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Abstract

Chronic neutrophilic inflammation is a manifestation of a variety of lung diseases including cystic

fibrosis (CF). There is increasing evidence that fragments of extracellular matrix proteins, such as

collagen and elastin, play an important role in inflammatory cell recruitment to the lung in animal

models of airway inflammation. Unfortunately, the association of these peptides with human

disease and the identification of therapeutic targets directed toward these inflammatory pathways

have remained elusive. In this study, we demonstrate that a novel extracellular matrix-derived

neutrophil chemoattractant, proline-glycine-proline (PGP), acts through CXC receptors 1 and 2 on

neutrophils, similar to N-acetylated proline-glycine-proline (N-α-PGP). We describe the specific

multistep proteolytic pathway involved in PGP generation from collagen, involving matrix

metalloproteases 8 and 9 and prolyl endopeptidase, a serine protease for which we identify a novel

role in inflammation. PGP generation correlates closely with airway neutrophil counts after

administration of proteases in vivo. Using CF as a model, we show that CF sputum has elevated
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levels of PGP peptides and that PGP levels decline during the course of CF inpatient therapy for

acute pulmonary exacerbation, pointing to its role as a novel biomarker for this disease. Finally,

we demonstrate that CF secretions are capable of generating PGP from collagen ex vivo and that

this generation is significantly attenuated by the use of inhibitors directed toward matrix

metalloprotease 8, matrix metalloprotease 9, or prolyl endopeptidase. These experiments highlight

unique protease interactions with structural proteins regulating innate immunity and support a role

for these peptides as novel biomarkers and therapeutic targets for chronic, neutrophilic lung

diseases.

Neutrophils are important mediators in a variety of chronic inflammatory diseases affecting

the airways such as chronic obstructive pulmonary disease (COPD)4 (1) and cystic fibrosis

(CF) (2). Neutrophil influx into these chronically inflamed airways propagates damage via

multiple mechanisms including oxidant injury and the release of proteolytic enzymes,

leading to parenchymal lung injury and end-organ dysfunction (3).

The major chemoattractants for neutrophils in these conditions are glutamic acid-leucine-

arginine-positive (ELR+) CXC chemokines including IL-8, growth-related oncogene

(GRO)-α, GRO-β, and GRO-γin humans and KC and MIP-2 in mice (4). Nonspecific

collagen-derived fragments have also been reported to induce neutrophil chemotaxis in

murine models (5). Senior et al. (6) have previously described elastin fragments ending with

proline-glycine as having the capacity to cause fibroblast and monocyte chemotaxis and, to a

lesser degree, neutrophil chemotaxis. We have recently described the role of a specific

collagen-derived peptide, N-acetylated proline-glycine-proline (N-α-PGP), in neutrophilic

lung inflammation (7). N-α-PGP, via structural homology to most ELR+ CXC chemokines,

acts as neutrophil chemoattractants through CXCR1 and CXCR2 on neutrophils. This novel

CXC ligand demonstrates the ability to not only induce neutrophil chemotaxis but also to

induce superoxide release from neutrophils via CXCR1 binding. The cellular kinetic

response to aerosolized LPS administration to mice demonstrates that initial neutrophil

influx is dependent on traditional ELR+ chemokines (KC and MIP-2) but is maintained and

augmented by N-α-PGP until neutrophils are cleared from the airways, concomitant with

declining N-α-PGP levels in the airway.

Nonacetylated proline-glycine-proline (PGP) has also been previously described as a

neutrophil chemoattractant in vitro, although it is four to seven times less potent than N-α-

PGP (8). Recently, our group has described the presence of PGP as a prominent neutrophil

chemoattractant in a murine model of pneumonic tularemia (9), although the mechanisms

for inducing chemotaxis are not known. In addition, although N-α-PGP has been reported

from clinical disease samples (7), PGP has not been reported in clinical samples. Despite the

presence of PGP-containing peptides and other structural proteins in animal models of

inflammation, no specific ECM-derived peptide has been consistently shown as a biomarker

4Abbreviations used in this paper: COPD, chronic obstructive pulmonary disease; CF, cystic fibrosis; CFTR, cystic fibrosis
transmembrane conductance regulator; ECM, extracellular matrix; ELR, glutamate-leucine-arginine; MS, mass spectrometry; ESI LC-
MS/MS, electrospray ionization liquid chromatography-MS/MS; FEV1, forced expiratory volume 1 second; FVC, forced vital
capacity; GRO, growth-related oncogene; HNE, human neutrophil elastase; PGP, proline-glycine-proline; N-α-PGP, N-acetylated
PGP; PE, prolyl endopeptidase; PMN, polymorphonuclear leukocytes or neutrophils; pNA, paranitroaniline; MMP, matrix
metalloprotease.
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in clinical disease. Although the biological properties of some of these peptides are

becoming increasingly understood (7), the specific mechanism of generation of these

peptides remains unclear, although proteolytic enzymes are thought to play an important role

(9, 10).

Recent models of airway inflammation indicate that protease/ antiprotease imbalance is a

prime feature in several pulmonary diseases including COPD (10) and CF (11). One class of

proteases recently felt to play an important role in airway remodeling in lung disease are

matrix metalloproteases (MMPs), a family of zinc-containing endopeptidases with the

capacity to degrade multiple components of the extracellular matrix (12). Recently, our

laboratory has shown the presence and enhanced activity of discrete MMPs in the sputum of

patients with CF, including MMP-8 and MMP-9 (13). Despite recent evidence that

implicates MMP-9 as involved in the generation of PGP (9), MMP-9 does not demonstrate

the substrate specificity to liberate PGP directly from collagen by itself. Thus, one or more

other proteases are likely involved. As such, the specific proteolytic mechanism for the

release of this peptide from collagen is unknown.

The aim of this study was to determine the mechanism of PGP-induced neutrophil

chemotaxis, the specific proteolytic mechanisms involved in PGP generation from collagen,

their importance in neutrophilic inflammation using CF as a disease model, and whether

these fragments might serve as a biomarker of the inflammatory condition. In this report, we

use a novel mass spectrometry (MS) technique to now simultaneously detect both N-α-PGP

and PGP from clinical samples. We describe the presence of PGP-containing peptides in

significantly increased quantities in the sputum of CF individuals compared with healthy

subjects and demonstrate the capacity of CF sputum to generate PGP from intact collagen

using a novel ex vivo system. We further describe the proteolytic system involved in PGP

generation as a two-step process using the coordinated efforts of MMPs (MMP-8 and

MMP-9) and prolyl endopeptidase (PE), a serine protease herein described for the first time

with a role related to airway inflammation. PGP levels are elevated during CF exacerbation,

pointing to its role as a novel disease biomarker. Finally, we demonstrate that inhibition of

MMP-8, MMP-9, and PE blocks ex vivo generation of PGP by CF sputum, pointing to a

possible role of these inhibitors as therapeutics in chronic neutrophilic lung diseases,

including CF.

Materials and Methods

Patient populations

The University of Alabama-Birmingham Institutional Review Board approval was obtained

before all studies involving human subjects and samples. All patients granted written

informed consents and collected with a unique patient identifier to maintain patient

confidentiality.

CF subjects—All subjects carried the diagnosis of CF based on accepted diagnostic

criteria, including a minimum of two clinical features consistent with the diagnosis and

either two sweat Cl− values >60 mM or two disease-causing CF transmembrane

conductance regulator mutations (2). Those CF individuals deemed as having exacerbation
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(inpatients) and hospitalized had at least three of the following symptoms: increased cough/

sputum production, fever, weight loss, tachypnea, findings on chest x-ray consistent with

pneumonia, or a 10% or greater drop in pulmonary function testing.

Normal controls—All normal subjects were nonsmoking individuals without known lung

disease; sputum was collected via hypertonic saline induction.

Materials

Recombinant MMP-9, MMP-8, MMP-12, CXC receptor Abs and isotype control Ab were

purchased from R&D Systems. Recombinant human neutrophil elastase (HNE), HNE-

specific inhibitor, MMP-9- specific inhibitor, MMP-8-specific inhibitor, MMP-2-specific

inhibitor, and PE inhibitor were purchased from Calbiochem. PE was purchased from US

Biologicals. PE substrate was purchased from Chem-Impex. Types I and II collagen were

purchased from Sigma-Aldrich.

Chemotaxis assay

Chemoattractant is placed in the bottom wells of a 3-μm, 96-well poly-carbonate filter plate

(Millipore) in 150 μl of DMEM. Neutrophils (2 × 105) were added in 100 μl of DMEM to

the top portion. These were incubated for 1 h at 37°C in 5% CO2. The upper portion of the

plate was removed and micrographs of the migrated cells were made with an Olympus IX70

microscope.

Enzyme inhibitors

The enzyme inhibitors used are as listed in Table I.

Electrospray ionization liquid chromatography-MS/MS (ESI-LC/MS/MS) for PGP detection

PGP and N-α-PGP were measured for in vitro and sputum 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); at 0 – 0.6 min, 80% buffer A/20% buffer B

and at 0.6 –5 min, the gradient is up to 0% buffer A/100% buffer B. 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 for N-α-

PGP.

In vivo murine administration

Animal protocol for protease administration was approved by the University of Alabama-

Birmingham Institutional Animal Care and Use Commission. Mice underwent intratracheal

protease administration as described in Fig. 5 legend. MMPs were preactivated using 1 mM

aminophenylmercuric acetate for 2 h at 37°C. The concentrations of proteases administered

were: MMP-8, MMP-9, and MMP-12: 55.6 μg/kg; HNE: 200 μg/kg; and PE: 18.4 mg/kg.

The relative enzyme activities are: PE enzyme activity: 1 unit = 1 μM p-nitroaniline

(pNA)/min at 30°C, pH 7; sp. act, 22.6 U/mg PE; MMP-9 enzyme activity: 10 μM ES001

(substrate) and 20 ng of MMP-9 = 1300 pmol/min per μg at 37°C; MMP-8 enzyme activity:
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10μM ES001 (substrate) and 50 ng of MMP-8 = 250 pmol/min per μg at 37°C; MMP-12

enzyme activity: 10 μM ES001 (substrate) and 20 ng of MMP-12 = 500 pmol/min per μg at

37°C; and HNE enzyme activity: 22 U/mg protein. (1 unit = hydrolysis of 1.0 μmol

pNA/min at 25°C, pH 8.0.

Bronchoalveolar lavage

After mice were euthanized with phenobarbital, mice underwent bilateral thoracotomy and

were lavaged with four 1-ml aliquots of cold PBS.

Sputum processing

Sputum was obtained by spontaneous expectoration. Sputum was collected on ice and

diluted 1/2 with 0.9% normal saline, centrifuged at 1000 rpm for 15 min, and supernatant

was collected. Protein concentration was measured and then separate aliquots were saved for

measurements (MMP, HNE, PE) and MS (N-α-PGP/PGP).

PE activity assay

Twenty microliters of sputum was incubated with a specific substrate (2 mM Z-glycine-

proline-pNA) at 37°C and 5% CO2 and cleavage of pNA) from the substrate by PE was

detected using a spectrophotometer at 410 nm and compared with a generated standard

curve for PE activity.

Ex vivo collagen assay

One hundred microliters of saline-diluted sputum was incubated with extensively dialyzed,

intact type I or II collagen (50 μl, 1 mg/ml) for 24 h at 37°C and 5% CO2. The samples were

filtered through a 10-kDa filter, washed with 20 μl of 1 N HCl, and analyzed using ESI- LC-

MS/MS for levels of PGP and N-α PGP. Amounts of PGP and N-α PGP generated by each

sputum sample were determined by subtracting basal levels already present in each sample.

Thereafter, CF sputum samples were individually evaluated and the most active samples

were pooled. For the inhibitor experiments, these pooled sputa were treated with noted

inhibitor and allowed to incubate for 6 h. At 6 h, dialyzed collagen was added to the sample

and sample was further incubated for 18 h. Inhibitor concentrations used were: MMP-8, -9,

and -2 at 50 μM, PE at100 μM, and doxycycline at 1 mM.

Statistical testing

Descriptive statistics including mean and SEM were made for all quantitative measures. The

two-tailed Student t test was used for comparisons between two groups and ANOVA was

used for comparing means of three or more groups. Pearson’s correlation was used to

compare the relationship between 1) PE activity and PGP generation, 2) change in FEV1

and change in PGP levels, and 3) change in FVC and change in the PGP (4) relationship

between PGP and N-α-PGP in clinical CF samples. Means presented are ±SEM; statistical

significance is considered for p < 0.05. Calculations were made using Instat software

(GraphPad) and SPSS version 14. Values of p < 0.05 were determined to be statistically

significant.
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Results

PGP acts via CXC receptors to induce neutrophil chemotaxis

As previously mentioned, we have recently characterized PGP as a neutrophil

chemoattractant in a murine model of airway inflammation (9). However, it is unknown

whether this nonacetylated peptide acts through similar mechanisms as N-α-PGP. To test

this possibility, we used mAbs to block CXCR1 and CXCR2 on neutrophils. When

neutrophil migration is examined via chemotaxis assay, either a CXCR1 or CXCR2 Ab used

individually causes only a partial reduction in chemotaxis (data not shown). However, when

both Abs are used in conjunction, there is a dose-dependent effect leading to complete

blockade of neutrophil influx (Fig. 1a). Isotype-matched control mAb was without effect.

Thus, as with N-α-PGP, PGP apparently acts through CXCR1- and CXCR2-dependent

mechanisms to induce neutrophil chemotaxis.

N-α-PGP and PGP are elevated in sputum from CF individuals

To examine N-α-PGP and PGP in sputum from CF individuals and normal controls (see

Materials and Methods for description of populations), we modified our published MS

technique of ESI LC-MS/MS for simultaneous detection of these peptides in clinical

samples. These clinically stable CF patients (60% female/40% males; mean age, 26.6 years)

had moderately severe lung disease with mean forced expiratory volume 1 s (FEV1) of 34%

predicted and a mean forced vital capacity (FVC) of 45% of predicted. The majority of these

individuals were either ΔF508 heterozygous (40%) or homozygous (50%). Eighty percent of

these individuals were Pseudomonas aeruginosa-positive via sputum culture.

Fig. 1b shows that 8 (80%) of 10 CF sputum samples had N-α-PGP above our threshold for

positivity vs 1(10%) 10 normal controls with mean values of each group 3.78 ng/ml (±1.84)

and 0.13 ng/ml (±0.12), respectively ( p < 0.01). The mean values for PGP in the CF

samples were 204.8 ng/ml (±83.9) vs 16.2 ng/ml (±19.8) in normal controls ( p < 0.05; data

not shown), highlighting an elevation of PGP-containing peptides seen in the CF population.

These samples demonstrated a correlation coefficient (R2) of 0.76 between their N-α-PGP

and PGP levels ( p < 0.01), demonstrating a strong relationship of the presence of these

peptides in clinical samples. The above results led to an inquiry regarding the specific

proteases involved in the generation of PGP in vivo.

PE activity is elevated in CF sputum and correlates with PGP

To our knowledge, the only enzyme directly capable of cleaving PGP from the often

repeated “PPGP” motif in collagen is PE, a serine protease which provides specific cleavage

at the C-terminal side of a proline (20). PE is an enzyme implicated in neuropeptide

processing and specific neurological conditions (21). This enzyme has also been reported

previously in human T cells (22). Although its location has been reported to be cytosolic

(20), many reports also describe extracellular activity of the enzyme (21). This enzyme has

been previously identified in lung parenchyma (23), pulmonary macrophages (24), and

bronchoalveolar lavage fluid, although its function in the lung is unknown (25).
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To determine whether PE may be playing a role in PGP generation in the CF lower airway,

we attempted to assay its presence in CF sputum. Using a very specific substrate for PE (Z-

glycine-proline-pNA) (26), we found a 5-fold increase in PE activity in CF patients (n = 10)

compared with normal control samples (Fig. 2a) (n = 10). When we correlated PGP

production and PE activity in the CF samples capable of generating PGP (n = 8), the

correlation coefficient (R2) was 0.72 (Fig. 2b; p < 0.01). Together, these results implicate

increased PE activity with PGP generation in vivo. However, PE is only capable of cleaving

substrates 30 –100 aa or less (27); therefore, PE alone could not directly cleave collagen to a

tripeptide and would require an initial cleavage of collagen before liberating PGP.

Therefore, we hypothesized that PGP generation from intact collagen was a stepwise process

involving initial proteolytic cleavage of collagen with subsequent activity by PE.

CF sputum is capable of generating PGP from collagen

Recently, our laboratory reported increased protease activity in CF sputum; human

neutrophil elastase (HNE) was elevated along with the MMP isoforms collagenase-2

(MMP-8), gelatinase B (MMP-9), stromelysin-3 (MMP-11), and macrophage

metalloelastase (MMP-12) (13). Since these enzymes and PE were found to have elevated

activity in CF sputum, we hypothesized that CF sputum had the necessary components to

generate PGP from collagen. We used type I collagen for these studies, because this is the

prominent form of collagen seen in the airways (28). However, to demonstrate the potential

generalizability of this process, we also examined type II collagen. Both CF and normal

control sputum samples were incubated with either type I or type II collagen and examined

via MS for PGP or N-α-PGP. Fig. 3a shows that sputum samples from CF individuals

generated PGP from type I collagen (average, 148 ng/ml; range, 130 –530% of basal PGP)

compared with normal patient samples (average, 1.3 ng/ml; range, 0 –117% of basal PGP; p

< 0.05). Similarly, Fig. 3b demonstrates CF sputum samples generated PGP from type II

collagen (average, 240 ng/ml; range, 140 – 675% of basal PGP) compared with PGP

generation from normal controls (average, 9.8 ng/ml; range. 0 –155% of basal PGP; p <

0.05). Slightly lower but statistically significant increases in N-α-PGP levels were seen in

CF sputum incubated with both type I and type II collagen (data not shown). These data

demonstrate that CF sputum contains the proteolytic enzymes necessary to generate PGP

from collagen.

PGP generation is significantly abrogated by use of specific protease inhibitors

To identify the specific proteases involved in PGP generation, we used the CF sputum ex

vivo assay for PGP production from intact collagen in the presence of various protease

inhibitors. CF sputum was incubated with known specific enzyme inhibitors (see Materials

and Methods) and then incubated with type I collagen. The results were reported as percent

inhibition compared with PGP generation by CF sputum alone (Fig. 4). PE inhibition

completely blocked generation of PGP, indicating its central importance to PGP generation.

PGP production was also significantly inhibited by both MMP-8 and MMP-9 antagonists

individually, and this inhibition is augmented when MMP-8 and MMP-9 antagonists were

combined. That MMP-8 and -9 inhibitors alone block PGP production suggested that the

two proteases act in concert to generate an optimal substrate for PE. MMP-2 and HNE

inhibitors had minimal effects on PGP generation. Doxycycline, a clinically used
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antimicrobial which also acts as a nonspecific small molecule MMP inhibitor (29), caused

~75% inhibition of PGP production and may serve as a potential therapeutic agent with the

capability to modify this pathway of inflammation in CF patients. To confirm the implied

role for MMP-8, MMP-9, and PE in PGP generation by CF sputum, we attempted to

recapitulate such PGP production by in vivo administration of proteases into murine

airways.

PGP generation correlates with polymorphonuclear leukocyte/ neutrophil (PMN) influx and
is found to be a stepwise process involving MMPs and PE

Fig. 5a shows that following intratracheal delivery to murine lungs, MMPs alone, HNE

alone, or PE alone did not generate PGP. However, when either MMP-8 or MMP-9 was

combined with PE, PGP was generated at levels significantly higher than PBS control or

either enzyme alone. Of note, MMP-12 and HNE, two prominent proteases found in a

variety of chronic neutrophilic lung diseases including CF (13, 30), generated no PGP in the

presence of PE. Fig. 5b demonstrates a tight correlation (R2 = 0.996) between PMN influx

and PGP generation following exposure to enzyme combinations. These results verified the

stepwise generation of PGP with specific MMPs in combination with PE and completely

recapitulated our ex vivo human findings.

PGP serves as a unique biomarker during CF exacerbation

The presence of PGP in CF secretions led to the question of whether this peptide may serve

as a novel inflammatory biomarker in CF lung disease. PGP measurements were taken in CF

inpatients at the beginning of CF exacerbation (within 48 h of admission) and at the end of

hospitalization (day 13/14). All subjects were treated with standard CF inpatient therapy

(including two antibiotics (aminoglycoside and either β-lactam or fluoroquinolone),

intensive airway clearance techniques, and nebulized therapies (i.e., recombinant human

DNase, albuterol) during the hospitalization. These patients were 60% female, 40% male,

and had a mean age of 18 years. These individuals were either ΔF508 heterozygous (33%)

or homozygous (66%). Eighty-three percent of these individuals were P. aeruginosa-positive

via sputum culture. They also demonstrated moderately severe lung disease at admission

(mean FEV1 = 43% of predicted and mean FVC = 60% of predicted) which improved after

inpatient therapy (mean FEV1 = 51% of predicted and mean FVC = 67% of predicted).

Fig. 6 shows a significant reduction in the PGP levels during the course of hospitalization in

aggregate and a notable decline in 11 of the 12 subjects ( p < 0.01). Of note, there was a

correlation seen in decline of PGP levels with improvement in FEV1 and FVC during

hospitalization and these results trended toward statistical significance (R = 0.53 for FEV1

and PGP, p = 0.12; R = 0.52 for FVC and PGP, p = 0.11). Despite the reduction in PGP

levels during hospitalization in CF subjects, the PGP levels upon discharge remained 5-fold

higher than that seen in normal controls ( p < 0.01), indicating that even after resolution of

CF exacerbation, these patients demonstrated ongoing inflammation and matrix degradation

which may be mediated in part by proteases and PGP.
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Discussion

In this report, we describe multiple novel aspects of PGP biology. PGP induces neutrophil

chemotaxis through a CXC receptor-dependent mechanism. To our knowledge, this article

describes the first specific protease cascade generating a chemotactic ECM fragment. We

use a unique ex vivo assay system to demonstrate the capability of CF sputum to generate

PGP from intact collagen; this type of model has not previously been described for other

structural protein fragments. Finally, by using a novel MS technique, we can simultaneously

detect both N-α-PGP and PGP in sputum samples, which are less invasive than using

bronchoscopy and bronchoalveolar lavage.

Our experimental results point to the generation of PGP as a multistep process involving

both members of the MMP family (MMP-8, MMP-9) and the serine protease family (PE).

These findings comprise a growing body of data implicating MMPs in regulation of

inflammation (31, 32). Although MMP-8 and MMP-9 are present in a variety of cells, their

highest concentrations are found in neutrophils. MMP-8 and MMP-9 likely work in concert

to create an optimal substrate for PE activity. The release of these specific MMPs into the

airway lead to the cleavage of collagen fragments as modeled in Fig. 7. These collagen

fragments are derived from well-documented cleavage sites for these proteases (33, 34) and

conform well to the size specification for a PE substrate.

Unlike MMPs, PE is an enzyme that has not been implicated in inflammation biology or

lung pathology. PE has been described in both macrophages and lymphocytes (T cells),

although its presence in other immune cell populations is unknown. Our current data suggest

that PE has a central place in a mechanism of pulmonary neutrophilic inflammation,

demonstrating a unique role in the generation of PGP from collagen. CF clinical samples

demonstrate a strong correlation between PE activity and PGP production, recapitulating

with fidelity our in vivo murine and ex vivo data. This is the first report of this enzyme as a

modulator of the inflammatory response in any organ system. Further investigation of this

enzyme and its role in pulmonary immunology and host defense certainly appears

warranted.

The increased levels of N-α-PGP and PGP seen in CF sputum suggest an important role of

these peptides in conditions with prominent ECM remodeling and neutrophilic

inflammation. The generation of PGP in CF would require access of proteases to the

underlying collagen within the airways. Initially in CF, the airway epithelium may serve as a

barrier to prevent the actions of these proteases on collagen. However, as the disease

progresses, the ongoing damage to the epithelium (either apically or loss of epithelial-

epithelial junctions) will allow the proteases access to the underlying ECM and lead to the

generation of PGP (2). We would, therefore, hypothesize that this collagen fragment would

play a more prominent role in CF-related inflammation in airways with loss of the integrity

of the epithelial cell layer, leading to ongoing matrix remodeling.

The reduction of PGP levels over the course of inpatient therapy demonstrates that changes

in PGP are specific for treatment effects expected to reduce acute airway inflammation

during CF exacerbation. Previous examination of airway inflammatory markers in sputum
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during CF exacerbations demonstrates modest declines in PMN counts, IL-8, and elastase

levels (35). Another examination of biomarkers in adults and children with CF exacerbation

demonstrated that sputum myeloperoxidase levels only changed in some patients and did not

correlate well with other biomarkers of CF exacerbation (36). None of these markers have

demonstrated consistent changes during the course of CF exacerbation, suggesting the need

for the development of other novel disease biomarkers. Our data demonstrate a robust

decrease in PGP levels between individuals during the course of inpatient therapy not

observed from these other biomarkers. It is also notable that, even in a small population of

patients, there are significant differences in sputum PGP levels over the course of CF

exacerbation. Since not all patients may be expected to expectorate sputum, we have also

recently modified our MS technique to successfully measure PGP in serum from patients;

these results demonstrate a 3-fold increase ( p < 0.05) in PGP levels in CF individuals (n =

5) compared with normal controls (n = 5; data not shown). These findings suggest that PGP

may serve as an important inflammatory biomarker to be measured during the course of

acute CF exacerbation.

Although some studies have examined the inflammatory cell influx through elastin

fragmentation in murine models of inflammation (6), this is the first report to directly

implicate a specific protease pathway in the generation of a specific neutrophil chemotactic

ECM-derived peptide and to then describe these peptides in clinical disease. It is

conceivable that the biological compartment of other chronic neutrophilic inflammatory

conditions (i.e., arthritis, vasculitis, atherosclerotic disease) may have elevated levels of PE

and MMP-8 or MMP-9, leading to the generation of PGP and augmenting inflammation.

Finally, the delineation of the proteases involved in the generation of PGP may point to new

future therapeutic targets in the treatment of the unrelenting inflammation seen in conditions

such as CF and COPD. Regulation of collagen turnover and reduction of inflammatory

peptides may help identify disease-specific end points and even alter the natural history of

these conditions. Although most MMP or PE inhibitors are not currently available for testing

in human trials, well-tolerated MMP inhibitors such as doxycycline may be useful in clinical

trials as inhibitors of MMPs and of N-α-PGP and PGP generation. The findings presented

here demonstrate a novel mechanism of inflammation seen in a chronic neutrophilic lung

disease, showcase interactions between multiple inflammatory cells in a unique avenue of

lung innate immunity, and underscore the role of PGP-containing peptides as both

therapeutic targets of disease and as novel disease biomarkers.
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FIGURE 1.
a, PGP acted via a CXCR-dependent mechanism to cause neutrophil chemotaxis: PMN are pretreated with CXCR1 and CXCR2

Abs or IgG2a isotype control Ab (2 μg/ml) for 1 h at 22°C. PGP (at 10 μg/ml) is placed in the bottom of chemotaxis plate. The

isotype Ab demonstrated no change in neutrophil chemotaxis compared with untreated cells (■). However, at 1 μg/ml

concentration of each CXCR Ab, PGP chemotaxis is completely blocked (*, p < 0.01 compared with no Ab and isotype Ab

control). b, N-α-PGP is increased in CF samples compared with normal control samples: CF (n = 10) and normal control (n =

10) sputum samples were analyzed using ESI-LC/MS/MS for N-α-PGP detection. CF samples demonstrated 8 (80%) of 10

positive for N-α-PGP vs normal controls having 1(10%) of 10 positive for N-α-PGP. The threshold for positivity (0.825 ng/ml)

was determined as two SDs above mean (95% confidence interval) for control sputum values.
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FIGURE 2.
a, PE activity was elevated in CF samples compared with normal controls: CF (n = 10) and normal control (n = 10) sputum

samples were examined for PE activity using a colorimetric assay. CF samples demonstrated a 5-fold increase in PE activity

compared with normal controls (*, p < 0.01). b, PE activity correlated with PGP: concentration of PGP was correlated with PE

activity in CF samples (n = 8). The samples demonstrated a correlation coefficient (R2) of 0.718 (p < 0.01).
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FIGURE 3.
a, PGP production was significantly increased in CF samples compared with normal control samples on type I collagen: CF

sputum (n = 10) and normal control sputum (n = 10) were each incubated on extensively dialyzed type I collagen for 24 h at

37°C. PGP values of the samples on PBS were subtracted from PGP values of samples incubated on type I collagen to determine

PGP production. PGP generated from CF samples were significantly increased compared with normal control samples on type I

collagen (*, p < 0.05). b, PGP production was significantly increased in CF samples compared with normal control samples on

type II collagen: CF sputum (n = 10) and normal control sputum (n = 10) were each incubated on extensively dialyzed type II

collagen for 24 h at 37°C. PGP values of the samples on PBS were subtracted from PGP values of samples incubated on type II

collagen to determine PGP production. PGP generated from CF samples were significantly increased compared with normal

control samples on type II collagen (*, p < 0.05).
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FIGURE 4.
PE, MMP-8, and MMP-9 inhibitors can block the production of PGP: inhibitors were incubated for 6 h with pooled CF sputum

and these sputa were placed on type I collagen for 24 h as previously described. PGP concentrations from these groups were

compared with pooled CF sputum on type I collagen not treated with inhibitor. PE inhibitor demonstrated complete blockade of

PGP production and MMP-8- and -9-specific inhibitors individually demonstrated 80–90% inhibition, with their combination

resulting in complete blockade of PGP generation. Doxycycline, a nonspecific MMP inhibitor, demonstrated comparable PGP

inhibition as MMP-8 alone. Neither MMP-2- nor HNE-specific inhibitors resulted in significant changes in PGP production.
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FIGURE 5.
a, In vivo PGP generation: in vivo PGP production was examined using MMPs or HNE with or without PE. Various proteases

(50 μl) were administered intratracheally into murine (4- to 6-wk-old BALB/c mice) airways and bronchoalveolar lavage fluid

was collected 24 h later. PGP levels were determined using ESI LC-MS/MS. PGP production was significantly increased in

MMP-9 with PE (*, p < 0.05 vs PBS control; †, p < 0.05 vs MMP-9 alone) and MMP-8 with PE (*, p <0.05 vs PBS control; †, p

<0.05 vs MMP-8 alone) compared with other proteases with or without PE. PBS control and PE alone had similar PGP

production. Of note, aminophenylmercuric acetate alone (or in combination with PE) also did not generate PGP (data not

shown). Number of mice per group = 6. b, PGP production correlated with neutrophil influx: PGP production levels (■) were

compared with PMN counts ( ) in mice treated with a combination of the indicated protease and PE from Fig. 3a. There is a

notable correlation between PGP production and PMN counts for each condition (R2 = 0.996, inset).
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FIGURE 6.
PGP levels decline during inpatient therapy for CF exacerbation: sputum PGP levels from CF individuals (n = 12) were

examined within 48 h of admission and at discharge (day 13/14) for CF exacerbation. The mean levels of PGP decreased during

hospitalization (146.4 ± 24.4 vs 80.0 ± 22.5; *, p < 0.01), although these levels are still 5-fold elevated compared with secretions

from normal controls (†, p < 0.01).
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FIGURE 7.
PGP generation is a multistep process: the generation of PGP is a multistep process initially involving release of MMP-8 or

MMP-9 from activated neutrophils. These proteases denature and proteolytically cleave collagen to fragments 30 –100 aa in

length. These collagen fragments are then further cleaved to PGP by PE. The PGP generated then acts as a neutrophil

chemoattractant and allows for an environment of ongoing proteolytic damage and PGP generation.
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Table I

Enzyme Inhibitors

Enzyme Inhibited Chemical Composition (manufacturer) Specificity Ref.

PE Z-prolyl prolinal (Calbiochem) KI =500 pM 14

MMP-8 (3R)-(+)-[2– 4-methoxybenzenesulfonyl)-1,2,3,4-tetrahydroisoquinoline-3-hydroxamate] (Calbiochem) IC50 =4 nM 15

MMP-9 C27H33N3O5S (Calbiochem) IC50 =5 nM 16

MMP-2 cis-9-octadecenoyl-N-hydroxylamide (Calbiochem) Ki = 1.7 μM 17

HNE N-(2-(4-(2,2-dimethylpropionyloxy) phenylsulfonylamino)benzoyl) aminoacetic acid N-(o-( p-
pivaloyloxybenzene) sulfonylaminobenzoyl) glycine (Calbiochem)

IC50 =50 nM 18

Nonspecific MMP Doxycycline (Calbiochem) Nonspecific MMP inhibitor 19
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