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W

ith the increasing prevalence of end-stage chronic
pulmonary conditions and lack of disease-modifying
medications, lung transplantation is often the only
therapeutic modality available for affected individuals (1). Unfortunately, complications are frequent and result in reduced longterm preservation of graft function and patient survival (1, 2).
Chronic allograft rejection accounts for poor rates of patient survival. More than 50% of all lung transplant recipients will eventually develop this condition (2). The clinical correlate of this con-
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dition is known as bronchiolitis obliterans syndrome (BOS).5 It is
a clinical diagnosis of exclusion made with decline in lung function (3–5). It is manifested histologically as obliterative bronchiolitis (OB), a fibroproliferative process which targets airways.
Five-year survival after chronic rejection is 30% (6).
The specific pathogenic mechanism of OB is poorly understood
but there is damage to both epithelial cells and subepithelial structures (7). Neutrophils are a prominent cell type found in the bronchoalveolar lavage (BAL) of BOS patients (8), which may have
the capacity of inducing ongoing airway remodeling and inflammation. Chemokines are thought to be important effectors in
cellular recruitment in the development of chronic rejection.
Specifically, glutamate-leucine-arginine (ELR) positive CXC chemokines, important in neutrophil recruitment (9), may play an important role in the pathogenesis of this condition. Patients with
BOS demonstrate increased IL-8 levels in BAL fluid (10, 11).
CXCR2 ligands have been shown to be important in early neutrophil recruitment and ongoing vascular remodeling in OB (12).
Due to the degree of remodeling seen in OB, interest has turned
to the role of proteases in the development of this condition. Several chronic inflammatory conditions are characterized by an imbalance of proteases with their naturally occurring antiproteases
(13). We have recently reported a proteolytic pathway for the generation of a collagen-derived neutrophil chemoattractant (prolineglycine-proline (PGP)) (14), which involves the efforts of matrix
metalloproteases (MMP-8 and MMP-9) and a serine protease,
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Lung transplantation is a therapeutic modality frequently used in end-stage lung disease. Unfortunately, lung transplant recipients
have poor clinical outcomes, often due to the development of bronchiolitis obliterans syndrome (BOS). This process is often
characterized by the pathologic findings of obliterative bronchiolitis: neutrophil influx and extracellular matrix remodeling leading to luminal obstruction and airway inflammation. The molecular mechanisms underlying BOS are poorly understood and
disease-specific biomarkers are lacking. We report that in addition to increased levels of IL-8, the level of the neutrophil chemoattractant proline-glycine-proline (PGP) is elevated in BOS patient bronchoalveolar lavage (BAL) fluid. The enzymes responsible for generating PGP, matrix metalloproteases 8 and -9 and prolyl endopeptidase, are also elevated in these samples. Together,
IL-8 and PGP account for most of the neutrophil chemoattractant capacity seen in BOS BAL fluid. Using specific neutralizing Abs
to both IL-8 and PGP, we demonstrate that PGP is a prominent neutrophil chemoattractant found in BAL fluid from individuals
at the time of diagnosis of BOS. These findings highlight the influence of a matrix-derived neutrophil chemoattractant in posttransplantation BOS and provide opportunities for the development of unique diagnostics and therapeutics to potentially improve
disease outcomes. The Journal of Immunology, 2009, 182: 4423– 4431.
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Table I. Patient characteristicsa

Parameter

No.
Age
Gender
Race
Type of transplant (single vs
bilateral)
Indication for lung transplant
Average time of lavage from
date of transplant
Lung function

a
b

Acute Rejection

BOS

7
58.4 years (1.9)
58% male
42% female
86% Caucasian, 14% AAb
86% single, 14% bilateral

8
48.3 years (3.7)
38% male
62% female
75% Caucasian, 25% AA
87% single, 13% bilateral

7
48.6 years (7.3)
58% male
42% female
86% Caucasian, 14% AA
72% single, 28% bilateral

28% IPF
58% COPD
14% CF
1431 days (464)

37% IPF
50% COPD
13% Pulm HTN
1203 days (299)

FEV1 ⫽ 1.47L (0.1)
FEV1% ⫽ 56.2 (5.1)
FVC ⫽ 2.30L (0.08)
FVC% ⫽ 64.1 (5.2)

FEV1 ⫽ 1.57L (0.25)
FEV1% ⫽ 55.9 (5.9)
FVC ⫽ 2.34L (0.29)
FVC% ⫽ 58.4 (5.9)

72% Prograf, prednisone, and
Cellcept
28% Prograf, prednisone, and
azathioprine

63% Prograf, prednisone, and
Cellcept
37% Gengraf, prednisone,
and Cellcept

58% IPF
14% COPD
28% CF
3 mo before diagnosis: 878 days (205)
At time of diagnosis: 961 days (208)
3 mo before diagnosis:
FEV1 ⫽ 2.17L (0.24)
FEV1% ⫽ 73.1 (8.4)
FVC ⫽ 2.94L (0.37)
FVC% ⫽ 72.0 (8.0)
At time of diagnosis:
FEV1 ⫽ 1.71L (0.21)
FEV1% ⫽ 58 (6.0)
FVC ⫽ 2.53L (0.28)
FVC% ⫽ 63.8 (7.2)
86% Prograf, prednisone, and Cellcept
14% Gengraf, prednisone, and
Cellcept

Patient populations are presented in three columns with SEMs noted in parentheses. Data are presented as either percentages or means ⫾ SEM.
AA, African American; Pulm HTN, pulmonary hypertension.

prolyl endopeptidase (PE) (15, 16). PGP acts on CXCR1 and 2
receptors on neutrophils, similar to IL-8, causing neutrophil influx
into areas of injury (14, 15).
Despite these intriguing findings, the impact of this matrix-derived system of inflammation in clinical disease is not currently
known. The aim of the present study was to probe for the presence
of these peptides and the proteases required for their generation in
lung transplantation recipients to determine their potential role in
the neutrophilic inflammation observed in BOS. In this report, we
demonstrate that the appropriate enzymes required for PGP generation are present at both increased levels and activity in BOS
samples compared with other transplant populations. We note a
significant correlation between both MMP-9 activity with PGP
levels and PE activity with PGP levels in BOS, supporting a direct
relationship between these enzymes and PGP generation in this
condition. These samples demonstrate increased capacity for neutrophil chemotaxis and have elevated levels of both IL-8 and PGP.
Using an Ab against PGP, we are able for the first time to demonstrate the presence of PGP-mediated chemotaxis in BOS. Finally, we highlight the combined effects of IL-8 and PGP in BOS
BAL fluid and suggest the possibility of a change in chemokine
predominance seen during the development of BOS. These findings suggest a novel mechanism of neutrophilic inflammation in
BOS and may identify disease biomarkers (PE, PGP) to characterize this condition.

Materials and Methods

ⱖA2 grade rejection based off of a transbronchial biopsy. A1 grade rejection was not included into any population studied. All study patients had
both a negative BAL culture for bacteria and virus. Clinical data are summarized in Table I.

Bronchoscopy and BAL processing
Bronchoscopy and BAL (4 ⫻ 25 ml of 0.9% NaCl for a total of 100 ml
instilled, ⬃30 – 40 ml were recovered) were performed in all patients at
3-mo intervals and remnant lavage samples were stored in the Core Facility
for Collection, Processing, and Storage of Alveolar Fluid (IRB
X041026004). These samples were centrifuged at 200 ⫻ g for 10 min and
the cell-free BAL was stored in ⫺80°C until analysis. These samples underwent routine microbiologic testing, examining for bacteria (Gram stain
and culture) and the presence of viruses (respiratory and CMV) in samples.

Materials
Coomassie Brilliant Blue R-250 was obtained from Bio-Rad. HyClone
PBS (1⫻). 0067M (PO4) without Ca2⫹ and without Mg2⫹ was from HyClone. Goat anti-rabbit Ig-HRP human adsorbed Ab was from Southern
Biotechnology Associates. Albumin from bovine serum, Cohn V fraction,
was obtained from Sigma-Aldrich. Z-Gly-Pro-pNA was from Chem Impex
Internation. DMEM was from Mediatech.

Gelatin zymography
Porcine skin gelatin (Sigma-Aldrich) at 1 mg/ml was added to a 7.5%
SDS-polyacrylamide solution before casting. Biologic samples were aliquoted and diluted in nonreducing sample buffer, and 25 l of sample was
added to each lane. All samples were electrophoresed at 12 mÅ for 1 h.
Following electrophoresis, gels were washed in 2.5% Triton X-100 for 1 h
at 4°C, then incubated in 50 mM Tris-Cl for 16 h at 37°C. Gels were
stained in Coomassie blue for 30 min and subsequently destained for 2 h.

Patient populations

MMP-8 and MMP-9 activity assay

The University of Alabama at Birmingham (UAB) Institutional Review
Board approval (IRB X051014005) was obtained before all studies involving human participants and samples. All patients had BAL samples and
basic clinical information collected with a unique patient identifier to maintain patient confidentiality. The diagnosis of BOS was made on a decline
in forced expiratory volumes 1 s (FEV1) to ⬍80% of baseline over a 3-wk
period without other identified etiologies. Diagnosis of acute rejection was

Briefly, MMP-8- and -9-specific ELISA-based activity assays were used to
quantify specific MMP activity (R&D Systems). Samples were diluted to
fit the manufacturer’s sensitivity for individual kits. Both samples and recombinant enzyme standards were prepared and incubated for 2 h at room
temperature in 96-well plates coated with mAb for MMP of interest. After
incubation, samples and standards were activated with 1 mM 4-aminophenylmercuric acetate, a chemical activator of MMPs, and further incubated
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FIGURE 1. A, Zymogram of representative patient BAL. Left, BOS samples are paired at 3 mo before (a) and at time of diagnosis (b) per individual.
Five of seven individuals displayed increased gelatinolytic activity compared with their prior matched samples at the time of BOS. Right, Representative
zymogram of four nonrejection individuals and four acute rejection individuals. Overall, none of the nonrejection (zero of seven) or acute rejection (zero
of eight) samples displayed any detectable gelatinolytic activity. B, MMP-8 activity in patient populations. BOS samples collected at the time of diagnosis
had elevated levels of both basal (ⴱ, p ⬍ 0.05) and total (†, p ⬍ 0.05) MMP-8 activity compared with BOS (3 mo before) and to other transplant populations.
C, MMP-9 activity in patient populations. The activity of both the basal (ⴱ, p ⬍ 0.05) and total (†, p ⬍ 0.05) forms of MMP-9 are elevated in BOS BAL
at the time of diagnosis compared with BOS (3 mo before) and other transplant populations.

for 2 h at 37°C. After incubation, a fluorogenic substrate (Fluor-Pro-LeuGly-Leu-Ala-Arg-NH2) was placed in each well and the plate was incubated at 37°C for 18 h. The plate was then read on a spectrophotometer
(excitation and emission wavelength of 320 and 405, respectively,
SpectraMax Gemini; Molecular Devices) and data were quantified using
standard curves provided with the kits.

quence differs from mouse by one residue between aa 190 and 219), but not
bacterial PE (whose sequence completely differs from human or mouse PE
at residues 190 –219). After incubation, samples were washed and incubated with goat anti-rabbit-HRP secondary Ab for 1 h. Immunoblots were
then developed using ECL chemiluminescent kits (Pierce).

Myeloperoxidase (MPO) assay

PE activity assay

Briefly, commercially available assays kits were used to quantify MPO
activity in clinical samples (Calbiochem). Samples were diluted to fit the
manufacturer’s sensitivity for the kit. Both samples and MPO standards
were prepared and placed on 96-well plates coated with polyclonal Ab
directed to human MPO. After a 2-h incubation, detection reagent was
placed in wells for 1 h. The samples’ absorbance was then measured at 450
nm wavelength.

Twenty microliters of BAL was incubated with a specific substrate (2 mM
benzylcarboxy-glycine-proline-p-nitroaniline) at 37oC and 5% CO2 and
cleavage of p-nitroaniline from the substrate by PE was detected using a
spectrophotometer at 410 nm and compared with a generated standard
curve for PE activity.

Western blot
All samples were electrophoresed through SDS-polyacrylamide gels (both
reducing and nonreducing conditions) and electroblotted onto nitrocellulose membranes. Membranes were blocked in PBS (pH 7.4) containing 5%
BSA for 1 h. Once washed, they were incubated with primary Ab (rabbit
anti-PE) for 1 h at room temperature. The polyclonal rabbit anti-PE Ab was
made for us by EZ Biolab against a synthetic peptide representing residues
190 –219 of mouse PE. This Ab detects recombinant human (whose se-

IL-8 levels
Briefly, IL-8 ELISA kits were used to quantify the IL-8 levels in clinical
samples (R&D Systems). Samples were diluted to fit the manufacturer’s
sensitivity for the kit. Fifty microliters of the samples or standards was
added to 96-well plates coated with mAb against IL-8 for 2 h at room
temperature. Thereafter, 100 l of IL-8 polyclonal Ab conjugated with
HRP was added to the wells and incubated for 1 h. Finally, hydrogen
peroxide/chromogen was added to each well and, after 30 min, the absorbance was read at a wavelength of 450 nm.
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Electrospray ionization liquid chromatography/mass
spectrometry/mass spectrometry for PGP detection
PGP and N-terminal acetylated PGP (N-␣-PGP) were measured in BAL
samples using a MDS Sciex (Applied Biosystems) API-4000 spectrometer
equipped with a Shimadzu HPLC. HPLC was done using a 2.1 ⫻ 150-mm
Develosi C30 column (with buffer A: 0.1% formic acid and buffer B: acetonitrile plus 0.1% formic acid: 0 – 0.6 min 20% buffer B/80% buffer A,
then increased over 0.6 –5 min to 100% buffer B/0% buffer A). Background
was removed by flushing with 100% isopropanol plus 0.1% formic acid.
Positive electrospray mass transitions were at 270-70 and 270-116 for PGP
and 312-140 and 312-112 of N-␣-PGP.

Neutrophil chemotaxis assay
Lavage sample was placed in the bottom wells of a 3-m, 96-well polycarbonate filter plate (Millipore) in 150 l of DMEM. Two ⫻ 105 neutrophils were added in 100 l of DMEM to the top portion. These were
incubated for 1 h at 37oC in 5% CO2. The upper portion of the plate was
removed and micrographs of the migrated cells were made with an Olympus IX70 microscope. Migration was standardized from cell counts such
that chemotactic index ⫽ cells per high-powered field (experimental)/cells
per high-powered field (medium control), as previously described (14).
Chemokinesis experiments were preformed using BOS BAL fluid in the
upper chamber with BOS BAL fluid in the lower chamber
(“checkerboard”).
For neutralization assays, anti-IL-8 neutralization Abs were purchased
from R&D Systems. A polyclonal anti-PGP-neutralizing Ab was made for
us by EZ-Biolabs by coupling N-␣-PGP via its C terminus to keyhole
limpet hemocyanin. This polyclonal Ab reacts with both N-␣-PGP and
PGP.

Statistical analysis
Descriptive statistics such as means and SEMs for quantitative measures
and frequencies and proportions for qualitative measures were derived.
Nonparametric testing was used to compare populations in this study.
Comparisons between two groups were performed using the exact Wilcoxon rank sum test for unpaired data and the exact Wilcoxon signed-rank
test were used for paired data. In addition, comparisons of proportions
between groups were performed using the Fisher exact test. Spearman correlation analysis was used to compare relationships between 1) PE activity
and PGP, 2) MMP-9 activity and PGP, 3) change in FEV1 and change in
PGP, and 4) change in forced vital capacity (FVC) and change in PGP.
Calculations were made using SAS (version 9.1.3; SAS Institute) and SPSS
(version 14; SPSS). Values of p ⱕ 0.05 were considered statistically
significant.

Acute Rejection
(n=8)

BOS (3 Mo Prior)
(n=7)

BOS (Diagnosis)
(n=7)

Results
Gelatinolytic activity of proteases was increased in BOS lung
transplant patients
To investigate the presence of PGP in clinical lung transplant samples, we began by examining whether or not enzymes necessary
for PGP production are present in BAL fluid samples from transplant recipients. Using gelatin zymography, we demonstrated that
BAL fluid from BOS patients at the time of diagnosis had a
marked increase in gelatinolytic activity as compared with other
transplant populations, with a major molecular weight band consistent with the active MMP-9 isoform. This activity was also noticeably increased when compared with matched samples 3 mo
before the diagnosis of BOS (Fig. 1A). We have previously demonstrated that MMP-8 or MMP-9 activity seem to be required for
PGP generation and that these enzymes can act in concert for more
efficient generation of PGP (15, 16). We next examined both the
activity and concentrations of these enzymes in our transplant populations. MMP-8 concentrations were elevated in BOS BAL fluid
samples compared with other populations ( p ⬍ 0.05). The majority of increased enzyme was detected as a zymogen form that was
inducible by 4-aminophenylmercuric acetate (Fig. 1B; p ⬍ 0.05).
In contrast to MMP-8, MMP-9 is constitutively active in BAL fluid
of all populations. Interestingly, the average MMP-9 concentrations (146 ng/ml) in all populations were ⬃10-fold higher than the
concentration of MMP-8 (16 ng/ml). However, like MMP-8,
MMP-9 activity was severalfold lower in all other patient samples
including BOS BAL fluid from 3 mo before diagnosis (Fig. 1C;
p ⬍ 0.05). These data suggest that MMP-9 probably plays a prominent role in the generation of PGP after lung transplantation.

PE detection and activity were increased in BOS BAL fluid
samples when compared with other patient groups
PE, a serine protease, has been previously described to have a
central role in PGP generation (15). We examined whether this
enzyme, not previously described in transplantation pathology,

Downloaded from http://www.jimmunol.org/ by guest on March 7, 2021

10

The Journal of Immunology

A

4427
1200

B

*†

200

*

180
1000
IL-8 Concentration (pg/ml)

MPO (ng/ml)

160
140
120
100
80
60
40

800

600

400

200

20
0

C

Acute
Rejection
(n=8)

BOS
(3 Mo Prior)
(n=7)

BOS
(Diagnosis)
(n=7)

0

Non-rejection Acute
BOS
BOS
transplant
Rejection (3 Mo Prior) (Diagnosis)
controls (n=7)
(n=7)
(n=8)
(n=7)

†

2500

PGP (pg/ml)

2000

1500

1000

500

0

Non-rejection
transplant control (n=7)

Acute Rejection
(n=8)

BOS (3 Mo Prior)
(n=7)

BOS (Diagnosis)
(n=7)

FIGURE 3. A, MPO in BAL fluid samples relative to transplant controls. BOS samples from the time of diagnosis are significantly elevated compared
with both nonrejection transplant controls (ⴱ, p ⬍ 0.05) and matched samples collected 3 mo before diagnosis (†, p ⬍ 0.05). B, IL-8 levels in BAL fluid
from lung transplant populations. BOS BAL fluid collected at the time of diagnosis demonstrated a 6-fold increase in IL-8 levels compared with samples
3 mo before diagnosis(ⴱ, p ⬍ 0.05). C, PGP levels in BAL fluid from lung transplant populations. BOS samples demonstrated a ⬎16-fold increase in PGP
compared with the individual’s prior matched samples and other transplant populations (†, p ⬍ 0.05).

was present in the transplant patient samples. Western blot analysis
identified an 80-kDa band (consistent with the molecular mass of
PE) only present in the BOS samples taken at the time of diagnosis
(Fig. 2A). The increased detection of this enzyme was complemented by 4-fold increased activity in BOS BAL fluid at the time
of diagnosis compared with normal transplant patients or acute
rejection ( p ⬍ 0.01) and when compared with matched samples
from 3 mo before BOS diagnosis ( p ⬍ 0.01; Fig. 2B). These findings confirm that all of the necessary enzymes for PGP generation
were found in BOS BAL fluid.
Classic and novel chemokine levels were elevated in BOS BAL
fluid samples
As previously mentioned, BAL from BOS individuals have demonstrated increased polymorphonuclear leukocyte (PMN) counts
(8). Indeed, when MPO, a surrogate of neutrophil influx (17), is
measured in the transplant patient populations, there was an in-

creased amount seen in BOS vs other groups ( p ⬍ 0.05; Fig. 3A).
To determine the neutrophil chemoattractants responsible for
the increased neutrophil levels observed in these samples, we
first examined the presence of IL-8. Levels of IL-8 were ⬃20fold higher in BOS samples compared with the matched samples obtained 3 mo before diagnosis ( p ⬍ 0.05; Fig. 3B) and
higher than in samples from control populations. We also examined the presence of the neutrophil chemoattractant PGP in
clinical disease samples using a mass spectrometry technique:
electrospray ionization liquid chromatography-tandem mass
spectrometry (14 –16). PGP levels were 16-fold higher in BOS
samples compared with their matched samples 3 mo before diagnosis ( p ⬍ 0.05) and significantly higher compared with
other transplant populations ( p ⬍ 0.05; Fig. 3C). Only the nonacetylated form of PGP was found in BAL from lung transplant
patients (in contrast with our previous reports of N-␣-PGP detection in samples from cystic fibrosis (CF) patients).
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Change in PGP correlated with change in lung function in BOS
BAL fluid samples

A

We next examined whether changes in PGP concentrations correlated with changes in lung function in BOS individuals. We observed a correlation coefficient (r) of ⫺0.83 ( p ⬍ 0.05) for change
in FVC and a r of ⫺0.67 for change in FEV1 ( p ⫽ 0.14). These
coefficients were somewhat better than those observed with IL-8
change vs change in FEV1 (r ⫽ ⫺0.56; p ⫽ 0.25) or change in
FVC (r ⫽ ⫺0.73; p ⫽ 0.10) in these samples.

r = 0.86

Blockade of IL-8 and PGP ablated the chemoattractive ability
of BOS BAL fluid samples
To determine the degree by which each of these chemokines alone
or in concert influenced the chemotactic properties of BOS BAL
fluid, we examined pooled samples at the time of BOS with the
matched control samples from 3 mo before diagnosis. We investigated the samples’ ability to induce neutrophil chemotaxis in the
presence of a specific neutralizing IL-8 Ab and a specific PGPneutralizing Ab developed in our laboratory. Chemotaxis neutralizing curves for each Ab were determined. For the anti-PGP Ab
incubated with 100 g/ml PGP, 1/5000 dilution gave 11% inhibition, 1/1000 dilution gave 92% inhibition, and 1/100 dilution gave
100% inhibition. For the anti-IL-8 Ab incubated with 10 ng/ml
IL-8, 1/5000 dilution gave 26% inhibition, 1/1000 dilution gave
90% inhibition, and 1/100 gave 100% inhibition. These values led
to the usage of a 1/1000 dilution of each Ab for neutralization
experiments. Of note, these Abs demonstrated no cross-reactivity
with the alternate chemokine (Fig. 6, A and B). When both Abs
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Since we have demonstrated the presence of two neutrophil chemoattractants (IL-8 and PGP) in clinical samples, we examined the
neutrophil chemotactic potential of BAL fluid from our study populations. BAL fluid from each of the transplant patient groups was
used to perform a chemotaxis assay ex vivo on peripheral blood
neutrophils (isolated from normal, nontransplant controls). The
BOS samples taken at the time of diagnosis demonstrated a 16-fold
higher chemotactic index relative to medium control ( p ⬍ 0.01)
and was also higher than transplant controls ( p ⬍ 0.05) and preBOS patient population ( p ⬍ 0.05; Fig. 5). These results are consistent with chemotactic activity of both IL-8 and PGP in these
populations’ BAL fluid. To verify that these results were due to
chemotaxis and not chemokinesis, placement of BOS BAL fluid in
the upper well reduced BOS fluid-mediated chemotaxis to the
lower well by 82% ( p ⬍ 0.05; data not shown).
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FIGURE 4. A, Correlation of MMP-9 activity and PGP levels. The PGP
levels and MMP-9 activity in BOS samples taken at the time of diagnosis
displayed a strong correlation r value of 0.86 (p ⬍ 0.05). B, Correlation of
PE activity and PGP levels. The PGP levels and PE activity in BOS samples taken at the time of diagnosis displayed a strong correlation r value of
0.96 (p ⬍ 0.01).

were used in combination in either the 3 mo before or at the time
of diagnosis BOS BAL, we observed almost complete inhibition of
chemotaxis activity ( p ⬍ 0.05). This suggests that PGP, along with
IL-8, are the major PMN chemoattractants in BOS BAL fluid.
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As we have previously described in a murine model and in CF
sputum samples ex vivo (15, 16), PGP generation involves the
coordinated activity of MMPs and PE. When we examined the
correlation between MMP-9 activity and PGP levels in BOS BAL
fluid, the samples demonstrated a strong correlation (r ⫽ 0.86, p ⬍
0.05; Fig. 4A). Similarly, PE activity demonstrated a strong correlation with PGP concentrations in these samples (r ⫽ 0.96, p ⬍
0.01; Fig. 4B). This exponential correlation is in keeping with the
relationship of an enzyme and its product. Of note, similar r values
were seen between MMP-9 activity/PGP and PE activity/PGP in
the matched samples 3 mo before BOS, although these correlation
coefficients were not as robust as that seen at the time of BOS.
These findings suggest that these enzymes operate in vivo to generate PGP over the course of the development of BOS following
lung transplantation.
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By using the specific neutralizing Abs to both PGP and IL-8, we
hoped to be able to determine the chemoattractant profile for both
time points of the disease. In the samples collected 3 mo before
diagnosis, the neutralizing Abs for IL-8 and PGP caused approximately an 81and 30% reduction in chemotaxis, respectively (Fig.
6C). When matched samples taken at the time of diagnosis were
examined, IL-8-neutralizing Ab reduced the chemotactic ability of
the samples by ⬃28%, while the PGP-neutralizing Ab caused a
53% inhibition of neutrophil migration. Only the anti-PGP Ab
used in BOS samples at diagnosis demonstrated statistical significance with regard to chemotactic inhibition ( p ⬍ 0.05). In contrast, only the IL-8 Ab used in BOS samples 3 mo before diagnosis
demonstrated statistical significance with regard to chemotactic
inhibition ( p ⬍ 0.05). These data, therefore, provide some evidence for the importance of PGP as a neutrophil chemoattractant
seen in BOS and suggest a shift from an IL-8-biased neutrophil
chemotaxis to a PGP-biased neutrophil chemotaxis during the development of BOS.

Discussion
Chronic rejection/BOS in lung transplantation remains the major
source of morbidity and mortality in lung allograft recipients (2).
Although the role of neutrophils in BOS pathogenesis is not well
understood, there is emerging evidence for PMN-derived oxidant
injury and protease imbalance in this disease population, potentially leading to airway remodeling (18). The determination of
unique pathways involved in this inflammatory and remodeling
response may serve to identify unique biomarkers and to elucidate
specific therapeutic targets.
Our work confirms that lavage samples from individuals with
BOS have increased proteolytic activity. Although different families of proteases have been implicated in the end-organ damage
described in postlung transplantation pathology, recent attention
has turned to MMPs as mediators of lung damage (19, 20). Although MMP dysregulation appears to contribute to extracellular
matrix reorganization in many conditions (21, 22), few studies
have investigated MMPs in postlung transplant organ pathology.
Studies have noted increased MMP-9 expression in ischemia
reperfusion injury, in lung transplant patients with clinical airway
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FIGURE 5. Neutrophil chemotaxis of BAL fluid from transplant populations. Samples collected at the time of BOS diagnosis demonstrated
16-fold increase in neutrophil chemotaxis relative to medium control and
was significantly elevated compared with BOS 3 mo before diagnosis (†,
p ⬍ 0.05) and to other transplant populations (ⴱ, p ⬍ 0.05).

obstruction, and in patients with BOS (23–25). There is also evidence that both MMP-8 and MMP-9 are increasingly elevated before the development of BOS in posttransplant individuals (26).
We demonstrate increased MMP-8 and MMP-9 levels and activity in lavage samples from patients at the time of BOS compared
with matched samples from 3 mo before diagnosis. Using a novel
polyclonal anti-PE Ab and an enzymatic assay to determine PE
activity, we describe, for the first time, that PE is both detected and
up-regulated in BOS samples. Our current and previous work suggest that increased activity of these enzymes in clinical samples is
important for PGP liberation from collagen in vitro and in vivo
(15). The statistically significant correlation coefficients seen with
either MMP-9 or PE with PGP levels strongly suggest that these
enzymes are operative in PGP production in BOS.
There is also increasing evidence that components of the extracellular matrix may serve as modulators of airway inflammation in
lung transplantation rejection. Wilkes and colleagues (27, 28) have
described the role of cryptic epitopes of type V collagen as a mediator of immune responses seen during chronic lung transplantation rejection. Attention has also turned to alternate pathways of
inflammation involving fragmentation of matrix scaffolding proteins. Nonspecific collagen-derived fragments have been reported
to induce neutrophil chemotaxis in murine models (29, 30). In
addition, elastin fragments ending with proline-glycine demonstrate the capacity to cause fibroblast and monocyte chemotaxis
and, to a lesser degree, neutrophil chemotaxis in models of emphysema (31).
BAL fluid samples from patients at the time of BOS also demonstrate an increased capability to attract neutrophils compared
with all other transplant populations. These samples also exhibited
high levels of IL-8, a neutrophil chemoattractant well characterized in BOS. Traditional CXCR ligands are felt to play an important role in both neutrophil influx and propagation of injury via
activation of other cellular inflammatory mechanisms (10 –12). In
this study, we show that a extracellular matrix-derived neutrophil
chemoattractant, PGP, is elevated in clinical samples from individuals with BOS. To our knowledge, this is the first characterized
extracellular matrix (ECM) fragment described in transplantation
rejection with the capability to drive neutrophilic inflammation.
We have also developed a novel detection and inhibitory Ab to
PGP which distinguishes this peptide from IL-8. Using this reagent
and an IL-8-specific Ab, we demonstrate that during the course of
the development of BOS, there is an emerging role of PGP as a
prominent neutrophil chemoattractant. Together IL-8 and PGP account for virtually all of the chemotactic activity seen in BOS BAL
fluid (Fig. 6C) and may represent logical therapeutic targets. These
findings expand our understanding of the role of the ECM as modulators of immune response in lung transplantation rejection, demonstrating that peptide fragments from ECM structural proteins
may serve as important mediators of neutrophil recruitment. Our
findings also support the concept that collagen-derived chemoattractants might have an increased role in neutrophil influx at the
time of airflow reduction in BOS due to the airway remodeling
seen in the disease.
One obvious question is whether pretransplant diagnosis may
affect posttransplant PGP levels. Although we observe differences
in PGP values between populations pretransplant (CF⬎chronic obstructive pulmonary disease (COPD)⬎interstitial pulmonary fibrosis (IPF)), all patients with BOS had higher PGP levels compared
with other patients with similar pretransplant diagnoses in either
the acute rejection or nonrejection populations. These data suggest
that the posttransplantation pathology plays a more prominent role
in PGP generation than the pretransplant diagnosis.
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FIGURE 6. A, PGP- and IL-8- neutralizing Abs do not cross-react with the alternate chemokine. The IL-8- and PGP-specific neutralizing Abs (1/1000
each) completely inhibited IL-8- and PGP-mediated chemotaxis, respectively (ⴱ†, p ⬍ 0.01). Neither Ab cross-reacts with the alternate chemokine. B,
Relative IL-8 and PGP chemotaxis in BOS BAL fluid. IL-8-neutralizing Ab (1/1000) created an 80.6 and 29.6% inhibition of BOS (3 mo before) and BOS
(at diagnosis) induced PMN chemotaxis, respectively. In contrast, the inhibition by the PGP-neutralizing Ab (1/1000) was 28.2% (in the 3-mo prior
samples) and 53.4% (in the samples at time of diagnosis). Together, the Abs were able to almost completely ablate the chemotactic capacity of the BAL
fluid collected 3 mo before (93.2%) and at the time of diagnosis (91.4%) of BOS (†, p ⬍ 0.05). Of the individual Abs, anti-IL-8-neutralizing Ab
demonstrated a statistically significant reduction in chemotaxis for BOS (3 mo before diagnosis), whereas anti-PGP-neutralizing Ab demonstrated a
statistically significant reduction in chemotaxis for BOS at diagnosis (ⴱ, p ⬍ 0.05).

There are certain limitations to our study. Although most of the
presented data is statistically significant between populations studied, the small numbers per group make it difficult to interpret these
results for larger cohorts. Also, although correlations were seen
between changes in lung function and changes in chemoattractants
in BOS individuals, these findings should be taken with caution as
they may represent epiphenomena. Examination of larger populations from multiple centers may allow for determination of the
specificity and sensitivity of the levels/activity of PGP, PE, and
MMPs in the development of BOS. In addition, future prospective
studies with larger cohorts may examine if, over time, PGP levels

may predict loss of lung function in posttransplantation individuals. As such, these longitudinal studies of PGP production in
chronic rejection/BOS may also be useful to increase our understanding of disease onset and progression and possibly prognosis.
In summary, we demonstrate that PGP is increased in the progressive development of BOS in lung transplant recipients. The
elevated levels in BAL fluid in BOS patients, along with the high
correlation with generating enzymes and diagnosis of disease,
make PGP a potential biomarker and therapeutic target for this
condition. We have also shown that, although traditional chemokines regulate neutrophils before BOS, matrix degradation
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products, such as PGP, have an emerging role in the PMN influx
seen in clinical disease. The identification of this novel neutrophil
chemoattractant pathway in chronic rejection following lung transplantation sets the stage for future studies to examine the role of
this peptide in disease pathogenesis.
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