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1. ABSTRACT

Lung transplantation is a viable treatment option
for a variety of end-stage lung diseases. Since the first
successful human lung transplant about 20 years ago,
tremendous progress has been made in this field. However,
lung allografts have the poorest long term survival
compared to other solid organs. The predominant reason
for this is the development of chronic rejection, also known
as bronchiolitis obliterans syndrome (BOS). Although the
traditional view supports alloimmunity as the major cause
of chronic rejection, emerging evidence reveals a complex
interplay of multiple etiologies including perioperative
stressors, inflammation, and autoimmunity along with
alloimmunity. Identification of autoimmunity in the
pathogenesis of BOS is an exciting recent finding in
lung transplantation and promises to introduce novel
strategies for future therapeutic interventions. In this
review, we discuss recent studies and concepts related to
the role of autoimmunity in the development of BOS.
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2. INTRODUCTION

It is remarkable that in just over 20 years since its
first success, lung transplantation is providing good
palliation for an increasing number of patients world-wide
for a variety of end-stage lung diseases. The Registry of the
International Society of Heart and Lung Transplantation
recorded 24,904 lung transplants between 1985 and 2006
(1). Overall survival after lung transplant has steadily
improved with the passage of time. During 1988-1994,
median survival was only about 3.9 years. However,
between 2000- 2006, the median survival increased to 5.5
years, with a 1-year survival of 81.4% and 5-years survival
of 53.5%.

Chronic lung allograft rejection, also called
Bronchiolitis Obliterans Syndrome (BOS) remains the most
common cause of long-term lung allograft failure (1). BOS
is characterized by progressive airflow obstruction
associated with chronic airway fibrosis, a histopathological
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condition also known as Obliterative Bronchiolitis (OB)
which predominantly affects distal airways (2).
Transbronchial biopsies that are performed for acute
rejection are highly insensitive to diagnose OB because of
the heterogenous nature of the disease and limited sampling
of distal bronchiolar tissue.  Therefore the -clinical
syndrome of BOS was developed to identify patients with
underlying OB. BOS is diagnosed by a persistent decline in
the baseline post-transplant forced expired volume after the
exclusion of other causes of airway obstruction including
anastomotic stricture (3). Unfortunately, BOS gradually
progresses toward respiratory failure and death and is
unresponsive to current immunosuppressive regimens.

3. CLINICAL RISK FACTORS FOR BOS

BOS has a multifactorial etiology. Recent
evidence suggests that inflammation leading to
augmentation of allo- as well as auto- immunity might be
the common link between risk factors and pathogenesis of
BOS. The risk factors for BOS that have emerged
consistently in multiple studies from different centers are
discussed below.

3.1. Primary graft dysfunction

PGD is the most common early post-transplant
complication and the incidence can be over 70%.
Previous studies by our group demonstrated that higher
the grade of PGD (Grade 1-3) 24 hours post-transplant,
greater the risk of BOS (4). Further, we demonstrated
that PGD induced inflammation promoted the
development of alloantibodies and predisposed to BOS

(5).

3.2. Acute cellular rejection

Acute rejection has been consistently shown to
be a strong clinical risk factor in several series.
Histologically, acute rejection could either be
perivascular or peribronchiolar. Recent studies have
shown that even a single episode of mild acute rejection
may predispose to BOS (6). Acute rejection is also
postulated to augment the inflammatory milieu in the
allograft leading to BOS.

3.3. Humoral rejection

Published evidence supports the role of both
pre-formed and de novo HLA class I and II antibodies in
pathogenesis of BOS (7-9). Post-transplant
inflammation, for instance, as a consequence of PGD,
promotes development of de novo HLA antibodies (10).
Ligation of target antigens on allograft tissue with
specific antibodies can lead to pro-inflammatory and
profibrogenic growth factors that contribute to chronic
rejection (11).

3.4. Respiratory viral infections

These have emerged as a strong risk factor for
BOS (12). We recently demonstrated that respiratory
viruses including adenovirus, respiratory syncitial
viruses, influenza, and para-influenza viruses lead to
apoptosis in regulatory T cells that are known to
suppress autoimmunity (13). Loss of regulatory T cells
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can promote de novo allo- and auto- immunity that can
predispose to BOS.

3.5. Gastroesophageal reflux

Gastric reflux disease can be observed in over
50% of lung transplant recipients (14, 15). Presence of
gastric contents can lead to inflammation and has been
shown to significantly increase the risk of BOS. In a recent
study by Bobadilla et al, gastric reflux was shown to
correlate with increased immunity to collagen V in
transplant recipients (16). As will be discussed later in this
review, immune response to the self-antigen collagen V
increases the risk of BOS.

3.6. Autoimmunity

The role of autoimmunity in the pathogenesis of
chronic rejection remains under-investigated. An
inflammatory milieu is conducive for the development of
autoimmunity. Due to the exposure of lung allografts to
external pathogens or gastric acid in those with post-
transplant gastro-esophageal reflux, lung allografts are
uniquely predisposed to such an inflammatory milieu and
development of autoimmunity. Emerging data is
establishing an important role of autoimmunity in lung
allograft rejection. Studies from our lab and others have
shown that both cellular as well as antibody mediated
autoimmunity increases the risk for BOS. Self-antigens that
have been identified thus far include collagen type I,
collagen type V, and k-alpha-1 tubulin (17). Patients can
develop autoimmunity prior to transplantation or de novo
post-transplant. In the following text, we will discuss
mechanisms that lead to autoimmunity in lung transplant
recipients and its role in the pathogenesis of BOS.

4. PRE-EXISTING AUTOIMMUNITY AND ITS
ROLE IN LUNG ALLOGRAFT REJECTION

This section discusses the role of pre-existing
autoimmunity in the development of lung allograft
dysfunction.

4.1. Chronic inflammation in patients with end-stage
lung disease can lead to autoimmunity

During lymphocyte development, T cells are
screened within the thymus and self-antigen reactive T cells
are deleted. However, there are sequestered antigens that
are not expressed on thymocytes and T-cells specific to
these antigens leak out into the periphery. Patients with
end-stage lung disease have ongoing inflammation in the
native lungs. During inflammation tissue damage can lead
to expression of self-antigens that may be presented to
such autoreactive T cells. Such an inflammatory milieu
is conducive for the development of autoimmunity.
Recent findings demonstrating that lung inflammation
present in asthmatics and cigarette smokers can promote
autoimmunity supports such a hypothesis (18). In the
following section we discuss how investigations looking
at the pathogenesis of primary lung allograft
dysfunction that develops immediately following
transplant led to the identification of pre-existing
autoimmunity in patients undergoing lung
transplantation.
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4.2. Pre-existing autoimmunity induces primary lung
allograft dysfunction

Lung allografts frequently develop a syndrome
called primary graft dysfunction (PGD) in the immediate
post-transplant period. PGD usually develops within the
first 24-48 hours after transplantation and strongly
increases the risk of BOS. In one of the previous reports
from our center, patients with PGD were found to have
over two and a half fold increased risk of developing BOS
(4). As discussed in the subsequent sections, development
of PGD is associated with inflammation that promotes the
both cellular as well as humoral allo-immunity which, in
turn, leads to BOS (10). Hence, PGD is an important risk
factor for BOS. However, the pathogenesis of PGD is still
not well understood. Insults to the lung allograft begin
with donor brain death even prior to organ harvest (19).
Hypothermic storage associated with organ harvest and
subsequent ischemia-reperfusion upon re-implantation then
contributes to lung injury that has been postulated to lead to
PGD (20).

However, donor or harvest related etiologies do
not explain why some recipients develop severe form of
PGD despite receiving the best organs in the most optimal
circumstances. This led to ongoing search for PGD
etiologies and evaluation of pre-transplant variables in the
recipient. Westall et al evaluated human transbronchial
lung biopsy specimens in patients with PGD and found
high levels of complement deposition in the perivascular
and peribronchial areas (21). This suggested that PGD may
be mediated by antibody-complement pathway. We know
that HLA mismatch between the donor and recipient does
not have any significant correlation with PGD
development. Nevertheless, it was possible that pre-existing
allo-specific (HLA) antibodies in the recipients could
mediate such an immune response. However, when we
evaluated human recipients that developed PGD but were
negative for HLA antibodies, we found elevated
complement C4d in bronchoalveolar lavage specimens
(22). Absence of HLA antibodies raised the possibility that
pre-existing autoantibodies were likely responsible for the
complement activation. This mechanism has been
investigated by Iwata et al in rat lung transplant model.
They transferred autoantibodies against a self-antigen,
collagen type V, in rats and subsequently transplanted them
with lung isografts. These rat lung isograft recipients that
had received anti-collagen V autoantibodies prior to
transplant developed a syndrome mimicking human PGD
(23). They further showed that lung biopsies obtained from
these rat lung isograft recipients that developed the PGD-
like syndrome had both autoantibody and complement
deposition on the allograft airway epithelium (23).

Direct evidence of pre-existing autoantibodies in
human subjects has also been reported. Bobadilla et al also
found that about 58% of patients with idiopathic pulmonary
fibrosis and 16% of patients without idiopathic pulmonary
fibrosis have anti-collagen V immunity detected by using
the trans-vivo mouse footpad delayed type hypersensitivity
model (24). We developed standardized ELISA assays to
investigate the presence of autoantibodies against collagen
type L, collagen type V, and k-alpha 1 tubulin. All of these
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are non-polymorphic self-proteins present in the lung
tissue. We evaluated 142 patients undergoing lung
transplantation and found that 41 (28%) had at least one
autoantibody against these self-proteins. We were able to
correlate a significant increase in the incidence of PGD in
patients with circulating autoantibodies (85.4% Vs 65%)
with a relative PGD risk of 3.1 compared to allograft
recipients without any circulating autoantibody (95% CI
1.2 to 8.1, p=0.02). This risk was even higher if patients
had all three autoantibodies (RR 7.4, 95% CI 0.93 to 58.9,
p=0.03) (22). Taken together, these data strongly support
the role of autoantibodies in the pathogenesis of primary
graft dysfunction which, in turn, predisposes to BOS.

5. DE NOVO AUTOIMMUNITY FOLLOWING LUNG
TRANSPLANT

5.1. Lung transplantation provides an optimal
environment for lung tissue specific autoimmunity

Lung allografts undergo continuous injury-repair
cycles due to multiple insults sustained during and after
transplantation. Such an inflammatory milieu is conducive
for the expansion of self-reactive lymphocytes due to: 1)
release of previously “cryptic” determinants and neo-
antigens, ii) lowering of T-cell activation threshold and
priming of autoreactive T-cells with “low-affinity” TCRs
which were previously below their activation potential (25),
and iii) diversification of epitope specificity of alloreactive
T-cells to new allo- or auto- antigens through epitope
spreading (26, 27). Further, the perioperative stress can
trigger inflammation through innate immune cells that
include neutrophils, dendritic cells, macrophages and
structural epithelial and endothelial cells in the lung
allografts. These cells respond to foreign antigens as well
as microbial or viral products using pathogen recognition
receptors (PRRs). PRRs include toll-like receptors (TLRs),
NOD-like receptors and the RIG-like helicases. PRRs may
also react with self-antigens, such as hyaluronan or heat
shock proteins, that may be released after cellular damage
during transplantation and trigger an immune response. For
instance, Tesar et al reported that hyaluronan degradation
products can activate dendritic cells to produce
proinflammatory mediators and prime alloimmunity (28).
In addition, they showed that presence of hyaluron in
human lung allograft samples correlate with BOS, thereby
linking autologous TLR ligands to the development of lung
allograft rejection (28). The role of the innate immunity
in BOS is clearly emerging and may provide insight into
developing novel therapeutic strategies to prevent it.

Another important risk factor for the
development of both auto- as well as allo- immunity is
PGD that can be seen in up to 70% of the lung
transplant recipients within the first 24- 48 hours after
transplant (22). In a series of 127 patients, we found that
22.8% had no PGD while the rest developed some grade
of PGD. Patients with PGD had elevated levels of pro-
inflammatory chemokines MCP-1 and IP-10 as well as
cytokines IL-1beta, IL-2, IFN-gamma, and IL-12 (29).
Hence, PGD can then trigger the immune response and
lead to inflammation that can, in turn, augment allo- as
well as auto- immunity.
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5.2. Autoimmunity in the pathogenesis of obliterative
airway disease in animal models

Collagen type V (col V) is a non-polymorphic
self-antigen present in the peribronchial and perivascular
tissues of lung allograft tissue and is normally protected
from the immune system since it is incorporated within
collagen type I (30). In the rat lung transplant model, col V
fragments were detected in the bronchoalveolar lavage
specimens during peri-transplant inflammation and acute
rejection. Immunohistochemistry revealed col V in the
peribronchiolar and perivascular areas as well as
interstitium of the transplanted lungs. In contrast, col V
expression was not detected in normal control lungs (31).
Col V-specific T cells were present in the transplanted
lungs of these rats and proliferated in response to col V.
Adoptive transfer of col V-specific T cells into normal
lungs did not induce obliterative airway disease. However,
transfer of col V specific T cells into isograft as well as
allograft rat recipients induced rejection (32, 33).
Interleukin-17, an autoimmune cytokine, was elevated in
fresh isografts after adoptive transfer of col V specific T
cells. These data imply a role of autoimmunity against
these cryptic collagen epitopes in allograft rejection.

Wilkes and colleagues further tested the
hypothesis that inducing tolerance towards col V prior to
transplant would protect from rejection (32, 34). They first
isolated bronchoalveloar lavage (BAL) cells from wild type
C57B1/6 mice and instilled them into the lungs of MHC-
mismatched wild type Balb/c mice. This led to airway
epithelium and vascular endothelial damage that was
consistent with acute rejection. However, tolerizing these
mice towards col V by administration of col V into the
lungs prior to instillation of allogeneic BAL cells prevented
the development of rejection pathology and down-regulated
T-lymphocyte proliferation. They further hypothesized that
the allogeneic BAL cells lead to tissue damage and released
col V that is normally sequestered in the perivascular and
peribronchial tissues. To support this they demonstrated
that instillation of col V-pulsed autologous bronchoalveolar
cells into lungs of mice that had previously received
allogeneic BAL cells perpetuated rejection pathology (34).

In another model, rats were fed col V or diluent,
as control, prior to receiving an MHC-mismatched
allograft. This was done to induce tolerance against col V
by oral feeding. Subsequently, the rats were transplanted
with  MHC-mismatched lungs in the absence of
immunosuppression. At 10 weeks, the authors described
that rats that received col V before transplant had much less
severe rejection (mild, grade 2). This was in contrast to the
diluent fed rats that developed full blown obliterative
bronchiolitis. Furthermore, the col V fed rats did not mount
immune response to donor antigens at the end of 10 weeks
while the diluent fed mice had a robust response to donor
antigens suggesting that inducing tolerance towards col V
downregulated the alloimmune response. They then
showed that adoptive transfer of T cells isolated from
transplanted lungs of rats tolerized with col V could confer
tolerance into syngeneic rats receiving MHC-mismatched
lung transplantation (32, 33). It is debatable that the lesions
shown in these studies truly represent chronic lung allograft
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rejection as seen in human subjects. Nevertheless, these
data suggest that tolerance to col V might abrogate the
rejection of MHC mismatch allograft to some degree.

Airway epithelial cells (AEC) are important
immunological targets in lung allograft rejection. Using
heterotopic and orthotopic tracheal transplants models we
demonstrated that tracheal allografts when first transplanted
orthotopically get epithelialized with recipient epithelium
that protects them from obliterative airway disease in the
absence of any immunosuppression. These epithelialized
tracheas when re-transplanted heterotopically into same
strain recipients are protected from rejection while there
was a development of obliterative airway disease (OAD)
following transplantation into third-party recipients. These
results clearly demonstrated that airway epithelium is a
primary target for OAD (35). Anti-AEC antibodies
produce pro-inflammatory and fibroblastic growth factors
upon ligation with AEC (36). As we will describe later, we
have identified a novel self-antigen expressed on AEC that
becomes the target of autoimmunity following human lung
transplantation (36). We also developed a novel murine
model to study the role of allo-antibody induced
autoimmunity following lung transplantation which is
discussed below. Using this model we showed that
administration of anti-MHC class I antibodies result in IL-
17 mediated induction of autoantibodies as well as
development of OAD-like lesions in the native lungs (37).

6. DE NOVO AUTOIMMUNITY AND ITS ROLE IN
PATHOGENESIS OF BOS

A self-protein that has been extensively studied
in the context of autoimmunity in lung transplant patients is
collagen type V (col V). Col V is located within the lung
interstitium and expressed by airway epithelial cells. Its
expression is enhanced by ischemia reperfusion injury
following transplantation and tissue remodeling (38). T
cells specific to col V can lead to acute rejection in rat
isografts suggesting autoreactive T cells may promote graft
failure. Col V specific T cell clones were found to be
expanded in patients with BOS (39) and associated with
10-fold increased risk for BOS (40). While dendritic cells
are known to be key players in initiating cellular immunity,
col V reactivity is reported to be dependent on monocytes
(CD14") (40). However, the cellular immune responses to
col V were mediated by IL-17A, TNF-alpha, and IL- 1beta.
Hence coordination between CD4" T cells and monocytes
may induce IL-17 producing autoreactive Th17 cells and
mediate BOS. Lung allografts are infiltrated with many
monocytes and macrophages and thus provide a unique
environment to promote interactions and expansion of
autoreactive T cells.

Th17 cells are involved in mucosal immunity and
have been shown to contribute to the development of
autoimmunity both in animal models and humans (41).
However, the differentiation of T cells into Th17 cells has
not been fully characterized. It is speculated that the
cytokine milieu and activation status of the antigen
presenting cells strongly influence the differentiation of T
cell into Th17 cells. Cytokines that have been shown to
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promote development of Th17 cells include IL-1beta, TGF-
beta, IL-6, IL-23 and IL-21. Vanaudenaerde et a/ found that
lung transplant recipients with BOS had increased BAL
levels of IL-17 and IL-8 (42). Although, the neutrophilic
cytokine, IL-8 has been associated with BOS (43) it is
unclear whether neutrophils are a marker of inflammation
or mediator of obliterative airway disease. Since IL-17 is
also chemotactic for neutrophils, current data suggests that
the presence of neutrophils may be secondary to a Thl7
mediated alloimmune or autoimmune response.

Since Th-17 cells may be involved in mucosal
and anti-epithelial immunity, the association of IL-17 with
OAD supports findings from our experiments that airway
epithelial cells might be a major target for development of
OAD (35). As discussed before, we showed that murine
tracheal allografts re-epithelialized by recipient epithelium
are protected against obliterative airway disease when re-
transplanted heterotopically. Since the initial donor
epithelium is not exposed to the recipient immune system
in that model, OAD does not develop in this model. Human
studies further support the role of anti-epithelial
autoimmunity in OAD development. In a recent study from
our lab, Goers et a/ found that about a third of human lung
transplant recipients develop non-HLA anti-epithelial cell
antibodies that lead to the production of pro-fibrogenic
growth factors and fibro-proliferation upon ligation with
airway epithelium. Further sequencing revealed that these
antibodies were specific to a self-antigen, k-alpha 1 tubulin
(36). Subsequent studies from our lab have shown that lipid
raft mediated ligation of autoantibodies to k-alpha tubulin
on epithelial cell membrane results in upregulation of
growth factor cascades included pro-fibrogenic growth
factors involved in the pathogenesis of BOS (44).

7. ALLOIMMUNITY AND INDUCTION
NOVO AUTOIMMUNITY

OF DE

Antibodies against MHC class I antigens pose an
increased risk for allograft failure and after lung
transplantation. In a prospective analysis, we demonstrated
that onset of anti-MHC class I Abs precedes the
development of BOS (44, 45). As discussed above, AEC
are important immunological targets in lung allograft
rejection. When stimulated with anti-MHC class I Abs,
AECs undergo proliferation and secretion of pro-fibrogenic
growth factors. These include heparin-binding epidermal
growth factor (HBEGF), basic fibroblast growth factor (b-
FGF), granulocyte monocyte colony-stimulating factor,
insulin like growth factor-1, platelet-derived growth factor,
and transforming growth factor-beta (TGF-beta). Besides
augmenting the immune response, they promote
fibrogenesis and airway obliteration. Subsequent studies
have also demonstrated a correlation between development
of de novo anti- MHC class II Abs and BOS (10).

We previously used murine models of OAD to
better characterize the role of anti-MHC antibodies and
chronic lung rejection. Following heterotopic tracheal
transplantation, administration of anti-MHC class I Abs
into immune-deficient RAG-1-knockout mice resulted in
obliterative airway pathology. Up-regulation of growth
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factors and pro-apoptotic genes was noted in mice treated
with anti-MHC class I Abs but not with control Ab.
Alloantibody induced activation of AECs lead to over
expression of adhesion, costimulatory, and MHC class II
molecules as well as secretion of proinflammatory
cytokines and chemokines. Such an inflammatory milieu
may be conducive for development of autoimmunity. This
further lead us to hypothesize that alloimmunity may
induce autoimmunity.

We investigated this hypothesis in our unique
murine model in which anti- MHC class I monoclonal
antibodies were administered into the trachea and induced
autoimmunity and OAD-like lesion in the native lungs (37).
In this model, administration of anti-MHC class 1
antibodies into the native lungs of mice resulted in
autoimmunity leading to cellular infiltration, epithelial
hyperplasia, endothelitis, fibro-proliferation, collagen
deposition and luminal occlusion of the small airways- the
central events that are pathognomonic of chronic human
lung allograft rejection. Monoclonal antibodies against
strain  MHC class 1 antigens were administered
intrabronchially into the native lungs of 3 different strains
of mice - BALB/C, C57BL/6 and HLA transgenic
C57BL/6 mice on days 1, 2, 3, and 6, and then weekly
thereafter. Antibodies of the same isotype (C1.18.4) and
anti-keratin Abs were administered in control animals. By
day 15, histopathological analysis of the anti-MHC class I
Ab administered lung tissue revealed the presence of
peribronchial and perivascular mononuclear infiltrates,
epithelial hyperplasia and fibrosis. By day 30, there was
increase in cellular infiltration around vessels and
bronchioles. There was also an increase in fibrosis along
with luminal occlusion of the small airways. In contrast,
there was no evidence of cellular infiltration, epithelial
hyperplasia or fibrosis in the isotype or anti-keratin
antibody treated animals. Immunohistochemical studies
revealed the presence of CD4" and CD11b" cells around the
bronchioles and vessels at both day 15 and day 30 in anti-
MHC class I antibody administered mice. The ligation of
MHC class I molecules expressed on the lung parenchyma
with antibodies significantly increased the expression of
pro-inflammatory  cytokines, chemokines and their
receptors along with increased bone morphogenetic protein
(BMP) and fibroblast growth factor (FGF) family of growth
factors. Further, in our murine model, IL-17 was the potent
proinflammatory cytokine that acted on epithelial cells,
airway endothelial cells, and fibrocytes and lead to further
cytokine and chemokine secretion (37). There was a
significant increase in the frequency of IL-17 producing T
cells against K-alphalT and col V in lung infiltrating T
cells of mice administered with anti-MHC Abs. In addition,
de novo production of autoantibodies against k-alpha 1 and
col V was noted. Hence alloantibodies may induce
inflammation and lead to the development of
autoimmunity.

8. LOSS OF REGULATORY T CELLS AND
AUTOIMMUNITY

While the mechanisms of tolerance and
autoimmunity development are complex, a subset of CD4"
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T cells characterized by cell surface marker CD25 and
transcriptional factor foxp3 have emerged as one of the key
players for maintenance of tolerance in the periphery
outside the thymus. Their function seems to be dependent
on Interleukin-2 (IL-2). These CD4'CD25 Foxp3” cells are
known as regulatory T cells or Tregs and their role in
tolerance is now well established. For example, CD25
deficient mice develop severe autoimmunity that can be
prevented by passive transfer of CD4'CD25" Tregs from
normal syngeneic mice. Furthermore, in vivo
administration of anti-IL-2 monoclonal antibodies
substantially reduced CD4"CD25" T cells and consequently
produced autoimmunity (46-51).

The scurfy strain of mice carries a lethal X-linked
recessive mutation in the foxp3 gene that codes for the
scurfin protein, a member of the forkhead/winged-helix
family of transcription factors. These mice develop hyper-
activation of CD4" T-cells and consequently severe multi-
organ autoimmune disease within a month after birth (52-
54). In 1982, X-linked human immunodeficiency syndrome
called IPEX (immune dysregulation, polyendocrinopathy,
enteropathy, and X-linked inheritance) was described (55).
This condition is associated with a severe autoimmune
disease similar to that seen in scurfy mice and was
subsequently found to have mutations in the human FOXP3
gene (56-58). Recently, foxp3 has been found to be crucial
for the development of CD4'CD25" Tregs that are capable
of preventing autoimmune diseases in the scurfy mice (59-
61). Further, females hemizygous for the foxp3 mutation
reveal genetic mosaicism due to random inactivation of the
X-chromosome. These “carrier” females do not develop
autoimmune diseases due to the presence of residual
normal, foxp3 expressing Tregs (62). Taken together, these
findings provide direct evidence that foxp3™ Tregs mediate
a dominant form of tolerance and prevent the development
of autoimmune diseases both in mice and humans.

In our earlier report, we serially analyzed clones
of collagen type V specific T cells in lung transplant
recipients. The col-V specific CD4" T-cells in LT patients
were predominantly IL-10 producing with low IFN-
gamma, IL-2, IL-5 and no IL-4 production. The IL-10
producing T cells strongly suppressed the IFN-gamma
producing Th-1 type T cells (39). However, in patients that
developed BOS, we found that IL-10 producing T cells
were lost and there was expansion of the IFN-gamma T
cells. The IL-10 producing T cells were distinct from
naturally occurring CD4'CD25 foxp3" regulatory T cells
since they did not express CD25 or foxp3 constitutively.
However, their development was dependent on CTLA
signals from natural Tregs (63). Hence, we showed a role
for both natural and adaptive regulatory T cells in the
pathogenesis of BOS. Also, previous studies both from our
lab and others have shown an association between Treg
dysfunction and increased incidence of BOS (64).

Since regulatory T cells are responsible for
peripheral tolerance and prevention of autoimmunity, loss
of Tregs would lead to development of autoimmunity.
Respiratory viral infections (RVI) represent one of the
strongest but preventable risk factors for the development
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of BOS (12). In a cohort of 259 patients, Khalifah et al
demonstrated that respiratory viral infections were distinct
risk factors for BOS (12). Furthermore, in our previous
report we demonstrated that murine parainfluenza sendai
viral (SdV) infection, a correlate of human RVI, increased
the severity of obliterative airway disease in murine
tracheal transplant model (65). Treg play a major role in
peripheral tolerance against self-antigens and loss of Treg
leads to autoimmunity (66). Since many viruses have also
been implicated in autoimmune disorders (67), we tested
the hypothesis that RVI predisposed to BOS by inducing
Treg dysfunction and promoting an immune response to
self-antigens.

We performed a longitudinal analysis of Tregs in
lung transplant patients (13). Over 40% of the study
recipients revealed troughs in the frequency of Treg troughs
as defined by a decrease greater than 50% of baseline. This
was due to apoptosis in the Tregs. Respiratory viral
infections were the only risk factor associated with the Treg
apoptosis. The viruses tested included influenza,
parainfleunza, respiratory syncitial, and adenovirus.
Furthermore, patients that showed Treg apoptosis had
increased prevalence of antibodies to self antigens collagen
type I (23.1% Vs 5.8% pre-trough), collagen V (7.7% Vs
0%), and k-alpha tubulin (30.7% Vs 11.7%, p<0.01) at 6-
months. Increased number of Treg troughs also correlated
with more rapid onset of BOS.

We then tested the mechanisms by which
respiratory viruses induce Treg apoptosis using the murine
orthotopic tracheal transplant model. Infection of tracheal
transplant recipients with murine parainfleunza sendai virus
led to increased Treg apoptosis in the allograft draining
lymph nodes. Vaccination against sendai virus prior to
transplant abrogated apoptosis of Treg. In vitro, sendai
virus infected, but not naive, tracheal epithelial cells
demonstrated upregulation of FasL. Further, upon co-
culture of Tregs, the FasL expressing epithelial cells induce
apoptosis in the Tregs. We have also recently shown that
dendritic cells from virus infected murine orthotopic
transplant recipients can also convert Tregs into Th-17 cells
in the presence of cognate antigen and IL-6 (Bharat et al,
Manuscript under preparation). Taken together, these data
revealed a new paradigm of regulatory T cells dysfunction,
induction of autoimmunity and chronic lung allograft
rejection.

Multiple other hypotheses have been postulated for
regulatory T cell dysfunction post-transplant. For example, an
indirect relationship exists between Foxp3, expressed in Tregs,
and ROR-gamma-t, a transcription factor expressed in Th17
cells. Both Foxp3 and ROR-gamma-t are critically dependent
on TGF-beta for differentiation. In vitro, IL-6 can redirect
foxp3" T cells to express IL-17 and this transition has been
described in vivo during an inflammatory response in
experimental models of autoimmune encephalitis. Since IL-6
and IL-1beta have previously been associated with BOS and
are known mediators of Th17 development an intriguing
hypothesis is that Tregs with T cell receptors specific for self-
antigens get converted to autoimmune T cells in the
presence of these cytokines.
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Figure 1. Autoimmunity, PGD, and BOS: emerging concepts

BOS is believed to affect the majority of lung
transplant patients surviving beyond 8-10 years post-
transplantation. Contemporary immunosuppression has
shown little improvement on its incidence and prognosis.
Since the function and development of Treg is dependent
on IL-2 (66), calcineurin inhibitors like cyclosporin A and
tacrolimus might be detrimental to Tregs. In fact,
cyclosporin A has been shown to induce autoimmunity (68-
70). Hence, one plausible explanation for the decline of
Tregs in transplant recipients could be related to the routine
administration of immunosuppressive drugs. Therefore,
identification and use of Treg sparing immunosuppressive
agents may better promote long-term allograft survival.
Such studies are underway and have shown promising
preliminary results with mycophenolate mofetil and
rapamycin (71, 72).

9. CONCLUDING REMARKS

As the literature grows, the pathways linking the
pre- and peri- transplant risk factors to the pathogenesis of
BOS are becoming more complex. Recognition of
autoimmunity in the development of BOS is one of the
most exciting recent discoveries in the context of lung
transplantation. We now know that patients on lung
transplant waiting list may have circulating autoantibodies
that not only contribute to immediate PGD but also to BOS.
Hence a novel strategy would be to screen these patients
and possibly treat them with IVIG or plasmapheresis.
Pathways have also been characterized that lead to de novo
autoimmunity following transplantation. In fact in the post-
transplant period, alloimmune responses and the
development of de novo autoimmunity to self-antigens
appear to be key mechanisms in the pathogenesis of BOS
(Figure 1). The “injury-response” cycle triggered by tissue
inflammation and remodeling provide the substrate for the
activation of both cellular and humoral arms of immunity.
Further, the new IL-17 pathway seems to substantially
contribute to both allo- and auto- immunity and may
represent a novel strategy for future therapeutic

INFLAMMATION

BO

/

2384

.y '____..k.

interventions. There is ongoing investigation to understand
Treg dysfunction and its effect on autoimmunity and BOS. For
example, novel pathways have been described by which
respiratory viruses induce Treg apoptosis or convert them into
Th-17 cells and thereby promote autoimmunity. Future work
in the field is needed to characterize the mechanistic role of
autoimmunity in the development of BOS and the clinical
utility of using autoantibodies as a biomarker for rejection.
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