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Abstract: Long-term survival after lung transplantation remains suboptimal due to chronic lung allograft 
dysfunction (CLAD), a progressive scarring process affecting the graft. Although anti-donor alloimmunity 
is central to the pathogenesis of CLAD, its underlying mechanisms are not fully elucidated and it is neither 
preventable nor treatable using currently available immunosuppression. Recent evidence has shown that 
innate immune stimuli are fundamental to the development of CLAD. Here, we examine long-standing 
assumptions and new concepts linking innate immune activation to late lung allograft fibrosis.
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Introduction

Lung transplantation is a definitive option for patients with 
advanced respiratory failure. Nonetheless, its long-term 
survival is still limited to approximately 55% at five years, 
which is worse than following other types of solid organ 
transplantation (1). This poor outlook is mainly related to 
chronic lung allograft dysfunction (CLAD), an allograft 
scarring process driven by anti-donor alloimmune T and 
B cell responses. Nevertheless, many aspects of CLAD 
pathogenesis remain obscure (1,2). Since CLAD is neither 
preventable nor treatable using current immunosuppressive 
regimens, non-alloimmune processes are considered to 
be a key player in its development (3-5). Innate immunity 
encompasses a broad spectrum of immune responses 
mediated by elements of the immune system that are not 
reliant on antigen-specific somatically recombined receptors 
and classically do not have memory. Examples include 
responses mediated by polymorphonuclear leukocytes, 
macrophages, natural killer cells and parenchymal cells 
as well as the complement system. In this review, we will 

restrict ourselves to a discussion of innate stimuli relevant 
to lung transplantation and the pathways engaged by these 
stimuli, and we will conclude by examining postulated 
mechanisms linking innate immunity with lung allograft 
fibrosis.

Importantly, when bronchiolitis obliterans syndrome 
(BOS) is mentioned in older literature without reference to 
CLAD, it should be deemed to be synonymous with CLAD, 
since BOS was long regarded as its only manifestation. 
This state of affairs has changed since the recognition of 
restrictive allograft syndrome (RAS) in 2011 (2,6). 

Molecular patterns associated with pathogens 
or injury

A phylogenetically ancient set of receptors recognizes 
both pathogen-associated molecular patterns (PAMPs) 
and tissue damage-associated molecular patterns (DAMPs) 
and activates inflammatory responses. These pattern-
recognition receptors (PRRs), described below, are much 
older than the adaptive immune system that classically 
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drives allograft rejection. They are essential for the host 
defense, but can have a detrimental effect on transplanted 
organs. 

Toll-like Receptors (TLRs)

TLRs are highly conserved PRRs in mammals, and similar 
receptors are found in both vertebrates and invertebrates. 
They are genetically encoded and unlike T and B cell 
receptors, do not undergo somatic recombination, and are 
therefore identical on all cells in the host. Consequently, 
unlike specific antigen-reactive T and B cell receptors, they 
allow any cell expressing them to respond to their ligands. 
The widespread expression of TLRs therefore positions 
them in the first line of defense against pathogens (7). TLRs 
have leucine rich repeats (LRR) as a common structure (7). 
To date, 10 and 12 functional TLRs have been identified 
in humans and mice, respectively (8). TLRs are expressed 
on variety of immune cells and parenchymal cells, and 
their distribution is not equal across all cell types, which 
allows for functional specialization of cells equipped with 
specific TLRs. For instances, monocytes, macrophages and 
granulocytes express almost all the TLRs (9), positioning 
them to respond to a wide range of pathogens, whereas 
dendritic cells (DC) express different TLRs depending on 
their subtypes (e.g., myeloid DC vs. plasmacytoid DC) (10). 
Along with this, epithelial, endothelial, and mesenchymal 
cells express different TLRs (e.g., bronchial epithelial cells 
express TLRs 2, 3, 4 and 5) (9). These different expression 
patterns underlie distinct roles played by these cells in 
immune responses. 

Each TLR recognizes specific PAMPs, which are 
typically microbial components, and provoke inflammatory 
cytokine secretion by responding cells. For instance, 
TLR2 and TLR4 recognize bacterial lipoproteins and 
lipopolysaccharide (LPS), respectively, and TLR3, 7, 9 
recognize viral nucleic acids – double-stranded RNA, 
single-stranded RNA, and unmethylated CpG sequences (7). 
Each TLR has a prototypical ligand (e.g., LPS for TLR4), 
but can also recognize a wider array of bacterial, viral, 
fungal and endogenous DAMPs. As examples, TLR4 can 
recognize viral proteins of respiratory syncytial virus (RSV), 
cell wall mannans of Candida albicans, parasite proteins of 
Trypanosoma cruzi, and endogenous ligands (11-13). TLR2 
and TLR4 are expressed on the cell membrane, whereas 
TLR 3, 7, 9 are positioned on endosomal membranes 
to recognize viral DNA or RNA found intracellularly. 
In addition to its surface expression, TLR4 is also found 

in the cytoplasm where it senses LPS escaped from 
phagolysosomes (7). Except for TLR3, TLRs signal via the 
adapter protein myeloid differentiation primary response 
gene 88 (MyD88) which triggers NF-κB-dependent 
transcription in the nucleus leading to inflammatory 
cytokine release (7). Along with this, TLR3 and TLR4 
signal via the toll–IL-1 receptor domain-containing adaptor 
inducing IFN-β (TRIF) which causes type I interferon 
production (7). TLR4 uniquely has dual signaling pathways 
using either MyD88 or TRIF, whereas TLR3 only signals 
via TRIF. Activation of NF-kB and its target inflammatory 
genes by the various TLRs allows for a rapid response 
to PAMPs and DAMPs in the environment, before the 
adaptive immune system can be engaged. A more complete 
discussion of TLR pathways can be found in excellent 
recent reviews (7,11-13). 

DAMPs

DAMPs are endogenous molecules released from injured 
cells, and modulate immune responses via cognate PRRs. 
DAMPs trigger what is known as “sterile” inflammation, 
since it can occur in the absence of pathogens (14). 
Dying cells release many DAMPs, and also “stressed” 
but still living cells can expose DAMPs on their plasma 
membranes. Examples of DAMPs are high mobility 
group box 1 (HMGB1), heat-shock protein (HSP) 72, 
hyaluronan (HA), heparan sulfate, S100 proteins (S100 
A1/8/9/12), extracellular adenosine triphosphate (eATP), 
and mitochondrial DNA (mtDNA) (15). Some DAMPs 
like HMGB1 and HSP 72 are derived from intracellular 
compartments, whereas other DAMPs such as HA and 
heparan sulfate are generated from damaged extracellular 
matrix (15). HMGB1 is one of the best-studied DAMPs. It 
is a nucleic acid binding protein and released from dying 
cells when they lose cell membrane integrity. HMGB-1 is 
recognized by TLR2/4 and receptor for advanced glycation 
end product (RAGE), and provoke inflammatory reactions 
(15). 

RAGE is multiligand receptor recognizing DAMPs like 
HMGB1 and S100 proteins, and was originally discovered 
to engage advanced glycation end products (16,17). RAGE 
is a transmembrane receptor expressed on all cells but is 
abundant in pulmonary endothelial and type I alveolar 
epithelial cells (16,18). RAGE ligation results in intracellular 
signal transduction through activation of NF-κB (16,18,19). 
A unique function of RAGE is de novo synthesis of NF-
κBp65 resulting in the accumulation of NF-κB in the 
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cell (16,18). Thus, this system can perpetuate sustained 
inflammation, and is believed to have a role in development 
of chronic inflammatory diseases (16,18). Owing to the 
enrichment of RAGE in the lung, RAGE contributes to 
pulmonary inflammation and mechanisms of lung diseases 
like emphysema and pulmonary fibrosis (20-22).

Soluble RAGE (sRAGE) is generated as a result of 
cleavage of the transmembrane form of RAGE or via active 
secretion. sRAGE does not transduce signals, and instead 
functions as a decoy receptor which prevents RAGE from 
engaging with its ligand (16,23). Recently, sRAGE has been 
recognized as a marker of type I alveolar epithelial cell 
injury and can be found in bronchoalveolar lavage (BAL) 
and plasma as a result of acute lung injury (24,25).

Inflammasomes

Inflammasomes are large cytoplasmic protein complexes 
activated via TLRs and another type of PRR: nucleotide-
binding oligomerization domain-containing protein 
(NOD)-like receptors (NLRs) (5,14). A representative and 
well-studied example is the NLRP3 (NOD-, LRR- and 
pyrin domain-containing protein 3) inflammasome (5). 
NLRP3 inflammasome is activated in two stages: signal 1 
(priming) and 2 (activation). In signal 1, PAMPs/DAMPs 
and other stimuli (TNF-alpha, IL-1beta, IFN) bind to 
their cell surface receptors and activate NF-κB-dependent 
transcription of NLRP3, pro-IL1b and pro-IL-18 (26-
28). In signal 2, PAMPs/DAMPs and complement 
components damage mitochondria and lysosomes resulting 
in accumulation of reactive oxygen species (ROS) and 
cathepsin B as well as causing K+ efflux and Ca2+ influx. All 
of these are stimuli for NLRP3 inflammasome assembly 
(26-28). The assembled NLRP3 inflammasome is a large 
multimeric complex that includes NLRP3, ASC, and pro-
caspase 1. Then, activated caspase 1 cleaves pro-IL-1b/-18 
to produce IL-1b/-18, which propagate inflammation. 
There are also non-canonical NLRP3 inflammasome 
activation systems which are triggered by cytosolic sensing 
of LPS not by surface-membrane TLR4 engagement (26-
28). The NLRP3 inflammasome also mediates induction 
of gasdermin D-dependent pyroptotic cell death, an 
inflammatory mode of regulated-cell death (27,28). 

Regulated cell death

Stressed or injured cells release their intracellular contents 
as DAMPs, but the extent of release differs depending on 

the type of cell death (29). Accidental cell death occurs as a 
result of mechanical or chemical stress with rupture of the 
cell membrane and the release of highly immunogenic cell 
contents. Importantly, some injured cells can retain their 
cellular integrity, but others may undergo one or more 
modes of regulated cell death (RCD) where the degree 
of resulting inflammatory signaling differs depending 
on the type of RCD (29,30). Pyroptosis, ferroptosis, and 
necroptosis are generally pro-inflammatory, immunogenic 
types of RCD since they cause eventual cell membrane 
rupture with release of cytosolic DAMPs into the 
extracellular space where they can provoke inflammation; in 
contrast, apoptosis is the least immunogenic form of RCD 
as cell membranes remain intact until apoptotic bodies are 
phagocytosed (30). 

Clearance of dying and dead cells are pivotal mechanisms 
to alleviate sterile inflammatory responses. Efferocytosis 
is the clearance of apoptotic cells, which typically express 
surface markers that act as “eat-me” signals such as 
phosphatidylserine (31,32). In contrast, complement 
components and mannose-binding lectin attach to 
apoptotic and necroptotic cells and promote opsonization 
and efferocytosis (33). When these cell clearance systems 
fail, dying cells persist and cause delayed elimination 
of autoantigens, a process that has been linked to the 
development of some of autoimmune diseases like systemic 
lupus erythematosus and autoimmune lymphoproliferative 
syndrome (34). In this vein, it is worth noting that 
autoantigen-directed immune responses can contribute to 
CLAD pathogenesis (35,36).

Innate immunity is an important contributor to 
the development of CLAD

The role of TLR signaling in lung transplantation has 
been explored in both human and animal studies. TLR4 
is one of the best characterized innate immune receptors. 
In a seminal observation, Palmer and colleagues reported 
that lung transplant recipients who had polymorphisms in 
the TLR4 gene that conferred decreased TLR4 function 
showed a lower incidence of acute rejection, but donor 
TLR4  polymorphism did not affect outcomes (37). 
Hypo-functional recipient TLR4 polymorphism was also 
associated with a lower incidence of the composite outcome 
of CLAD and death, with no differences in the rate of 
bacterial infections (38). In another report, a recipient 
polymorphism (rs2569190) of CD14, an LPS co-receptor 
that promotes TLR4 signaling, was associated with a higher 
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incidence of CLAD (39). Since this polymorphism increases 
transcriptional activity of CD14 compared to heterozygotes 
or wild-type, patients with this polymorphism have elevated 
innate immune activation, which might have contributed to 
CLAD development. Given these two opposing phenotypes 
arising from different TLR4 and CD14 polymorphisms, 
the authors concluded that TLR4 signaling contributes 
to allograft rejection (37-39). Interestingly, Kastelijn and 
associates examined polymorphisms of TLR1 to TLR10 
in lung transplant recipients and found that specific 
polymorphisms of TLR2, 4, or 9 were associated with a 
higher incidence of CLAD (40). Importantly, the TLR4 
polymorphism (rs1927911) they found to be associated 
with CLAD was different from the ones that Palmer and 
associates examined [rs4986790 (Asp299Gly), rs4986791 
(Thr399Ile)] (37,38,40,41). These data suggest that 
TLR signaling modulates CLAD development, but the 
specific roles of individual TLRs depend on population 
genetic variation and context (donor vs. recipient). How 
polymorphisms across different TLRs interact to influence 
CLAD risk is unknown and requires further study.

There is also some evidence that specific DAMPs 
have an important role in CLAD pathogenesis. Tesar and 
associates reported that higher HA concentrations in the 
BAL of lung transplant recipients was associated with 
CLAD (42). Further, Todd and colleagues showed that HA 
is localized within areas of small airway fibrosis in CLAD 
lung tissue, and both BAL and plasma HA concentrations 
were elevated in CLAD patients compared with CLAD-
free patients (43). The Toronto group has also reported a 
distinct expression pattern of DAMPs (HMGB1 and S100 
proteins) in BAL obtained after a diagnosis of BOS or RAS 
(44). These reports suggest that DAMPs accumulate in lung 
allografts affected by CLAD and may be involved in CLAD 
development.

Using a mouse skin transplant model, Tesar and 
colleagues showed that HA accumulated in rejected grafts, 
and that HA can stimulate DCs to produce cytokines 
and chemokines mainly through TLR4 and partly 
through TLR2 signaling (42). In a mouse orthotopic lung 
transplantation model, Todd and associates showed that 
administration of low-molecular-weight HA prevented 
tolerance induction through TLR2/4- and MyD88- 
signaling, whereas high-molecular-weight HA ameliorated 
allograft inflammation (43). These findings support the 
clinical observation that DAMPs accumulate inside the 
allograft, and are associated with graft outcomes. 

Shah and associates reported that plasma sRAGE 

concentrations within 24 hours after lung transplantation 
were an independent risk factor of CLAD, even after 
adjustment for PGD (45). This finding suggests plasma 
sRAGE is a more sensitive marker of relevant allograft 
damage than PGD itself, from the perspective of future 
CLAD risk. Importantly, however, sRAGE did not show 
clear differences in BAL obtained after a diagnosis of 
BOS or RAS (44). Taken together, these studies suggest 
that early, rather than late, sRAGE levels may be a useful 
predictor of CLAD and that sRAGE is a potentially useful 
biomarker of lung allograft injury.

Sterile inflammation at the time of 
transplantation can influence short- and long-
term outcomes

Potential role of innate immunity before transplantation

Donor organs are exposed to innate immune stimuli even 
before transplantation, which may have a role in subsequent 
IRI and graft outcomes. For instance, brain death is known 
to have a harmful effect on donor lung through neurogenic 
pulmonary edema, pro-inflammatory cytokine release, and 
an influx of inflammatory cells (46-49). In addition to these 
phenomena, innate immunity may link donor brain death 
to the degree of subsequent IRI. Rostron and colleagues 
observed that TLR2/4 signaling mediated lung injury 
following donor brain death in a rat model (50). Wang 
and associates showed that donor brain death combined 
with hemorrhagic shock and prolonged cold ischemia can 
stimulate necroptosis in the graft (51). Further, Zweers 
and colleagues found that donor brain death aggravated 
chronic rejection in a rat lung transplantation (46). In a liver 
transplantation model, brain death stimulated S100 protein 
accumulation in the graft (52). These findings indicate that 
innate immunity has a role even before transplantation, and 
that this process likely contributes to lung allograft injury at 
the time of transplantation.  

Primary graft dysfunction: a brief overview

Given the nature of the organ procurement and storage 
process, ischemia reperfusion injury (IRI) is inevitable in 
solid organ transplantation, and innate immunity plays a 
key role in its pathogenesis. Ischemia, defined as a lack of 
blood perfusion, causes hypoxic stress, which arises from 
an imbalance between tissue demand and capillary supply 
of oxygen and nutrition. Cold preservation of grafts after 
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procurement serves to lower the metabolic rate of allograft 
parenchymal cells and hence can reduce the degree of 
IRI. Reperfusion injury occurs following the resumption 
of blood flow to the ischemic graft following vascular 
anastomosis, and is mediated by reactive oxygen species, 
which damage allograft parenchymal cells. DAMPs are 
released by stressed or damaged cells, activate TLRs, 
RAGE, and inflammasomes, and then trigger inflammatory 
cytokine secretion aggravating IRI and leading to PGD in 
severe cases. 

Animal data demonstrating the role of innate immunity 
in IRI

A substantial body of research supports the role of innate 
immunity in pathogenesis of IRI. Shimamoto et al. reported that 
TLR4 knockout mice had a reduction in vascular permeability 
and leukocyte inflammation compared with TLR4-sufficient 
mice in a hilar clamp model of warm IRI (53). Ishiyama and 
associates showed that NF-κB inhibition ameliorated IRI 
in a rat lung transplantation model (54). Interestingly, 
Zanotti and colleagues reported that TLR4 signaling by 
stromal, rather than hematopoietic cells, is responsible for 
lung edema caused by IRI (55). Merry et al. inhibited TLR4 
signaling using small interfering RNA (siRNA) in a rat 
hilar clamp model, thus efficiently inhibiting downstream 
c-Jun N-terminal kinase signaling, and decreasing vascular 
permeability and inflammation (56). Also, in a hilar 
clamp model, Takahashi and associates showed that acute 
hyperglycemia exacerbated IRI through up-regulation 
of TLR4 signaling (57). Collectively, these findings 
suggest recipient TLR signaling is actively involved in the 
pathogenesis of lung IRI, which implicates DAMPs released 
from damaged/stressed cells in the process.

Given that DAMPs can be released as a result of 
immunogenic cell death, control of RCD pathways may 
mitigate the severity of IRI. For example, Del Sorbo and 
colleagues suppressed apoptosis using siRNA targeting 
the pro-apoptotic molecule Fas, improving lung function 
in a mouse IRI model (58). Xu et al. showed that RIPK3- 
and MLKL-dependent necroptosis was upregulated in rat 
lungs undergoing IRI (59). Mingyao Liu’s group showed 
that IRI induces necroptosis in human lung epithelial cells, 
and that this process could be prevented by necrostatin 
(inhibitor of RIPK3 mediated phosphorylation) in vitro 
(60); in a subsequent study, the same group showed that 
IRI could be prevented by administration of necrostatin 
in a rat orthotopic lung transplant model (61). Noda et al.  

found that circulating leukocytes in a rat ex vivo lung 
perfusion (EVLP) model underwent pyroptotic cell death, 
and removing those cells improved graft function (62). 
Although these authors did not examine levels of DAMPs 
released during the various modes of cell death examined, 
the data suggest that targeting RCD may provide a benefit 
in lung transplantation, presumably through a reduction in 
DAMPs release. 

Mitochondrial DAMPs (mtDAMPs) are another key 
innate immune molecule that help to drive IRI. Damaged 
mitochondria release mtDAMPs such as mtDNA and 
N-formylated peptides which can activate TLR9 and 
formylated peptide receptor 1 (FPR1), respectively. Mallavia 
and associates reported that mtDNA activates TLR9 and 
triggers neutrophil extracellular trap formation in mouse 
lung grafts that underwent prolonged preservation and 
transplantation, driving IRI (63). Scozzi and colleagues 
showed that FPR1 is important for neutrophil trafficking, 
ROS production, and graft edema in a mouse lung 
transplant model, further demonstrating that mtDAMPs 
contribute to the pathogenesis of IRI (64). 

Some studies have suggested an association between RAGE 
and allograft injury and fibrosis. Sternberg and associates’ 
mouse hilar clamp model showed that RAGE signaling is 
involved in IRI and that RAGE blockade with exogenous 
sRAGE improved lung function (65). He and colleagues 
reported that HMGB1 exacerbated fibrotic obliteration 
airway lesions through RAGE and NF-κB in a mouse 
tracheal transplantation model (66). Intriguingly, Sharma 
and colleagues reported that RAGE expressed on invariant 
natural killer T (iNKT) cells mediates IRI in a mouse 
model, which resulted in iNKT cell IL-17 production (67).  
These reports suggest RAGE signaling may have a role in 
lung allograft rejection.

Clinical evidence of relationships between innate immunity 
and PGD

Andrade and associates measured TLR mRNA level 
in human lung allografts before and after reperfusion 
and reported that TLR mRNA levels at the end of cold 
ischemic time (CIT) were correlated with cytokine 
expression. They also showed that (I) TLR2 mRNA at the 
end of CIT was correlated with donor intubation time; (II) 
TLR4 mRNA level after reperfusion was correlated with 
recipient age; (III) HSP70 mRNA increased with time 
after reperfusion (68). Cantu and colleagues found that 
genes encoding NLR inflammasomes, TLR4, TLR9, and 
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MyD88 were upregulated in the BAL of PGD patients (69). 
In a subsequent study, they found that genetic variation in 
Toll interacting protein (TOLLIP), which regulates TLR 
signaling, was associated with the risk of PGD (70). Xu 
and colleagues found that TLR pathway components (e.g., 
TLR4, IRAK1/3, MyD88, etc.) were overexpressed in the 
BAL of recipients who developed PGD (71). Shafaghi and 
associates reported that EVLP may alter TLR expression 
in the donor lung (72). In terms of mtDNA, Scozzi and 
associates showed high level of plasma mtDNA was 
associated with the development of severe PGD (64). 
Supporting the concept that sRAGE may be a useful 
biomarker, Calfee and colleagues reported that plasma 
sRAGE level was related to duration of intensive care 
unit stay and mechanical ventilation (25). In a subsequent 
multicenter study, Christie and colleagues also showed 
that elevated plasma sRAGE within 24 hrs of reperfusion 
was associated with PGD, blood transfusion and the use 
of cardiopulmonary bypass (18). Pelaez et al. showed 
that sRAGE in donor BAL is a risk factor of PGD (73). 
Taken together, these findings suggest that innate immune 
responses involving TLRs, RAGE, and inflammasomes 
have a key role in pathogenesis of human PGD, which are 
in line with the animal data.

PGD is a risk factor of CLAD

So far, we have summarized the role of innate immunity 
in  PGD, which i s  an ear ly  complicat ion of  lung 
transplantation. But PGD is itself associated with worse 
long-term outcomes (74-80), for reasons that remain 
incompletely understood. The consensus suggests that 
cell death and tissue damage caused by IRI augments 
alloimmune responses through upregulation of MHC 
and costimulatory molecules, exacerbating acute cellular 
rejection and humoral rejection (81-84). It seems unlikely 
that this is the only pathway linking IRI and CLAD, since 
conventional immunosuppression, which should control 
alloimmunity, fails to prevent CLAD. In this regard, it is 
noteworthy that IRI also causes the release of pro-fibrotic 
cytokines such as TGF-beta, which could help to promote 
CLAD via a pathway independent of the adaptive immune 
system (80). Mediator release from injured stromal cells may 
also drive a pathway linking IRI to CLAD by recruiting and 
spatially organizing a unique intragraft immune response. In 
support of this concept, we recently observed that IRI alters 
chemokine release from the graft and stimulates tertiary 
lymphoid organ formation within the lung in a mouse 

orthotopic lung transplant model (85), suggesting that IRI 
may modify the quality of the downstream alloimmune 
response and not just its magnitude. 

Noxious post-transplant stimuli also drive CLAD 
via innate immunity

The lung is constantly exposed to the external environment 
via the airways, whereas heart, liver and kidney allografts are 
protected inside the body. This characteristic may account 
for the fact that lung transplantation has a worse outcome 
than other forms of solid organ transplantation. Pulmonary 
infection, gastro-esophageal reflux disease (GERD), 
smoking and even air pollutants (e.g., particulates, NOx), 
irritate airway epithelial cells and cause inflammation, which 
can enhance the risk of CLAD (4). 

The lung harbours an endogenous microbiome whose 
diversity has been shown to be altered post-transplant (86). 
Outgrowth of pathogenic bacteria within the lung either as 
an acute or chronic infection trigger inflammation via TLRs 
and can augment alloimmune responses via a variety of 
mechanisms—including bystander activation, heterologous 
immunity, and enhanced alloantigen presentation (87). It 
is well established that Pseudomonas aeruginosa colonization 
and infection are risk factors of CLAD (88-92). Pulmonary 
infection by RSV (93,94), cytomegalovirus (CMV) (95-97),  
and Aspergillus (98,99) are known risk factors for CLAD 
development. There is even a report that regardless of 
the specific organism isolated, pulmonary infection is 
associated with CLAD (100). These findings are supported 
by abundant animal data using various rodent lung, 
tracheal, and bone marrow transplant models (101-108).  
Caution is warranted, however: there is also evidence that 
acquisition of a benign microbiome, or colonization without 
inflammation, does not have a harmful impact. Law and 
colleagues showed that Aspergillus colonization was not 
associated with CLAD risk in a multicenter study (109).  
Pritchard and associates showed that Pseudomonas aeruginosa 
infection is not a risk factor for CLAD in cystic fibrosis (CF) 
patients (110). Schott et al. reported that colonization by 
gram-positive bacteria is protective from CLAD (111), and 
Willner et al. reported that in CF lung transplant recipients, 
re-acquisition of Pseudomonas strains that had been present 
before transplant reduced the risk of CLAD; in contrast,  
de novo acquisition of microbial populations increased 
CLAD risk (112). Taken together, pulmonary microbial 
infections are generally believed to have detrimental effects 
on graft function, but those effects are likely to vary on the 
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basis of incompletely understood recipient factors. This is 
an area that would benefit from additional mechanistic and 
prospective clinical studies. 

Since the esophagus and the trachea are anatomically 
connected at the larynx, the lung is at risk of exposure 
to gastric contents via GERD. GERD is a risk factor 
of CLAD, and some data support the use of surgical 
fundoplication to prevent lung function decline in lung 
transplant recipients with GERD (113-115). There are 
rat studies showing that gastric acid aspiration can cause 
fibrosis in lung allograft (116-118) but interestingly, 
weakly acid (pH 4–7) and non-acid reflux are also risk 
factors for CLAD (119-121). This observation suggests 
that acidity is not the primary factor mediating CLAD 
in lung transplant recipients  with GERD. Other 
components of gastric juice such as bile acids (122-124)  
and bacteria which may activate PRRs, may drive CLAD 
development in patients with GERD. Presumably, the 
complex chemical and microbiological constituents of 
gastric juice—including a variety of PAMPs and DAMPs—
collectively cause airway epithelial cell injury and death, 
leading to further DAMPs release and activation of innate 
and adaptive immunity. Further research is needed to 
understand how GERD initiates these injurious pathways. 

Air pollution is another important contributor to the 
development of CLAD. In different geographic areas, 
Nawrot et al. (125) and Bhinder and colleagues (126) 
reported that exposure to traffic-related air pollution was 
associated with CLAD development and death. Verleden 
and associates reported that, in patients not taking 
azithromycin, the atmospheric level of particulate matter 
of 10 microns in size or smaller (PM10) was associated with 
lymphocytic bronchiolitis (LB), a well-known risk factor 
for CLAD (127). Similarly, Ruttens et al. reported that 
PM10 and traffic exposure were associated with CLAD and 
survival in patients not taking macrolides (128). Benmerad 
et al. reported levels of air pollutants (PM10, PM2.5, NO2) 
were associated with lower forced expiratory volume in one 
second (FEV1) and forced vital capacity in % predicted in 
lung transplant recipients, and that the effect was stronger 
in patients not taking macrolides (129). The mechanisms by 
which air pollution predisposes lung transplant recipients 
to CLAD is not entirely clear, but hypothetically airborne 
small particles and hyperoxidants irritate the epithelial 
cells of small bronchi then cause airway-centered local 
inflammation and bronchial fibrosis. This is another area 
that is ripe for mechanistic study.

How innate immunity causes fibrosis in the lung 
allograft

The data we have reviewed here suggests that there 
are, at a minimum, three mechanisms by which innate 
immunity may drive CLAD (87). Firstly, recognition of 
PAMPs/DAMPs by PRRs stimulate dendritic cells—
and other antigen-presenting cells—to mature via NF-
κB transcription. Secondly, immune cells recognizing 
PAMPs/DAMPs release pro-inflammatory cytokines which 
promote differentiation of alloreactive T cells via bystander 
activation. Thirdly, immune cells sensitized with microbial 
antigens can have cross-reactivity to the alloantigen-MHC 
complex—a process known as heterologous immunity. 
These augmented alloimmune responses cause allograft 
damage, which can if self-limited be repaired by fibroblasts, 
myofibroblasts and epithelial regeneration. Fibroblasts can 
be activated by TGF-β1, and secrete collagen to repair 
and reconstruct injured tissues. This process normally 
terminates when tissue repair is completed, but may persist 
in the case of sustained innate immune activation, leading 
to excess repair and fibrotic tissue remodeling, which finally 
cause organ fibrosis (130). 

Although existing data support this model, our view is 
that allograft inflammation alters the quality of the anti-
donor response, and not just its magnitude. Observations 
that monocytes can respond to allogeneic determinants 
(131,132) and that T cells can contribute to IRI (133,134) 
illustrate that distinctions between conventionally “innate” 
and “adaptive” arms of the immune system may not be 
as clear as once thought. Further, recent data from our 
group demonstrate a critical role for recipient B cells in the 
development of CLAD-like fibrosis after IRI in a mouse 
model (85), a process that also involved the formation of 
intragraft tertiary lymphoid organs. Here, B cells might 
contribute to the link between IRI and fibrosis simply 
through enhanced alloantigen presentation to T cells – but 
there may also be unanticipated specific B cell pathways 
engaged via IRI that are yet to be determined. Our recent 
finding that the appearance of specific T cell phenotypes 
in the BAL anticipates subsequent loss of lung function 
(135,136) also illustrates that the nature of the immune 
response may be altered in grafts destined to undergo 
fibrosis.

Another likely mechanism linking allograft inflammation 
to fibrosis bypasses the conventional adaptive immune 
response. Borthwick and associates showed that Pseudomonas 
can cause lung epithelial cells to release IL-1alpha via TLR 
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signaling, a process that activated lung fibroblasts to secrete 
IL-6 and -8 in vitro (137). Additionally, LPS can interact 
with TGF-β1 to activate fibroblasts independently from T 
cell interaction (138,139). 

Taken together, the data suggest that controlling both 
inflammation and alloimmunity is likely to be crucial to 
prevent sustained fibroblast activation, matrix remodeling 
and tissue fibrosis. 

Innate immunity to differentiate CLAD into 
phenotypes of BOS and RAS?

Historically, chronic lung allograft rejection was believed 
to be a uniform process of obliterative bronchiolitis and, 
since definitive lung biopsies often cannot be obtained, 
was termed BOS based on the occurrence of non-
reversible airflow limitation on pulmonary function testing. 
Subsequently, Sato et al. recognized that a restrictive 
phenotype of chronic rejection exists and called it RAS, 
which is less common than BOS but has a poorer survival (6).  
Other variants of CLAD (e.g., mixed, undefined, etc.) have 
been defined in recent guidelines (2). Whether there are 
distinct immunological mechanisms leading to BOS and 
RAS is unknown, but we predict that the nature, location 
and extent of innate immune activation in the lung allograft 
may be a key determinant. 

IRI is a widespread injury leading to diffuse alveolar 
damage (DAD), manifesting clinically as PGD. The areas 
affected may be more susceptible to later fibrosis, leading 
to RAS-type CLAD. Our mouse data revealed that IRI 
leads to RAS-like pathology at day 28 accompanied by 
tertiary lymphoid organs containing T and B cells (85). 
These findings are similar to human RAS pathology (140). 
In humans, however, IRI and PGD may not be a specific 
risk factor of RAS since Sato and associates reported that 
late DAD was a risk factor for RAS, but early DAD was a 
risk factor for BOS (141). Nevertheless, the concept that 
RAS results from a more severe and widespread injury 
than does BOS is in keeping with the recent observation 
that cytokeratin 18 fragments —biomarkers of epithelial 
cell death—are much more greatly elevated in the BAL of 
RAS patients than in the BAL of BOS patients (142). The 
mechanisms by which IRI and PGD drive CLAD requires 

further clarification. 
Noxious stimuli arriving in the graft via the airways 

might reasonably be expected to drive BOS-type CLAD 
development since the airways are the site of inflammation 
in this context. Indeed, most animal lung transplant models 
of CLAD that include deliberate airway inflammation 
demonstrate obliterative bronchiolitis (117,118,143,144). 
We speculate, however, that the effects of external stimuli 
may be non-uniform and variable depending on whether 
they cause localized epithelial or a deeper diffuse alveolar 
injury. For instance, in the case of localized epithelial 
infection (e.g., bronchitis), inflammation may be limited 
to the airways leaving the parenchyma unaffected, which 
may lead to airway-centered fibrosis. In the case of a 
more diffuse alveolitis acquired via the airways (e.g., lobar 
pneumonia, severe influenza), infection may have a much 
broader effect on the allograft, which could drive diffuse 
fibrosis leading to RAS. 

These hypotheses should be examined in greater 
detail using more complex animal models and human 
biospecimens. Undoubtedly, CLAD pathogenesis in human 
lung transplant recipients is far more complex than in the 
experimental settings described, but in our view, there 
remains a lot to be learned from careful animal experiments 
designed to test relationships between inflammatory injury 
and allograft fibrosis. 

Conclusions

Innate immunity promotes inflammation, alloimmunity, 
and fibrotic processes in the lung allograft, which are 
important for development of CLAD (Figure 1). After 
reperfusion, innate immune responses trigger IRI and 
PGD, which is a risk-factor for later CLAD onset. 
Subsequent innate immune stimuli from the external 
environment provoke further inflammation and complex 
interactions between immune cells in the graft. It is very 
likely that the conventional adaptive immune response 
is profoundly altered in both magnitude and quality by 
allograft inflammation. Since CLAD is not preventable 
using current immunosuppression, dissecting the innate 
immune contribution to the pathogenesis of CLAD is a 
critical focus for research in lung transplantation. 
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