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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. 
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 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.     
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