
long-term outcome in AZI-treated patients may even be better compared to histori-
cal outcomes of untreated patients with BOS (irrespective of their response in FEV 1 ) 
[ 69 ,  71 ]. Multivariate analyses have demonstrated that both a response to AZI 
administration as well as initiation of AZI therapy at an earlier time in the post-
transplant course are independent predictors for better allograft outcomes following 
the onset of BOS [ 71 ], which may refl ect a better response to AZI if treatment is 
initiated at an earlier stage of BOS [ 58 ,  72 ]. 

 To summarize the benefi cial results of AZI therapy for BOS, we conclude that 
AZI not only signifi cantly improves allograft function in specifi c subsets of patients 
with chronic allograft dysfunction by modulation of host innate immune responses, 
but, more importantly, it also improves long-term outcome in these patients. From 
these retrospective, open-label case-series, it became clear that randomized con-
trolled trials (RCT) of AZI, both as preventive or as treatment strategy for estab-
lished BOS, were required despite the fact that such trials may be of low commercial 
value to companies marketing AZI [ 78 ]. 

 The fi rst RCT of AZI treatment for established BOS was recently completed by 
the Newcastle group (EudraCT 2006-000485-36) and showed that AZI signifi cantly 
improves lung function after 12 weeks of therapy as compared to placebo in patients 
with BOS [ 79 ]. Based on these fi ndings of AZI therapy in LTx recipients with BOS, 
one can conclude that chronic lung allograft rejection/BOS in fact is a heterogeneous 
condition that likely consists of at least two different BOS phenotypes (Fig.  15.2 ) 
that can be distinguished on the basis of a combination of clinical fi ndings, HRCT 
imaging, BAL neutrophilia, and airway histopathologic changes [ 80 ,  81 ] (Table  15.3 ). 
The infl ammatory phenotype starts rather early after LTx (often in the fi rst postop-
erative year), progresses gradually, and is characterized by concurrent neutrophilic 
airway infl ammation and benefi cial response to AZI. In contrast, the fi broprolifera-
tive phenotype is characterized by later onset after LTx, more rapid progression, 
absence of overt neutrophilic infl ammation, and lack of response to AZI, most often 
leading to respiratory insuffi ciency and death in a rather short period of time [ 80 ,  81 ].
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  Fig. 15.2    Chronic lung allograft rejection phenotypes based on azithromycin treatment. Adapted 
from [ 75 ,  80 ,  81 ]       

   Table 15.3    Chronic lung allograft rejection phenotypes based on azithromycin treatment a    

 Neutrophilic reversible 
allograft dysfunction (NRAD)  Fibroproliferative BOS (fBOS) 

 Bronchoalveolar lavage  Neutrophilia >15 %  Neutrophilia <15 % 
 Clinical signs  Coarse crackles, increased 

sputum production 
 No crackles, no sputum 

 Time of onset  Mostly early after 
transplantation (<1 year) 

 Mostly later (>1 year) 

 Progression of FEV 1  
decrease 

 Slow (several years)  Rapid (<6–12 months) 

 Histology airway wall  Lymphocytic infl ammation, 
ends up in fi brosis 

 Pure fi brosis 

 Radiology  Mainly tree-in-bud, airway 
wall thickening, mucus 
plugging, bronchiectasis 

 Mainly air trapping, consolidation 

 Effect of azithromycin  Decrease in lymphocytic 
airway wall infl ammation 
and in bronchoalveolar 
lavage neutrophils 

 No effects on fi brosis, probably 
similar effects on possible minor 
simultaneous airway wall and 
bronchoalveolar lavage 
infl ammation 

 Improvement of FEV 1  
(reversible decline) 

 No improvement of FEV 1  (further 
decline or temporary 
stabilization) 

 Decrease in severity of 
tree-in-bud, airway wall 
thickening, mucus 
plugging, bronchiectasis, 
consolidations, ground 
glass, and airtrapping 
on chest CT scan 

 Lesser decrease in severity of 
possible simultaneous tree-in-bud, 
airway wall thickening, mucus 
plugging, and ground glass on 
chest CT scan, no effect on 
bronchiectasis, consolidations, 
and airtrapping 

   a Adapted from [ 75 ,  80 ,  81 ]  
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        Azithromycin in the Prevention of Chronic Lung Allograft 
Rejection/BOS 

 Recently, an RCT investigated whether prophylactic AZI treatment would improve 
outcome (i.e., freedom from BOS) as well as changes in FEV 1,  airway infl ammation 
(BAL neutrophilia), and systemic infl ammation (CRP) after LTx (registered as 
  NCT01009619    ) [ 82 ]. This study demonstrated that AZI prophylaxis (initiated prior 
to hospital discharge) had a signifi cant effect on BOS-free survival with a signifi -
cant reduction in BOS prevalence after 2 years in the AZI group compared to pla-
cebo (12.5 % vs. 44.2 %). Furthermore, patients receiving AZI demonstrated 
signifi cantly higher FEV 1  values and lower BAL neutrophil cell counts (mean 
9.4 ± 1.9 %) and systemic CRP levels (mean 6.7 ± 1.4 mg/L) over time after LTx as 
compared to patients receiving placebo (19.4 ± 3.7 % and 14.0 ± 3.5 mg/L, respec-
tively) [ 82 ]. These data clearly demonstrate the association of prophylactic AZI 
therapy with better post-transplant outcomes, presumably due to its anti- 
infl ammatory properties and ability to attenuate local airway and systemic infl am-
mation resulting from various alloimmunologic and non-alloimmunologic events 
that affect the pulmonary allograft. However, a more recent, retrospective analysis 
of clarithromycin for the prevention of BOS in lung transplant recipients could not 
confi rm a benefi t in BOS-free or overall survival in patients receiving clarithromy-
cin, although it remains diffi cult to explain this discrepancy with AZI [ 83 ].  

    Pitfalls for Long-Term Treatment with Azithromycin 

 If AZI is used as a prophylactic therapy post-transplant, one should be aware of pos-
sible adverse effects related to AZI. However, there are relatively few data that sug-
gest that long-term AZI treatment cannot generally be considered safe. The most 
common side effects are caused by its effects on the gastrointestinal tract and 
include nausea, vomiting, diarrhea, or abdominal pain due to stimulation of gut 
motility. Gastrointestinal intolerance increases in proportion to measured serum 
concentrations [ 84 ], is more common with daily compared to thrice-weekly therapy 
[ 85 ], and may respond to dose reduction or the use of an oral suspension. However, 
AZI treatment may need to be suspended for some patients. Chronic AZI therapy 
has a low incidence of laboratory abnormalities, serious adverse events, or drug–
drug interactions as compared to other macrolides. Some rare side effects of AZI 
have been reported, which include aggravation of myasthenia gravis, inappropriate 
antidiuretic hormone secretion with severe hyponatremia, interstitial nephritis, cho-
lestatic jaundice in case of preexisting liver disease, and reversible tinnitus or hear-
ing loss [ 86 ]. Unlike other macrolides, true allergic reactions or anaphylaxis to AZI 
is highly unlikely. However, a recent study has raised concern that AZI may prolong 
the QT c -interval and lead to potentially fatal Torsades de Pointes [ 87 ]. Drug–drug 
interactions are relatively unlikely because AZI does not interact with the hepatic 
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CYP450 complex (unlike other macrolides), which inhibit the CYP3A4 enzyme 
and alter metabolism of other drugs (e.g., calcineurin inhibitors, mTOR inhibitors) 
by the liver [ 88 ,  89 ]. AZI is primarily eliminated unchanged in feces, and urinary 
excretion is minimal, which makes dosing modifi cations unnecessary in patients 
with mild to moderate hepatic or renal impairment, although a transient mild 
increase in transaminases may be seen shortly after initiation [ 60 ]. In patients with 
subjective intolerance or possible drug interactions with administration or oral AZI, 
aerosolized administration of AZI represents a potential future strategy to minimize 
adverse effects while maximizing drug delivery to the target site of disease [ 90 ,  91 ]. 

 Another consideration that should be taken into account with long-term AZI 
therapy is the potential for selection of antibiotic-resistant bacteria. A recent study 
in healthy volunteers who received AZI or placebo for 3 days demonstrated that 
about 50 % of AZI-treated subjects acquired resistant streptococcal fl ora in the oro-
pharynx after 2 weeks of therapy that decreased to about 35 % after 6 weeks of 
baseline [ 92 ]. Macrolide resistance in streptococci arises from an alteration of the 
ribosomal drug-binding site by methylation of the 23S bacterial ribosomal RNA, 
induction of drug-inactivating enzymes (esterases and kinases), or via active drug 
effl ux proteins, which are products of macrolide effl ux genes specifi c for 14- and 
15-membered macrolides [ 93 ]. However, it should be noted that streptococcal mac-
rolide resistance can signifi cantly vary from one region to another and that in 
Belgium, for instance, macrolide resistance can be found in up to 30 % of noninva-
sive  S. pneumoniae  isolates [ 94 ]. These data in healthy volunteers were recently 
corroborated by prospective data in CF patients that associated long-term adminis-
tration of AZI with an increase in macrolide resistance in  S. aureus  and  Haemophilus  
spp. [ 95 ,  96 ]. Also, mutations in multidrug effl ux pumps have been described in 
AZI-resistant  P. aeruginosa  biofi lms [ 97 ], and this could become more prevalent in 
 P. aeruginosae  with increased use of AZI.  

    Conclusion 

 Chronic lung allograft rejection, which is widely attributed to the onset of BOS, 
remains the most important hurdle to tackle in improving long-term outcome after 
LTx. The recent introduction of macrolide therapy in the fi eld of LTx has undeni-
ably changed the current view on chronic rejection after LTx. The promising results 
regarding pulmonary function and survival benefi t obtained with AZI in some 
patients with BOS, as well as the potential of prophylactic AZI treatment in prevent-
ing BOS, will likely change future treatment strategies in LTx. Moreover, numerous 
other pulmonary disorders, in addition to BOS in LTx, that share many common 
innate infl ammatory mechanisms can potentially benefi t from AZI therapy. 
Additionally, other disorders that present as true bronchiolitis obliterans [ 98 – 101 ] 
as well as neutrophilic airway disease after non-pulmonary organ transplantation 
[ 102 ] may benefi t from such therapy. Indeed, AZI may prove useful for the medical 
treatment of many chronic pulmonary disorders in the future.     
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Abstract Bronchiolitis obliterans syndrome (BOS) remains the leading obstacle to 
better long-term outcomes after lung transplantation. The incidence of BOS 
approaches 50 % within 4 years of transplantation, and the median survival after the 
diagnosis of BOS is approximately 3 years. Because BOS is generally thought to 
represent chronic alloimmune-mediated rejection, the mainstay of therapy has been 
intensifying immunosuppression. However, the response to treatment is poor, and 
the typical clinical course is characterized by progressive allograft dysfunction. 
Total lymphoid irradiation (TLI) and extracorporeal photopheresis (ECP) are used 
at some centers, although they are usually reserved as salvage treatments for refrac-
tory BOS. Re-transplantation is the ultimate treatment option, but the donor organ 
shortage and generally marginal outcomes have limited its widespread use.

Keywords Bronchiolitis obliterans syndrome • Total lymphoid irradiation • 
Extracorporeal photopheresis • Forced expiratory volume in one second (FEV1) • 
Survival

 Introduction

The clinical course after the diagnosis of bronchiolitis obliterans syndrome (BOS) 
is often characterized by progressive and relentless loss of lung function. Although 
the exact pathogenesis of BOS remains unknown, both alloimmune and non- 
alloimmune insults are recognized as key risk factors in the development and 
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progression of BOS [1–3]. Furthermore, non-alloimmune insults, such as primary 
graft dysfunction (PGD), gastroesophageal reflux disease (GERD), and community- 
acquired respiratory viral (CARV) infections, are thought to mediate the develop-
ment of BOS by creating an inflammatory milieu that promotes the alloimmune 
response [4–6]. Therefore, treatment has generally focused on intensifying the 
immunosuppression, but the response to therapy is often disappointing, with pro-
gressive decline in lung function. Indeed, stabilization in the decline in lung func-
tion, rather than an improvement in lung function, is usually the goal of treatment. 
This poor response to intensifying immunosuppression raises the possibility that 
BOS may be a stereotypic allograft response to injury with an exuberant but disor-
dered repair process, rather than the result of ongoing alloimmune injury. 
Furthermore, it is possible that BOS may have distinct pathogeneses in different 
patients; while in some patients, BOS may be directly caused by alloimmune injury, 
it may be due to a disordered repair process in others. The heterogeneity in presenta-
tion and clinical course after the diagnosis supports this paradigm. Nonetheless, 
accurately phenotyping an individual patient’s disease or predicting the clinical 
course and response to therapy has proven difficult in practice. More importantly, 
the dearth of clinically available anti-proliferative or anti-fibrotic treatments leaves 
immunosuppression and immunomodulation as the only viable treatment options.

The conventional immunosuppressive prophylaxis and treatment strategies for 
BOS are discussed elsewhere in this book. This chapter focuses on other treatments, 
including total lymphoid irradiation (TLI), extracorporeal photopheresis (ECP), and 
re-transplantation. In general, there is little consensus on the use of induction immu-
nosuppression and the optimal maintenance immunosuppression regimen, and prac-
tices vary widely among centers [7]. This is also true for the management of BOS. 
TLI and ECP are used at some centers, but both are usually reserved as salvage 
treatments for refractory BOS.

 Total Lymphoid Irradiation

TLI was initially used for the treatment of Hodgkin’s disease, and it was recognized 
that patients treated with radiotherapy had sustained alterations in the number and 
function of circulating lymphocytes years after treatment [8]. This suggested a 
potential role in the management of solid organ transplant rejection. TLI was ini-
tially used as induction immunosuppression in kidney transplantation, with low- 
dose steroid monotherapy as maintenance immunosuppression after transplantation 
[9, 10]. However, although immunological and animal studies suggested that TLI 
would promote donor organ tolerance [11, 12], its efficacy in clinical practice was 
marginal [9], and its use became limited to the treatment of refractory rejection after 
the advent of cyclosporine [13–16].

To target all lymphatic areas, including the spleen, three fields are used. The 
mantle field includes the cervical, clavicular, axillary, mediastinal, and hilar lymph 
nodes. The para-aortic field encompasses the para-aortic nodes and the spleen, and 
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the inverted-Y field includes the iliac, inguinal, and femoral lymph nodes. Non-
lymphatic structures are shielded with customized blocks. The total dose of radiation 
used has traditionally been 8 Gy divided into 10 fractions of 0.8 Gy, each adminis-
tered twice weekly over 5 weeks [17–19]. This dose of radiation is comparatively 
low, as most regimens used for the treatment of Hodgkin’s disease use 30–40 Gy 
[20]. Leukopenia and thrombocytopenia are common side effects, even with the 
8 Gy dose, and treatment is generally delayed when the white blood cell count is less 
than 2,000–3,000/mm3 or the platelet count is less than 50,000/mm3. To mitigate 
bone marrow suppression, anti-proliferative immunosuppressants, including azathi-
oprine and mycophenolate mofetil, are usually stopped when TLI is initiated and 
resumed after completion of therapy and resolution of bone marrow suppression.

Critically evaluating the clinical efficacy of TLI in lung transplantation is diffi-
cult because the literature is limited to small case series without a concurrent control 
group. Furthermore, TLI has been reserved clinically as a salvage treatment for 
patients with refractory or progressive rejection, and this clearly biases survival 
analyses after treatment. In the first report of the use of TLI in lung transplantation, 
Valentine and colleagues detailed the outcomes of treating six recipients (two heart–
lung and four lung recipients) who had persistent acute rejection that was refractory 
to high-dose steroids [17]. The mean number of episodes of rejection per 100 
patient-days decreased from 3.07 before TLI to 0.12 after TLI, but four of the five 
recipients who survived more than year after completing TLI developed obliterative 
bronchiolitis, (OB) and the median time from transplantation to the development of 
OB was 353 days [17]. In addition, four of the six patients died a median 568 days 
after completing TLI. While the high incidence of BOS may be related to the 
patients’ underlying refractory acute rejection, it is noteworthy that TLI did not 
uncouple the association between acute rejection and BOS and did not prevent BOS 
in this high-risk cohort.

In the earliest publication of the use of TLI for progressive BOS, Diamond and 
colleagues reported their experience among 11 patients [18]. In the 3 months before 
initiating TLI, the mean FEV1 was 1.2 L, the mean decrease in FEV1 was 34 %, and 
the patients had a median of three augmentations in immunosuppression, including 
treatment with methylprednisolone, anti-thymocyte globulin, and OKT3. Only 4 of 
the 11 patients completed all 10 treatments; TLI was discontinued in 4 patients 
because of progressive allograft dysfunction, in 2 patients because of infection, and 
in 1 patient because of persistent thrombocytopenia [18]. TLI failed in 7 of the 11 
patients within 8 weeks of completion; 6 patients died, and 1 was re-transplanted. 
Four deaths were due to progressive BOS, and two deaths were due to preexisting 
infection. Four patients had a positive response to TLI; this was characterized by a 
change in FEV1 from an average 40 % decline in the 3 months before TLI to an 
average 1 % improvement in the 3 months following TLI [18]. In this cohort, factors 
predictive of a positive response included initiating TLI at a later time point after 
transplantation, a higher FEV1 at the initiation of TLI, and the absence of preexist-
ing pulmonary infection. The authors concluded that a subset of patients with 
refractory and progressive BOS responded favorably to TLI and opined that better 
results might be achieved if TLI is initiated earlier in the course of BOS [18].
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In a more recent publication, Fisher and colleagues reported the results of TLI 
for progressive BOS in 37 patients treated over a 12-year period at their center [19]. 
Seven patients had BOS stage 1, 14 had BOS stage 2, and 16 had BOS stage 3, and 
the mean FEV1 before initiating TLI was 1.35 L. Twenty-seven of the 37 patients 
completed 8 of the planned 10 treatments; 2 died of progressive BOS before com-
pletion of the 10 treatments, 6 developed myelosuppression, and 2 developed seri-
ous infections. Efficacy was evaluated among the 27 who completed eight treatments, 
and the mean FEV1 increased from 1.35 L before TLI to 1.60 L after TLI, with some 
patients having a remarkable improvement in lung function [19]. Similarly, the rate 
of decline in FEV1 decreased from 122 mL/month before TLI to 25 mL/month after 
TLI [19]. Nine of the 27 were alive at the end of follow-up, with a median survival 
of 27 months after TLI.

In the most recent publication regarding the efficacy of TLI, Verleden and col-
leagues reported the results of treating six patients with refractory BOS [21]. Three 
patients had BOS stage 2, three patients had BOS stage 3, and all patients completed 
all 10 fractions (8 Gy). Overall, there was a significant reduction in the rate of 
decline in FEV1 from a mean 221 mL/month to 94 mL/month, but the FEV1 did not 
improve in any of the patients, and three patients died, two patients were re- 
transplanted, and one patient was stable at BOS stage 3 [21]. The authors compared 
the rate of decline in FEV1 among those treated with TLI to a historical control 
group, and the historical control group had an ongoing decline in FEV1 of 193 mL/
month compared to 209 mL/month.

It is difficult to determine the efficacy of TLI from the published data. In all stud-
ies, TLI was used as a salvage treatment for patients with progressive BOS refractory 
to first- and second-line therapy. This patient population is generally unlikely to have 
a favorable response to any treatment and is at increased risk of death. Furthermore, 
while the individual patients served as their own controls in before-and- after analy-
ses, the natural history of BOS and the rate of decline in FEV1 are unknown. It is 
possible that the rate of decline in FEV1 is nonlinear and may plateau at some low 
measurement where a large proportion of respiratory and membranous bronchioles 
have been obliterated. However, a minority of patients responded well to TLI and 
actually had an improvement in lung function, although the number of patients is too 
small to develop reliable predictors of a favorable response. Obviously, a random-
ized controlled trial would be ideal to assess the efficacy and safety of any treatment, 
but it is extremely difficult and challenging to conduct a clinical trial in this setting.

 Extracorporeal Photopheresis

ECP was originally used for the treatment of the skin manifestations of cutaneous 
T-cell lymphoma [22, 23]. The treatment consists of three steps. In the first step, 
peripheral blood mononuclear cells are separated from whole blood via apheresis. 
Next, the mononuclear cells are incubated with a photo-activating substance 
(8-methoxypsoralen) then irradiated with ultraviolet A (UVA) light. This results in 
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cell membrane damage, DNA crosslinking, apoptosis, and antigen-presenting cell 
activation [24, 25]. In the last step, the treated cells are reinfused into the patient. 
Because of its immunomodulating effects, ECP has been used in a variety of inflam-
matory disorders, including rheumatoid arthritis, systemic sclerosis, systemic lupus 
erythematosus, and pemphigus vulgaris [26–29]. It is currently most frequently 
used for the management of graft-versus-host disease (GVHD) after allogeneic 
hematopoietic stem-cell transplantation [30, 31]. The use of ECP in the manage-
ment of solid organ rejection dates back to the early 1990s, and it is currently 
approved in the United States for refractory heart transplant rejection [32, 33], but 
its exact mechanism of action in allograft rejection remains unknown.

During each ECP procedure, 2–5 % of the total peripheral blood mononuclear 
cells are exposed to 8-methoxypsoralen. This crosslinks and damages cellular DNA 
upon exposure to UVA. The majority of treated cells undergo apoptosis via the Fas/
FasL and Bcl-2 protein family pathways [34, 35]. Macrophages and dendritic cells 
then phagocytose apoptotic lymphocytes. The presentation of apoptotic cell antigens 
on antigen-presenting cells appears to promote peripheral tolerance in the absence of 
inflammation and “danger” signals [36, 37]. Furthermore, ECP stimulates the prolif-
eration of CD4 + CD25+ regulatory T cells [37–39]. In fact, one study demonstrated 
that patients with refractory BOS who responded favorably to ECP had an increase 
or stabilization in the number of peripheral blood CD4 + CD25+ regulatory T cells, 
while those who had a progressive decline in lung function had a decline in their 
peripheral regulatory T-cell numbers [40]. This also demonstrates that the immuno-
logical and clinical responses to ECP are heterogeneous. ECP also appears to pro-
mote a favorable cytokine profile. One study of patients with GVHD treated with 
ECP demonstrated a shift in the cytokine profile of cultured T cells from IL-2 and 
IFN-γ (gamma)-producing Th1 cells to IL-4 and IL-10-producing Th2 cells [41]. 
Similarly, co-culturing ECP-treated mononuclear cells with dendritic cells in vitro 
increased the production of IL-10 and reduced the expression of co-stimulatory mol-
ecules on dendritic cells after stimulation with lipopolysaccharide (LPS), suggesting 
a potential mechanism for the immunomodulation induced by ECP [42].

In the first publication describing the use of ECP in BOS, Slovis and colleagues 
reported their experience with three patients who developed progressive BOS 
refractory to anti-thymocyte globulin and high-dose steroids in 1995 [43]. One 
patient had an improvement in FEV1 from 0.94 to 1.3 L, and two patients had stabi-
lization in their lung function, although the measurements were not reported [43]. 
None of the patients had any adverse effects, and the response was durable, although 
at least one patient continued ECP for 23 months. In a similar publication, Salerno 
and colleagues reported their experience in eight patients [44]. Seven patients had 
refractory BOS and were in BOS stage 3, and one patient had undergone re- 
transplantation for BOS without improvement in lung function; the patients received 
3–13 treatments, and there was a statistically significant decrease in the median rate 
of decline in FEV1 after ECP compared to before ECP [44]. During the study period, 
one patient died, three required re-transplantation (15, 21, and 25 months after 
ECP), and four were alive and clinically stable. The authors compared patient sur-
vival in this cohort with a concurrent group of patients with BOS stage 3 who were 
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not treated with ECP and found a trend to improved survival associated with ECP, 
although this was not statistically significant [44]. Importantly, it is not clear why 
the control group was not treated with ECP and whether this may have influenced 
the survival results. Nevertheless, there were no adverse events associated with 
ECP. In a larger report of 14 patients with BOS (including 3 with stage 0’b’, 5 with 
stage 1, 3 with stage 2, and 3 with stage 3), Villanueva and colleagues divided the 
cohort into those with early BOS (stage 0’b’ and stage 1) and those with advanced 
BOS (stage 2 and stage 3) [45]. All patients received six ECP treatments. Among 
those with early BOS, four remained in the same BOS stage, one improved from 
stage 1 to stage 0, and three progressed to a higher stage; the mean survival after 
ECP was 43 months in this subgroup. Among the six patients with advanced BOS, 
five died and one was re-transplanted a mean 14 months after ECP [45]. Two 
patients had catheter-associated sepsis that responded to antibiotic treatment and 
removal of the catheter. These findings suggest a potential benefit for ECP primarily 
when used in the early stages of BOS.

In a more recent publication, Benden and colleagues reported their experience 
with ECP for BOS and recurrent acute rejection over a 10-year period [46]. Twelve 
patients were treated with ECP for progressive BOS, and all received 24 treatments. 
Five had BOS stage 1, two had stage 2, and five had stage 3. The rate of decline in 
FEV1 before ECP initiation was calculated based on serial measurements from the 
best post-transplant measurement to the last measurement before ECP initiation; 
similarly, the rate of decline in FEV1 after ECP was calculated based on serial mea-
surements from the completion of ECP until the end of follow-up. The rate of 
decline in FEV1 improved significantly from 112 mL/month before ECP to 12 mL/
month after ECP [46]. There were no complications related to ECP. During the 
study period, two patients required re-transplantation and four patients died because 
of progressive BOS [46]. The authors conclude that the use of ECP at earlier stages 
of BOS would be ideal to prevent further loss of lung function and suggest that there 
may be a role for ongoing therapy beyond 24 treatments for sustained stabilization 
in lung function.

In the largest published series, Morrell and colleagues reported their experience 
with 60 patients treated with ECP for progressive BOS over a 7-year period [47]. 
Five patients had BOS stage 1, 20 had stage 2, and 35 had stage 3. All patients had 
refractory BOS; 58 had been treated with anti-thymocyte globulin, and 54 had been 
treated with azithromycin but had a progressive decline in lung function. Four 
patients died of progressive BOS shortly after initiating ECP and were excluded 
from the primary lung function analysis. Among the remaining 56 patients, the 
mean rate of decline in FEV1 over the 6-month period before ECP initiation was 
116 mL/month, and there was a significant decrease in the rate of decline in the 
6-month period after the initiation of ECP to 28.9 mL/month [47]. In addition, the 
four patients who died early after the initiation of ECP were included in a separate 
analysis and were assigned an FEV1 of 0 at the time of their death; the rate of 
decline in FEV1 after the initiation of ECP increased to 57.2 mL/month after this 
group was included, but this was still a significant change compared to the rate of 
decline in FEV1 before the initiation of ECP [47]. It is noteworthy that 14 patients 
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(25 % of the cohort) had an improvement in FEV1 during the 6 months after ECP 
initiation. Ten patients had ECP-related complications; eight had catheter- associated 
bacteremia, one of whom died, one had catheter-related thrombosis, and one had 
transient hypotension. Twenty-seven patients died during the study period, and the 
median survival after the initiation of ECP was 2.6 years; BOS was the leading 
cause of death [47]. The authors constructed regression models to identify clinical 
factors that might predict a favorable response but could not find any demographic 
or disease-specific variable that predicted the response to ECP.

Collectively, these results suggest that ECP slows the decline in lung function in 
many patients and may improve lung function in a minority of patients. However, 
all of these reports have important methodological limitations. The most important 
limitation is the absence of a control group. While individual patients may serve as 
their own control by analyzing the change in lung function before and after ECP, 
this may be biased if the rate of decline in FEV1 is different at different stages of 
BOS. Indeed, one study demonstrated that FEV1 varied over time after the diagnosis 
of BOS, and the steepest decline was seen in the first 6 months [48]. However, the 
temporal association between the initiation of ECP and the change in the rate of 
decline in FEV1 implies a treatment effect. Nevertheless, a control group is neces-
sary to critically evaluate the effect of ECP on lung function. Furthermore, all stud-
ies evaluated efficacy as the effect of ECP on FEV1. While FEV1 is an important 
clinical variable, none of the studies have evaluated quality of life. In addition, 
although most studies reported survival after ECP, it is impossible to assess the 
impact of ECP on survival without a control group. An additional limitation of most 
studies is that the rate of change in FEV1 is not usually linear and a regression line 
is drawn through the data points to calculate a slope of FEV1. Nonetheless, it is 
important to note that ECP has been used as a salvage treatment for patients with 
refractory BOS, as TLI has been used. By definition, this group of patients is 
unlikely to respond to treatment and is at increased risk of death. Lastly, although 
ECP may slow the rate of decline in lung function, many patients may still become 
severely impaired from a respiratory standpoint, since ECP is often used as a sal-
vage treatment. Clearly, a randomized controlled trial in this group of high-risk 
patients would be difficult, but developing sound clinical evidence is necessary to 
improve outcomes.

 Re-transplantation

Re-transplantation is the ultimate treatment option for carefully selected patients 
with refractory BOS. However, only a small minority of patients with BOS has 
undergone re-transplantation. In fact, among 30,673 lung transplant recipients 
reported to the latest ISHLT Registry Report, only 472 (1.5 %) had undergone re- 
transplantation for BOS [7]. The annual number of re-transplants has increased in 
recent years; 21 re-transplants were reported to the ISHLT Registry in 2000, and this 
increased to 69 in 2005 and 107 in 2009 [7]. In part, this is related to the change in 
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the lung organ allocation system in the United States that was implemented in 2005 
[49]. Under this system, organ allocation is based on medical urgency and expected 
survival after transplantation, and waiting time has become irrelevant. Clearly, this 
favors candidates with unpredictable or rapidly deteriorating clinical courses and 
makes re-transplantation feasible for patients with end-stage BOS. In addition to the 
change in the organ allocation system, outcomes after re- transplantation have 
improved over time, and this probably accounts for some of the increasing activity 
in recent years. Nevertheless, many patients with end-stage BOS are not candi-
dates for re-transplantation because of multiple comorbidities and complications 
related to the immunosuppressive regimen that accumulate over time. In addition, 
re-transplantation raises difficult ethical questions because of the donor organ short-
age and the resultant mortality on the waiting list for primary transplantation.

In 1991, an international registry of lung re-transplantation was established to 
determine outcomes and predictors of survival in a large cohort of patients. In the 
initial report of the first 61 patients enrolled in the registry, 32 underwent re- 
transplantation for BOS, 14 for graft failure, 8 for airway problems, 5 for severe 
acute rejection, and 4 for other indications [50]. Survival 1 year after re- 
transplantation was 35 %; the indication for re-transplantation and the operation 
performed did not affect survival, but there was a trend to improved survival among 
patients who were ambulatory before re-transplantation. Importantly, survival after 
re-transplantation was significantly worse than after primary transplantation [50]. A 
follow-up report was published in 1995 describing the experience with 139 re- 
transplant recipients at 34 centers in the United States and Europe [51]. Eighty 
patients underwent re-transplantation for BOS, 34 for acute graft failure, 13 for 
airway complications, 8 for acute rejection, and 4 for other indications. Survival 
was 65 % one month after re-transplantation and 45 % at 1 year. Fifty-six percent of 
deaths were due to infection, and 22 % were due to acute graft failure [51]. In this 
analysis, ambulatory status was the most important predictor of survival, although 
only 29 % of patients were ambulatory (defined as being able to walk 50 m). 
Importantly, survival in the more recent era (1992–1994) was significantly better 
than in the earlier era (1985–1991). Although re-transplant recipients as a group had 
a similar incidence of BOS as primary transplant recipients, patients who under-
went re-transplantation for BOS had a more rapid decline in FEV1 than those who 
underwent re-transplantation for other indications [51]. This suggests that they had 
a higher risk of recurrent BOS than those re-transplanted for other indications. The 
last report of the registry was published in 1998, and this detailed the outcomes of 
230 re-transplant recipients from 47 international centers [52]. In this report, sur-
vival was 47 % at 1 year and 33 % at 3 years after re-transplantation. Ambulatory 
status and re-transplantation after 1991 were again associated with better survival, 
whereas the need for mechanical ventilation was associated with increased mortal-
ity. Indeed, ambulatory patients who did not require mechanical ventilation and 
were re-transplanted after 1991 had a 1-year survival of 64 %. Another important 
predictor of survival that emerged was the time interval between primary transplan-
tation and re-transplantation. Patients who underwent re-transplantation within 2 
years of primary transplantation had a significantly worse survival than those who 
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underwent re-transplantation more than 2 years after primary transplantation. The 
leading cause of death after re-transplantation was infection, which accounted for 
42 % of deaths; acute graft failure accounted for 29 % of deaths, and BOS accounted 
for 21 % of deaths [52]. Of note, 62 % of patients were free from BOS 3 years after 
re-transplantation [52]. The authors concluded that re-transplantation was a reason-
able treatment option among carefully selected patients.

In addition to the multi-center pulmonary re-transplantation registry, single- 
center series have been published, and these can provide outcomes and complica-
tions data with greater detail. Brugiere and colleagues reported their experience 
with 15 patients who were re-transplanted for BOS between 1988 and 2002 [53]. 
All patients had a single lung re-transplant; 4 had ipsilateral transplants, 9 had con-
tralateral transplants, and 2 had single lung re-transplants after a bilateral primary 
transplant. One-year survival was 60 % and 5-year survival was 45 %; infection was 
the leading cause of death, accounting for 60 % of deaths [53]. It is noteworthy that 
the retained primary allograft was the initial site of the fatal infection in four of the 
six patients who died because of infection, and two other patients who had a retained 
allograft had chronic and disabling pulmonary infection [53]. This demonstrates 
that a chronically rejected and damaged lung can become a nidus for serious infec-
tion after re-transplantation and suggests that replacing the rejected lung or lungs at 
re-transplantation has an important impact on outcomes. However, pleural adhe-
sions as a result of the primary transplant, pneumonia, or the chronic lung inflam-
mation associated with BOS can make this approach technically difficult in some 
cases. Finally, among the 10 patients who survived beyond 6 months, freedom from 
BOS was 72 % at 3 years and 66 % at 5 years after re-transplantation [53].

In a larger single-center series, Strueber and colleagues reported the outcomes of 
54 re-transplant recipients at their center [54]. Thirty-seven of the 54 were re- 
transplanted for BOS, 10 for primary graft failure, and 7 for airway complications. 
Those re-transplanted for primary graft failure and airway complications had signifi-
cantly worse survival than those re-transplanted for BOS and those who underwent 
primary transplantation. In fact, those re-transplanted for primary graft failure had a 
50 % 1-year survival, and those re-transplanted for airway complications had a 33 % 
2-year survival. In contrast, those re-transplanted for BOS had a 62 % 5-year survival, 
which was comparable to primary transplant recipients who had a 63 % 5-year sur-
vival [54]. The authors analyzed causes of death among re-transplant recipients, but 
there were no clear trends other than infection accounting for four of the six deaths 
among those re-transplanted for primary graft failure. Finally, there was a trend to an 
increased incidence of BOS among those re-transplanted for BOS compared to those 
who had a primary transplant, but this was not statistically significant [54].

Osaki and colleagues reported their results among 15 patients who underwent 
re-transplantation and 2 who underwent a third transplant procedure [55]. Five of 
the 17 patients underwent re-transplantation for acute graft failure, and 12 under-
went re-transplantation for BOS. Overall, re-transplant recipients had a 59 % 1-year 
survival and a 42 % 5-year survival; these results were significantly worse than 
primary transplant recipients at this center, which had an 88 % 1-year survival and 
a 65 % 5-year survival for primary lung transplant recipients [55]. Importantly, 
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those re-transplanted for acute graft failure had a 40 % 1-year survival compared to 
those re-transplanted for BOS who had a 67 % 1-year survival and a 44 % 5-year 
survival. Both third transplant recipients died within 1 year of transplantation. 
Again, infection was the leading cause of death, accounting for 45 % of deaths, and 
the retained primary graft was the source of fatal infection in 40 % [55]. Aigner and 
colleagues reported the results of 46 patients who underwent re-transplantation at 
their center; 23 had primary graft failure, 19 had BOS, and 4 had airway complica-
tions [56]. Those re-transplanted for primary graft failure had a significantly worse 
survival than those who had BOS. The 1-year and 5-year survival rates were 35 % 
and 29 % for the primary graft failure group compared to 73 % and 61 % for the 
BOS group, respectively [56]. All patients re-transplanted for airway complications 
were alive at the end of follow-up. It is noteworthy that 8 of the 23 patients re- 
transplanted for primary graft failure were on extracorporeal membrane oxygen-
ation (ECMO) before transplantation, while none of those who had BOS or airway 
complications were on ECMO. Again, infection was the leading cause of death in 
all groups, accounting for 14 of the 24 deaths [56].

Kawut and colleagues performed a large retrospective analysis of re- 
transplantation in the United States using United Network for Organ Sharing 
(UNOS) data [57]. Patients who underwent re-transplantation were divided into 
those re-transplanted between 1990 and 2000 (n = 184) and those re-transplanted 
between 2001 and 2006 (n = 205), and outcomes were compared to patients who 
underwent primary transplantation between 2001 and 2006 (n = 5,657). In both re- 
transplant groups, over 50 % of patients underwent re-transplantation for BOS, 
10–15 % underwent re-transplantation for primary graft failure, and the indication 
for re-transplantation was unknown in approximately 30 % of patients. One-year 
survival among re-transplant recipients in the modern era was 62 %, and 5-year 
survival was 45 %; however, this was significantly better than survival among re- 
transplant recipients in the earlier era [57]. Nonetheless, re-transplant recipients in 
the modern era had a 30 % higher risk of death than primary transplant recipients 
transplanted during the same time period. In addition, patients re-transplanted in the 
modern era for BOS had a twofold higher risk of BOS than primary transplant 
recipients. In fact, the incidence of BOS among re-transplant recipients was 22 % at 
2 years and 46 % at 4 years compared to 12 % at 2 years and 30 % at 4 years among 
primary transplant recipients [57].

Taken together, the published data demonstrate that survival after re- 
transplantation is generally worse than after primary transplantation, although out-
comes after re-transplantation have improved over time. Furthermore, survival after 
re-transplantation for primary graft failure is particularly limited and is worse than 
survival after re-transplantation for BOS. Infection appears to be the leading cause 
of death after re-transplantation, and a retained graft is often the source of fatal 
infection. This suggests that removing chronically rejected and failed allografts at 
the time of re-transplantation might mitigate the risk of infection and improve sur-
vival. However, this is sometimes not feasible because of pleural adhesions. 
Nevertheless, survival among ambulatory patients with BOS and few comorbidities 
after re-transplantation approaches that of survival after primary transplantation. 
However, patients re-transplanted for BOS appear to have an increased risk of 
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recurrent BOS compared to primary transplant recipients in the largest series [57]. 
This association has not been demonstrated consistently in earlier registry studies or 
in small single-center studies because survival was severely limited by infection, 
and many small series may have been underpowered to detect this association.

Re-transplantation raises serious ethical questions that are difficult to answer by 
the medical community alone. Utilitarianism supports the allocation of organs to 
those who are most likely to derive the most benefit from transplantation. On the 
other hand, egalitarianism supports equal access to donor organs for patients in 
need. In addition, the ethical considerations of re-transplantation vary between dif-
ferent societies and cultures, and donor organs are generally considered resources of 
society as a whole. Therefore, the community and its citizenry would address these 
questions best with input from the medical profession regarding outcomes data. 
Nevertheless, re-transplantation is not an ideal treatment for patients with BOS. 
Few patients are good candidates for re-transplantation, and the donor organ short-
age means that some candidates will die on the waiting list.

 Other Novel Potential Approaches

Traditional treatments for BOS have consisted primarily of conventional immuno-
suppressive drugs, such as tacrolimus, sirolimus, and anti-thymocyte globulin. 
While the use of conventional immunosuppression has made lung transplantation 
clinically feasible and has been reasonably effective preventing and treating acute 
rejection, its efficacy in the treatment of BOS has been disappointing. There is pre-
liminary evidence suggesting a potential role for novel immunomodulating agents, 
including 3-hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reductase inhibi-
tors (or statins) and angiotensin converting enzyme (ACE) inhibitors [58, 59]. 
Johnson and colleagues performed a retrospective study comparing the outcomes of 
39 patients treated with statins for hypercholesterolemia to 161 contemporary con-
trol patients [58]. Patients treated with statins were less likely to develop acute 
rejection, and none of the 15 patients who were initiated on statins within 1 year of 
transplantation developed BOS [58]. In addition, those treated with statins had 
lower total cell counts, neutrophil counts, and lymphocyte counts in their bron-
choalveolar lavage fluid than control patients. Most importantly, survival 6 years 
after transplantation among those treated with statins was 91 % compared to 54 % 
in the control group [58]. Iuppa and colleagues analyzed the effect of statins on the 
development of BOS and survival in a retrospective cohort study at their center [60]. 
Fifty-one patients were treated with statins for hypercholesterolemia and 101 were 
not; there was no difference in freedom from BOS and no difference in survival 
between the two groups [60]. Reasons for the discrepant results between these two 
studies are unknown, but the inability to replicate the favorable results reported in 
the original study suggests that the effect of statins on BOS development may be 
heterogeneous. Of note, there are no reports of the effect of statins as a treatment for 
BOS. A randomized controlled trial is necessary before statin use can be recom-
mended for BOS prevention or treatment.
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In general, immunosuppressive and immunomodulating therapies do not directly 
impact the fibroproliferation that is characteristic of OB. Thus, anti-fibrotic and 
anti-proliferative agents are appealing choices. Data suggesting a therapeutic role 
for ACE inhibitors, endothelin receptor antagonists, and pirfenidone in BOS are 
limited to animal studies [59, 61–63]. Clearly, human studies are needed to evaluate 
these approaches further.

 Conclusion

BOS remains the leading obstacle to better long-term outcomes after lung trans-
plantation. The response to treatment is generally disappointing, and the goal is 
usually to stabilize the decline in lung function, although this is often difficult to 
achieve over time. ECP and TLI have been used at some centers for refractory BOS, 
but a critical evaluation of the efficacy of both treatments is difficult because of 
inherent limitations in the study design of all published series. Nonetheless, both 
treatments appear to stabilize the decline in lung function in some patients and 
improve lung function in a minority of patients. Randomized controlled trials are 
needed to evaluate the efficacy and safety of ECP and TLI in BOS. Re-transplantation 
is the ultimate treatment for refractory BOS, but only a minority of patients are 
candidates, and long-term outcomes remain inferior to those after primary trans-
plantation. In addition, the donor organ shortage limits the access to re- transplantation 
as a treatment for BOS.
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