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Bronchiolitis obliterans syndrome and restrictive allograft 
syndrome after lung transplantation: why are there two distinct 
forms of chronic lung allograft dysfunction?
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Abstract: Bronchiolitis obliterans syndrome (BOS) had been considered to be the representative form of 
chronic rejection or chronic lung allograft dysfunction (CLAD) after lung transplantation. In BOS, small 
airways are affected by chronic inflammation and obliterative fibrosis, whereas peripheral lung tissue remains 
relatively intact. However, recognition of another form of CLAD involving multiple tissue compartments 
in the lung, termed restrictive allograft syndrome (RAS), raised a fundamental question: why there are two 
phenotypes of CLAD? Increasing clinical and experimental data suggest that RAS may be a prototype of 
chronic rejection after lung transplantation involving both cellular and antibody-mediated alloimmune 
responses. Some cases of RAS are also induced by fulminant general inflammation in lung allografts. 
However, BOS involves alloimmune responses and the airway-centered disease process can be explained by 
multiple mechanisms such as external alloimmune-independent stimuli (such as infection, aspiration and air 
pollution), exposure of airway-specific autoantigens and airway ischemia. Localization of immune responses 
in different anatomical compartments in different phenotypes of CLAD might be associated with lymphoid 
neogenesis or the de novo formation of lymphoid tissue in lung allografts. Better understanding of distinct 
mechanisms of BOS and RAS will facilitate the development of effective preventive and therapeutic strategies 
of CLAD.
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Introduction

Restrictive allograft syndrome (RAS) is an established 
phenotype of chronic lung allograft dysfunction (CLAD) 
after lung transplantation (1). Unlike bronchiolitis obliterans 
syndrome (BOS), which shows obstructive physiology, 
RAS shows restrictive physiology. Pathologically, BOS 
is represented by obliterative bronchiolitis (OB) in small 
airways associated with inflammation and fibrosis, while 
peripheral lung tissues (such as alveoli and pleura) remain 
relatively intact (2). Conversely, RAS shows peripheral lung 
fibrosis with various patterns including pleuroparenchymal 
fibroelastosis, diffuse alveolar damage, acute fibrinoid 

organizing pneumonia and organizing pneumonia in 
addition to OB (1,3-5). Such different microscopic findings 
are reflected by obviously distinct radiological findings of 
the two syndromes, which show a similar contrast to that 
between pulmonary emphysema and pulmonary fibrosis (6).

RAS was originally proposed by the author in 2010 as a 
form of CLAD distinct from BOS (6). After long discussion 
by the pulmonary council of the International Society for 
Heart and Lung Transplantation (ISHLT), an updated 
definition of RAS was published in 2019 (1). Because 
chronic rejection or CLAD after lung transplantation has 
long been considered synonymous with BOS (2), the official 
introduction of RAS has changed the framework of CLAD, 
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which results in the back-to-back publication of another 
consensus statement from ISHLT regarding CLAD in 
general (7).

The most important clinical characteristics of RAS are 
the significantly poorer outcome compared with BOS 
(1,6,8). This fact has been reflected by the enthusiasm 
to investigate the new entity of CLAD at different levels 
using retrospective clinical data, clinical materials and 
animal models. Although our understanding of CLAD 
has increased over the last decade, why there are two 
distinct forms of CLAD, BOS and RAS, remains unclear. 
A mechanistic understanding of these two syndromes, 
especially how a patient develops either one of the 
two forms of CLAD, is an important step towards the 
prevention and management of CLAD.

Clinical and pathological characteristics of BOS 
and RAS

BOS and RAS show clearly distinct features related to their 
physiology, radiology, pathology and clinical outcomes (6). 
It is interesting to revisit the literature describing peripheral 
lung fibrosis resembling RAS since the beginning of clinical 
lung transplantation (9,10). Particularly, in the initial 
Stanford experience of heart-lung transplantation in 1980’s, 
interstitial fibrosis, particularly in the subpleural and septal 
regions, as well as pleural fibrosis, was described in addition 
to OB (9). Restrictive physiology with upper-lobe dominant 
fibrosis was also described later (11). Furthermore, in 
the previous definition of BOS, it was clearly stated that 
allograft dysfunction with restrictive physiology should 
be excluded from BOS (12). Thus, RAS was considered 
to be present throughout the history of clinical lung 
transplantation. The main reason this syndrome has been 
under-recognized and under-documented might be the 
definition of BOS, which primarily relies on a decline in 
forced expiratory volume in one second (FEV1.0), which 
similarly declines in RAS. Currently, a decline in FEV1.0 is 
used as an indicator for CLAD development (7).

Notably, these two syndromes can convert to each 
other: typically, a relatively stable patient with established 
BOS starts to show respiratory distress with the pattern 
of RAS. Conversely, although rare, some established 
RAS patients who survive the acute exacerbation phase 
develop obstructive functional defects and peripheral lung 
hyperinflation suggestive of BOS.

In the current consensus statement from ISHLT, 
the definition allows for a “mixed” phenotype wherein 

obstructive and restrictive phenotypes coexist. Indeed, in 
the original study wherein we proposed RAS, we initially 
defined a similar mixed phenotype. However, we found 
the clinical features and especially the prognosis, were 
determined mostly by the presence or absence of the 
RAS phenotype. Thus, we eventually removed the mixed 
phenotype from the analysis and defined RAS as CLAD with 
restrictive physiology and BOS as CLAD without RAS (6).  
Further investigation of the definition and the clinical 
significance of the mixed phenotype is required; however, 
the mixed phenotype in the current definition (1) should 
not be confused with the phenomenon of inter-phenotype 
conversion as described above. Namely, some patients 
may develop the mixed phenotype ab initio and others may 
overlap RAS on existing BOS, which results in a mixed 
phenotype.

Fundamental question: why are there two forms 
of CLAD?

Two remaining fundamental questions are why and how 
these two representative phenotypes, BOS and RAS, 
develop? In other words, why does the chronic “rejection” 
of the lung or CLAD take one of these two representative 
phenotypes? This may be partially explained if these two 
phenotypes are considered the far ends of a spectrum of a 
single disease entity or two distinct disease entities.

Mechanisms of RAS (I): prototype of chronic 
lung allograft “rejection”?

Considering putative mechanisms of RAS, the fact that 
multiple tissue compartments in lung allografts are involved 
seems important (Figure 1). It is interesting to revisit the 
history of experimental models of chronic rejection after 
lung transplantation. In mechanistic investigations of 
chronic rejection or BOS, reproduction of the obliterative 
airway disease in animal models has been of major interest 
because this was the disease that was thought to be the 
form of chronic rejection after lung transplantation (13-15). 
However, rodent orthotopic lung transplantation models 
faced challenges because the reproduction of histological 
patterns observed in human BOS patients was not consistent 
and controversial (16,17). Alternatively, heterotopic tracheal 
transplant models have often been used to reproduce 
fibrotic airway obliteration despite multiple limitations 
(14,15). Interestingly, the pattern of histological changes in 
previous reports on chronic lung allograft rejection using 
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orthotopic lung transplant models have shown similarities 
to RAS, wherein various anatomical components including 
the alveoli, pleura and septum are involved in intense 
inflammatory and fibrotic changes (17,18).

Using an orthotopic rat lung transplant model with 
full MHC mismatch, we applied a different duration 
of immunosuppression (cyclosporine) to recipient  
animals (19). Because fulminant immune responses with 
very mild immunosuppression result in RAS-like broad 
fibrosis in allograft lungs, we tested whether moderate 
immunosuppression (that is, a less intensive immune 
response) resulted in a milder form of RAS or a different 
phenotype similar to BOS (that is, fibrosis confined to 
airways). Indeed, we observed a different degree of RAS-
like broad fibrosis across different anatomical components 
rather than inflammation and fibrosis limited to airways as 
seen in BOS (19).

Similarly, in mouse orthotopic lung transplant models 
with minor antigen mismatch, the histological changes 
included pleural and septal fibrosis, peripheral lung 
fibrosis, fibrosis in a bronchovascular band and occasional 
obliterative airway disease (20-22). 

Acute cellular rejection was demonstrated to be a 
significant risk factor for RAS (23). In a study using clinical 
specimens, the gene expression signature in RAS tissues was 
similar to rejection after kidney/liver/heart transplantation 
rather than BOS (24). The authors suggested that RAS 
should be seen as the “true” form of chronic lung allograft 
rejection because interstitial fibrosis is a common feature 
across organ rejection and is typical for RAS.

Mechanisms of RAS (II): association with donor-
specific antibodies (DSA)

Furthermore, increasing evidence suggests that DSA and 
antibody-mediated rejection (AMR) are risk factors for RAS. 
A higher incidence of newly-detected human leukocyte 
antigen (HLA) antibodies including DSA were shown to be 
temporally associated with CLAD onset in RAS rather than 
BOS (8).

The Leuven group demonstrated that more than half 
of RAS patients developed DSAs while only one third of 
BOS patients developed DSAs, although the total number 
of patients with CLAD in association with DSA was larger 

Figure 1 Putative mechanism of restrictive allograft syndrome after lung transplantation. Lung injuries including acute cellular 
rejection, antibody-mediated rejection, and alloantigen-independent lung injury can induce intense inflammation in different anatomical 
compartments of the lung. During the acute inflammatory phase, each anatomical compartment shows different pathological findings such 
as lymphocytic bronchiolitis and DAD, which may result in irreversible tissue remodeling and fibrosis including OB, vascular sclerosis, 
PPFE, IAFE, NSIP and other forms of alveolar fibrosis. OB, obliterative bronchiolitis; PPFE, pleuroparenchymal fibroelastosis; IAFE, 
intra-alveolar fibroelastosis; NSIP, non-specific interstitial pneumonia.
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in the BOS group (25). Another study demonstrated 
that a significant number of patients who survived AMR 
subsequently developed RAS (26). In that study, RAS was 
found exclusively in the patient group who had DSA and 
who experienced episodes of AMR, although such patients 
were only 20% of BOS patients. Interestingly, multiple 
studies suggested the association of RAS with DSAs 
against HLA class II, especially DQ (25-27), although the 
mechanisms involved remain to be determined.

Mechanisms of RAS (III): lung injuries

Although RAS might be induced by cellular and/or AMR, 
it may not explain all cases of RAS. As discussed above, one 
of the most prominent pathological features of RAS is its 
association with various patterns of lung injuries including 
diffuse alveolar damage (DAD) (3,23), OP (4) and AFOP (5). 
We and others have demonstrated that late new-onset DAD 
(>3 months after lung transplantation) was significantly 
associated with the subsequent development of RAS, while 
early post-transplant DAD that is usually associated with 
primary graft dysfunction is not associated with RAS (3,23). 
Progression of AFOP to RAS has also been reported (28,29). 
Although there may be a variety of progression patterns, 
RAS often shows the “stair-step” pattern (30), wherein late-
onset graft failure or “white out” occurs and if patients 
survive these episodes, they subsequently develop RAS (29).

The cause of such graft dysfunction should be examined 
carefully. Extensive acute cellular rejection such as A4 in the 
ISHLT criteria would be indistinguishable with DAD (31). 
Also, AMR is an important differential diagnosis and there is 
possibility that DSA is not detectable in the serum because 
of the lack of circulating DSA because of absorption by the 
graft or circulating DSAs other than anti-HLA antibodies. 
Nevertheless, despite efforts to detect these alloimmune-
dependent lung injuries, the results were negative in 
many cases and rejection was considered unlikely cause of  
RAS (29). Therefore, it is plausible that RAS is caused or 
induced by unrecognized alloimmune-independent factors.

We speculate alloantigen-independent triggers of RAS 
might include cytomegalovirus (CMV) or other virus 
infections. In the original report of RAS, CMV mismatch 
was shown to be a significant risk factor for RAS (6), 
although the result was not reproducible in other studies. 
Furthermore, patients with subclinical levels of CMV 
antigenemia and/or detection of CMV or other herpes 
viruses in bronchoalveolar lavage were associated with 
the subsequent development of RAS (unpublished data). 

Increasing evidence suggests the involvement of viral 
infection in the development of idiopathic pulmonary 
fibrosis. Mechanistically, virus infection, especially by herpes 
virus, has been recognized as a co-factor in the progression 
of fibrosis (32,33). A recent meta-analysis demonstrated 
chronic viral infections, including Epstein-Barr virus, CMV, 
human herpesvirus-7 and human herpesvirus-8, significantly 
increased the risk of developing idiopathic pulmonary 
fibrosis (34). Other than viral infection, non-specific lung 
injuries such as aspiration and bacterial or fungal infection 
might also cause acute lung injury, which in turn results in 
broad fibrosis of allografts as seen in RAS.

Whatever the trigger or cause of lung injury, it is 
evident that RAS shows a more intense inflammatory 
response in the lung compared with BOS. Studies using 
bronchoalveolar lavage fluid (BALF) demonstrated 
increased proinflammatory cytokines and chemokines (IL-6,  
IL-1Rα, CXCL10/IP-10), while VEGF was significantly 
reduced in RAS compared with BOS (35). The BALF of 
RAS patients also had higher levels of alveolar “alarmins” 
associated with innate immune responses including S100A9, 
S100A8/A9, S100A12, S100P, high-mobility group box 1 
(HMGB1) (36) and pentraxin-3 (37), and proteins released 
from neutrophils including neutrophil elastase, α-defensins 
and matrix metalloproteinase-8 (37). Interestingly, higher 
levels of IL-5 were also detected in the BALF of RAS 
patients (38), which might be associated with the high 
number of eosinophils in the BALF (39,40) and lung tissues (41) 
of RAS patients. Although the role of eosinophils in allograft 
rejection remains unclear, their involvement in humoral 
immune responses has been suggested (42). Furthermore, 
a study reported increased levels of immunoglobulins and 
complement proteins in the BALF of patients with RAS 
compared with BOS (43). These data indicate a strong 
association of RAS with inflammation, innate immune 
response and humoral immune response, the latter of 
which may further reinforce the association between AMR  
and RAS.

Mechanisms of BOS: why are the airways 
targeted?

Accumulating clinical and animal data suggest that BOS 
and RAS are distinct forms of CLAD. RAS is characterized 
by diffuse fibrotic processes across different anatomical 
compartments including the airway, pleura, septum, alveoli 
and vasculature, while BOS is an airway-centered disease. 
The next question is what causes the airway disease in BOS 
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leaving other tissues in the allograft relatively intact? The 
putative mechanisms of BOS are shown in Figure 2.

Mechanisms of BOS (I): acute cellular rejection 
and AMR 

Although there is an argument claiming that RAS may 
be a prototype of chronic lung allograft rejection, acute 
cellular and AMR is still considered a major risk factor of 
BOS. Relatively old literature that did not distinguish BOS 
and RAS reported acute cellular rejection of peripheral 
lung tissue (ISHLT A grade) (44,45) as well as lymphocytic 
bronchiolitis (ISHLT B grade) (46,47) were risk factors 
of CLAD. In the era of BOS and RAS, the role of acute 
cellular rejection needs reappreciation. Particularly, 
lymphocytic bronchiolitis was presumed to be a precursor 
lesion of OB (48), although this condition was recognized as 
a risk factor of RAS as well as BOS (39). It is important to 
note that the pathological findings of RAS include OB (4,6), 
which indicates that small airway lesions associated with 
acute rejection might be common between BOS and RAS.

As discussed above, multiple reports have demonstrated 
that RAS has a stronger association with DSA and AMR 
compared with BOS (25-27). However, many patients who 
eventually develop BOS had also developed transient or 
persistent DSA with or without episodes of AMR (25,26). 

Taken together, acute cellular rejection and AMR are 
risk factors of BOS, suggesting the involvement of these 
alloimmune responses in the disease process of BOS. 
However, given the involvement of “rejection” in BOS, 
this may not explain why the small airways are selectively 
affected by the disease.

Mechanisms of BOS (II): external alloantigen-
independent stimuli targeting airways

One hypothesis to explain why the disease process of OB/
BOS is relatively selective for the airways is external stimuli 
targeting airways. Multiple external insults including air-
borne infection, aspiration and air pollution can affect 
lung allografts through the airways. Evidence suggests 
that pseudomonas colonization (49,50), aspergillus  
colonization (51), respiratory viral infection (52,53) and 
CMV infection (54) increase the risk of CLAD. Although 
most evidence comes from the era before the establishment 
of RAS as a disease type, airborne infection is likely to 
increase the risk of airway-centered disease. Indeed, using 
a rat orthotopic lung transplant model under sufficient 
immunosuppression, we demonstrated that the trans-
airway administration of lipopolysaccharide induced 
airway-centered inflammation and fibrosis similar to that 
in human BOS (55). In the present series, an excellent 

Figure 2 Putative mechanism of airway-centered inflammation and fibrosis in bronchiolitis obliterans syndrome after lung transplantation. 
Different injurious processes including alloimmune responses, autoimmune responses, external stimuli, and airway ischemia induces 
inflammation in the small airways, which results in damage to the epithelium and other tissues. These damaged tissues may further augment 
tissue injury (such as exposure of autoantigen, vascular damage leading to ischemia, epithelial loss resulting in reduced barrier function). 
Ultimately this leads to remodeling and fibrosis termed obliterative bronchiolitis, while other anatomical compartments of the lung remain 
relatively intact.
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review article by Kawashima and Juvet explains the details 
of innate immunity leading to CLAD (56). Similarly, 
gastroesophageal reflux (57,58) and air pollution (59,60) 
can induce local airway-centered inflammatory processes, 
leading to obliterative airway fibrosis. Furthermore, we and 
others demonstrated that activation of an innate immune 
pathway through Toll-like receptor 4 directly activated 
fibroblasts that contributed to airway fibrosis (61).

Note that such external stimuli might affect regions 
beyond airways such as peripheral lung tissues. For example, 
aspiration might induce fulminant inflammation in the 
whole lung resulting in acute respiratory distress syndrome 
with the pathological finding of DAD. Thus, the external or 
alloantigen-independent factors described here are unlikely 
to be exclusive to BOS as a cause but could theoretically 
cause RAS. However, current evidence supports a 
hypothesis whereby airway-centered inflammation and 
fibrosis of OB/BOS might be partly explained by external 
trans-airway stimuli.

Mechanisms of BOS (III): airway-specific 
autoantigens

Type V collagen [col(V)] is a minor fibrillar collagen 
expressed by small airway epithelial cells and is located 
in the perivascular and peribronchial tissues of lungs as 
well as in the skin and placenta (62). Type V collagen is 
a cryptic antigen usually associated with other collagen 
fibers; however, it can be cleaved and exposed to the 
immune system by factors such as matrix metalloproteinases 
during intense inflammation such as ischemia reperfusion  
injury (63). Although col(V) is not detectable at high 
levels in normal lungs, elevated levels of col(V) have been 
reported in OB lungs in association with col(V)-specific 
Th17 cell-mediated responses after transplantation (64).

Kα-1 tubulin is also a potential autoantigen expressed by 
airway epithelial cells. Similar to col(V), Kα-1 tubulin was 
reported to be exposed to the immune system in the context 
of tissue damage and the autoimmune-like response may 
lead to autoantibody production and OB/BOS (65).

In general, such cryptic auto-antigens might be exposed 
and recognized by the immune system, especially when 
the lung is damaged, for example, by rejection, infection, 
or ischemia-reperfusion injury (62,63,66). Additionally, 
such exposure might occur even before transplantation in 
association with pre-transplant inflammatory diseases such 
as cystic fibrosis and idiopathic pulmonary fibrosis (67).  
Theoretically, these autoimmune-mechanisms might be 

associated with OB that is commonly observed in BOS 
and RAS. However, the airway-selective disease process 
of BOS can be preferentially explained by cellular and 
antibody-mediated reactions against autoantigens expressed 
selectively in airways such as Col(V) and Kα-1 tubulin.

Mechanisms of BOS (IV): ischemia and early 
post-transplant events

One hypothesis to explain the airway-centered disease 
process of BOS is a loss of microvasculature in small 
airways. In observational studies using post-mortem lung 
allograft specimens, Luckraz et al. reported the loss of small 
vessels prior to the development of BOS and insufficient 
angioneogenesis in established BOS (68,69), suggesting OB/
BOS is associated with microvascular damage around small 
airways. To support this hypothesis, Babu and colleagues 
used a murine orthotopic tracheal transplant model and 
demonstrated that rejecting grafts with extensive endothelial 
cell injury were refractory to immunotherapy, which 
resulted in airway fibrosis (70). Generally, ischemia or lack 
of oxygen or other nutritional supplies have a significant 
negative impact on wound healing. OB is considered 
a disease of tissue remodeling or failure of appropriate 
tissue regeneration after damage, especially in the airway 
epithelium (71-73). Additionally, ischemic injury may direct 
the airway toward further immune-mediated injury and 
fibrosis as discussed above. The release of DAMPs from 
damaged or dying cells activate innate immunity (56);  
the release of cryptic autoantigens might promote the 
autoimmune-mediated mechanisms as discussed above (62).

To attenuate the initial ischemic injury of airways 
and decrease the risk of subsequent airway fibrosis, 
bronchial artery revascularization at the time of lung 
transplantation is theoretically beneficial (70,74). Indeed, 
clinical outcomes after bronchial arterial anastomosis 
demonstrated less central airway ischemia and related 
complications (75). Interestingly, there was a trend toward 
the delayed development of BOS in the bronchial artery 
revascularization group compared with the non-bronchial 
artery revascularization group (75). However, there are 
insufficient clinical data demonstrating the benefit of 
bronchial artery revascularization to prevent or delay the 
development of CLAD. This might be because ischemic or 
other tissue damage early after lung transplantation is not 
simply mediated by insufficient blood supply but by a more 
complex process represented by primary graft dysfunction, 
which is attributable to multiple peri-transplant injurious 
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factors including donor lung injury related to brain death, 
aspiration, trauma, ventilation-induced injury, infection, 
cold ischemia and reperfusion injury (76). Primary graft 
dysfunction was demonstrated to be an important risk 
factor of later CLAD development (77,78). Although these 
studies were conducted before the recognition of RAS and 
the phenotype of CLAD associated with primary graft 
dysfunction was not clarified, we demonstrated that DAD 
early after lung transplantation (<3 months) was significantly 
associated with the later development of BOS, while late 
new-onset DAD was associated with the development of 
RAS (3). Early DAD is likely to be associated with early 
events including post-transplant ischemia-reperfusion injury 
and primary graft dysfunction. Interestingly, a high level 
of IL-6 in pre-transplant donor lung tissues was also found 
to be significantly associated with the later development 
of BOS but not RAS (79), which further supports the 
contention that early graft injury impacts late graft function, 
especially BOS. Taken together, although DAD per se is 
a pathological finding in alveoli that is affected by RAS 
rather than BOS, the early post-transplant injury detected 
by DAD may affect the small airways over the long-term 
through multiple mechanisms including ischemia, activation 
of innate and autoimmunity, and poor tissue regeneration, 
to eventually increase the risk of BOS.

Lymphoid neogenesis: anatomical consideration 
of CLAD phenotypes

Finally, it might be worth revisiting the issue of local chronic 
inflammatory responses in the context of anatomy. Both 
BOS and RAS are phenotypes of CLAD that share chronic 
inflammation and tissue remodeling as the disease process. 
The critical difference between these two phenotypes is the 
anatomical location involved in chronic inflammation and 
tissue remodeling: BOS is an airway-centered process while 
RAS involves multiple anatomical compartments including 
airways, pleura, septum, alveoli and vasculature. Generally, 
chronic inflammation often accompanies a phenomenon 
termed lymphoid neogenesis, wherein chronic infiltration 
of immune cells (such as lymphocytes) home to the tissue 
and interact with stromal resident cells to organize tertiary 
lymphoid organs similar to lymphoid follicles (80). This 
chronic process as is seen in infection is considered an essential 
protective phenomenon to confine inflammation, which 
could be harmful if it continues systemically (81). However, 
in chronic immune-mediated diseases such as autoimmune 
diseases, such tertiary lymphoid organs may promote chronic 

inflammation though various effector mechanisms including 
tissue destruction and antibody production (80). In organ 
transplantation, the organization of such lymphoid tissues 
has been reported in chronically rejected hearts, kidneys, 
livers and pancreases (82-84). We first reported lymphoid 
neogenesis in lung allografts using human lungs affected 
by CLAD and its animal models (85). However, the role 
of lymphoid neogenesis remains controversial or probably 
biphasic (86). Lymphoid neogenesis was reported in lung 
tissues affected by CLAD (85) and its animal models (85,87) 
and it has also been suggested to play protective roles 
after lung transplantation by accommodating regulatory 
lymphocytes (88,89). Recent studies have further revealed 
the detailed mechanisms whereby tertiary lymphoid tissues 
within transplanted organs have detrimental or protective 
roles (86).

Regarding the development of the different phenotypes 
of CLAD, lymphoid neogenesis might play a role in 
the progression of chronic inflammation. We examined 
intrapulmonary lymphoid tissues in lungs affected by 
CLAD and demonstrated that the distribution of lymphoid 
tissue in the lung affected by CLAD followed the pattern of 
“lymphangitic distribution”, or along the lymphatics of the 
lung, which is also seen in other pulmonary disorders such 
as sarcoidosis (90). Lymphoid tissues were predominantly 
observed along airways or around the bronchovascular 
bundle, or close to the pleura and interlobular septum, 
which are locations affected by RAS. More recently, the 
histological examination of lungs affected by CLAD 
demonstrated intrapulmonary lymphoid tissues were more 
frequent in RAS than BOS (41). In animal experiments, 
lungs were demonstrated to mount alloimmune responses 
independent of secondary lymphoid organs (87,91). 
Furthermore, our group demonstrated the local production 
of DSA in intrapulmonary lymphoid tissues (19). Moreover, 
lymphoid neogenesis in allograft lungs was demonstrated 
in association with Th17-mediated autoimmune responses 
(62,92,93). Taken together, intrapulmonary lymphoid 
tissues may promote local cellular and humoral immune 
responses in detrimental cases that lead to CLAD, whereas 
they may also be involved in the stabilization of local 
immune responses. Considering the possible triggers 
of CLAD and complex cross-talk among the different 
mechanisms involved (Figure 2), lymphoid neogenesis may 
have an important role at the juncture of these factors in the 
progression of local chronic immune responses, and thus 
in the establishment of the different phenotypes of CLAD 
with the involvement of different anatomical components.
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Conclusions

There is emerging evidence to explain the mechanisms of 
two distinct forms of CLAD, BOS and RAS. However, these 
mechanisms often overlap and there is no clear explanation 
for the pathogenesis of each phenotype of CLAD. It is 
likely that these two phenotypes are multifactorial and 
cannot therefore be explained by a single factor or pathway. 
Furthermore, by definition, CLAD is a chronic disease state 
during which patients survive for a certain period of time 
along with a chronic inflammatory process. For example, 
even if RAS develops in a patient and is triggered by 
fulminant acute cellular rejection, tissue injury caused by the 
alloimmune response may induce autoimmune mechanisms. 
Because the cause—effect relationship in clinical settings 
is difficult to demonstrate, a simplification of the setting 
using animal models wherein we can test what we cannot 
do in clinical settings (such as significantly reducing 
immunosuppression in allotransplantation to examine what 
happens in allografts) may help. To better understand the 
complex mechanisms of CLAD and eventually develop 
effective preventive and therapeutic strategies, further 
investigations should focus not only on clinical samples and 
data but also on basic research using animal models.
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