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Abstract

Chronic lung allograft dysfunction (CLAD) remains the major obstacle to long-term survival following lung trans-
plantation (LuTx). Morphologically CLAD is defined by obliterative remodelling of the small airways (bronchiolitis
obliterans, BO) as well as a more recently described collagenous obliteration of alveoli with elastosis summarised as
alveolar fibroelastosis (AFE). Both patterns are not restricted to pulmonary allografts, but have also been reported
following haematopoietic stem cell transplantation (HSCT) and radio chemotherapy (RC). In this study we performed
compartment-specific morphological and molecular analysis of BO and AFE lesions in human CLAD (n 5 22), HSCT
(n 5 29) and RC (n 5 6) lung explants, utilising conventional histopathology, laser-microdissection, PCR techniques
and immunohistochemistry to assess fibrosis-associated gene and protein expression. Three key results emerged from
our analysis of fibrosis-associated genes: (i) generally speaking, “BO is BO”. Despite the varying clinical backgrounds,
the molecular characteristics of BO lesions were found to be alike in all groups. (ii) “AFE is AFE”. In all groups of
patients suffering from restrictive changes to lung physiology due to AFE there were largely – but not absolutely -
identical gene expression patterns. iii) BO concomitant to AFE after LuTx is characterised by an AFE-like molecular
microenvironment, representing the only exception to (i). Additionally, we describe an evolutionary model for the
AFE pattern: a non-specific fibrin-rich reaction to injury pattern triggers a misguided resolution attempt and even-
tual progression towards manifest AFE. Our data point towards an absence of classical fibrinolytic enzymes and an
alternative fibrin degrading mechanism via macrophages, resulting in fibrous remodelling and restrictive functional
changes. These data may serve as diagnostic adjuncts and help to predict the clinical course of respiratory dysfunc-
tion in LuTx and HSCT patients. Moreover, analysis of the mechanism of fibrinolysis and fibrogenesis may unveil
potential therapeutic targets to alter the course of the eventually fatal lung remodelling.
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Introduction

Chronic lung allograft dysfunction (CLAD) remains

the major obstacle to long-term survival following

lung transplantation (LuTx) [1]. CLAD represents an

umbrella term for the manifestations of allo-/auto-

immune, mechanical, ischaemic and infectious inju-

ries to the graft and encompasses several clinically

and morphologically distinct subforms [1–3], which

are clinically defined by a progressive decline of
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respiratory function tests. Its best known sub-form is
the rather frequent obstructive bronchiolitis obliterans
syndrome (BOS or oCLAD; forced expiratory vol-
ume in 1 s [FEV1] decrease �20%), histologically
distinguished by a fibrous obliteration of the small
airways (bronchiolitis obliterans, BO) [2,4,5]. More
recently the less frequent restrictive allograft syn-
drome (rCLAD or RAS) (decline of �20% of total
lung capacity) has been defined, which is associated
with an even worse prognosis than BOS [6]. Morpho-
logically it shows a predominant subpleural and para-
septal pattern of collagenous obliteration of the
alveoli with accompanying elastosis, most often sum-
marised as pleuroparenchymal fibroelastosis (PPFE),
but more aptly descriptively termed alveolar fibroe-
lastosis (AFE) [4,7,8]. However, these patterns are
not specific for lung allografts, as respiratory dys-
function with very similar morphological injury pat-
terns has been described following haematopoietic
stem cell transplantation (HSCT), radio/chemotherapy
(RC) and in idiopathic PPFE (iPPFE) [9–12].

For both CLAD as well as lung dysfunction fol-
lowing HSCT a stage-like development with an acute
injury stage preceding fibrous remodelling of the
lung parenchyma has been postulated [13–15]. In
transbronchial biopsies (TBBs) of LuTx patients
acute fibrinous and organising pneumonia (AFOP)
have been described [16], whilst for HSCT patients
acute lung injury patterns in the form of acute respi-
ratory distress syndrome (ARDS – both clinical and
radiological) and its histological hallmark fibrin-rich
diffuse alveolar damage (DAD) have been reported
as early correlates of respiratory dysfunction [17–19].
After the often transient manifestations of these acute
injury patterns, remodelling of the distal airways may
ensue. Whilst for both LuTx and HSCT patients BO
has been well documented in this context, AFE pat-
terns have been described only recently [20]. This
phase-like development of CLAD is supported by
data from animal models, which also describe a
sequence of an acute injury pattern with epithelial
and vascular damage and subsequent activation of
inflammatory, epithelial and mesenchymal cells as
indispensable in the pathogenesis of CLAD [21,22].
Of note, the actual nature of the early stimulus lead-
ing to CLAD seems to be less relevant than the spe-
cific local microenvironment [8].

In this context, we and others previously described a
complex deregulation of a large number of mediators
in transplanted and non-transplanted lungs, governing
such functional areas as digestion of fibrin, macro-
phage recruitment and activation, vascular remodelling,
epithelial-mesenchymal transition (EMT) and haemo-
stasis, in addition to pivotal (myo)fibroblast activation

and proliferation [3,8,23]. In our previous studies of
BO following LuTx, we could specifically show that
(i) circulating fibrocytes of the graft recipient contrib-
ute to the evolution of BO [24], (ii) lipopolysaccha-
rides are necessary co-stimulators for the development
of BO [25] (iii) a dysregulation of fibrosis-associated
genes involving the transforming growth factor b
(TGF-b) cascade is the hallmark of BO in explanted
lung transplants and after HSCT [7,8], (iv) morphologi-
cally inconspicuous lung parenchyma adjacent to BO
changes already shows pro-fibrotic gene dysregulation
[8,23], (v) an overexpression of a subset of fibrosis-
associated genes in transbronchial biopsies (TBB) pre-
dicts the subsequent manifestation of BOS [7].

Although there is morphological overlap between
the described CLAD subtypes and lung parenchyma
following HSCT, especially regarding airway remodel-
ling, no comprehensive studies assessing the similar-
ities and differences on a molecular level have been
reported so far. In the present study, we aimed to
expand our analysis of the fibrosis-associated genes in
CLAD to morphologically similar patterns following
HSCT and RC, as well as in iPPFE. These studies
should clarify whether a shared morphology in differ-
ent clinical settings indicates a shared usage of media-
tors and pathways regulating fibrogenesis in the lung,
such as bone morphogenetic proteins (BMPs), other
members of the pivotal TGF-b superfamily, as well as
related effector molecules, such as matrix metallopro-
teinases (MMPs) [7,8]. Moreover, this analysis may
unravel markers of disease manifestation and aggrava-
tion, identify potential therapeutic targets and poten-
tially allow one to predict lung remodelling before
pulmonary function tests deteriorate.

Materials and methods

Patient selection, specimens and study groups

We analysed 63 lung explants (out of 747 LuTx total)
sampled during lung (re) transplantation between January
2010 and December 2015 at Hanover Medical School
from four different patient groups (supplementary mate-
rial, Table S1): (i) endstage lung allografts of patients
with manifest CLAD and obstructive or restrictive
changes to lung physiology, explanted during retransplan-
tation (BOS n 5 14 and rCLAD n 5 8); (ii) endstage
lungs with prominent fibrotic remodelling and manifest
and irreversible changes to lung physiology following
HSCT (HSCT group, n 5 29); (iii) endstage lungs with
prominent fibrotic remodelling after radio- and/or chemo-
therapy (RC group, n 5 6); indications for treatment
included Ewing-sarcoma, Hodgkin-lymphoma, testicular
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germ cell tumour, neuroblastoma and malignant lym-
phoma, and (iv) manifest iPPFE (iPPFE group, n 5 6).

As a reference for mRNA and protein expression
analyses, non-agitated, non-remodelled small airways
and alveolar parenchyma were sampled from down-
sizing lung tissue of donor lungs (n 5 19), resected
immediately before transplantation.

Sample preparation and histopathological
evaluation

Directly after explantation/resection (in the case of
downsizing lung samples) all specimens were inflated
and fixated with buffered formalin under controlled pres-
sure via the main bronchi [26]. As explanted pulmonary

Figure 1. Histology of CLAD. Elastic van Gieson staining consecutive stages of progression of alveolar fibroelastosis remodelling: (A) alveoli
with myofibroblasts surrounded by intraalveolar collagen (arrows), adjacent to areas with dense aggregates of macrophages (stars); promi-
nent elastosis of the alveolar walls is apparent throughout (arrowheads). (B) Fully developed AFE; intra-alveolar obliteration with scant
inflammation, de-epithelialised alveolar walls with prominent elastosis. (C) Fully developed AFE pattern next to a BO lesion in an rCLAD
lung. (D) BO lesion in a BOS lung. (E) Lung transplant from a female donor and a male recipient with AFE; resident alveolar epithelial cells
(arrows) show 2 green fluorescence in situ hybridisation signals corresponding to two X-chromosomes. Note the prominent elastosis of
the alveolar wall (right hand side) with strong autofluorescence from elastin. (F) Dense intra-alveolar infiltrates of recipient derived male
macrophages (Y-chromosomes labelled red, X-chromosomes labelled green). (G) Recipient derived (male) intra-alveolar (myo)fibroblasts
embedded in extracellular matrix in an area of fully developed fibroelastosis (Y-chromosomes labelled red, X-chromosomes labelled green)
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allografts as well as endstage lungs following HSCT or
chemoradiation can demonstrate a wide variety of histo-
logical changes, the selected, well-fixed cases were
extensively sampled and paraffin-embedded (FFPE).
Subsequently, morphological changes were first histolog-
ically evaluated by two experienced pneumopathologists
(DJ and FL), and then discussed in an expert panel and
correlated with clinical data to critically assess and con-
firm the diagnoses. Here, special regard was given to
the presence, location morphology and extent of fibrotic
remodelling. For our current study, FFPE samples were

retrieved from the archives of the Institute of Pathology
of Hannover Medical School (MHH) and were handled
anonymously, following the requirements of the local
ethics committee (ethic vote no. E2050-2013).

The histopathological evaluation of specimens [26]
and stereological estimation of elastin content [27]
was performed as previously described and outlined
in the supplement. The subsequent compartment iso-
lation via laser-assisted microdissection [8,28,29],
mRNA extraction and cDNA generation [23,28,30],
as well as target gene-specific pre-amplification and
gene-expression analysis by low-density PCR panels
[7,30] have been performed as described in detail in
our previous publications and in the supplement.
Analysis of chimerism and cell origin was performed
by combined fluorescence in situ hybridisation [31],
and immunohistochemistry [23,31]. Statistical analy-
ses [7] were performed as outlined in the supplemen-
tary material section.

Results

Conventional histopathology, correlation with
radiological and clinical data

In agreement with the radiological and clinical/func-
tional findings, the following compartments with air-
way and alveolar parenchymal remodelling were
identified in the different patient groups for consecutive
molecular and immunohistochemical analysis: in BOS
patients we identified prominent BO-lesions, in the
absence of other forms of parenchymal fibrosis. In lung
explants from rCLAD patients, there were (i) areas
with intra-alveolar collagenous obliteration with scant
or no concomitant inflammation. There was also an
increased amount of elastic fibres in the former alveolar
walls, in terms of a fully developed AFE pattern (AFE
stage) (Figure 1). These areas were unevenly distrib-
uted in the lungs and – beside the (sub) pleural – areas,
also involved the paraseptal and centrolobular areas of
the lung parenchyma. Included in these areas were also
numerous BO-lesions in each analysed rCLAD patient.
Adjacent to these, we found, in abrupt transition, (ii)
areas with a fibrin rich exudate (‘acute injury’ stage)
and, again in the direct vicinity, (iii) compartments
with dense intra-alveolar aggregates of macrophages,
filling up the alveoli in a desquamative interstitial
pneumonia (DIP)-like pattern (macrophage-rich, ‘futile
resolution’ stage). The macrophages in the acute injury
stage as well as the myofibroblasts were predominately
derived from the host, as indicated by representative
XY-chromosome specific FISH analysis (Figure 1 E–
G). In HSCT cases, an AFE pattern could be

Figure 2. Results of analysed fibrosis-associated genes. Sum-
mary of the molecular expression profiles associated with
chronic lung allograft dysfunction (CLAD), human stem cell
transplantation (HSCT), idiopathic pleuroparenchymal fibro elas-
tosis (iPPFE) and radio chemo therapy (RC). Upregulated genes
are indicated in green, not differentially regulated genes in yel-
low and downregulated genes in red. All gene expressions regu-
lations assessed versus corresponding reference compartments
in healthy control lungs. The values associated with the individ-
ual genes are p-values. Bone morphogenic protein (BMP1, 2, 4),
C-C motif chemokine 5 (CCL5), collagens (COL1A2, COL3A1,
COL4A1), C-X-C chemokine receptor type 4 (CXCR4), Chemokine
(C-X-C motif) ligand 12 (CXCL12), Forkhead box protein P3
(FOXP3), Lysyl oxidase (LOX), matrix metalloproteinases (MMP1,
2, 9, 11, 14), metalloproteinase inhibitor (TIMP1, 2), mothers
against decapentaplegic homolog (SMAD1), Plasminogen activa-
tor inhibitor (SERPINE1), Procollagen-lysine, 2-oxoglutarate 5-
dioxygenase (PLOD2), thrombospondine (THBS1), Tissue-type
plasminogen activator (PLAT), Transforming growth factor beta
(TGFB1), Transforming growth factor beta receptor (TGFBR2),
Urokinase plasminogen activator surface receptor (PLAUR).
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demonstrated, also with concomitant BO lesions in all
cases. RC lungs showed prominent BO-lesions without
AFE, whilst in iPPFE lungs we found all of the histo-
logical features associated with AFE development out-

lined above, in the absence of BO-lesions. In addition,
in all forms of AFE we found greatly increased
amounts of elastin, not only in ‘AFE’ stage areas,
where most elastin was found, but also in ‘acute injury’
and ‘histiocyte dominated’ stages by semi-quantitative

stereological point counting (supplementary material,
Figure S1). It should be noted that no differences in
elastin content were observed between rCLAD, HSCT
or iPPFE.

CLAD subforms and evaluation

Next, we analysed the expression patterns of fibrosis
associated genes in different histopathological corre-
lates of pulmonary dysfunction due to fibrotic remod-
elling: BO in BOS lungs, BO and AFE in rCLAD
lungs and compared them to BO and/or AFE from

patients with pulmonary complications after HSCT,
RC and with iPPFE. The gene expression results are
summarised in Figure 2 and explained in detail below.

In addition, we provide a comparison of the gene
expression of the histopathological stages observed in
AFE: a fibrin-rich initial stage (fibrin), a macrophage-
rich resorption stage (MO) and a fully manifest AFE
stage (supplementary material, Figure S2).

The analysis of BO lesions in explanted lungs with
diagnoses of BOS, HSCT and RC, respectively,
revealed almost identical expression profiles of 26 tis-
sue remodelling associated genes, with the exception
of BMP2, which was not significantly upregulated in
RC (compare Figure 2 columns 1, 4 and 7). In con-
trast to these, BO-lesions in rCLAD lungs, although
morphologically indistinguishable from those in BOS
patients, exhibited a rather different expression pattern:
they shared the up-regulation of half of the genes, but
showed no upregulation of CCL5, CXCL12, FOXP3,
MMP9, PLAUR and SERPINE1. Instead, there was
a downregulation of BMP2, PLAT and TGFBR2
(Figures 2 and 3).

Interestingly, this profile is quite similar to the
expression pattern seen in AFE in rCLAD lungs
(compare Figure 2 column 2 and 3) and the fibrin-
rich and histiocyte-dominated alveoli exhibited
reduced sets of expressed genes in comparison to

Figure 3. Comparative analysis of expression profiles of BOS-BO, HSCT-BO, RC-BO and rCLAD BO. Visualisation of the gene expres-
sion profiles with regard to their affected function of bronchiolitis obliterans (BO) lesions in lungs after lung transplantation, human
stem cell transplantation (HSCT) and radio chemo therapy (RC). Upregulated genes are indicated in green, downregulated genes in
red and genes that are not differentially regulated in yellow. BO lesions in HSCT, obstructive chronic lung allograft dysfunction (BOS)
and RC show comparable expression profiles, whilst rCLAD BO shows either down regulation or unchanged expression levels of fibri-
nolytic factors (PLAT, PLAUR, MMP9), as well as factors involved in early events of remodelling. Bone morphogenic protein (BMP1, 2,
4), C-C motif chemokine 5 (CCL5), collagens (COL1A2, COL3A1, COL4A1), C-X-C chemokine receptor type 4 (CXCR4), Chemokine
(C-X-C motif) ligand 12 (CXCL12), Forkhead box protein P3 (FOXP3), Lysyl oxidase (LOX), matrix metalloproteinases (MMP1, 2, 9, 11,
14) metalloproteinase inhibitor (TIMP1, 2), Mothers against decapentaplegic homolog (SMAD1), thrombospondine (THBS1), Plasmino-
gen activator inhibitor (Serpine1), Procollagen-lysine, 2-oxoglutarate 5-dioxygenase (PLOD2), Tissue-type plasminogen activator
(PLAT), Transforming growth factor beta (TGFB1), Transforming growth factor beta receptor (TGFBR2), Urokinase plasminogen activator
surface receptor (PLAUR), epithelial/endothelial to mesenchymal transition (EMT), Extracellular matrix (ECM).
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AFE remodelled areas (supplementary material, Fig-
ure S1). In fibrin filled alveoli we saw upregulation
of LOX, MMP2 and TIMP1. In alveoli with intra-
alveolar macrophages, CXCR4 upregulation is found

as well. Finally, AFE areas are similar to BO areas,
characterised by upregulation of 12 genes (compare
Figure 2 column 2 and 3). However, in contrast to
BO, AFE exhibited no upregulation in BMP1 and
TGFB1 expression but instead upregulation of

FOXP3, SERPINE 1 and SMAD1, whilst PLOD2
was downregulated (Figure 4, supplementary mate-
rial, Figure S2).

In HSCT lungs the expression profiles of BO and

AFE were somewhat different in comparison to
CLAD lungs: HSCT lungs were either characterised

by pure AFE or AFE in combination with BO lesions,

as BO-lesions without concomitant AFE were never

found in any of the analysed lungs from our centre.
However, the gene expression profile of BO lesions in

HSCT lungs was found to be similar to the gene

expression pattern found in BOS rather than of

rCLAD (compare Figure 2 column 1 and 4). In con-
trast to this, the gene expression profile of AFE in

HSCT lungs was similar to the gene expression profile

of AFE in rCLAD (compare Figure 2 column 3 and

5). Regarding the initial stages of AFE remodelling in
HSCT explants, the fibrin state was already character-

ised by an upregulation of COL1A2, COL3A1 and

COL4A1, as well as TIMP2, and a downregulation of

PLOD2 (supplementary material, Figure S2).

iPPFE in comparison to AFEs

The idiopathic form of PPFE was almost identical to the

molecular profile found in AFE from rCLAD with the
exception of BMP1, CCL5, CXCR12 and FOXP3, which

were upregulated in iPPFE but not in other forms of AFE.
As mRNA expression may not equate actual protein

levels due to post-transcriptional regulation, we con-
firmed the PCR results by exemplary immunohisto-

chemistry, which concurred with the mRNA

expression (data not shown, supplementary material,

Table S2). We could demonstrate strong immunohisto-
chemical signals of MMP9 and PLAT in macrophages

in BO lesions and faint staining of macrophages in

AFE, whilst MMP2 and MMP11 were evenly

expressed in macrophages in BO lesions and AFE.
The findings of the combined expression analysis

for the respective groups are summarised in Figure 2.

Discussion

Fibroelastotic remodelling of the small airways and
alveoli has been recognised as a rather non-specific

correlate of pulmonary injury and remodelling for

over a century [13,15,18,19,32,33]. The actual cate-

gorisation of these changes and the allocation of his-
topathological patterns to specific disease entities,

particularly in the field of transplantation, have

started far more recently. Whilst BO and its clinical

surrogate BOS have been well defined for some
time, the first clinical reports of restrictive forms of

pulmonary dysfunction with features of an upper lobe

(pulmonary) fibrosis were published in 2003 for

Figure 4. Comparative analysis of expression profiles of AFE
pattern in rCLAD, HSCT and iPPFE. Visualisation of the gene
expression profiles/functions in alveolar fibroelastosis (AFE) in
lungs after lung transplantation with restrictive chronic allo-
graft dysfunction (rCLAD), human stem cell transplantation
(HSCT) or with idiopathic pleuroparenchymal fibroelastosis
(iPPFE). Upregulated genes are shown in green and downregu-
lated genes in red. The majority of genes are expressed equally
in AFE independent of clinical background. These genes
regulate ECM remodeling and EMT. Individual differences in
gene expression were found on the level of fibroblast/progeni-
tor cell recruitment, influx of inflammatory cells and response
to fibrin. Bone morphogenic protein (BMP1, 2, 4), C-C motif
chemokine 5 (CCL5), collagens (COL1A2, COL3A1, COL4A1),
C-X-C chemokine receptor type 4 (CXCR4),), Chemokine (C-X-C
motif) ligand 12 (CXCL12), Forkhead box protein P3 (FOXP3),
Lysyl oxidase (LOX), matrix metalloproteinases (MMP1, 2, 9, 11,
14) metalloproteinase inhibitor (TIMP1, 2), Mothers against
decapentaplegic homolog (SMAD1), Plasminogen activator
inhibitor (SERPINE1 Procollagen-lysine, 2-oxoglutarate 5-
dioxygenase (PLOD2), thrombospondine (THBS1), Tissue-type
plasminogen activator (PLAT), Transforming growth factor beta
(TGFB1), Transforming growth factor beta receptor (TGFBR2),
Urokinase plasminogen activator surface receptor (PLAUR),
epithelial/endothelial to mesenchymal transition (EMT), Extra-
cellular matrix (ECM).

22 D Jonigk et al

VC 2016 The Authors The Journal of Pathology: Clinical Research published by The Pathological
Society of Great Britain and Ireland and John Wiley & Sons Ltd

J Path: Clin Res January 2017; 3: 17–28



LuTx [34,35] and HSCT patients [36]. At about the
same time, iPPFE and its AFE pattern were first
identified and defined as a new form of idiopathic
lung fibrosis by Frankel and colleagues, although a
subset of the patients had a history of former chemo-
therapy [37]. Nevertheless it took almost another dec-
ade until the histological similarities between iPPFE,
rCLAD and HSCT patients – namely histological
changes in the form of AFE – were recognised
[13,20]. Here, we describe for the first time AFE as
a reaction to injury pattern on the morphological and
molecular levels in all of the clinical settings outlined
above and propose a stepwise transition from an
acute injury phase to fibrous remodelling.

Three key messages emerged from our compara-
tive molecular study: (i) generally speaking ‘BO is
BO’. Despite the varying clinical backgrounds, the

gene expression patterns of BO lesions were found to
be identical in all groups (compare Figure 2 BOS-BO
versus HSCT-BO versus RC-BO); there was one
exception, however. After LuTx some patients devel-
oped either BO or BO in combination with AFE.
Whilst the former group had an identical expression
pattern in BO lesions as compared to those from
HSCT and RC patients, the latter showed molecular
changes more akin to the expression pattern of the
fully developed AFE areas found in HSCT and
iPPFE patients (see iii), Figure 2 and 3. (ii) ‘AFE is
AFE’. In lungs of patients suffering from restrictive
lung dysfunction after LuTx (rCLAD) or HSCT and
in lungs with iPPFE, AFE areas showed largely – but
not absolutely – identical expression patterns (Figure
4), which were distinct from the changes seen in BO.
(iii) When AFE is present after LuTx, concomitant

Figure 5. Morphological and molecular development stages of alveolar fibroelastosis. Schematic overview of the proposed develop-
ment stages of alveolar fibroelastotic remodelling from early to late events and corresponding histopathological images. The grey
boxes indicate the analysed genes in conjunction with their respective functions in the context of alveolar fibroelastosis; an early
insult with or without participation of allo and/or autoimmunity, followed by fibrin rich exudates in the alveolar lumen (fibrin stage),
leads to a futile resolution by macrophages (histiocytic stage) and results in fully remodelled alveolar fibroelastosis. Bone morpho-
genic protein (BMP1, 2, 4), C-C motif chemokine 5 (CCL5), collagens (COL1A2, COL3A1, COL4A1), C-X-C chemokine receptor type 4
(CXCR4), Chemokine (C-X-C motif) ligand 12 (CXCL12), Forkhead box protein P3 (FOXP3), Lysyl oxidase (LOX), matrix metalloprotei-
nases (MMP1, 2, 9, 11, 14), metalloproteinase inhibitor (TIMP1, 2), Plasminogen activator inhibitor (SERPINE1), Procollagen-lysine, 2-
oxoglutarate 5-dioxygenase (PLOD2), thrombospondine (THBS1), Tissue-type plasminogen activator (PLAT), Transforming growth factor
beta (TGFB1), Transforming growth factor beta receptor (TGFBR2), Urokinase plasminogen activator surface receptor (PLAUR), epithe-
lial/endothelial to mesenchymal transition (EMT), Extracellular matrix (ECM).
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BO is characterised by an AFE-like molecular micro-
environment: in lungs from patients with restrictive
changes to lung physiology after LuTx (rCLAD), BO
and AFE are usually found together. In these
patients, the gene expression of BO lesions and AFE

revealed striking similarities. Particularly genes,
which were not upregulated or even down regulated
in AFE, as compared to BO, related to early events
in the development of CLAD were comparable in the
two systems, e.g. BMP2, CCL5, CXCL12, MMP9,

Table 1. List of analysed Fibrosis-associated Genes

No. Synonym/full name

Target genes
1 BMP1 Bone morphogenetic protein 1

2 BMP2 Bone morphogenetic protein 2

3 BMP4 Bone morphogenetic protein 4

4 BMP6 Bone morphogenetic protein 6

5 BMP7 Bone morphogenetic protein 7

6 BMPR1B Bone morphogenetic protein receptor type-1B

7 BMPR2 Bone morphogenetic protein receptor type-2

8 CCL5 C-C motif chemokine 5

9 COL1A2 Collagen alpha-2(I) chain

10 COL3A1 Collagen alpha-1(III) chain

11 COL4A1 Collagen alpha-1(VI) chain

12 CXCL12 Chemokine (C-X-C motif) ligand 12

13 CXCR4 C-X-C chemokine receptor type 4

14 EDN1 Endothelin-1

15 FOXP3 Forkhead box protein P3

16 IL4 Interleukin-4

17 IL6 Interleukin-6

18 IL8 Interleukin-8

19 IL13 Interleukin-13

20 IL17A Interleukin-17A

21 LOX Lysyl oxidase

22 MMP1 Matrix metalloproteinase 1 (Interstitial collagenase)

23 MMP2 Matrix metalloproteinase 2/(72 kDa type IV collagenase)

24 MMP9 Matrix metalloproteinase 9

25 MMP11 Matrix metalloproteinase 11 (Stromelysin 3)

26 MMP13 Matrix metalloproteinase 13 (Collagenase 3)

27 MMP14 Matrix metalloproteinase 14

28 NOG Noggin

29 PLAT Tissue-type plasminogen activator

30 PLAUR Urokinase plasminogen activator surface receptor

31 PLOD2 Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2

32 PTK2 Focal adhesion kinase 1

33 SERPINE1 Plasminogen activator inhibitor 1

34 SMAD3 Mothers against decapentaplegic homolog 3 (SMAD family member 3)

35 SMAD1 Mothers against decapentaplegic homolog 1 (SMAD family member 1)

36 SMAD4 Mothers against decapentaplegic homolog 4 (SMAD family member 4)

37 SMAD5 Mothers against decapentaplegic homolog 5 (SMAD family member 5)

38 TGFB1 Transforming growth factor beta-1

39 TGFB2 Transforming growth factor beta-2

40 TGFB3 Transforming growth factor beta-3

41 TGFBR1 TGF-beta receptor type-1

42 TGFBR2 TGF-beta receptor type-2

43 THBS1 Thrombospondin-1

44 TIMP1 Metalloproteinase inhibitor 1

45 TIMP2 Metallloproteinase inhibitor 2

Reference genes
46 GAPDH Glyceraldehyde-3-phosphate dehydrogenase

47 GUSB Beta-glucuronidase

48 POLR2A DANN-directed RNA polymerase II subunit RPB1

Overview of our custom-made PCR panel (TaqMan Low-Density PCR panel; Applied Biosystems) used to profile mRNA expression.
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PLAT and TGFbR2. In addition MMP1, which we
found upregulated in AFE after LuTx and iPPFE,
was also upregulated in rCLAD BO, in contrast to
BO arising after HSCT or RC (Figure 5, supplemen-
tary material, Figure S2).

Thus fully developed AFE shares similarities with
BO lesions in gene expression, especially with regard
to the genes involved in the late fibrotic maturation
process for example BMP4. This member of the
TGF-b super family was recently described by us [7]
as a reliable marker and indicator of BOS develop-
ment in human TBBs and is currently being tested
together with the TGF-b activator Thrombospondin
(THBS) as markers for the prediction of BOS in a
prospective clinical study. However, BMP4 acts in
many different ways in lung disease; BMP4 induced
and MMP-mediated effects on soft tissue homeostasis,
inhibition of epithelial cell proliferation and differen-
tiation, as well as regulation of ECM remodelling
have all been described [38,39] and all depend on
BMP4 concentration and dimerisation status. In kid-
neys, transformation of fibroblasts to active myofibro-
blasts and in a chronic allograft nephropathy model
consecutive deposition of ECM was shown to be
inhibited via BMP4/7, in an activin receptor-like
kinase 1 (ALK1)/SMAD1/5 dependent way [38–41].
As we saw upregulation of BMP2 and 4, but not
BMP7 this could indicate that the inhibition activity
of BMP4/7 is lost, leading to ECM production and
remodelling, presumably via the TGF-b pathway with
subsequent phosphorylation of SMADs by BMP
receptor kinases [38]. Likewise, the relative reduction
of BMP7 in comparison with BMP4 is in agreement
with the complete loss of epithelial structures in fully
developed AFE, as BMP7 is known to exercise regen-
erative effects on epithelia and inhibit EMT [42,43].
In addition, SMAD1, which is upregulated in rCLAD,
AFE and iPPFE, can also affect fibrogenesis, via
direct binding to the TGF-b receptor ALK1 and subse-
quent upregulation of profibrotic genes.

However, there are also clear differences which
discriminate the BO and AFE gene expression pat-
tern. These are particularly evident at the level of
ECM degradation: BO lesions are characterised by
prominent upregulation of collagen matrix degrading
enzymes, e.g. MMP2, 9, 11, 14 and BMP1, as well
as fibrin degrading enzymes like PLAT, MMP9 and
PLAUR. In contrast, in the AFE pattern regardless of
the clinical background (rCLAD, HSCT, iPPFE) no
expression of fibrinolysis-associated genes could be
demonstrated, whilst an upregulation of MMP1 was
observed in rCLAD, AFE and iPPFE. This is of
interest, as downregulation of MMP1 is an important
step in the final phase of wound healing, whilst its

constitutive expression or upregulation is found in
lingering wounds and idiopathic pulmonary fibrosis
(IPF). MMP1 is implicated in cell division, migra-
tion, differentiation and apoptosis via intracellular
activity. In our own tissue-based molecular expres-
sion analyses, we recently demonstrated, in contrast
to BAL analyses, an upregulation of MMP1 in TBBs
of BOS patients [7,44,45]. Here, via compartment-
specific molecular expression analysis MMP1 was
even more specifically localised to AFE areas.

As a consequence of the morphology and molecu-
lar data of explanted lung tissue we and others
[13,33,46] suggest a phase-wise progression of AFE
in rCLAD, HSCT and iPPFE (Figure 5) and propose
distinct phases of AFE development.

1. The “fibrin stage”; here, the alveoli are filled up with

fibrin-rich exudates. Exudates of this kind are commonly

seen in a variety of lung diseases (such as diffuse alveolar

damage [DAD], acute fibrinous organising pneumonia

[AFOP] etc.) as a response towards epithelial damage

[13–15,35]. Ideally, fibrin is quickly proteolysed and sub-

sequently resorbed by resident phagocytes, resulting in

full remission. However, despite an evident macrophage-

associated resolution of fibrinous deposits, we did not

find upregulation of fibrinolytic enzymes e.g. PLOD,

PLAUR or MMP9, indicating an alternative pathway of

fibrin resolution. Interestingly, in our patients this fibrin

stage was already accompanied by an increased amount

of elastic fibres in the alveolar walls (Figures 1 and 2). In

this context tissue engineering experiments have shown

that fibrocytes or embryonic smooth muscle cells show a

strong increase in expression of elastic fibres when

exposed to fibrin gels [47]. This could indicate that the

fibrin state in AFE is not as transient as might be

expected and consequently the prolonged contact of the

de-epithelialised alveolar cells to fibrin contributes to

increased synthesis and deposition of elastin. In addition,

the impaired air liquid interphase most likely also results

in increased shear stress, which is in turn known to facil-

itate increased elastin expression. The actual cause of the

flawed resolution remains to be determined. However, it

is known that polymorphisms in genes of proteinases

like MMPs, resulting in reduced MMP expression or

activity, are risk factors for the occurrence of fibrotic

pulmonary disease like CLAD, idiopathic pulmonary

fibrosis or pneumoconiosis [1,48,49].

2. The ‘histiocytic stage’; next to areas of the fibrin stage

and fully remodelled AFE, areas of alveolar parenchyma,

were characterised by dense intra-alveolar aggregates of

macrophages in a diffuse interstitial pneumonia (DIP)-

like pattern, occasionally with some accompanying

remains of fibrin. The majority of these cells were

derived from the host, as indicated by exemplary XY-

chromosome FISH analysis. These areas also showed a

further increase in elastin fibres in the alveolar walls,
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CXCR4 upregulation and, interestingly also no sign of

relevant fibrinolytic gene expression. It is known that

there are alternative, non-proteolytic mechanisms for the

digestion of fibrin [50]. However, it is unclear how this

alternative clearance affects phagocyte behaviour, espe-

cially with respect to pro-fibrotic signalling, since there

was also increasing accumulation of fibroblasts and an

increase in collagen expression.

3. The fully developed AFE phase; hallmarks of this phase

are increased amounts of ECM taking up the alveolar

lumen, some incorporated myofibroblasts, derived from

the host, as indicated by exemplary XY-chromosome

FISH and decreasing numbers of local inflammatory

cells/histiocytes. At this point, the gene expression pat-

tern is characterised by upregulation and overexpression

of collagens and collagen remodelling enzymes, such as

MMP11 and 14, as well as regulating factors like

TIMP1 in the remnants of the pre-existing alveolar

walls.

Based on these findings, we propose a three stage
evolution model of AFE. First, a fibrin dominated
primary acute injury pattern, potentially co-triggered
by an allo-/autoimmune response in transplanted
patients. Upon a misguided resolution attempt devoid
of activation of fibrinolytic genes (e.g., PLAUR,
PLOD and MMP9) the erroneous healing process
advances towards a second, histiocyte-dominated
stage. Possibly triggered by macrophage derived pro-
fibrotic signalling via recruitment and activation of
(myo)fibroblasts, the third stage is reached that is
dominated by ECM production with intra-alveolar
collagen obliteration, loss of the epithelial layer and
fibroelastosis of the alveolar wall. These individual
stages of remodelling are characterised by corre-
sponding molecular profiles and, as we and others
showed, follow a continuous increase of elastin depo-
sition [51]. It should be noted that this model is
based on observations in endstage lungs and not on
biopsies sampled over time during disease progres-
sion. However, in fibrotic lung diseases different
stages of disease progression are known to exist
simultaneously even in an endstage organs [26].

Our molecular data show that fibrous remodelling
in the lung whether as BO or as AFE are rather
unspecific injury patterns, which can be triggered by
different external stimuli. Combining morphology
and molecular data a possible reason for the failed
healing following acute lung injury suggest an alter-
native mechanism of fibrin elimination via macro-
phages, in the absence of classical fibrinolytic
enzymes after local injury. Thus a profibrotic cascade
may be triggered with fibrous remodelling in an aber-
rant repair attempt, ultimately leading to restrictive
pulmonary dysfunction and patient death. These data

may serve as diagnostic adjuncts and help to more
accurately predict the clinical course of respiratory
dysfunction following lung and stem cell transplan-
tation. Moreover a more detailed analysis of the
misguided mechanism of fibrinolysis and associated
fibrogenesis may unveil potential therapeutic targets
to alter the course of the eventually fatal lung
remodelling.
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Abbreviations

AFE, alveolar fibroelastosis; ALK1, activin receptor-like

kinase 1; BAL, bronchoalveolar lavage; BMP, bone morpho-

genetic protein; BO, bronchiolitis obliterans; BOOP, bron-

chiolitis obliterans organising pneumonia; BOS, bronchiolitis

obliterans syndrome; CCL5, chemokine (C-C motif) ligand

5; CLAD, chronic lung allograft dysfunction; oCLAD,

obstructive chronic lung allograft dysfunction; rCLAD,

restrictive chronic lung allograft dysfunction; COL3A1, colla-

gen, type III, alpha 1; ECM, extracellular matrix; EMT, epi-

thelial-mesenchymal transition; EvG, elastica van Gieson;

FEV1, forced expiratory volume in 1 second; FFPE, formalin

fixed and paraffin embedded; FOXP3, Forkhead box P3;

HSCT, hematopoietic stem cell transplantation; IFN, inter-

feron; IL, interleukin; iPPFE, idiopathic pleuroparenchymal

fibro elastosis; IPF, idiopathic pulmonary fibrosis; LOX, lysyl

oxidase; LuTx, lung transplantation; MMP, matrix metallo-

proteinase; PAS, periodic acid-Schiff reaction; PLAT, tissue

plasminogen activator; PLAUR, plasminogen activator, uro-

kinase receptor; PLOD2, procollagen-lysine, 2-oxoglutarate

5-dioxygenase 2; RAS, restrictive allograft syndrome; RC,

radio- and/or chemotherapy; SERPINE1, plasminogen acti-

vator inhibitor type 1; SMA, smooth-muscle actin; SMAD,

Sma and Mad-related protein; sRAGE, soluble receptor for

advanced glycation end-product; TBB, transbronchial biopsy;

TGF-b, transforming growth factor b; THBS1, thrombo-

spondin 1; TIMP, tissue inhibitor of metalloproteinases.
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