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SUMMARY

Chronic lung allograft dysfunction (CLAD) comprises both bronchiolitis
obliterans syndrome and restrictive allograft syndrome as subtypes. After
lung transplantation, CLAD remains a major limitation for long-term sur-
vival, and lung transplant recipients therefore have poorer outcomes com-
pared with recipients of other solid organ transplants. Although the number
of lung transplants continues to increase globally, the field demands detailed
understanding of immunoregulatory mechanisms and more effective indi-
vidualized therapies to combat CLAD. Emerging evidence suggests that
CLAD is multifactorial and involves a complex, delicate interplay of multiple
factors, including perioperative donor characteristics, inflammation induced
immediately following transplant, post-transplant infection and interplay
between allo- and autoimmunity directed to donor antigens. Recently, iden-
tification of stress-induced exosome release from the transplanted organ has
emerged as an underlying mechanism in the development of chronic rejec-
tion and promises to prompt novel strategies for future therapeutic inter-
ventions. In this review, we will discuss recent studies and ongoing research
into the mechanisms for the development of CLAD, with emphasis on
immune responses to lung-associated self-antigens—that is, autoimmunity.
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Introduction

Lung transplantation (LTx) is increasingly used as a life-

saving treatment for patients diagnosed with end-stage

lung diseases, including interstitial lung disease, chronic

obstructive pulmonary disease and cystic fibrosis. Since

2012, the number of LTx has increased, and the Registry

of the International Society of Heart and Lung Trans-

plantation reported 67 260 LTx procedures worldwide

as of 30 June 2017 [1]. As of 2017, roughly 14 000 peo-

ple in the United States had undergone LTx. Of these,

9492 were 50 years or older, 4075 were between 18 and

49 years of age, and 408 were younger than 18 years

[2]. However, the demand for donor lungs continues to

outpace the availability for transplantation; as of 16

June 2019, 1439 patients were on the LTx waitlist,

according to The Organ Procurement and Transplanta-

tion Network data (https://optn.transplant.hrsa.gov/).

Lung transplant recipients (LTxRs) experienced the

highest rates of hospitalization for transplant complica-

tions as compared to recipients of other solid organ

transplants. Furthermore, lung allografts have the poor-

est long-term outcomes compared with other solid

organs. The main limitation of long-term survival after

LTx is a condition known as chronic lung allograft dys-

function (CLAD), a term first introduced by Glanville
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in 2010 [3]. CLAD is defined as a persistent decline in

measured forced expiratory volume from the baseline

value [4]. Bronchiolitis obliterans syndrome (BOS) is

the most common clinical manifestation of CLAD,

affecting approximately 50% of LTxRs within 5 years of

transplant [5]. Besides this obstructive phenotype, the

consensus definition of CLAD also includes restrictive

allograft syndrome [6]. Both antigen-dependent and

antigen-independent factors lead to the development of

nonresolved inflammation and fibrotic responses in the

allograft. This review will highlight the prominent role

of antibodies (Abs) to lung self-antigens (SAgs), also

known as autoantibodies, in the development of CLAD.

We will describe work that has already been done in

this arena and will also discuss future implications.

Antibodies to mismatched donor human
leucocyte antigens: role in the pathogenesis of
CLAD

Mounting evidence suggests that autoimmunity plays a

prominent role in the pathogenesis of CLAD [7,8].

Recent studies from our group and from others have

reported that both humoral- and cellular-mediated

immune responses against mismatched donor histocom-

patibility antigens increase the risk of CLAD after LTx

[9]. However, the role of humoral-mediated immunity

against mismatched donor histocompatibility antigens

has gained much attention in recent years. Human leu-

cocyte antigens (HLAs), the polymorphic molecules

used to present peptides to T-cell receptor, have a cru-

cial role in immune surveillance. Recent lines of evi-

dence have shown that allorecognition of mismatched

donor anti-human leucocyte antigen plays an important

role in chronic rejection after transplantation. Studies

have shown that development of Abs to mismatched

HLA class I and II is associated with BOS progression

[10–13]. In our recently published studies, we demon-

strated a strong correlation between the development of

circulating Abs to a SAg, K-alpha 1 tubulin (Ka1T) and
the development of BOS after human LTx [14,15]. Sev-

eral studies have demonstrated a distinct correlation

between the presence of HLA Abs and the development

of chronic rejection in LTxRs [12,16]. Anti-HLA Abs

arising de novo were found to be significant predictors

of BOS development [17]. After LTx, donor-specific

HLA Abs (DSA) development is common and plays a

significant risk factor for BOS progression. Interestingly,

few studies have demonstrated that DSA directed

against class II HLAs was present in LTxRs at 1 year

post-transplant [18]. Based on the findings that de novo

DSA development following LTx correlates significantly

with BOS, many LTx centres monitor for DSA prospec-

tively using Luminex single HLA antigen coated beads

in order to predict LTxRs at risk for developing CLAD,

though the timings vary between centres. There is some

evidence that DSA-targeting therapies can lower the risk

of BOS [19,20].

Development of HLA Abs can trigger NF-jB, a tran-

scription factor involved in the activation of various

proinflammatory cytokines, that contributes to BOS

development [21]. Furthermore, crosslinking of HLA

Abs triggers cytoskeleton remodelling and activation of

Rho GTP, Src and FAK, resulting in cell proliferation

and survival [22–24]. Of interest, human airway epithe-

lial cells subjected to anti-HLA class 1 lead to a BOS-

like phenotype, including fibrosis and small airway

obstruction [11,25]. Furthermore, anti-HLA class I can

induce the release of fibrogenic growth factors such as

platelet-derived growth factor, insulin-like growth fac-

tor-1 and TGF-b by binding to airway epithelial cells

[11–13]. These events culminate in the activation of

fibroblast and myofibroblasts along with proinflamma-

tory cascade and regeneration of extracellular matrix. It

is generally accepted that TGF-b is the master regulator

of the fibrogenic process, and its effect can be largely

modified by the inflammatory and tissue remodelling

environment [26–28].

After LTx, donor HLA antigens in bronchoalveolar

lavage fluid are presented to CD4+ T helper cells. Such

T helper cells are required for the growth and matura-

tion of antigen-specific B cells, resulting in Abs to mis-

matched HLA antigens [29]. A murine model study

demonstrated that CD8+CCR7+ T-cell-mediated

immunosuppression in pulmonary allografts occur in

an IFN-gamma-dependent mechanism [30]. In addition,

recent studies show that regulatory T cells (Treg) play

an important role in immunosuppression and negatively

correlate with the development of CLAD [31,32]. More-

over, the balance between Treg and Th17 cell immunity

will determine the fate of the lung allograft. Finally,

approaches to maintain or expand antigen-specific Treg

cell populations will be beneficial to decipher their

impact on CLAD development.

Alloimmunity-induced autoimmunity: crosstalk
between allo- and autoimmune responses

The interplay between various effector mechanisms of

allo- and autoimmunity in the pathogenesis of chronic

graft rejection is still emerging. Our previous studies

have demonstrated a correlation between an
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alloimmune response, donor-specific Abs and an

autoimmune response to SAgs [K-a1T and collagen V

(Col-V)]. We also demonstrated that the development

of this autoimmune response is mediated through IL-17

[33]. A significant body of evidence suggests that persis-

tent secretion of IL-17 mediates chronic inflammation

and can contribute to various autoimmune diseases

[34–36]. As discussed above, disruptive mechanisms of

the inflammation and subsequent tissue remodelling in

the post-transplant period causes exposure of cryptic

SAgs that may lead to the development of chronic rejec-

tion. The presence of DSA increases the risk of graft

damage, and donor HLA antigens in bronchoalveolar

lavage fluid are presented to T helper cells after LTx.

Furthermore, CD4+ T helper cells can reportedly recog-

nize processed forms of soluble HLA and are involved

in the development of humoral immune responses to

donor HLA [13,37]. These findings challenge the exis-

tence of complex interplay between the two facets of

allo- and autoimmunity after LTx. Undoubtedly, a

detailed understanding of the interplay between those

facets of immunity will provide a conceptual framework

to devise therapeutic strategies in LTx.

Pre-existing autoimmunity induces primary
graft dysfunction after lung transplant

Our group has shown that pre-existing autoimmunity is

one of the most predominant risk factors for the devel-

opment of CLAD [38,39]. Pre-existing Abs to lung SAgs

can increase the risk for primary graft dysfunction

(PGD), as they increase the development of pro-inflam-

matory cytokines and increase the risk of development

of Abs to HLA and non-HLA antigens, which are

known risk factors for CLAD [38]. Recently, pre-exist-

ing Abs to lung-associated SAgs (in the absence of Abs

to donor HLA) were shown to result in antibody-medi-

ated acute rejection [39]. Since patients with primary

lung disease are known to be susceptible for comorbid

conditions, our studies might explain why some patients

waiting for LTx have pre-existing autoantibodies. Analy-

sis of a large cohort of patients awaiting LTx revealed

that about 30% of patients have pre-existing Abs to

lung SAgs, primarily in patients with idiopathic pul-

monary fibrosis and cystic fibrosis [38,40]. Furthermore,

we demonstrated that the loss of Treg cells combined

with hydrochloric acid-induced lung injury resulted in

the development of de novo lung-restricted autoimmu-

nity [41]. Therefore, it is safe to say that both pre-exist-

ing and de novo lung-restricted autoantibodies lead to

acute and chronic lung rejection.

A growing body of evidence suggests that graft rejec-

tion after LTx is an immunologically mediated process,

resulting in fibroproliferative changes accompanied by

epithelial and endothelial cell injury [42,43]. A significant

proportion of transplant recipients undergo chronic

rejection despite the absence of Abs to donor HLA. This

prompted researchers to identify Abs against SAgs,

including K-a1T (an airway epithelial cell surface anti-

gen) and Col-V (an extracellular matrix protein) after

LTx [14,43]. The exact molecular mechanisms of immune

responses against lung transplant SAgs in transplant

rejection are less well understood. It is generally accepted

that stimuli including ischaemia reperfusion injury, PGD

and respiratory viral infections may promote SAg expres-

sion. Furthermore, interstitial remodelling after LTx can

enhance exposure of such cryptic SAgs, which may trigger

aberrant immune responses and contribute to the devel-

opment of fibrosis and primary lung graft rejection.

Recent studies from our laboratory have demon-

strated that administration of Abs to MHC class I

induced the development of Abs against SAgs (K-a1T,
Col-V), which are Th17-dependent and resulted in an

obliterative airway disease (OAD) of native lungs

[25,44]. A rat LTx model study demonstrated that the

immune responses to Col-V play a significant role in

the development of OAD [45]. The relationship between

DSA and SAgs was suggested in a retrospective study in

which DSA preceded the development of Abs against

lung SAgs [15]. Another study showed that self-reactive

Abs can be found in the absence of DSA, suggesting a

DSA-independent mechanism [40]. Taken together,

these studies demonstrate that immune responses to

lung SAgs (K-a1T, Col-V) can promote autoimmune

responses and lead to the development of OAD.

Autoantibodies can induce complement activation

and cause apoptosis in endothelial cells [46]. Comple-

ment activation of airway epithelial cells can lead to the

expression of Col-V, exposing the SAg and resulting in

autoimmune responses. Similarly, graft-reactive Abs

induce complement cascade and contribute to lung tis-

sue degradation. It is now widely recognized that com-

plement activation is a potential marker for humoral

rejection via the complement component 4. Prolonged

autoimmune responses followed by aberrant remod-

elling process will cause tissue destruction and, ulti-

mately, loss of graft function.

Autoantibodies in chronic lung graft rejection

The pathophysiology of BOS is not well understood.

There are several risk factors for developing BOS,
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including PGD, HLA Abs and respiratory viral infec-

tions. There is a definite role of the immune response

in BOS. This is evident by anti-donor antigen (anti-

HLA) Ab (alloimmunity) and immune response to SAgs

(autoimmunity) in the pathogenesis of BOS. A signifi-

cant body of evidence demonstrates that the develop-

ment of chronic lung allograft rejection coincides with

the presence of anti-HLA [11,15,47]. Strategies that

decreased de novo development of anti-HLA were found

to correlate with a decreased risk of BOS [15,48]. Sev-

eral studies suggest a key role of autoimmunity in the

pathogenesis of allograft rejection [49–51]. Tissue

remodelling after LTx can expose cryptic SAgs that can

trigger a Th-cellular immune response [32]. Our group

[25] and others [52] demonstrated that human LTxRs

developed an Ab response to Ka1T along with Col-V,

and the presence of these Abs correlated with develop-

ment of BOS.

Primary graft dysfunction occurs within 72 h post-

transplantation and is the leading cause of early mortal-

ity in LTxRs [53,54]. PGD has been shown to be a

major risk factor for BOS [55]. The presence of autoim-

munity immediately after LTx in patients undergoing

PGD suggests that autoimmunity may exist prior to

LTx due to underlying lung disease [56,57]. Because

PGD is a key risk factor for BOS, the role of autoim-

mune status in LTxRs before LTx needs to be further

studied, to determine whether the pre-LTx autoimmune

status affects CLAD after LTx.

The mechanism of autoantibody induction is poorly

understood. Using serum samples from LTxRs before

and after development of BOS, our laboratory [32]

showed the presence of anti-Col-V Abs. After the diag-

nosis of BOS, the Abs were restricted to alpha-1chain.

This shift in Abs occurs with a decrease in serum con-

centrations of IL-10 and an increase in serum IFN-

gamma and IL-17. There was also an observed upregu-

lation of matrix metalloprotease-2 (MMP2) and MMP9

[32]. These observations suggest that the activation of

MMPs after LTx could result in the differential cleavage

of Col-V and exposure of cryptic epitopes. In support

of this hypothesis, the inhibition of MMPs in a model

of ischaemia–reperfusion injury resulted in lower

amounts of Col-V in the transplanted lung [43]. An

influx of antigen-presenting cells to the lung in the

presence of inflammation could lead to activation of T

cells and priming autoreactive T cells, leading to the

induction of autoreactive B cells [58,59].

These studies strongly suggest that alloimmune

responses precede autoimmune responses, which lead to

the pathology observed in chronic rejection. Therefore,

DSA development and immunity to SAgs can be rele-

vant biomarkers for predicting the development of

chronic rejection after LTx [32]. Early treatment of

patients who developed DSA with intravenous

immunoglobulins and rituximab has been associated

with a lower incidence of BOS [19].

Determination of Abs to lung SAgs is currently done

in research laboratories using ELISA methods. Standard-

ization and quality controls are yet to be established

between laboratories. However, a few of the commercial

companies dealing with HLA reagents are now prepar-

ing SAg coated beads for the Luminex platform so that

it can be utilized in the clinical setting. These Luminex

coated beads are now being analysed and compared

with the ELISA results. It is likely that these reagents

will be available in the near future to determine the

presence of Abs to lung SAgs prior to and following

transplantation.

Tregs, characterized by CD4+ CD25+ Foxp3+ expres-

sion, have been shown to play an important role in

maintaining tolerance towards SAgs [60]. A reduction

in either the function or the number of Tregs can lead

to autoimmune responses. Several reports have shown

that loss of Tregs is associated with the development of

chronic rejection [38,61,62]. Tregs have also been

shown to promote the development of IL-10-secreting T

cells that are protective against the development of

autoimmunity and development of chronic rejection

[8]. Immunosuppression can dramatically alter T-cell

kinetics. Immunosuppressive drugs such as cyclosporine

and tacrolimus can have a profound effect on Tregs,

and this effect on Tregs—though beneficial in prevent-

ing acute rejection episodes—may lead to development

of autoimmunity and set the stage for development of

chronic rejection.

As therapeutic actions now provide survival of acute

rejection, chronic rejection is increasingly recognized as

an important problem in LTx. Alloimmunity and the

resulting immune responses to SAgs during the post-

transplant period are emerging as key risk factors for

CLAD development [32]. This cascade, in which allo-

graft immune responses trigger autoimmune responses

and further activate alloimmune responses (i.e. crosstalk

between allo- and autoimmunity), results in tissue

inflammation and repairs processes that eventually lead

to a pro-inflammatory, pro-fibrogenic environment that

is the hallmark of chronic rejection.

In transplant immunology, the basis for alloimmunity

is the recognition of polymorphisms present in donor

MHC molecules. The impact of these polymorphisms is

evident by studies showing that minimizing
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polymorphisms between donor and recipient MHC

molecules results in diminished rejection responses and

improved outcomes for the allograft recipient. Data

from several groups have shown that Col-V, a molecule

highly conserved between individuals and species, is a

key target of rejection in LTxRs [17,63]. This finding

supports the concept that immune responses to a SAg,

as well as alloimmunity, are involved in the process of

lung allograft rejection. How does Col-V become an

autoantigen during the rejection process? A study [64]

demonstrated that lung allograft rejection is associated

with upregulation of MMP-2 and MMP-9, and these

metalloproteinases can cleave Col-V. A report by Yano

et al. [65] showed that ischaemia–reperfusion injury in

lung allografts is associated with MMP-9, and this could

expose Col-V to infiltrating T cells. Therefore, the

remodelling of the allograft may contribute to the rejec-

tion response by creating Col-V epitopes that can

induce alloreactivity and autoimmunity [52].

Our own studies demonstrated the presence of Col-

V-reactive T cells in human LTxRs [66]. We have also

shown that BOS is associated with the expansion of

IFN-gamma-producing, Col-V-specific Th1 cells with a

reduction in IL-10-producing cells. These results sup-

port the hypothesis that an immune response to SAgs

plays a role in the pathogenesis of BOS. These studies

indicate that alloimmunity can expose SAgs to the

immune system and can create an immune microenvi-

ronment that generates an immune response against the

newly exposed SAgs. Another consideration for the

development of immune responses to lung-associated

SAgs after LTx is that the stressed organ releases

nanovesicles (i.e. exosomes), which carry many of the

antigens present in that organ. These nanovesicles,

which measure between 30 and 200 nm in size, can be

taken up by antigen-presenting cells effectively by all

known pathways, including the semi-direct pathway,

resulting in both cellular and humoral immune

responses [67]. The role of exosomes in transplant

rejection is being actively studied, and we will discuss

the current understanding of the role of exosomes in

allograft immunity below.

Exosomes in CLAD and development of
autoimmunity

Exosomes are extracellular vesicles that are produced in

the endosomal compartment of most eukaryotic cells.

Exosomes are released from cells via fusion with the

plasma membrane; they are present in tissues and can

be found in biological fluids, including blood and urine

[68]. Research has demonstrated that exosomes play a

key role in cell-to-cell signalling, as released exosomes

can bind to other cells, merge and release their contents

into cells. Thus, exosomes serve as a conduit for cellular

communication, including immune responses. Exo-

somes can contain RNA, protein and miRNAs, and

these molecules can induce cellular changes upon bind-

ing to other cell types [69,70]. The impact of exosomes

on the field of biology is highlighted by the 2013 Nobel

Prize in Physiology or Medicine, where researchers who

discovered exosomes and investigated their biological

relevance were rewarded [69].

Recent reports from our laboratory [71–73] demon-

strated exosomes in the sera and bronchoalveolar lavage

fluid of human LTxRs diagnosed with acute and

chronic rejection. These exosomes had distinct antigenic

properties and contained mRNA and miRNA. The exo-

somes isolated from LTxRs diagnosed with rejection

contained not only donor-mismatched HLA, but also

from lung-restricted SAgs (Col-V, Ka1T), indicating

that exosomes are secreted by transplanted lungs

[71,72]. These exosomes also contained immunomodu-

latory miRNA involved in endothelial activation,

inflammation and IL-17 upregulation [74]. Donor-

derived exosomes were shown to induce T-cell-mediated

allo-responses that result in allograft rejection [75,76].

These findings strongly support the hypothesis that the

induction and continuous release of exosomes from the

transplanted lung may play a key role in the pathogene-

sis of chronic rejection after LTx. Therefore, blocking

exosome production and release may be a strategy for

preventing CLAD.

Our group identified the presence of two lung SAgs

(Col-V, Ka1T) on circulating exosomes that had been

released from LTxRs diagnosed with acute or chronic

rejection (i.e. BOS) [71]. The exosomes containing lung

SAgs were released into the circulation prior to the

development of Abs to the SAgs (Col-V, Ka1T). Donor
HLA and SAgs were detected on the surfaces of donor-

derived exosomes in LTxRs undergoing allograft rejec-

tion [74]. Donor-derived exosomes from stable LTxRs

had no detectable levels of SAgs [74]. These findings

suggest that circulating exosomes from the transplanted

organ are released from the transplanted lung. These

exosomes were shown to contain mismatched donor

HLA and SAgs.

Other studies show that mice immunized with exo-

somes from LTxRs diagnosed with BOS developed both

humoral and cellular immune responses to Col-V and

Ka1T. Mice immunized with exosomes from stable

LTxRs did not develop immune responses to SAgs.
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These findings indicate a clear difference in exosome

composition from BOS and stable LTxRs.

Our laboratory developed a murine model in which

Abs to MHC were administered intrabronchially, and

this induced OAD, analogous to chronic lung allograft

rejection in humans. Importantly, Abs to lung SAgs

(Col-V, Ka1T) were detected prior to the development

of OAD. Using this model, we demonstrated that exo-

somes can be used to activate an immune response

leading to Ab production to lung SAgs and leading to

OAD [25,77]. These findings suggest a functional role

of exosomes in the production of Abs against SAgs.

Our studies along with others [71,75,76,78] have

demonstrated that circulating exosomes released from

the transplanted organ play a key role in eliciting

immune responses leading to rejection. The detection of

mismatched donor HLA and lung SAgs (Col-V, Ka1T)
was identified primarily in exosomes isolated from

LTxRs diagnosed with ongoing rejection or in those

experiencing clinical conditions that increase the risk

for rejection. Circulating exosomes contained pro-in-

flammatory transcription factors (NFjb, HIFa) as well

as increased levels of MHC transactivator CIITA and

20S proteasome [74]. Furthermore, immunization of

mice with exosomes isolated from LTxRs experiencing

rejection induced Abs to HLA and lung SAgs, suggest-

ing that circulating exosomes are highly immunogenic

[71]. These results, although preliminary, strongly sug-

gest that circulating exosomes originating from the

transplanted organ can trigger the immune responses

leading to chronic organ rejection. Understanding the

role of exosomes in the development of immune

responses to allo and SAgs, including the potential to

alter exosome induction, will likely impact the overall

success of transplanted organs.

Blocking exosome induction from the transplanted

organ has the potential to prevent allograft immune

responses. There are several small inhibitory molecules

such as neutral sphingomyelinases (nsmase2) inhibitor

(GW4869), imipramine hydrochloride (an inhibitor of

acid sphingomyelinase), and dimethyl amiloride (an

inhibitor of Na+/H+ and Na+/Ca2+ exchangers) which

can effectively block exosome induction from various

cells and tissues. However, it is necessary to block only

the exosomes induced from the transplanted organ, and

not from other tissues, since exosome induction is a

physiological process and is considered to be important

for maintenance of normal physiological homoeostasis.

One potential venue is to block exosome induction

from the organ to be transplanted during ex vivo lung

perfusion which is currently being investigated as a

means to improve the functions of the organs and to

use organs which are currently classified as marginal for

various reasons.

Summary/conclusion

The pathophysiology of CLAD is multifactorial and irre-

versible. As presented here, the development of Abs

against HLA antigens and tissue-associated SAgs (Ka1T,
Col-V) precedes the clinical diagnosis of CLAD. Further

work is needed to elucidate signalling pathways linking

allo- and autoimmunity in the pathogenesis of CLAD.

It is safe to say that patients on the LTx waiting list

may have circulating Abs that not only contribute to

PGD, but also to CLAD. Therefore, novel approaches

are needed to help identify predictors and to identify

patients at risk for developing CLAD, so that early

intervention with personalized medicine can be carried

out before irreversible damage is inflicted upon the

transplanted lungs. Development of de novo autoimmu-

nity to SAgs, induction of IL-17, levels of Treg cells and

exosomes released by graft tissue all appears to be

important factors in the development of CLAD and rep-

resent robust opportunities for development of novel

therapeutic interventions. Investigation of exosome biol-

ogy and their effect on autoimmunity in the pathogene-

sis of CLAD is ongoing. Further studies are warranted

to characterize the mechanistic role of exosomes in the

development of autoimmunity resulting in CLAD and

the clinical utility of identifying tissue-associated

autoantibodies as biomarkers for graft rejection.
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