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Obliteration of the small airways is a largely unre-
solved challenge in pulmonary medicine. It repre-
sents either the irreversible cause of functional im-
pairment or a morphologic disorder of limited
importance in a multitude of diseases. Bronchiolitis
obliterans is a key complication of lung transplanta-
tion. No predictive markers for the onset of oblitera-
tive remodeling are currently available. To further
elucidate the molecular mechanisms of airway re-
modeling, compartment-specific expression patterns
were analyzed in patients. For this purpose, remod-
eled and nonremodeled bronchioli were isolated
from transplanted and nontransplanted lung ex-
plants using laser-assisted microdissection (n � 24).
mRNA expression of 45 fibrosis-associated genes was
measured using quantitative real-time RT-PCR. For 20
genes, protein expression was also analyzed by immu-
nohistochemistry. Infiltrating cells were characterized
at conventional histology and immunohistochemistry.
Obliterative remodeling of the small airways in trans-
planted and nontransplanted lungs shared similar
grades of chronic inflammation and pivotal fibrotic
pathways such as transforming growth factor � signal-
ing and increased collagen expression. Bone morpho-
genetic protein and thrombospondin signaling, and
also matrix metalloproteinases and tissue inhibitor

of metalloproteinases, were primarily up-regulated
in obliterative airway remodeling in nontransplanted
lungs. In transplanted lungs, clinical remodeled bone
morphogenetic protein but nonremodeled bronchioli
were characterized by a concordant up-regulation of
matrix metalloproteinase-9, RANTES, and tissue inhibi-
tor of metalloproteinase-1. These distinct expression
patterns warrant further investigation as potential
markers of impending airway remodeling, especially
for prospective longitudinal molecular profiling. (Am J
Pathol 2011, 178:599–608; DOI: 10.1016/j.ajpath.2010.10.032)

The histologic term “bronchiolitis obliterans” describes
obliterative changes in the airways that commonly oc-
cur in a variety of pulmonary diseases. These changes
demonstrate divergent histologic and radiologic find-
ings, various potencies to progress to additional com-
partments of the lung, and different clinical out-
comes.1,2 At histologic analysis, two major variants can
be distinguished. The first is varying degrees of dis-
continuous submucosal collagenous deposits that nar-
row the lumen of the bronchioli up to the point of total
obliteration, referred to as “constrictive bronchiolitis.”
This type is most commonly observed after hematopoi-
etic stem cell transplantation or allogeneic lung trans-
plantation, in which it significantly limits long-term sur-
vival and is considered the hallmark of chronic graft
dysfunction.3 The second variant is bronchiolitis obliterans
with intraluminal polyps, in which mesenchymal protrusions
bulge into the lumen of the airways and the adjacent alveoli.
This type is referred to as “organizing pneumonia” (formerly
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“bronchiolitis obliterans organizing pneumonia”), and
represents a nonspecific pattern. If a specific cause can
be excluded clinically, the disorder is termed “crypto-
genic organizing pneumonia.” In most cases, crypto-
genic organizing pneumonia responds well to steroid
therapy, leading to rapid resolution of pulmonary symp-
toms and radiologic signs. In a small percentage of pa-
tients, however, organizing pneumonia does not respond
to anti-inflammatory therapy, and continuous respiratory
failure develops, with lung transplantation the only ther-
apeutic option.4,5 To date, no differentiating markers for
onset or progression of obliterative airway remodeling
have been established.

In all of these entities and patterns, the small bron-
chioli represent the focus of (initial) activity, and (myo)-
fibroblasts contribute to the remodeling process by
secreting profibrotic cytokines and producing abun-
dant extracellular matrix (ECM).6 While (myo)fibro-
blasts have been demonstrated to descend from acti-
vated local mesenchymal cells or to transdifferentiate
from respiratory epithelium through epithelial-mesen-
chymal transition, substantial quantities of these cells
derive from the bone marrow of transplant recipients.7

While the definite mechanisms that lead to remodeling
and organ dysfunction are not fully understood, it is
accepted that induction and sustainment of fibrogen-
esis is regulated by a highly complex network of me-
diators, with the transforming growth factor-� (TGF-�)
cascade representing the lynchpin of remodeling.8 –10

In addition to profibrotic mediators such as endothe-
lin-1, lysil oxidase, and chemokine (C-C motif) ligand 5
[CCL5; synonym, RANTES (regulated on activation,
normal T-cell expressed, and presumably secreted)],
antifibrotic factors such as bone morphogenetic pro-
teins (BMPs), matrix metalloproteinases (MMPs), and
tissue inhibitors of metalloproteinase (TIMPs) contrib-
ute, at least in part, to the local microenvironment.11–15

These mediate fibrosis by degradation of ECM, influ-
ence hemostasis of fibroblasts, and activate other, in
part opposing, cytokines that regulate fibrotic remod-
eling.

Obliterative remodeling usually originates in the small
bronchioli.5 Inasmuch as routine transbronchial biopsy is
insufficient to reproducibly detect lesions of bronchiolitis
obliterans because of their discontinuous nature, and an
ideal animal model for bronchiolitis obliterans has not yet
been established, most of the earlier research was per-
formed either using whole-tissue samples or in in vitro
studies. In the present study, whole explanted lungs
from patients who had or had not undergone lung
transplantation were used for systematic analysis of
airway obliteration in human beings, focusing on
changes in the small bronchioli. Consequently, the
nontransplantation group was quite heterogeneous,
consisting primarily of patients with lung conditions
that were nonresponsive to medication; otherwise,
there would have been no need to undergo lung trans-
plantation.4 Because primarily clinically defined enti-
ties such as neutrophilic reversible allograft dysfunc-
tion, which responds well to antibiotic therapy, continue

to emerge, “obliterative airway remodeling” (OAR) is pro-
posed as an umbrella term to encompass all structural
changes in the small bronchioli.16,17 The objective of the
present study was to further elucidate possible differ-
ences between the more or less distinct entities that
make up OAR. Mediator profiles of obliterative remodel-
ing in human lungs might point to possible markers of
manifestation and aggravation and also to potential ther-
apeutic targets, and would be of great value as an ad-
dendum to a morphologic diagnosis, especially in pa-
tients who have undergone lung transplantation.

Materials and Methods

Specimens and Study Groups

Twenty-four bilateral lung explants were analyzed.
Twelve were explanted lung allografts with bronchiolitis
obliterans. Mean (SD) patient age at transplantation was
39.3 (10.6) years, and time from transplantation to sub-
sequent allograft explantation was 3.4 (2.2) years. Be-
cause explanted lung allografts can demonstrate a vari-
ety of histologic changes as sequelae of transplantation,
inflammation, and infection, in addition to bronchiolitis
obliterans sensu stricto, selected well-fixed cases were
extensively sampled to confirm a predominant and “pure”
bronchiolitis obliterans (constrictive bronchiolitis) pattern.
These patients had received a macrolide-based antibi-
otic regimen as part of the treatment of bronchiolitis ob-
literans syndrome. Furthermore, 12 explanted native
lungs with prominent nontransplantation-associated OAR
were chosen [patient age at transplantation, 41.0 (16.1)
years]. Underlying diseases that led to explantation in-
cluded chronic organizing pneumonia, organizing pneumo-
nia following inhalation trauma due to massive ammonia
exposure in an occupational injury, bronchiolitis obliterans
as a sequela of graft-versus-host disease after hematopoi-

Figure 1. A–D: Laser-assisted microdissection (IX 71 microscope; Olympus
Europa GmbH, Hamburg, Germany, with CellCut Plus system, MMI Molec-
ular Machines & Industries AG, Glattbrugg, Switzerland) was used to isolate
an obliterated bronchiolus from the surrounding lung parenchyma. A: Border
of excision is indicated by the green dotted line. B: Laser cut is visible. C:
Microdissected area. D: Isolated obliterative mesenchymal plug is captured in
the cap. H&E was used to clarify the cellular composition. Hemalum staining

was used for all samples from which mRNA was extracted. Original magni-
fication, �100.
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etic stem cell transplantation, radiation-induced airway fi-
brosis following treatment of Hodgkin’s lymphoma, and
idiopathic pulmonary fibrosis (IPF) with dominant OAR (see
Supplemental Table S1 at http://ajp.amjpathol.org). In all
cases, the OAR structure in the individual subgroups was
matched as closely as possible.

Transbronchial biopsy specimens were analyzed from
four patients who developed transplantation-associated
OAR or bronchiolitis obliterans syndrome soon after trans-
plantation and, thus, underwent a second transplantation
procedure [mean (SD) age at transplantation, 29 (8) years,
and time from initial transplantation to sampling of the ex-
amined biopsy specimens, 306 (155) days] and from four
other patients who exhibited above-average survival free of
bronchiolitis obliterans syndrome [age at transplantation, 39
(10) years, and time from initial transplantation to sampling
of the examined biopsy specimens, 2335 (374) days]. The
reference material was small airways from downsizing sam-

Figure 2. Shared mRNA expression characteristics in nontransplanted (non-
BMP-2, TIMP-2, MMP-2, EDN1, PLA1, COL 1/�2, COL 3/�1, and COL 4/�1 in
explants (Tx and non-Tx) and controls.
ples from donor lungs, which were resected just before lung
transplantation (n � 5). The FFPE tissue samples were re-
trieved from the archives of the Institute of Pathology, Han-
nover Medical School (Hannover, Germany) and were han-
dled anonymously according to the requirements of the
local ethics committee.

Light Microscopy and Immunohistochemistry

Chronic inflammation in OAR and the adjacent non-
obliterated bronchioli was graded according to micro-
scopic findings on a scale of 0 to 3, as follows: 0, no
lymphohistiocytic infiltrate; 1, sparse discontinuous in-
filtrate of lymphohistiocytic cells in the airway mucosa;
2, circumferential band of lymphocytes or histiocytes;
and 3, broad circumferential band of lymphocytes or
histiocytes with epithelial inflammation or necrosis. Se-
rially cut sections were immunohistochemically stained
for different inflammation- and fibrosis-associated tar-

transplanted (Tx) lungs. Note significant up-regulation of TGF-�1, TGFBR2,
ompared with corresponding nonremodeled bronchioli from the same lung
Tx) and
OAR, c
gets using commercially available antibodies and a

http://ajp.amjpathol.org
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standard ABC protocol (see Supplemental Table S2 at
http://ajp.amjpathol.org). Staining of the obliterated and
nonobliterated small airways was scored semiquanti-
tatively on a scale of 0 to 3, as follows: 0, no apparent
reaction; 1, positivity in less than 30% of cells; 2, pos-
itivity in more than 30% and less than 60% of cells; and
3, positivity in more than 60% of cells. Staining intensity
was graded as absent, weak, intermediate, or strong.
For negative controls, the primary antibody was re-
placed with bovine serum albumin.

Laser-Assisted Microdissection and RNA Extraction

FFPE tissue sections 5 �m thick were mounted on a poly-
L-lysin–coated membrane attached to a metal frame. After
routine deparaffinization and hemalum staining, laser-as-
sisted microdissection of target structures was performed
using the CellCut Plus system (MMI Molecular Machines &
Industries AG, Glattbrugg, Switzerland). Obliterated and
nonobliterated bronchioli from the same explants and unal-
tered bronchioli from the reference lung samples were iso-
lated using a no-touch technique, as previously described
(Figure 1).18 The respective compartments were sampled
from different locations in both lobes of the explants. They
were morphologically chosen to adequately reflect the av-
erage degree of fibrotic obliteration and cellular or inflam-
matory infiltrate in both OAR and nonobliterated bronchioli.
Nonobliterated bronchioli were defined as small airways
without delimitable metaplasia of the epithelium, significant
thickening of the basal lamina, or fibrosis.

Approximately 8500 cells were harvested from serial
sections in each compartment. The microdissected tis-

Table 1. Comparison of mRNA Expression in OAR Non-Tx and
OAR Tx Versus Adjacent Nonremodeled Bronchioli

OAR

Gene Non-Tx recipients Tx recipients

TGF-�1 P � 0.0137* P � 0.0188*
TGFBR2 P � 0.0004† P � 0.014*
BMP-2 P � 0.0062* P � 0.0278*
BMP-4 P � 0.009‡ NS
BMPR2 P � 0.0066‡ NS
MMP-14 P � 0.0054‡ NS
TIMP-1 P � 0.0068‡ NS
TIMP-2 P � 0.0222* P � 0.0366*
PLAU P � 0.014* NS
PLA1 P � 0.0037‡ P � 0.0381*
THBS1 P � 0.001‡ NS
EDN1 P � 0.0085‡ P � 0.0303*
LOX P � 0.0034‡ NS
RANTES P � 0.0245* NS
COL 1/�2 P � 0.001† P � 0.0281
COL 3/�1 P � 0.0001† P � 0.0207
COL 4/�1 P � 0.007‡ P � 0.019*

Comparison of gene up-regulation in obliterative airway remodeling in
nontransplant and transplant recipients. Adjacent nonremodeled bronchi-
oli from the same lungs were used as endogenous controls.

NS, not significant; OAR, obliterative airway remodeling; Tx, transplan-
tation.

*P � 0.05.
†P � 0.001.
‡P � 0.01.
sue was subsequently suspended in a proteinase K di-
gestion buffer by placing the buffer directly in the adhe-
sive cap. After overnight digestion, RNA was isolated
using phenol-chloroform extraction and precipitation via
established procedure.19

cDNA Synthesis

cDNA of each sample was generated from 1 �g of RNA
using a kit (High Capacity cDNA Reverse Transcription
Kit; Applied Biosystems, Inc., Foster City, CA) and ac-
cording to the manufacturer’s protocol.

Low-Density Arrays

Forty-five target genes and three reference genes were
selected for a custom-made array (TaqMan Low-Density
Array; Applied Biosystems, Inc.). For genes and abbrevia-
tions, see Supplemental Table S3 at http://ajp.amjpathol.
org. An amplicon size less than 100 bp was one of the
criteria for target genes, enabling reliable gene expres-
sion analysis using a low-density array in FFPE samples.
The primer sets were spotted eightfold (8 � 48) into a
384-well plate, enabling synchronous analysis of eight
samples per PCR run. The low-density arrays were per-
formed as single runs using a 7900HT Fast Real-Time
PCR system, and recorded using 7900HT SDS 2.3 soft-
ware (Applied Biosystems, Inc.). For negative controls,
cDNA was replaced with water.20

Statistical Analysis and Graphics

In the various study groups, cycle threshold values were
established via normalization to the mean expression of
the three endogenous controls.21 One-way analysis of
variance was performed, followed by Dennett’s multiple
comparison tests. P � 0.05 was considered statistically
significant. Expression graphics were created using
commercially available software (GraphPad Prism, ver-
sion 5.0; GraphPad Software, Inc., San Diego, CA).

Results

Shared Expression Characteristics in OAR in
Transplant and Nontransplant Recipients

Anatomically defined compartments were analyzed us-
ing laser-assisted microdissection to generate specific
quantitative mRNA expression profiles of the patholog-
ically affected structures and to correlate them with the
results of immunohistochemistry. Microdissected obliter-
ated bronchioli comprised smooth muscle cells, ECM,
(myo)fibroblasts, infiltrating leukocytes, and remnant ep-
ithelium. Naïve nonremodeled bronchioli demonstrated
the physiologic composition of smooth muscle cells,

ECM, epithelium, and leukocytes.

http://ajp.amjpathol.org
http://ajp.amjpathol.org
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Remodeled bronchioli in transplant and nontransplant
recipients shared significant mRNA up-regulation of TGF-
�1, TGFBR 2, BMP-2, TIMP-2, MMP-2, EDN1, PLA1, and
COL 1/�2, 3/�1, and 4/�1, compared with nonremodeled
bronchioli from the same explants and controls (Figure 2,

Table 2. Results of Immunohistochemical Staining*

Protein OAR non-Tx

RANTES/CCL-5 2/Intermediate 3
PAI1 3/Strong 3
SMAD1 1/Intermediate 1
SMAD2 2/Intermediate 2
SMAD3 1/Weak 1
Phospho-SMAD 1/5 2/Weak 1
Phospho-SMAD 2/3 3/Strong 3
TGF-�1 3/Strong 2
BMP-1 1/Weak 2
BMP-2 2/Strong 3
BMP-4 3/Strong 2
BMP-7 1/Intermediate 3
MMP-9 1/Intermediate 2
Collagen 3 3/Strong 3
Smooth muscle actin 3/Strong 3
Smooth muscle myosin

heavy chain
3/Strong 2

Caldesmon 1/Weak 1
Desmin 1/Intermediate 1
CD 45 2/Strong 1
CD 68 2/Strong 2

OAR, obliterative airway remodeling; Tx, transplantation.

*Data are given as range of positive cells (0, no apparent reaction; 1, positivity

in �60% of cells) and staining intensity.
Table 1). This concurs with the complementary immunohis-
tochemistry for TGF-�1, BMP-2, and collagen type 3, which
likewise exhibited the strongest positivity in the mesenchy-
mal cells and the remaining respiratory epithelium (not col-
lagen type 3) of the obliterated bronchioli (Figure 3, Table 2).

Figure 3. Protein expression of fibrosis- and in-
flammation-associated markers in OAR in non-
transplanted and transplanted lung specimens
(OAR non-Tx and OAR Tx): BMP-2 shows strong
cytoplasmic positivity in infiltrating inflammatory
and mesenchymal cells. BMP-4 shows cytoplasmic
positivity in mesenchymal cells and remnant respi-
ratory epithelium. Fibroblastic cells show marked
membranous and extracellular positivity for COL 3.
A significant number of local inflammatory cells
are CD68� macrophages. MMP-9, plasminogen ac-
tivator inhibitor-1 (PAI1), and RANTES stain posi-
tive in the cytoplasm of infiltrating inflammatory
and mesenchymal cells. Phospho (P)-SMAD 2/3
exhibits strong positivity in the nuclei of inflamma-
tory and both mesenchymal and fibroblastic cells.
Fibroblastic cells demonstrate marked membra-
nous and extracellular positivity for smooth muscle
actin (SMA). Note the MMP-9– and RANTES-posi-
tive infiltrating cells in the nonremodeled bronchi-
oli in lung transplant recipients. Original mag-
nification: OAR Tx/BMP-2 and BMP-4, � 25;
OAR Tx/MMP-9 and RANTES, � 400; all other
images, � 200).

Tx
Nonremodeled

bronchioli, non-Tx
Nonremodeled
bronchioli, Tx

1/Intermediate 2/Strong
1/Intermediate 1/Weak

ediate 1/Weak 1/Weak
1/Weak 1/Weak
0/Absent 0/Absent
1/Weak 1/Weak
1/Weak 1/Weak
1/Weak 1/Weak
1/Weak 1/Weak
1/Weak 1/Weak
1/Weak 1/Weak
1/Weak 1/Weak
1/Weak 2/Strong
0/Absent 0/Absent
0/Absent 0/Absent
0/Absent 0/Absent

0/Absent 0/Absent
ediate 0/Absent 0/Absent

1/Intermediate 1/Intermediate
1/Intermediate 2/Intermediate
OAR

/Strong
/Strong
/Interm
/Weak
/Weak
/Weak
/Strong
/Strong
/Weak
/Strong
/Strong
/Strong
/Strong
/Strong
/Strong
/Strong

/Weak
/Interm
/Strong
/Strong
in �30% of cells; 2, positivity in �30% but �60% of cells; and 3, positivity
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Differential Characterization of
Nontransplantation-Associated OAR

Remodeled bronchioli in nontransplanted but not trans-
planted lung specimens demonstrated mRNA up-regula-
tion of BMP-4, BMPR2, LOX, MMP-14, PLAU (plasmino-
gen activator, urokinase), RANTES, THBS1, and TIMP-1,
compared with nonremodeled bronchioli in the same ex-
plants and in controls. The complementary immunohisto-
chemistry for BMP-4 and RANTES was positive in the
mesenchymal cells composing the fibrous obliteration
and the scarce remaining respiratory epithelium (Figures
3 and 4; Tables 1 and 2).

Characterization of Subgroups in
Nontransplantation-Associated OAR

In the largest subgroup of nontransplant recipients with

OAR (IPF/OAR), significant up-regulation of MMP-14 and
THBS1 was observed, compared with endogenous con-
trols (nonremodeled bronchioli IPF/OAR), as well as ob-
literative airway remodeling in transplant recipients. A
trend toward higher levels of expression of TGF-�1 was
observed in patients with IPF/OAR compared with trans-
plantation-associated OAR. Compared with the second
largest subgroup of nontransplant recipients with OAR
(due to graft-versus-host disease), IPF/OAR demon-
strated significant up-regulation of TGF-�1, with a trend
toward up-regulation of MMP-14 (P � 0.0714) and
THBS1 (P � 0.099). The smaller subgroups in the non-
transplanted arm of the study did not demonstrate signif-
icant differences in expression (Figures 3 and 5).

Characterization of Transplantation-Associated
OAR According to MMP-9, RANTES, and TIMP-1

Both OAR and nonremodeled bronchioli in explanted

Figure 4. mRNA expression characteristics of non-
transplantation (non-Tx)–associated OAR. Remod-
eled bronchioli in nontransplanted lung specimens
exhibit significant up-regulation of BMP-4, BMPR2,
LOX, MMP-14, PLAU, RANTES, THBS1, and TIMP-1,
compared with corresponding nonremodeled bron-
chioli in the same explants (non-Tx) and controls.
lung allografts demonstrated a concordant increase in
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mRNA expression of MMP-9, RANTES, and TIMP-1, com-
pared with remodeled and nonremodeled bronchioli from
nontransplanted lungs and controls. The immunohisto-
chemistry staining was observed to be compatible, with
strong positivity in both compartments in the grafts (Fig-
ure 6, Table 2).

Consistency of mRNA Expression in OAR and
Nonremodeled Bronchioli

To verify that no major variation existed between samples
from different locations in the same explants, three ex-
planted allografts with OAR and isolated obliterated and
nonremodeled bronchioli from the upper and lower lobe in
each lung (n � 4 in each explant) were selected (see
Materials and Methods). In all of these samples, mRNA ex-
pression of MMP-9, RANTES, and TIMP-1 using real-time
PCR, subsequent to gene-specific preamplification, were
analyzed as previously described.19 The variation of mRNA
expression of different sites within the individual lungs was
minimal and not significant (P � 0.05) (Figure S1).

Evaluation of End-Stage Markers in
Transbronchial Biopsy Specimens

The concept of concordant MMP-9, RANTES, and TIMP-1

Figure 5. Selected
associated OAR. R
obliterative airway
compared with end
remodeling in trans
in IPF/OAR than in
graft-versus-host di
with a trend toward
significant up-regul
up-regulation as an end-stage marker was proved using
transbronchial biopsy specimens from 4 patients who
developed transplantation-associated OAR or bronchioli-
tis obliterans syndrome soon after transplantation, and 4
patients who exhibited above-average survival free of
bronchiolitis obliterans syndrome. Laser-assisted micro-
dissection was performed to isolate the nonremodeled
bronchioli from each biopsy specimen. In all of these
samples, mRNA expression of MMP-9, RANTES, and
TIMP-1 was analyzed using real-time PCR, as de-
scribed. Significant mRNA up-regulation of RANTES
and TIMP-1 was observed in nonremodeled bronchioli
in patients with rapid-onset OAR compared with non-
remodeled bronchioli from biopsy specimens from pa-
tients free of bronchiolitis obliterans syndrome. MMP-9
demonstrated a trend toward up-regulation in nonre-
modeled bronchioli in patients with rapid-onset OAR
(P � 0.058) (Figure 7).

Increased Immunohistochemical Staining
Pattern for Phospho-SMAD in OAR

Although mRNA expression did not yield significant
differences in expression of SMAD1, SMAD3, SMAD4,
and SMAD5 (Sma- and Mad-related proteins) between
the various anatomical compartments, nuclear staining
of phospho-SMAD 2/3 was strongest in remodeled air-

expression characteristics of subgroups in nontransplantation (non-Tx)–
d bronchioli in lungs with interstitial pulmonary fibrosis with distinctive
ling (IPF/OAR) exhibit significant up-regulation of MMP-14 and THBS1,
s controls (nonremodeled bronchioli IPF/OAR), and to obliterative airway
cipients (OAR Tx). TGF-�1 shows a trend toward higher levels of expression
x. Compared with the nontransplant subgroup of patients with OAR due to
vHD), IPF/OAR exhibited significant up-regulation of MMP-14 and TGF-�1,
up-regulation. Collagens (COL) in OAR in different subgroups also exhibit

ompared with nonremodeled bronchioli (Tx and non-Tx).
mRNA
emodele
remode
ogenou
plant re
OAR T

sease (G
THBS1

ation, c
ways in transplanted and nontransplanted lungs com-
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pared with endogenous controls (native bronchioli in
the same organs) (Figure 3, Table 2).

Cellularity of OAR in Transplanted and
Nontransplanted Explants

Overall, remodeled bronchioli in transplanted and non-
transplanted explants demonstrated significantly more
infiltrating inflammatory cells compared with patent
bronchioli (P � 0.01) (Table 3). CD 68 –positive mac-
rophages were significantly increased in OAR (obliter-
ated airways mean, �60% of infiltrating leukocytes
positive for CD 68; P � 0.0005; Figure 3; Table 2). The
same was true for myofibroblasts, which were identi-
fied by architecture and expression of smooth muscle
actin (obliterated airways, �60% of mesenchymal cells
positive for smooth muscle actin; nonremodeled bron-
chioli mean, �30% positive for smooth muscle actin; P
� 0.0001). OAR sensu stricto (excluding peribronchial
fibroblastic foci or comparable hallmarks of IPF in non-
transplanted specimens) did not differ significantly in-
sofar as cellularity or cellular composition between
transplant and nontransplant recipients (P � 0.05; Ta-
ble 3). Overall, in the transplantation group of our col-
lective, the time from initial implantation to graft explan-
tation did not have a significant influence on cellularity
or cellular composition of OAR (P � 0.05).

Figure 6. Concordant mRNA expression of MMP-9, RANTES, and TIMP-1 ch
from explanted lung allografts demonstrate concordant up-regulation of MM
planted (non-Tx) lungs and controls.

Figure 7. Up-regulation of mRNA expression of MMP-9, RANTES, and TIM

from patients with rapid-onset bronchiolitis obliterans syndrome (nonremodele
transbronchial allograft biopsy specimens from long-term survivors free of bron
Discussion

OAR in the human lung represents a largely unsolved chal-
lenge in pulmonary medicine, in particular after lung trans-
plantation. Recent years have witnessed a breakthrough in
management of acute cellular rejection and chronic allo-
graft dysfunction, and its main morphologic hallmark, bron-
chiolitis obliterans, has emerged as a major complication
and the leading cause of death.3

The outcome in patients with OAR who did not un-
dergo lung transplantation varies significantly and de-
pends first and foremost on the underlying setting or
disease and, thereby, on the responsiveness to medi-
cation (eg, steroid therapy). The involvement of a large
number of effector molecules and their corresponding
receptors in OAR has been demonstrated recently;
however, the general inaccessibility of the local remod-
eling process by sampling at bronchoscopy has ham-
pered adequate molecular profiling of the lesions. In
addition, an ideal animal model of OAR that would
enable sequential sacrificing and analysis of animals
as remodeling progresses is yet to be established.22,23

At histologic analysis, the cohort of transplanted and
nontransplanted lungs with OAR did not demonstrate
major differences insofar as cellularity or chronic inflam-
mation in obliterative remodeling of the small airways.

zes allografts with OAR (Tx). Both obliterated and nonremodeled bronchioli
TES, and TIMP-1, compared with nonremodeled bronchioli from nontrans-

nonremodeled bronchioli from transbronchial allograft biopsy specimens
aracteri
P-1 in

d bronchioli Bx OAR), compared with nonremodeled bronchioli from

chiolitis obliterans syndrome (nonremodeled bronchioli Bx non-OAR).
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The same was mostly true for the local microenvironment,
which exhibited up-regulation of distinct enzymes and
cytokines in both groups. Thus, findings of the present
study point to a certain level of similarity between oblit-
erative bronchiolitis in chronically rejected allografts and
chronically failing nontransplanted lungs; they share
overexpression of profibrotic cytokines such as endo-
thelin-1, which have been found to be overexpressed
in the interstitium of lungs with IPF and in cells and fluid
obtained at bronchoalveolar lavage, which hints at its
potential role as a biomarker for IPF, and also pivotal
TGF-�1 and TGF-�R2.11,24,25 TIMP-2 and BMP-2 ex-
pression was also elevated in the obliterated bronchioli
in both groups. TIMP-2 inhibits MMPs and, thus, in-
creases collagen accumulation, decreases reepitheli-
alization of the airways, and facilitates epithelial-mes-
enchymal transition.26,27 Although the present study
found that BMP-2 was elevated in remodeling of the
bronchioli, others have previously demonstrated its in-
volvement in smooth muscle cell proliferation in pulmo-
nary hypertension.28 PLA1 was up-regulated in trans-
planted and nontransplanted lungs, as were COL-1,
COL-2, and COL-3.

Other groups have confirmed these findings, and
describe a consistent correlation of plasminogen acti-
vator inhibitor-1 and collagen expression and deposi-
tion in fibrosing lesions.29,30 The continuous and prom-
inent expression of collagens, especially of collagen-3,
that characterizes granulation tissue and “young”
(myo)fibroblasts hints at ongoing, and potentially influ-
enceable, dynamics of remodeling, even at the well-
advanced state of the examined explants. MMP-2 ex-
pression was mutually increased farther downstream
on the fibrosis cascade, where it is involved in matu-
ration of ECM.2

Only OAR in nontransplanted lungs showed increased
expression of BMP-4 and BMPR2. While originally named
for their ability to facilitate osseous tissue formation, more
recent experiments have demonstrated involvement of
BMP signaling balance in lung development and fibrosis
control of soft tissue turnover. While the link between BMP
and TGF-� is yet to be fully elucidated, various types of
dynamic interaction such as shared receptors and com-
petition for subordinate, in part inhibitory, SMADs have
been described.31–33 All serve to maintain tissue homeo-

Table 3. Inflammation in Small Airways

Variable No. of pa

Lung allograft 12
Interstitial pulmonary fibrosis 5
Graft-versus-host disease 3
Cryptogenic organizing pneumonia 1
Occupational injury (NH3 exposure) 1
Radiation-induced fibrosis from treatment of

Hodgkin’s disease
1

Severe bronchiectasis 1

*Score: 0, no lymphohistiocytic infiltrate; 1, singular lymphohistiocytic
broad circumferential band of lymphocytes/histiocytes with epithelial infl
stasis. Both increased and decreased levels of BMPs
have been described in patients with fibrotic remodeling
in different organs, and in vitro studies have attributed
BMPs with a degree of protective antifibrotic proper-
ties.34,35 The up-regulation of PAI1 and RANTES in non-
transplanted specimens matches findings in patients with
obstructive bronchitis, in whom it has been demonstrated
to contribute to chronic inflammation. Like the BMPs,
PLAU is credited, at least in part, with antifibrotic proper-
ties because it also degrades the ECM.36 The increased
expression of THBS1 matches findings of high concen-
trations in bronchoalveolar lavage cells and fluid from
patients with fibrosing lung conditions.37 Furthermore, it
activates MMPs. In the present study, increased expres-
sion of MMP-4 in OAR was observed in nontransplanted
lungs, in which it presumably contributes to maturation of
collagens, like lysil oxidase, while the also increased
TIMP-1 hinders both MMPs and reepithelialization.38

MMP-9, RANTES, and TIMP-1 were prominently in-
creased in both the remodeled and the nonremodeled
morphologically inconspicuous bronchioli in transplant
recipients. Whether these molecular events precede
the morphologic changes or reflect a “field effect” from
neighboring, already remodeled airways is unclear.
Results of the present study do not explicitly define
MMP-9, RANTES, and TIMP-1 as predictive markers for
OAR. An animal model of bronchiolitis obliterans syn-
drome, providing the opportunity to study the changes
at defined times, or a control group of explanted long-
term functional allografts without OAR will be neces-
sary. A suitable animal model has not yet been estab-
lished, and the primary reason for a repeat lung
transplantation procedure is chronic allograft dysfunc-
tion with morphologic features of OAR. Nevertheless,
the concordant up-regulation of the above-mentioned
genes in transbronchial biopsy specimens that exhib-
ited no apparent airway remodeling but were from
transplanted lungs with severe clinical bronchiolitis ob-
literans syndrome support the findings in explanted
lungs. Therefore, concerted up-regulation of MMP-9,
RANTES, and TIMP-1 is considered an “end-stage
marker.” Because routinely sampled transbronchial bi-
opsy specimens lack adequate sensitivity for detecting
the patchy discontinuous fibrotic plugs in the small
airways that make up OAR, these genes represent
possible targets for prospective longitudinal molecular

Grade of inflammation*

Obliterated bronchioli Nonremodeled bronchioli

2 1
2 1
2 1
1 1
1 1
2 2

2 2

airway mucosa; 2, circumferential band of lymphocytes/histiocytes; 3,
n/necrosis.
tients
profiling in the care of lung transplant recipients.
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