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Despite the recent introduction of many improved immunosuppres-
sive agents for use in transplantation, acute rejection affects up to
55% of lung transplant recipients within the first year after trans-
plant. Acute lung allograft rejection is defined as perivascular or
peribronchiolar mononuclear inflammation. Although histopatho-
logic signs of rejection often resolve with treatment, the frequency
and severity of acute rejections represent the most important risk
factor for the subsequent development of bronchiolitis obliterans
syndrome (BOS), a condition of progressive airflow obstruction that
limits survival to only 50% at 5 years after lung transplantation.
Recent evidence demonstrates that peribronchiolar mononuclear
inflammation (also known as lymphocytic bronchiolitis) or even
a single episode of minimal perivascular inflammation significantly
increase the risk for BOS. We comprehensively review the clinical
presentation, diagnosis, histopathologic features, and mechanisms
of acute cellular lung rejection. In addition, we consider emerging
evidence that humoral rejection occurs in lung transplantation,
characterized by local complement activation or the presence of
antibody to donor human leukocyte antigens (HLA). We discuss
in detail methods for HLA antibody detection as well as the clini-
cal relevance, the mechanisms, and the pathologic hallmarks of
humoral injury. Treatment options for cellular rejection include
high-dose methylprednisolone, antithymocyte globulin, or alem-
tuzumab. Treatment options for humoral rejection include intra-
venous immunoglobulin, plasmapheresis, or rituximab. A greater
mechanistic understanding of cellular and humoral forms of re-
jection and their role in the pathogenesis of BOS is critical in
developing therapies that extend long-term survival after lung
transplantation.
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The lung is characterized by the highest rates of rejection among
the commonly transplanted solid organs and disappointing long-
term outcomes despite modern immunosuppressive regimens. As
reported by the Registry of the International Society for Heart
and Lung Transplantation (ISHLT), as many as 55% of lung
transplant recipients are treated for acute allograft rejection in
their first year after transplantation, and only 50% of lung
recipients are alive 5 years after transplant (1). The increased
susceptibility of the lung to injury, infection, and constant envi-
ronmental exposure with local innate immune activation likely
contribute to the high rates of rejection. Multiple studies have
demonstrated that acute vascular (A-grade) or airway (B-grade)
rejection are the main risk factors for bronchiolitis obliterans
syndrome (BOS), a condition of progressive airflow obstruction

that represents the most common cause of death beyond the first
year after transplant (2).

Herein, we present the immunologic basis for acute lung
allograft rejection, describing the clinical and pathologic features
of acute cellular vascular rejection and acute airway rejection also
known as lymphocytic bronchiolitis (Figure 1). In addition, we
discuss our emerging understanding of the importance of hu-
moral rejection in lung transplantation, including the use of
highly sensitive solid phase technologies to detect anti-human
leukocyte antigen (HLA) antibodies, which can be present in
patients before transplant or develop de novo after transplanta-
tion. We highlight current strategies for the prevention and
treatment of both cellular and humoral allograft rejection.

MECHANISMS OF ACUTE REJECTION

Organisms from sponges to mammals have evolved sophisticated
mechanisms that permit recognition of self from non-self, en-
abling them to protect their integrity and respond to pathogens
while tolerating their own cells. In vertebrate hosts, the advanced
interplay of innate and adaptive immune systems leads to a robust
response to an organ allograft in the absence of immunosuppres-
sion. This alloimmune response is predominantly driven by T cell
recognition of foreign major histocompatibility complexes
(MHC) (Figure 2). The MHC in humans is also referred to as
Human Leukocyte Antigen (HLA) and represents a protein
complex encoded by a set of very closely linked genes. The MHC
regulates the immune response by presenting antigenic peptides
to T cells. In transplantation, allogeneic MHC is first presented
directly to recipient T cells by donor dendritic cells in the graft
(the direct pathway). As donor antigen-presenting cells (APCs)
die out or are destroyed, recipient dendritic cells process and
present alloantigens to recipient T cells (the indirect pathway) (3).

HLA genes are located on the short arm of human chromo-
some 6 and are traditionally divided into two classes based on
historic differentiation. The classical HLA class I genes include
A, B, and Cw loci, which are expressed on most nucleated cells.
The classical HLA class II genes include DR, DQ, and DP genes,
which are expressed constitutively on B cells, monocytes, den-
dritic cells, and other APCs, but can be up-regulated on a variety
of other cells under inflammatory conditions. HLA class I
molecules present primarily endogenous peptides to CD81 T
cells, while HLA class II molecules present primarily exogenous
peptides to CD41 T cells. The extraordinary diversity of HLA
polymorphisms creates a considerable barrier to transplantation
as the donor organ is quickly recognized as non-self on the basis of
HLA differences with the recipient (3).

In lung transplantation, the process of allorecognition is likely
augmented by local innate immune activation through endoge-
nous tissue injury and exogenous infection as well as by an
autoimmune response to cryptic self-epitopes exposed during
lung damage at the time of transplantation. The precise immune
mechanisms and their complex interactions that ultimately lead
to the stimulation of adaptive cellular immunity and lung re-
jection remain to be fully elucidated. The common pathway of
acute cellular rejection involves the recruitment and activation of
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recipient lymphocytes (predominantly effector T cells) to the
lung allograft, which can result in allograft injury and loss of
function (3). Consequently, successful outcomes after lung trans-
plantation did not become a possibility until the widespread
introduction into clinical practice of the calcineurin inhibitor
cyclosporine, which permits a highly effective blockade of T cell
activation and proliferation (4, 5).

In addition, some lung transplant recipients appear to mount
a humoral response to the allograft after transplantation. Most
evidence suggests that this humoral response occurs to donor
MHC antigens, although other endothelial or epithelial antigens
expressed in the lung may become antibody targets as well. T cells
activated through indirect presentation provide help for B cell
memory, antibody class switching, and affinity maturation in the
presence of appropriate cytokines and co-stimulatory factors.
Acute and chronic humoral rejection has recently been well
described in renal transplantation (6).

Finally, using modern solid phase antibody detection techni-
ques, it has become clear that some patients present for transplant
with preformed anti-HLA antibodies, which are usually acquired
through prior pregnancy, transfusions, or transplantation. Im-
mune stimulation by prior infections or autoimmunity might

contribute to the development of antibodies to alloMHC in those
patients with no identifiable risk factors. These preexisting anti-
bodies can react with donor antigens, leading to immediate graft
loss (hyperacute rejection) or accelerated humoral rejection and
BOS (6).

ACUTE CELLULAR REJECTION

Clinical Presentation

The diagnosis of acute cellular rejection relies on the identifica-
tion of lymphocytic perivascular or peribronchiolar infiltrates in
lung tissue. Many episodes of acute rejection are diagnosed in
asymptomatic patients undergoing surveillance biopsies. When
symptomatic, acute rejection can present with dyspnea, cough, or
sputum production. More subtle signs include fever, hypoxia, and
adventitious sounds on lung auscultation. Higher-grade rejection
appears to cause more severe symptoms and can lead to acute
respiratory distress (7).

Because of the nonspecific nature of symptoms, emphasis
should be placed on objective data, mainly pulmonary function
testing, in identifying patients at risk for rejection. Spirometry has
been found to have a sensitivity of greater than 60% for detecting
infection or rejection grade A2 and higher, but it cannot
differentiate between the two (8). The usefulness of spirometry
is diminished in single lung transplant recipients, as the contra-
lateral native lung dysfunction confounds the pulmonary function
test results (9). Pulmonary function testing should therefore be
used as an adjunct to clinical evaluation and not as a stand-alone
definitive diagnostic modality for acute lung rejection.

Radiographic imaging of lung transplant patients is useful in
identifying specific causes of symptoms or decreased pulmonary
function, such as focal infections or neoplasms. Findings of
ground-glass opacities, septal thickening, volume loss, and pleu-
ral effusions on high-resolution chest computed tomography
(CT) scans suggest acute rejection. Although early small studies
attempted to demonstrate the usefulness of chest X-rays and
chest CT scans in the diagnosis of rejection, more recent data
shows very low sensitivity for acute rejection (as low as 35%) and
no discriminatory value between rejection and other processes
(10).

Despite the common clinical impression that lymphocytic
pleural effusions are a hallmark of acute rejection, published
data are inconclusive (11). In fact lymphocytic effusions have
been documented in the absence of rejection, making it diffi-
cult to ascertain whether they mostly represent a sequela of

Figure 2. Structure of major histocompatibility complex (MHC) mol-
ecules. The MHC class I molecules are composed of a heavy a chain

and a light b2-microglobulin chain. The a chain is composed of three

extracellular domains (a1, a2, and a3), a transmembrane-spanning

domain, and a small cytoplasmic domain. The a1 and a2 domains
together form a peptide-binding groove presenting peptide to CD81

T cells. MHC Class II molecules are heterodimers with an a and a b

chain. Both chains have two extracellular domains, a transmembrane

domain, and a cytoplasmic domain. The a1 and b1 domains together
form the peptide-binding groove presenting peptide to CD41 T cells.

Figure 1. Relative incidence of rejection by

time post lung transplant. Depicted are hyper-
acute rejection, acute rejection (including A-

grade typical perivascular cellular rejection and

lymphocytic bronchiolitis), and chronic allograft

rejection or bronchiolitis obliterans syndrome
(BOS).
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rejection or simply a physiologic response to lung transplanta-
tion (12).

In summary, in light of the nonspecific clinical symptoms and
the poor specificity of pulmonary function tests and radiographic
studies, we discourage diagnosis and empiric treatment of re-
jection based solely on clinical signs or symptoms, consistent with
the ISHLT definitions, which require histopathologic analysis of
lung tissue to diagnose and grade acute lung rejection.

Diagnosis of Acute Lung Allograft Rejection

Bronchoscopy. Bronchoscopy with transbronchial biopsies is the
most important modality in the diagnosis of acute allograft
rejection, and should be considered in any lung transplant
recipient with allograft dysfunction. Bronchoscopy allows acute
rejection to be distinguished from other potential etiologies of
allograft dysfunction such as airway stenosis or infection, and
routinely includes bronchoalveolar lavage (BAL) with cultures
and transbronchial biopsies for histopathologic analysis. Most
transbronchial biopsies are performed in the lower lobes, a prac-
tice that seems reasonable in light of data showing that different
lung lobes have similar rejection grades and that, if rejection is
present, the grade is usually worse in the lower lobes as compared
with the upper lobes (13). The Lung Rejection Study Group
(LRSG) now recommends five pieces of well-expanded alveo-
lated lung parenchyma to provide adequate sensitivity to di-
agnose rejection (14). Adverse events reported with bronchos-
copy in lung transplant recipients are low and include transient
hypoxemia (10.5%), bleeding more than 100 ml (4%), pneumo-
thorax (0.6–2.5%), arrhythmia (0.57%), and ventilation support
(0.32%). Bronchoscopy in this setting has no reported mortality
(15, 16). Because of the low procedural risk of bronchoscopy and
its critical role in the diagnosis of rejection in this patient
population, bronchoscopic diagnosis is preferred to empiric
treatment of rejection in most circumstances.

In addition, bronchoscopy is also performed for surveillance
purposes to diagnose rejection in asymptomatic lung transplant
recipients. The rationale for surveillance biopsies includes the
occurrence of clinically silent acute rejection, inadequate surro-
gate markers for acute rejection, and the relatively low risks of the
bronchoscopy procedure. Grade A2 and higher acute rejection
has been found in a relatively high percentage of asymptomatic
patients, ranging from 22% to 39% (17, 18). The yield for acute
rejection is reported from 6.1% to 31% in studies of surveillance
transbronchial biopsies (15, 19) and 25% or greater in clinically
indicated bronchoscopies and follow-up bronchoscopies (16).
Furthermore, acute rejection can be seen even in patients that
had low rates of early rejection and at more than 1 year after
transplant (19).

Questioning the importance of surveillance bronchoscopies,
a single-center retrospective study suggested that 3-year out-
comes in patients who underwent only clinically indicated
bronchoscopies were comparable to ISHLT data (20). However,
no randomized clinical trials have ever compared different post-
transplant monitoring strategies. A survey of lung transplant
centers published in 1997 demonstrated that 68% of centers
perform scheduled bronchoscopies, in addition to the clinically
indicated and postrejection follow-up bronchoscopies (21). A
common schedule consists of bronchoscopy at 1 month, 3 months,
6 months, and then on an annual basis. Regardless of whether
bronchoscopy is performed for clinical indications or surveillance
purposes, the incidence of acute rejection is highest within the
first year after transplant, and a high clinical suspicion for acute
rejection should be maintained during this time period.

Alternate diagnostic methods for acute lung rejection. In an
attempt to reduce the risk of surveillance bronchoscopies, many

studies have focused on surrogates of acute lung rejection.
Particular focus has been directed at identifying acute rejection
biomarkers in the bronchoalveolar lavage (BAL). Many of the
positive studies have been small and have not been replicated.
Nevertheless, several themes stand out in this research arena.
Multiple studies have considered the BAL cellular composition
and its relation to rejection or infection. In the early months after
transplantation, there is increased leukocytosis of the BAL as
compared with nontransplant patients with high numbers of
neutrophils and lymphocytes (22). Acute rejection has been
associated with elevated CD81 T cells, activated CD41 T cells,
a trend toward increased NK T cells, increased B cells, and
decreased NK cells in the BAL (23). Nevertheless, no study has
proven the BAL cellular composition to be adequately sensitive
or specific in the discrimination of rejection from infection (24).

Small studies have found a correlation between acute rejection
and elevation of interleukin-17 (25), interleukin-15 (26), and
interferon-g in the BAL (27). Recent advances in genomics offer
the potential for more specific means of diagnosing rejection in
lung transplantation. A pilot study of gene expression in the BAL
of lung transplant recipients found that gene expression signa-
tures related to T-lymphocyte function, cytotoxic CD8 activity,
and neutrophil degranulation correlate with acute rejection (28).
Additional studies are needed to validate these findings and
establish whether BAL microarray determinations of ‘‘acute
rejection signature’’ are cost effective and provide information
that supplements or replaces biopsy results.

Of greater interest than analysis of the BAL would be
a noninvasive means of diagnosing acute rejection without
bronchoscopy. For example, the recently published studies in
heart transplantation describe the use of peripheral blood gene
expression profiling to identify future risk of cardiac allograft
rejection (29): this methodology appears to be most useful in
predicting persistent negative biopsies in patients with prior
negative biopsies. A similar study is now underway in lung trans-
plantation, known as the lung allograft rejection gene expression
observational (LARGO) study. Preliminary data from almost
900 patients, similarly to the CARGO results, show differential
gene expression in the lymphocyte priming and neutrophil
homeostasis pathways for A0 versus > A2 acute lung rejection
(30). Additional data and its further validation may bring about
a peripheral blood test for an acute rejection gene expression
signature, which could reduce the frequency of invasive diagnos-
tic procedures in the future.

Although no effective serum biomarkers are currently in use
in clinical lung transplantation, their potential utility is illustrated
in a recent study in which marked serum elevations in hepatocyte
growth factor (HGF) in lung transplant recipients were associ-
ated with acute rejection. Smaller elevations in HGF also oc-
curred with lung infection, and additional studies are needed to
validate the specificity and sensitivity of HGF for acute rejection
(31). In addition, in recent years, the Cylex Immune Cell Function
Assay (ImmuKnow; Cylex, Inc., Columbia, MD) has been
examined as a potential peripheral blood surrogate of rejection
or infection. It has been approved by the U.S. Food and Drug
Administration to measure global immune function in solid organ
transplant recipients. This assay measures the in vitro production
of adenosine triphosphate (ATP) by the patient’s CD41 T cells in
response to stimulation by phytohemagglutinin-L (PHA). Sev-
eral studies in kidney, liver, heart, and small bowel allograft
recipients have demonstrated that low ATP levels (< 225 ng/ml)
correlate with infection, while high levels (> 525 ng/ml) are
associated with rejection (32). The data in lung transplantation
are scarce and not very promising to date. A recent study shows
that lung transplant recipients with active infection are more
likely to have low ATP levels compared with stable lung trans-
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plant recipients (mean of 111 versus 283 ng/ml). While the
sensitivity for infection of an ATP value of less than 225 was
93% in this study, the specificity was only 38%. In addition, the
utility of ATP measurements was not assessed, as only two
recipients in the patient sample had rejection (33). Another
study, published in abstract form, demonstrated a very poor
correlation between histologically proven rejection and the
ImmuKnow assay, with 87% of the allograft rejection episodes
occurring in the setting of a low to moderate ATP level (34).
Based on these preliminary results, the ImmuKnow assay does
not seem to have the potential to differentiate between infection
and rejection in lung transplant recipients and, until more data
becomes available, should not be used clinically in this patient
population.

Exhaled nitric oxide (NO) is also an attractive marker of lung
injury: it has been correlated with lymphocytic bronchiolitis (35)
and acute rejection (36). Furthermore, in a study of inert gas
single breath washout, the slope of alveolar plateau for helium
(SHe) had a sensitivity of 68% for acute rejection (8).

In summary, no surrogate markers have been sufficiently
validated as means to reproducibly identify patients with acute
rejection and none supplant direct histopathologic examination
of lung tissue. Although this remains an area of intense research,
many challenges exist in developing noninvasive biomarkers to
reliably identify acute rejection, including the probable hetero-
geneity of rejection phenotypes and lack of interobserver agree-
ment on the histologic ‘‘gold standard’’ upon which the validity of
any biomarker would be established, as described in the next section.

Histology and Cellular Infiltration of Acute Lung Rejection

Acute lung rejection is defined as perivascular mononuclear
cellular infiltrates on histologic analysis of lung allograft tissue.
Most commonly, the diagnosis is established based on trans-
bronchial biopsies obtained by bronchoscopy. The Lung Re-
jection Study Group (LRSG), a workshop organized by the
ISHLT, has created and revised a Working Formulation for
grading acute allograft rejection. The most recent revision was
published in 2007. This detailed document describes the histo-
logic appearance of acute lung allograft rejection and outlines the
grading rules for acute cellular rejection (A-grade), airway
inflammation (B-grade), chronic airway rejection or bronchiolitis

obliterans (C-grade), and chronic vascular rejection or acceler-
ated graft vascular sclerosis (D-grade). This grading scheme and
its key features are summarized in Table 1 (14), and illustrative
images are shown in Figure 3. The A and B acute rejection grades
are discussed extensively in this article, while histopathology of
chronic rejection is discussed elsewhere in this issue (see pages
108–121).

A-grade acute cellular rejection of the lung allograft. Peri-
vascular mononuclear infiltrates with or without interstitial
mononuclear cells are thought to represent the typical acute lung
allograft rejection. Increasing thickness of the mononuclear cell
cuff around vessels with increasing mononuclear invasion into the
interstitial and alveolar spaces is what determines the A-grade
(Table 1 and Figures 3A–3D). The majority of these mononuclear
cells are T cells, although a few studies have described increased
populations of B cells or eosinophils (14, 37, 38).

Studies from 2005 evaluated the inter- and intrareader re-
liability of this grading scheme. Two studies found relatively good
interreader agreements for the A grades (kappa of 0.65 and 0.73)
(39, 40), but this could not be replicated in another study in which
the kappa was 0.47 in spite of dichotomization of the A-grades to
A0/A1 versus A2/A3/A4 (41). Intrareader agreement for acute
rejection has been found to be good: 0.65 and 0.795 (39, 41).
Infection can complicate the diagnosis: viral infection in partic-
ular can cause mononuclear inflammation. In addition, alveolar
damage with macrophage and fibrin accumulation was found to
be present in 80% of transbronchial biopsies in the first 6 months
after transplant, further increasing interreader pathologist dis-
cordance (40). In general, the LRSG recommends grading re-
jection only after the exclusion of infection.

B-grade airway inflammation. Mononuclear airway inflam-
mation (Figure 3E) has been recognized since the early years of
lung transplantation. However, establishing a reliable and rele-
vant grading scheme for it has been problematic for several
reasons: many transbronchial biopsies contain no or minimal
airway tissue, airway biopsies are susceptible to tangential cutting
and other artifacts, and airway inflammation often accompanies
infection. Prior revisions of the pathology working formulation
generated by the LRSG initially recommended calling airway
inflammation as present or absent and subsequently expanded the
grading to 5 grades from 0 to 4 (as is currently used for A-grading).

TABLE 1. PATHOLOGIC GRADING OF LUNG REJECTION

Category Grade Meaning Appearance

A: acute rejection 0 None Normal lung parenchyma

1 Minimal Inconspicuous small mononuclear perivascular

infiltrates

2 Mild More frequent, more obvious, perivascular infiltrates,

eosinophils may be present

3 Moderate Dense perivascular infiltrates, extension into interstitial space,

can involve endothelialitis, eosinophils, and neutrophils

4 Severe Diffuse perivascular, interstitial, and air-space infiltrates with

lung injury. Neutrophils may be present.

B: airway inflammation 0 None No evidence of bronchiolar inflammation

1R Low grade Infrequent, scattered or single layer mononuclear cells in

bronchiolar submucosa

2R High grade Larger infiltrates of larger and activated lymphocytes in

bronchiolar submucosa. Can involve eosinophils and

plasmacytoid cells.

X Ungradable No bronchiolar tissue available

C: Chronic airway rejection –

obliterative bronchiolitis

0 Absent If present describes intraluminal airway obliteration with

fibrous connective tissue

1 Present

D: Chronic vascular rejection –

accelerated graft vascular sclerosis

Not graded Fibrointimal thickening of arteries and poorly cellular

hyaline sclerosis of veins. Usually requires open lung

biopsy for diagnosis.
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However, the interreader reliability for grading airway inflam-
mation (B-grades) was found to be very low with kappas of
approximately 0.3 (39, 41). For this reason, the LRSG has now
simplified B-grading to four possible grades: B0 for no airway
inflammation, B1R for low-grade small airway inflammation (R
standing for ‘‘revised’’ so as not to confuse it with the prior grading
scheme), B2R for high-grade small airway inflammation, and BX
for ungradable airway inflammation (Table 1). This nomencla-
ture is to be used for grading noncartillaginous small airways only
after rigorous exclusion of infection (14).

Clinical Significance of Acute Rejection

Multiple studies demonstrate that acute rejection is the major risk
factor for the development of chronic airflow obstruction: A
single episode of acute rejection, as well as increased frequency
and severity of acute rejection, increase the risk for BOS (2). For
example, a single > A2 rejection has been found to increase the
hazard ratio (HR) for development of BOS up to 2.1 (P 5 0.014),
recurrent rejection increased this HR up to 3.4 (P , 0.001), and
late rejection up to 4.8 (P 5 0.003). However, lack of prospective
validation of this data prevents direct clinical application of such
numbers (2). An area of controversy has been the significance of
minimal acute rejection (A1) or of a single solitary perivascular
infiltrate. In the early years of lung transplantation, A1 rejec-
tion was usually discounted and not treated. Studies have found
that minimal acute rejection (grade A1) increases the risk of
higher-grade subsequent rejections (grade > A2) (42, 43) and of
subsequent BOS with HR of 2.5 (95% confidence interval [CI],
1.32–4.76; P 5 0.005) for BOS stage 1 and 3.49 (95% CI, 1.26–9.67;
P 5 0.02) for BOS stage 2 (44). The finding of a solitary peri-
vascular monocytic infiltrate was followed by worsening acute
rejection in all four untreated patients in one study, while the
treatment of such a solitary infiltrate in nine patients resulted
in improvement of rejection score (45). Furthermore, based on
multiple studies, grade B lymphocytic bronchiolitis is now also
known to be an important risk factor for BOS (relative risk 1.62
for BOS stage 1; 95% CI, 1.31–2.00; P , 0.001) (46) and death,
independent of acute vascular rejection (2, 46).

Large airway inflammation, as determined by endobronchial
biopsies, is by definition excluded from the B-grading of acute

airway rejection. Although large airway inflammation can repre-
sent infectious tracheo-bronchitis (47), most studies of endobron-
chial biopsies have demonstrated the presence of noninfectious
CD81 T cell rich inflammation, distinct from the inflammation
seen on transbronchial biopsies and in the BAL (48, 49). In
addition, gene expression has been found to be discordant
between endobronchial biopsy cells and transbronchial biopsy
tissue, suggesting that A-grade rejection is a process different
from large airway inflammation (50). Thus, although lymphocytic
inflammation is frequently seen on endobronchial biopsies, its
clinical or prognostic significance remains unclear and there is no
demonstrated link between lymphocytic bronchitis seen on
endobronchial biopsies and lymphocytic bronchiolitis or bron-
chitis seen on transbronchial biopsies.

The role of atypical cellular composition in acute rejection is
not well understood. Eosinophils can accompany acute lung
rejection and are recognized in the revised LRSG acute rejection
definition (Table 1) (14). The presence of eosinophils has been
found to portend a poor prognosis and to be a risk factor for BOS
in small single-center studies (51). High proportions of B cells
have been shown to accompany steroid-resistant rejection in lung
transplant patients (37). The mechanisms by which B cells
contribute to refractory rejection are not entirely clear, although
they might reflect ongoing humoral rejection, perhaps explaining
the diminished responsiveness to standard immunosuppression.
Mast cells have been identified in acute rejection biopsies of
increasing A-grade but, again, their role has not been elucidated
(52). Additional immunohistochemical analysis of the mono-
nuclear cells that participate in acute rejection is another
important area of future research.

Risk Factors for Acute Rejection

Despite a large number of studies addressing risk factors for
BOS, very few studies have focused specifically on factors that
predict the development of acute rejection.

HLA mismatching. It is generally thought that the intensity
of host alloimmune response is related to recipient recognition of
differences with the donor HLA antigens, and that this process
drives acute lung allograft rejection. Consistent with this idea,
several studies have shown that an increasing degree of HLA

Figure 3. Pathologic exam-

ples of acute lung allograft re-
jection. (A) Grade A1 acute

rejection with rare perivascular

lymphocytes (hematoxylin

and eosin [H&E] staining;
340). (B) Grade A2 acute re-

jection with a prominent peri-

vascular mononuclear infiltrate

(H&E staining; 340). (C)
Grade A3 acute rejection with

extensive perivascular infiltrate

extending into perivascular

spaces (H&E staining; 340).
(D) Grade A4 acute rejection

with a diffuse mononuclear in-

filtrate with lung injury (H&E
staining; 340). (E) Grade B2R

(high grade) lymphocytic

bronchiolitis with dense peri-

bronchiolar mononuclear infil-
trate (H&E staining; 340). (F)

Immunofluorescence on frozen lung tissue, demonstrating positive C4d staining in subendothelial space and within alveolar septae (immunoflu-

orescent staining; 3400).
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mismatch increases the risk of acute rejection (53–55). However,
this effect is not consistent across all HLA loci or studies.
Mismatches at the HLA-DR, HLA-B (53), and HLA-A (54)
loci, as well as a combination of all three loci (55), appear
important. However, these single-center studies simply do not
have enough patients or power to fully assess the clinical
significance of HLA matching, since in any single-center study
there are relatively few patients with a high degree of matching. A
similar lack of replicability has been seen in the evaluation of
HLA mismatching as a risk factor for BOS. Although several
single-center studies have shown that increased HLA mismatch-
ing predicts BOS (56), a registry analysis of 3,549 lung transplant
recipients contradicts this data (54). In addition, the ISHLT
registry has not found a correlation between HLA matching
and survival (1). Thus, while HLA mismatching between donor
and recipient likely contributes to the immunologic basis for
acute rejection, it is difficult to discern from existing studies if
a mismatch at a particular locus or if different degrees of
mismatch significantly alter the overall risk for acute rejection.

Immunosuppression. Despite the introduction of new immu-
nosuppressants in the maintenance regimens of lung transplant
recipients, no agents have been associated with a clear reduction
in acute rejection rates. Current regimens commonly employ
a calcineurin inhibitor, corticosteroids, and mycophenolate mofe-
til (MMF) or azathioprine as third agent (4). Several studies
suggest that there may be lower incidence of acute rejection with
tacrolimus as opposed to cyclosporine (57, 58). Self-reported
ISHLT registry data also supports the idea of decreased acute
rejection episodes with tacrolimus compared with cyclosporine,
but no difference is seen between MMF and azathioprine (1).

Surprisingly, very few studies have directly examined the link
between serum levels of immunosuppression and acute rejection.
High levels of immunosuppression, as measured indirectly by
a positive blood Epstein-Barr virus (EBV) PCR, have been found
to correlate with lower incidence of acute rejection (59). Fur-
thermore, lung transplant recipients who develop one episode of
early high-grade acute rejection appear to be more likely to
develop additional acute rejection episodes within the first year
after lung transplant, suggesting that patients with prior rejection
should be treated with more aggressive immunosuppressive
regimens or dosing (43).

Infections. In solid organ transplantation, viral infections
have long been thought to modulate the immune system and
heighten alloreactivity. Indeed, a high incidence of acute rejection
has been found in lung transplant recipients after community-
acquired respiratory tract infections with human influenza virus,
respiratory syncytial virus (RSV), rhinovirus, coronavirus, and
parainfluenza virus (60–62). Although cytomegalovirus (CMV) is
considered a potential risk factor for bronchiolitis obliterans
syndrome, studies directly linking CMV infection or CMV pro-
phylaxis strategies with acute rejection have been inconsistent
(2). In one study, Chlamydia pneumoniae infection was linked to
the development of acute rejection and BOS (63).

Recipient factors. Several host genetic characteristics have
been identified as risk factors for acute lung rejection. A genotype
leading to increased interleukin-10 production may protect against
acute rejection (64) and a multidrug-resistant genotype (MDR1
C3435T) appears to predispose to persistent acute rejection re-
sistant to immunosuppressive treatment (65).

We have also developed and pursued the hypothesis that
genetic variation in innate pattern recognition receptors modu-
lates the development of acute rejection after lung transplanta-
tion and found reduced acute rejection with a variant in Toll-like
receptor 4 (TLR4) that blunts the innate immune response and
increased rejection with a CD14 variant that augments the innate
response (66, 67). Collectively, these studies provide considerable

support for the overall hypothesis that the constant interplay
between the environment and pulmonary innate immunity
modulates adaptive alloimmunity after lung transplantation.

The effect of age on acute rejection appears to be bimodal,
with the lowest incidence of acute rejection in infancy (below age
2) (68) and increased risk during childhood as compared with
adulthood (69). The incidence of acute rejection in older lung
transplant recipients (age 65 or higher) does not seem to change
(70); in fact, an increased rate of infections in older lung trans-
plant recipients is thought to contribute to an increased mortality
detected at one center, arguing for reduced immunosuppression
in these patients (71).

Multi-organ and living-lobar transplants. The presence of
multiple organs from the same donor is generally believed to
provide an immunologic advantage and lead to lower rates of
rejection. Decreased rejection has been shown for grafted kidney,
liver, and heart in combined heart-kidney, liver-kidney, and
heart-lung transplant recipients, although this benefit does not
seem to translate into prolonged graft or recipient survival (72, 73).
The data regarding lung rejection in the presence of a second
organ remain inconclusive. One study showed decreased acute
lung rejection in heart-lung transplant recipients (73), while
other studies have disputed this finding (74, 75). In addition, the
ISHLT registry reports similar rejection-related mortality of
lung and heart-lung recipients (1). The protective effects of the
liver in lung-liver recipients is still debated as well, due partly to
the rarity of this transplant procedure. Two of three published
small case series of lung-liver recipients show very low lung
rejection rates: 30% versus the expected greater than 50% seen
in lung-only recipients (76). This immune protection has not
been apparent in studies of living-lobar lung recipients, where
incidence of acute rejection does not appear to be significantly
different from baseline, although lower rates of BOS have been
described (77).

Summary. While the precise mechanisms that lead to acute
rejection after lung transplantation are uncertain, it appears that
the recipient response to the allograft is modulated by the degree
of HLA mismatch between donor and recipient and environ-
mental factors, including both the nature and intensity of
immunosuppression as well as local allograft exposures and
infection. Recently, we have demonstrated that genetic variation
in the recipient’s innate response act in concert with these other
factors to further regulate the development of acute rejection.
Clearly, additional genetic and environmental factors not yet
identified likely influence the complex host response to lung
allotransplantation.

Treatment of Acute Lung Rejection

Treatment of acute lung allograft rejection consists of increased
immunosuppression. There has been consensus that grades A2
and higher require treatment. Early in the clinical practice of lung
transplantation, there was debate whether to treat grade A1 and
isolated B-grade airway inflammation. In light of recent evidence
that grade A1 rejection and lymphocytic bronchiolitis are major
risk factors for BOS, treatment seems prudent.

Although a more in-depth discussion of immunosuppression
can be found elsewhere in this issue, we present a brief overview
of acute rejection treatment. The mainstay of treatment for acute
lung rejection is pulse-steroids. Several studies from the 1990s
showed successful resolution or improvement of acute rejection
after high-dose steroid treatment (37, 78). There is no data to
clearly guide dosing of the pulse steroids; a standard dose is 500
mg of methylprednisolone intravenously (4), although centers
use doses that range from 125 mg per day up to 1,000 mg per day.
Duration of treatment also varies but typically includes at least
three doses followed by an oral prednisone taper.
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A major challenge in lung transplantation has been the
treatment of resistant, persistent, or recurrent rejection that gets
diagnosed on follow-up transbronchial biopsies. A repeat course
of corticosteroids is one option. Several studies support switching
from cyclosporine to tacrolimus for treatment of persistent acute
rejection (79, 80). Many centers use pulse treatments with a poly-
clonal antithymocyte globulin (ATG), anti–interleukin-2 recep-
tor (IL2R) antagonists, or muromonab-CD3 (OKT3) (81). A
recent report demonstrated the utility of alemtuzumab, an anti-
CD52 monoclonal antibody, in the treatment of refractory acute
rejection in a small cohort of patients who previously failed
treatment with ATG (38).

Inhaled immunosuppressants are appealing for treatment of
acute rejection. Inhaled corticosteroids have not been found to
have a role in the treatment of acute lung rejection. Inhaled
cyclosporine data were initially encouraging, with small studies
showing resolution of acute rejection and decrease in BAL
inflammatory markers (82, 83). Additional research is needed
to justify the use of inhaled cyclosporine in the treatment of acute
rejection, especially given the high incidence of side effects from
the inhalation carrier polyethylene glycol. Other therapies that
have been considered in the management of severe or persistent
acute rejection include extracorporeal photopheresis (84) and
total lymphoid irradiation (85).

The relationship between acute rejection, its current treat-
ments, and the eventual occurrence of BOS is an area of consider-
able interest. In many studies, acute rejection is identified as
a risk factor for BOS despite patients undergoing treatment with
corticosteroids for acute rejection. On the one hand, it is possible
that this treatment delays the onset of BOS. On the other hand,
in light of the recent explosion of knowledge regarding the
importance of regulatory T cells in transplantation tolerance, it
is conceivable that certain rejection treatments have adverse
effects on tolerance and regulatory mechanisms, changing allor-
eactivity in unexpected ways. A more mechanistic understanding
of acute rejection and its relationship to BOS is needed to develop
new and innovative means to improve outcomes in lung trans-
plantation.

HUMORAL REJECTION

Antibody-mediated allograft rejection is an increasingly recog-
nized entity in lung transplantation. Early observations were
based on the phenomenon of hyperacute rejection, where pre-
existent donor-specific antibodies lead to complement activation
and rapid graft loss. With the advent of improved crossmatching
before transplant, the incidence of hyperacute rejection in all
organs has decreased. However, acute or chronic antibody-
mediated lung rejection is an emerging and controversial subject.
With the development of improved antibody detection techni-
ques, allograft-specific antibodies have been implicated in both
acute and chronic kidney as well as heart rejection, and recent
data have expanded the concept to lung transplantation. This
section will discuss emerging issues in humoral lung rejection,
including humoral sensitization both before and after lung trans-
plantation as well as pathologic features of humoral rejection,
which can occur with or without the presence of detectable
antibodies.

Detection of HLA Antibodies

Technologies used for HLA antibody screening and identifica-
tion include complement-dependent cytotoxicity (CDC) and
solid phase technologies such as ELISA, flow cytometry, and
the Luminex bead array assays.

Complement dependent cytotoxicity (CDC) methodology.
The CDC assay can be used for HLA serologic typing, antibody

screening and identification, and direct crossmatching. The
assay principle is that the specific reactivity between serum
antibody and cell surface antigen will activate complement,
causing cell death. Dead cells can subsequently be identified
under the microscope using vital dyes for cell staining.

For HLA serologic typing using CDC technology, a panel of
alloantisera and/or monoclonal antibodies with known specific-
ities is used to determine the type of HLA antigens on the
donor’s cell surface. This serologic HLA typing is the most error
prone due to lack of specific antibodies and cross-reactivity of
sera. For solid organ transplantation, most HLA laboratories
currently perform HLA typing using sequence-specific primers
and reversed sequence-specific oligonucleotide probes for more
precise DNA-based detection.

The real-time ‘‘prospective crossmatch’’ using the CDC assay
consists in incubating the actual recipient serum with actual donor
leukocytes to identify antibody binding and cell death. In lung
transplantation, due to the short ischemia time allowed between
organ harvest and transplantation, it is impossible, in most cases,
to perform a prospective crossmatch to determine the compati-
bility between the donor and the potential recipient. Therefore,
a stored panel of lymphocytes with known HLA types can be
used. In this setting, the Panel Reactive Antibody (PRA) is the
percentage of lymphocytes from the given panel that are recog-
nized by the patient’s anti-HLA antibodies. The PRA percentage
and specificity can be determined for a recipient at the time of
evaluation and then compared with the HLA typing of a potential
donor at the time of organ harvest. However, due to expression of
multiple HLA antigens on each cell, it is difficult to definitely
determine the fine antibody specificities by this method, leading
to an overall low sensitivity and specificity for the CDC detection
system.

Solid phase technologies for antibody screening and identi-
fication. These technologies are significantly more sensitive
and specific than the CDC-based assays. Their common feature
is the use of a solid matrix coated with purified HLA antigens
obtained from either cell lines or recombinant technology.
Routinely used solid phase technologies include ELISA, flow
cytometry, and Luminex, which detect both complement-fixing
antibodies and noncomplement-fixing antibodies.

ELISA is the least sensitive method of the solid phase
methodologies. It uses a microtiterplate on which the surface
of each well is pre-coated with purified HLA antigens. After
incubation with patient serum and a secondary antibody, a
chromogenic reaction visualizes the specific antibody–antigen
bindings.

By measuring indirect immunofluorescence, both flow cytom-
etry and Luminex detect HLA antibody binding to microparticles
coated with purified HLA antigens or recombinant single anti-
gens. Antibody screening by flow cytometry, also referred to as
Flow PRA (Figure 4), uses a panel of 30 populations of beads
coated with HLA antigens extracted from 30 individual donors.
Once a patient’s PRA is determined to be positive or high, the
actual HLA specificity of a recipient’s anti-HLA antibodies needs
to be determined. The flow cytometric single antigen bead assay
allows very accurate identification of specific HLA antibodies
using beads coated with recombinant HLA single antigens
(Figure 5) (86). The most recently developed solid phase meth-
odology for single antigen detection is the Luminex single antigen
bead array assay, which can simultaneously detect a maximum of
100 different colored beads in suspension with a different HLA
antigen bound to each colored bead, providing an even better
coverage of the diversity of HLA antigens.

Antibodies may still be present at a level of detection below
the sensitivity of the methodology and/or against antigens not
represented by the screening reagents. However, it is believed
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that antibodies that remain undetected by current methods are
mostly ‘‘weak antibodies’’ and may not be clinically relevant.
Nevertheless, the most definitive compatibility test remains the
real-time crossmatch of the recipient serum with the potential
donor cells. Flow crossmatch, whereby actual donor cells are
incubated with recipient serum and bound antibodies are then
tagged with secondary fluorescent anti-IgG antibodies, has been
proven to be up to 10 to 250 times more sensitive than a CDC
crossmatch (87).

Pre-Transplant Considerations for Sensitized Patients

One of the major goals in donor selection is to avoid HLA
antigens against which the potential recipient has preformed
antibodies. About 10 to 15% of lung transplant recipients are
presensitized to HLA antigens (88). The recent development of
very sensitive and specific solid phase flow cytometry and
Luminex-based methodologies has allowed for accurate detec-
tion of antibody specificities in sensitized recipients. These

Figure 4. Flow cytometric anti-

body screening for measurement
of panel reactive antibody (PRA).

FlowPRA beads are coated

with purified human leukocyte

antigens (HLA). After incuba-
tion with patient serum, and

subsequent staining with fluo-

rescein isothiocyanate (FITC)-

labeled anti-human IgG, flowPRA
beads were analyzed on a flow

cytometer. Beads with anti-

body binding have greater

fluorescence intensity as repre-
sented by the rightward chan-

nel shift compared with the

negative control. A percentage
value of PRA is calculated based

on the area of peak shifted.

This patient demonstrated a

PRA of 35% for HLA class I and
0% for HLA class II. The double

peak in the positive flow histo-

gram is due to different bead

populations emitting fluores-
cence of different intensity.

Figure 5. Flow cytometric single antigen (SA) bead assay for detection of a group of anti-HLA class I specific antibodies. Each SA bead is coated with

multiple copies of a single recombinant HLA antigen. After incubation with patient serum and subsequent staining with FITC-labeled anti-human

IgG, SA beads were analyzed on a flow cytometer. A rightward shift of the beads in the patient sample (right-hand plot), as compared with the

negative control (left-hand plot), indicates antibody specificity to the HLA antigens analyzed. This patient has anti-A1, A25, and A26 specific
antibodies. For this patient, A1, A25, and A26 represent unacceptable antigens.
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technologies identify ‘‘unacceptable donor antigens’’ that should
be avoided at the time of transplant. When a donor becomes
available, information about the donor HLA antigens and the
recipient antibodies is compared, constituting a ‘‘virtual cross-
match’’ and allowing for the real-time prospective crossmatch to
be waived. We and others have demonstrated this virtual cross-
match approach has significantly shortened the waiting time for
presensitized recipients, and correlates highly with crossmatch
results performed at the time of transplant (89, 90). In addition,
patients undergoing retransplantation evaluation should be care-
fully screened for presensitization.

Post-Transplant Considerations in Sensitized Recipients

Even though ‘‘unacceptable antigens’’ are avoided during the
virtual crossmatch, patients with positive pre-transplant PRA
are at higher risk for post-transplant complications. Their post-
transplant PRA can stay stable or increase via generation of
either donor-specific or non–donor-specific anti-HLA antibod-
ies. Similarly, patients that had negative PRA screening tests
before transplant can develop de novo non–donor-specific or
donor-specific anti-HLA antibodies after transplant.

Using modern sensitive antibody detection techniques, re-
cent studies have consistently demonstrated increased incidence
of acute rejection (a threefold increase in one study) (91),
persistent rejection, increased BOS (HR, 3.19; 95% CI, 1.41–
7.12; P 5 0.005) (92) or worse overall survival (median of 1.5 yr
versus 5.2) (93) in patients with anti-HLA antibodies. This
effect is apparent both with pre-transplant HLA sensitization
and with the development of de novo anti-HLA donor-specific
antibodies after transplantation (92).

The importance of donor specificity and target antigens in
humoral rejection is not well understood. The risk of poor
outcome may be heightened in the setting of donor-specific
antibodies and positive retrospective crossmatches (93). How-
ever, patients with positive PRA, with negative crossmatches, and
without specificity to mismatched donor HLA antigens have also
been found to be at increased risk for poor outcome. On the one
hand, non–donor-specific antibodies that are present might cross
react with the donor HLA or antibodies specific to donor HLA
might be rapidly absorbed in the lung allograft before their
detection in the sera. Alternatively, other non-HLA antibodies
could contribute to graft injury. For example, de novo autoim-
munity after lung transplantation against type V collagen (94) and
K-a1 tubulin expressed on airway epithelial cells has been shown
to predispose to BOS (95). Another study demonstrated the
presence of antiendothelial antibody directed against donor
antigens in the absence of anti-HLA antibodies (96).

It remains unclear exactly how often post-transplant PRAs
should be measured and to what extent humoral rejection
occurs among lung transplant recipients. Additional research
is needed to more precisely define the significance of antibody
to donor HLA, to third party HLA, or to self-antigens after lung
transplantation.

Mechanisms of Post-Transplant Humoral Injury

The mechanisms by which antibody promotes lung allograft
injury remain poorly understood. Antibody binding to alloMHC
or other endothelial or epithelial targets in the lung could lead to
activation of the complement cascade with complement deposits
leading to endothelial cell injury, production of proinflammatory
molecules, and recruitment of inflammatory cells. Complement-
independent antibody-mediated mechanisms can also induce
endothelial cell activation without cell injury, leading to increased
gene expression and subsequent proliferation (6). As demon-
strated by in vitro studies, anti-HLA antibodies can cause pro-
liferation of airway epithelial cells as well, producing fibroblast-

stimulating growth factors (97), potentially contributing to the
generation of obliterative airway lesions.

Pathologic Patterns of Humoral Lung Rejection

Hyperacute rejection after lung transplantation has been rarely
reported because of the use of crossmatching and careful
avoidance of unacceptable donor antigens. The characteristic
pathologic appearance of hyperacute lung rejection includes
small vessel vasculitis and necrosis, intra-alveolar hemorrhage,
and diffuse alveolar damage, with the common identification of
platelet and fibrin thrombi, capillary congestion with neutrophils
and macrophages, as well as antibody deposition on endothelial
surfaces, vascular walls, alveolar spaces, and septae (98).

Early reports of pulmonary capillaritis suggested that there is
a separate form of atypical rejection, presumably due to humoral
rejection that is poorly responsive to steroids, with some re-
sponsiveness to plasmapheresis (99). More recent studies have
attempted to evaluate immunoglobulin and complement deposits
in the subendothelial space. Septal capillary deposits of immu-
noglobulins and complement products such as C1q, C3d, C4d
(Figure 3F), and C5b-9 have been described in association with
anti-HLA antibodies (100, 101) as well as allograft dysfunction
and BOS (102, 103).

The concept of a specific histopathologic syndrome associated
with humoral rejection remains controversial. Recent studies
question the relation between complement or immunoglobulin
staining and allograft rejection (104, 105). Others demonstrate
that C3d and C4d staining can occur in lung transplant patients
with nonalloimmune lung injury such as infection and PGD with
no evidence of anti-HLA antibodies (103). Differences in staining
techniques between different laboratories may further explain
some of the inconsistencies in the published data.

The LRSG report on the working formulation for the di-
agnosis of lung rejection remains very cautious in discussing the
pathologic appearance of humoral rejection. The consensus is
that capillary injury can be detected on lung allograft biopsies,
although it can be a nonspecific finding. Findings of small vessel
intimitis or endothelialitis, along with immunohistochemical
staining for complements, should raise the suspicion for humoral
rejection (14). Although such pathologic findings have been
reported without evidence of anti-HLA antibodies and visa versa,
the presence in one patient of both anti-HLA antibodies and
pathologic findings suspicious for humoral rejection should be
seen as strong evidence for humoral rejection.

Prevention and Therapy for Antibody-mediated Rejection

Plasmapheresis is the mainstay for antibody removal from the
circulation and has been shown to lead to clinical improvement in
other solid organ transplants with humoral rejection as well as in
lung transplant recipients with pulmonary capillaritis unrespon-
sive to steroids (106). However, it is usually reserved for severe
cases of suspected humoral rejection, given the side effects
and difficulties of administration. Intravenous immunoglobulin
(IVIG) is one of the most common therapies used to decrease
antibody-mediated immunity. IVIG causes B cell apoptosis,
reduces B cell numbers, and down-regulates several B cell surface
antigens. It also blocks binding of donor-reactive antibodies and
may inhibit complement activation. It has a relatively low side
effect profile. The peritransplant use of IVIG and plasmapheresis
at our institution in 12 presensitized patients led to elimination of
antibodies in 85.7% for class I anti-HLA antibodies and 33.3% of
class II anti-HLA antibodies, stronger improvements in pulmo-
nary function, more than a 50% decrease in acute rejection
episodes, and greater freedom from BOS (90% treated versus
50% untreated at 5 yr by Kaplan-Meir estimates) compared with
the 23 presensitized patients who did not get desensitization
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therapy (88). Rituximab, an anti-CD20 monoclonal antibody that
causes B cell depletion, has been proven effective in the treatment
of presensitized renal transplant recipients in conjunction with
IVIG (6, 107).

Despite new highly sensitive measures to screen for anti-HLA
antibodies and evidence that such antibodies are detrimental to
the allograft, optimal monitoring and treatment parameters for
humoral rejection after transplant remain uncertain. Further
studies are needed to determine whether IVIG, plasmapheresis,
or rituximab alter the risk for chronic allograft dysfunction in
sensitized patients.

CONCLUSIONS

Since the first successful human lung transplants, acute rejection,
defined by perivascular or peribronchiolar mononuclear inflam-
mation, was recognized to occur in a majority of patients.
Rejection was thought to occur as a result of alloreactive T
lymphocytes responding directly or indirectly to donor antigen. In
recent years, however, a much more complex picture of lung
transplant rejection has emerged. In addition to HLA diversity,
genetic variation in innate immune pattern recognition receptors
also influences the risk for post-transplant rejection. Further-
more, humoral rejection occurs, characterized by the presence of
antibody to the donor HLA or histopathologic evidence of local
pulmonary complement activation. Finally, environmental stim-
uli, such as pulmonary infections, interact directly with the lung
allograft and contribute to the development of rejection. Thus,
while lung allograft rejection appears to share many features with
other solid organ transplants, it is clear that other factors specific
to the lung and its constant environmental interactions also
contribute to the very high prevalence of lung allograft rejection.
A greater understanding of the heterogeneity of lung rejection is
critical to developing therapies that target the precise biological
mechanisms of rejection and ultimately improve long-term lung
transplant outcomes.
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