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Abstract: Cystic fibrosis (CF) is the most common inherited disease in the Caucasian population.
CF is caused by loss-of-function mutations in the CFTR gene leading to an altered electrolyte
and water movement into the airway surface liquid, dehydration of the mucus layer, defective
mucociliary clearance, and increased susceptibility to airway bacterial infections. CF is char-
acterized by airway neutrophilic inflammation and activation of airway epithelial cells leading
to increased airway levels of various matrix metalloproteinases (MMPs). Herein, we review
MMP structure, regulation, and activity, along with the literature on MMPs expression in CF
and the contributions of MMPs to CF pathogenesis. Numerous studies report elevated levels
of MMPs (especially MMP-8, MMP-7, and MMP-9) in blood and/or lung samples from CF
patients and have correlated MMP levels with measures of lung inflammation and injury and/or
clinical parameters. No study has yet investigated the contributions of MMPs to the pathogenesis
of CF using MMP gene-targeted murine of CE. Based upon the known activities of MMPs in
animal models of other lung diseases, we hypothesize that some MMPs (such as MMP-8 and
MMP-9) may amplify airway inflammation, and promote airway injury and airway-remodeling
processes, or inhibit chloride epithelial transport by inhibiting activation of the CFTR (MMP-2).
Other MMPs (such as MMP-7 and MMP-12) may limit the severity of CF by activating host
defense proteins to enhance pathogen clearance from the airways, directly killing pathogens
that colonize the airways of CF patients and/or promoting epithelial repair. We discuss potential
approaches to selectively target MMPs to develop novel therapies that limit the high morbidity
and mortality associated with CE.

Keywords: tissue inhibitor of metalloproteinases, airway inflammation, airway injury, airway
infection, airway repair, proteolysis

Introduction

Cystic fibrosis (CF) is one of the most important genetic diseases in the Caucasian
population worldwide due to its high prevalence, and high morbidity and mortality
rates.! The current management of CF patients is challenging and includes nutritional
recommendations, physical therapy, and pharmacotherapy, including antibiotics, anti-
mucolytics, and corticosteroids.? New classes of therapies that either increase the
delivery of the CFTR to the cell surface (CFTR correctors) or increase the activity of
CFTR molecules at the cell surface (CFTR potentiators) have recently been shown to
slow the rate of decline in lung function in CF patients and been approved for use in CF
patients having certain mutations.> However, the average life expectancy of CF patients
is still only ~40 years of age.! New therapeutics are needed to limit the mortality and
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morbidity associated with CE.* It is noteworthy in this respect
that recent studies have linked matrix metalloproteinases
(MMPs) to the pathogenesis of CF. Herein, the genetics
leading to alterations in airway physiology and the clinical
features of CF are described. MMPs that have been reported
to be upregulated in CF airways are discussed along with
the potential mechanisms by which MMPs could promote
or limit the progression of CF based upon the known activi-
ties of MMPs in other lung diseases. The potential ways by
which MMPs could be selectively targeted to develop new
therapeutics to limit disease progression in patients with CF
are also discussed.

Pathogenesis of CF

Genetics

CF is a monogenic genetic disorder that is inherited in an
autosomal recessive manner.’ It is caused by loss-of-function
mutations in both copies of the CFTR gene, which is located
on human chromosome 7 (in 7q31.2). The CFTR protein
belongs to the ATP-Binding Cassette subfamily B (member
7). The CFTR functions as an ion channel that controls the
flux of halogens (such as chloride [CI7] ions) and other ions
from the cytoplasm to the extracellular space in the apical
membrane of epithelia of organs associated with exocrine
functions (including salivary and sweat glands, airway and
pancreatic ducts).® Numerous (~2,000) CFTR mutations have
been described, and they are categorized into five classes based
upon their effects on inducing abnormalities in synthesis of the
CFTR protein, mRNA splicing, trafficking of the protein to
the plasma membrane, or allosteric control of the ion channel.”
The AF508-CFTR is the most common mutation causing a
deletion of phenylalanine at position 508 (rs113993960) and
is responsible for ~70% of CF cases worldwide® and 86.4%
of cases in the US (46.5% homozygotes and 39.9% hetero-
zygotes).S The diversity of CFTR polymorphisms leads to
variability in phenotype severity, including variability in the
age of onset of symptoms, the number of organs affected, and
the severity with which organs are affected.” Most symptom-
atic patients inherit two defective copies of the CFTR gene,
but some individuals with two copies of abnormal genes are
asymptomatic.'” While most heterozygous carriers are asymp-
tomatic, some have a mild form of the disease.'!

Functional consequences of CFTR
mutations

Normal airway function

The most important process altered by the loss of CFTR ion
conductance is the biomechanics of the airways.” Human

airways are lined with a highly differentiated and ciliated
pseudostratified columnar epithelium, which not only acts as a
physical barrier to respiratory pathogens, allergens, and toxins
but also actively participates in local immune responses and
mucociliary clearance.'? Nonciliated cells in the airway epi-
thelium (including goblet cells and club cells) produce mucus,
CC16, and other molecules that have anti-inflammatory and
protective activities.' The airway barrier function is mediated
by tight junctions that separate the basolateral and apical
compartments. The apical compartment contains the airway
surface liquid (ASL), which is a thin film of mucus (~30 um
in depth) in which the cilia associated with the apical epithelial
cell surface beat and thereby move the mucus gel toward the
mouth to clear secretions from the airways (mucociliary clear-
ance). Mucociliary clearance is a fundamental component of
the innate airway defense system.'*

Abnormal ion exchange in CF

The abnormal ion exchange occurring in the ASL in CF impairs
mucociliary clearance by increasing the sodium content and
reducing the volume of the ASL."* There are at least five func-
tional ion-exchanging transport systems in the healthy airway
(Figure 1) including the CFTR, the sodium/potassium ATPase
pump, the sodium—potassium—chloride cotransporter, the epi-
thelial sodium channel (ENaC), and other potassium channels."
The chloride channel regulator, the calcium-activated chloride
channel, and two chloride exchangers contribute to sodium
homeostasis in the ASL.' The accumulation of CI” within epi-
thelial cells allows for the electrochemical passive secretion of
this ion when the CFTR is activated, followed by the movement
of sodium (and associated water molecules) from the basolateral
compartment into the ASL. These events provide sufficient
liquid for appropriate cilia beating and mucociliary clearance.
In the “high salt” hypothesis, defective CI" movement across
the CF apical membrane impairs movement of sodium from
the ASL. Elevated NaCl concentrations in the ASL blunt the
bactericidal capacity of airway leukocytes and epithelial cells
and inhibit the activity of an endogenous, antimicrobial protein
(beta defensin-1), thereby promoting bacterial colonization and
infection and associated airway inflammation and injury.'” In
the “low volume” hypothesis, loss of CFTR function prevents
the normal inhibitory effect of the CFTR on ENaCs, allowing
hyperabsorption of Na* from the ASL, dehydration of the ASL,
progressive thickening of the mucus layer, and impaired muco-
ciliary clearance.'® There is also loss of bicarbonate secretion
in CF airways resulting in the acidification of mucus'® which,
in turn, induces viscosity changes, and increased propensity to
bacterial colonization and infection.?’
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Figure | The pathogenesis of cystic fibrosis.

CI-

Normal ALI has normal
mucociliary clearence:
 Thin mucus layer

» Cilia beating

* Normal innate
defense system

Bacteria

Cystic fibrosis ALI:
Mucus dehydration

* Loss of cilia beating
* Loss of HCO; secretion

* Increased infection
susceptibility

Notes: This figure illustrates the mechanisms by which defective ion exchange in the airway epithelium leads to dehydration of the mucus layer, impaired mucociliary
clearance, bacterial colonization and infection, progressive airway injury, lung destruction, and respiratory failure.
Abbreviations: ALl, air-liquid interface; ENaC, epithelial sodium channel; HCO,, bicarbonate.

The two main processes that promote inflammation and
injury to CF airways are airway infection (especially with
Pseudomonas aeruginosa, Streptococci, Staphylococcus
aureus, and anaerobes) and progressively severe airway
inflammation.?! Persistent airway inflammation in CF (Figure
1) leads to airway destruction, aberrant remodeling (fibrosis),
the development of bronchiectasis, loss of gas exchange units,
progressive respiratory failure, and ultimately death (Figure
1).222 Airway inflammation in CF is predominantly neutro-
philic and associated with increased airway fluid levels of
polymorphonuclear neutrophil (PMN)-derived proteinases,
oxidants, and proinflammatory mediators.?

Matrix metalloproteinases

The earliest proteinases linked to CF were the neutrophil-
derived serine proteinases, especially neutrophil elastase
(NE). More recently, MMPs have been shown to be linked
to CE2 MMPs are zinc-dependent proteinases.?** There
are 24 human MMPs (including duplication of MMP-23)
and 23 murine MMPs (Table 1).% Collectively, MMPs can
degrade all components of the extracellular matrix (ECM),
and some MMPs proteolytically regulate the biologic activity

of cytokines, chemokines, and growth factors, host defense
molecules, survival factors, and also cell surface receptors
to thereby regulate inflammation, and cell adhesion, migra-
tion, and survival.?

Structure

Most MMPs have four domains including 1) an N-terminal
pro-domain, which maintains pro-matrix metalloprotein-
ases (pro-MMPs) in inactive forms, 2) a catalytic domain
containing the active-site zinc atom, 3) a hinge region, and
4) a carboxy-terminal hemopexin-like domain (Figure 2).%’
MMPs have a conserved sequence in the catalytic domain
(HEXXHXXGXXH) in which the three histidine residues
bind the active-site zinc atom, and this sequence controls
the zinc-dependent proteolysis of the scissile amide car-
bonyl in the protein substrate.? MMPs are classified into
six main groups depending on their substrate specificity
(Table 1).»

MMP expression
With the exception of MMPs expressed by PMNs, MMPs
are generally not constitutively expressed by other cells
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Table | Classification of MMPs, chromosomal localization, cellular sources, and activities

Class MMPs Locus Cellular sources Substrate(s) Mouse ortholog
Collagenases MMP-| 119q22.2  Fibroblasts, epithelial cells ~ Collagen types I-II Mmpla, Ib (Chr 9)
MMP-8 (neutrophil  11q22.2 PMNs, macrophages, Collagen types I-ll, basement membrane Mmp8 (Chr 9)
collagenase) epithelial cells, fibrocytes proteins, o.l -antitrypsin
MMP-13 11g.22.2  Fibroblasts, myofibroblasts ~ Collagen types I-lll, SPARC/osteonectin, perlecan  Mmp13 (Chr 9)
MMP-19 12q13.2 Fibroblasts, myofibroblasts  Collagen type I, laminin 5y2 chain Mmp19 (Chr 10)
Gelatinases MMP-2 16q12.2 Epithelial and endothelial Collagen type IV, other basement membrane Mmp2 (Chr 8)
cells, fibroblasts, fibrocytes, proteins, gelatins, proteoglycans; cleaves CCL7
myofibroblasts
MMP-9 (neutrophil 20q.13.12  Epithelial cells, fibrocytes, Elastin, collagen type IV, other basement Mmp-9 (Chr 2)
gelatinase) leukocytes membrane proteins, gelatins, latent TGF-f, IL-8,
ol -antitrypsin
Stromelysins  MMP-3 11gq22.2 Fibroblasts, myofibroblasts ~ Basement membrane proteins, proteoglycans, Mmp-3 (Chr 9)
E-cadherin, plasminogen, IL-1(; cleaves CCL7
MMP-10 11q22.2 Macrophages Basement membrane proteins, proteoglycans, Mmp-10 (Chr 9)
gelatins
MMP-11 22q11.23  Fibroblasts Basement membrane proteins, proteoglycans, Mmp-11 (Chr 10)
gelatins
Matrilysins MMP-7 119q22.2  Epithelial cells, macrophages, Elastin, basement membrane proteins, Mmp-7 (Chr 9)
monocytes, fibrocytes, plasminogen, E-cadherin, pro-TNF-o.,
myofibroblasts pro-HB-EGF, syndecan-|
MMP-26 Ipl5.4 Collagen type IV, fibronectin, vitronectin, ol - None
antitrypsin, IGFBPI, MMP-9
Membrane-  MMP-14 14ql1.2 Fibroblasts, epithelial cells,  Collagen types I-lll, basement membrane Mmp-14 (Chr 14)
type MMP macrophages proteins, activation of pro-MMP-2
MMP-15 16921 Epithelial cells Activation of pro-MMP-2 Mmp-15 (Chr 8)
MMP-16 8q21.3 Epithelial cells, fibroblasts Activation of pro-MMP-2 Mmp-16 (Chr 4)
MMP-17 12q24.33  Leukocytes Activation of pro-MMP-2 Mmp-17 (Chr 5)
MMP-24 20q11.22  Basal bronchial cells, Activation of pro-MMP-2 Mmp-24 (Chr 2)
epithelial cells
MMP-25 16pl13.3 Leukocytes Activation of pro-MMP-2, basement membrane ~ Mmp-25 (Chr 17)
proteins, o.l-antitrypsin
Other MMPs  MMP-12 11q22.2 Macrophages, epithelial cells Elastin, collagen type IV, other basement Mmp-12 (Chr 9)
membrane proteins, gelatins, latent TGF-f3, IL-8,
ol -antitrypsin
MMP-20 11g22.2  Ameloblasts, odontoblasts ~ Tooth enamel, matrix proteins Mmp-20 (Chr 9)
MMP-21 10g26.2 Embryonic cells, epithelial Regulates embryogenesis, negative regulator Mmp2l (Chr 7)
cells, fibroblasts, of Notch
macrophages
MMP-23B 1p36.66 Embryonic cells; ovary, Blocks voltage-gated potassium channel Kv1.3 Mmp-23b (Chr 4)
(formerly MMP-22) heart, and skeletal muscles  involved in T-cell activation
MMP-23A 1p36.3 Reproductive organs Regulates reproductive processes Mmp-9 (Chr 2)
(formerly MMP-21)
MMP-28 17q12 Airway club cells, Induces macrophage polarization to alternatively =~ Mmp-28 (Chr I 1)

macrophages

activate phenotype, induces TGF-B-mediated EMT

Notes: MMPs are classified according to their substrate specificities. The chromosomal location of each human MMP and the murine orthologs and the key substrates known
for each MMP are listed in the table.
Abbreviations: Chr, chromosome; EMT, epithelial-to-mesenchymal transition; MMPs, matrix metalloproteinases; PMNs, polymorphonuclear neutrophils.

such as macrophages, epithelial cells, endothelial cells, and
fibroblasts (Table 1).2 Rather, MMP expression is induced
or repressed by various transcription factors, and MMPs
are classified into three groups based on the mechanism by
which they are regulated (Figure 3).>° The expression of many
MMPs is increased when cells are activated with cytokines
or growth factors, which increase the binding of transcription
factors to the promoter regions of MMP genes.>

Pro-MMP activation

All MMPs are initially synthesized as inactive proenzymes
that need to be activated before they can cleave substrates.
Latency of pro-MMPs is achieved by an interaction between
a conserved cysteine residue in the pro-domain and the
active-site zinc atom, which prevents the active site from
accessing the substrate to be cleaved.?? Pro-MMPs are acti-
vated when this cysteine—zinc interaction is disrupted, which
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Figure 2 Structure and activation of pro-MMPs.

Notes: The left and middle panels show the multiple domains present in subgroups of pro-MMPs. The “cysteine switch” mechanism by which latency is achieved in pro-
MMPs is mediated through an interaction between a cysteine residue in the pro-domain and the active-site zinc atom (right panel). Pro-MMPs are activated by proteolytic
cleavage within the pro-domain region or disruption of the cysteine—zinc interaction by thiol groups from donors such as glutathione or reactive oxygen and nitrogen species.

Abbreviation: pro-MMPs, pro-matrix metalloproteinases.

can be achieved by 1) proteolytic cleavage of the pro-domain
or furin-like motif by MMPs and other proteinases and 2)
reactive oxygen or nitrogen species.’!

Endogenous MMP inhibitors

There are two groups of naturally occurring MMP inhibitors:
o.,-macroglobulin and the four members of the family of tissue
inhibitors of metalloproteinases (TIMPs).* o.,-Macroglobulin
is a bait inhibitor that inhibits all four classes of proteinases by
trapping them in its homo-tetramer composed of four identi-
cal subunits bound by disulfide bonds.?> TIMPs are expressed
by both inflammatory cells and lung structural cells such
as epithelial cells.® The expression of TIMPs by most cells
generally increases during inflammatory responses.>* TIMPs
inhibit MMPs by forming 1:1 complexes with them 3+

MMP and TIMP expression in CF
MMPs were first linked to CF in 1995 by a seminal publica-
tion on sputum MMP-9 levels in CF by Delacourt et al.?
Since then, other MMPs present in blood and lung samples
from CF patients have been linked to this disease.

MMP levels in lung samples
Sputum samples
A number of studies have measured MMP and TIMP levels in
sputum samples from CF patients versus controls and related
levels of these molecules to acute pulmonary exacerbations,
lung function, bacterial colonization, and NE levels. Most of
these studies focused on the sputum soluble (sol) phase and
have reported increased sputum levels of several MMPs in
CF patients versus controls, and greater increases in sputum
MMP levels during pulmonary exacerbations. The studies
generally report that sputum MMP levels are indirectly related
to lung function but not related to airway pathogen burdens.
Delacourt et al>® measured sputum MMP-9 and TIMP-1
levels in 27 children with CF who were hospitalized for sys-
temic antibiotic treatment of an acute pulmonary exacerbation
versus nine children hospitalized with acute asthma as controls.
Sputum levels of MMP-9 and TIMP-1 were measured immedi-
ately before antibiotic therapy was initiated and 2 weeks later.
CF severity was assessed by measuring pulmonary function
2 months later in 20 of these children who were over 6 years
of age and in a clinically stable state. Sputum pro- and active
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Group 1: MMP-1,
MMP-3, MMP-7, ﬁ
MMP-9, MMP-10,
MMP-12, MMP-13,
MMP-19, and PEA AP-1 TATA R
MMP-26
Group 2:
MMP-8, MMP-11,
and MMP-21
TARGET
Group 3:
MMP-2, MMP-14,
and MMP-28
TARGET
GENE

Figure 3 Regulation of MMP gene expression.

Notes: MMPs are classified into three groups by the mechanisms by which gene expression is regulated by transcription factors. Group | requires the presence of a TATA
box adjacent to AP-1 and PEA-binding sites. Group 2 requires the binding of transcription factors other than AP-1 including the CREB. Group 3 does not require the presence
of a TATA box and is mainly constitutively expressed. However, the expression of these group 3 genes is regulated by the members of the Sp| family of transcription factors

binding to GC-rich motifs.
Abbreviation: MMPs, metalloproteinases.

MMP-9 levels were 3.7-fold and 23-fold higher in the CF
patients with exacerbations, respectively. Sputum total MMP-9
levels were tenfold higher than sputum TIMP-1 levels. Sputum
total and active MMP-9 levels decreased following antibiotic
therapy. Direct correlations between sputum active MMP-9
levels and measurements of type IV collagen degradation, and
total MMP-9 levels and PMN degranulation were reported, but
MMP-9 levels were not related to airway bacterial burdens. In
CF children in a clinically stable state, sputum active MMP-9
levels correlated indirectly with disease severity as assessed
by forced expiratory volume in 1 second (FEV ) and forced
vital capacity. Interestingly, urinary desmosine levels (a readout
of elastin degradation) increased during an acute pulmonary
exacerbation,® suggesting that increased release of elastin-
degrading proteinases (including MMP-9) from inflammatory
cells during acute exacerbations contributes to airway injury
and loss of lung function in CF patients.

Another study measured sputum levels of PMN-derived
proteinases (NE, MMP-8, and MMP-9) in 33 adult CF
patients hospitalized for an acute pulmonary exacerbation,
eleven clinically stable adult CF outpatients, 26 children

intubated for acute respiratory failure (ARF), and 14 out-
patient controls without lung disease undergoing elective
surgery.’” Elevated sputum MMP-9 levels were detected in CF
inpatients and ARF patients (but not stable CF outpatients)
versus healthy controls, lower sputum MMP-8 levels in CF
inpatients and stable outpatients versus controls, and lower
sputum levels of TIMP-1 in the CF inpatients and stable
outpatients versus controls. Sputum NE levels were increased
in CF outpatients versus controls and even higher in CF
inpatients. In contrast to CF outpatients and ARF patients,
in the CF inpatients, sputum MMP-9 was fully active and
correlated with sputum NE levels. However, sputum MMP-9
levels did not correlate with FEV or forced vital capacity in
CF inpatients or outpatients. As NE cleaves and inactivates
TIMP-1, the increased sputum NE levels may have contrib-
uted to the increased sputum MMP-9 activity levels by NE
degrading TIMP-1 present in sputum samples.’’” Another
study confirmed elevated sputum MMP-9 levels in 17 CF
patients with an acute pulmonary exacerbation and reported
that MMP-9 levels were reduced following intravenous
antibiotic therapy.*
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A subsequent study of nine nonexacerbating CF patients
versus five subjects without disease reported elevated gelatin-
ase levels, lower TIMP-1 levels, and higher MMP-9: TIMP-1
ratios in sputum samples from the CF patients versus healthy
controls.?* As NE cleaves and activates pro-MMP-9 and NE
cleaves and inactivates TIMP-1, the increases in sputum NE
levels may have contributed to the increased MMP-9/TIMP-1
sputum ratios in stable CF patients and CF patients with acute
pulmonary exacerbations.* Another study confirmed elevated
MMP-9 levels in sputum samples from stable CF patients but
found no relationship between sputum MMP-9 and TIMP-1
levels and lower airway colonization with P aeruginosa, S.
aureus, or both.*

Not all studies of MMPs in CF samples have yielded
positive results. One prospective, 3-year longitudinal study of
sputum biomarkers (including MMP-2, MMP-9, and TIMP-1)
was conducted on 35 children with CF (mean age ~11 years)
having normal or only mildly impaired lung function.*! While
sputum TIMP-1 levels increased over time, MMP-9 levels
did not increase over time, and MMP-2 was not detectable in
sputum samples. Sputum MMP-9 levels did not correlate with
reductions of FEV | over time. The reasons for the lack of a rela-
tionship between sputum MMP-9 levels and lung function over
time in the latter study versus the other studies described earlier
are not clear but may be related to the selection of CF patients
at an earlier stage in the disease process (having normal or only
mildly impaired lung function) in the latter longitudinal study.

Opverall, these studies on sputum levels of MMPs suggest
that CF patients have increased production of MMP-8 and
MMP-9 by airway PMNs and possibly other cells such as
airway epithelial cells, macrophages, and monocytes recruited
into inflammed airways (MMP-9).*> Moreover, sputum MMP
levels increase further during acute pulmonary exacerba-
tions due to increases in the numbers and activation states of
inflammatory cells, and activation of epithelial cells. Increased
sputum levels of MMPs (especially when they exceed sputum
TIMP levels) lead to airway injury and loss of lung function, at
least in part, by MMPs degrading structural ECM components
of the airway walls such as elastin and collagens. However,
these studies of sputum samples from CF patients were only
correlative. Additional mechanistic studies (eg, in animal mod-
els of CF) are needed to dissect the contributions of individual
MMP to the disease processes occurring in CF airways.

Airway cell MMP expression

MMP and TIMP expression by airway macrophages and
epithelial cells has been evaluated and related to CF thera-
pies, clinical outcomes, and repair processes occurring in
CF airways.

Airway macrophages

The phenotype of sputum macrophages (a key source of
MMPs) from CF patients being treated chronically with
azithromycin has been evaluated. These cells have reduced
expression of proinflammatory M1 macrophage markers
suggesting that these cells had a alternatively activated
macrophage (M2-like anti-inflammatory and pro-repair)
phenotype.* Treating alveolar macrophages ex vivo with
azithromycin induced an M2 associated with increased secre-
tion of MMP-9 by the cells,* and azithromycin therapy in CF
patients increased macrophage MMP-9 expression.* Clinical
trials of long-term azithromycin treatment of CF patients
have confirmed that this therapy induces M2 polarization of
macrophages and shown that this is associated with reduced
clinical severity and ECM turnover, lung function improve-
ment, and lower infection risk with P aeruginosa.*

Airway epithelial cells

A humanized airway xenograft model of regenerating human
CF epithelium has been developed in which human CF
epithelial cells are seeded onto denuded rat tracheas which
were then transplanted into the subcutaneous space of nude
mice. This model has been used to assess the expression
of MMPs during various stages of epithelial regeneration
(including epithelial cell adhesion, migration, proliferation,
pseudostratification, and mucociliary differentiation). Airway
epithelial MMP-7 and MMP-9 expression and secretion
increased especially in the early stages of airway epithelial
regeneration in CF grafts.* Moreover, chemical inhibition
of MMP-9 led to an immature monostratified epithelium
composed mainly of goblet cells, and inhibition of MMP-7
led to a hyperplastic epithelium. Thus, epithelial cell-derived
MMP-7 and MMP-9 may participate in epithelial repair in
CF airways. If these findings are confirmed by other studies,
novel therapeutic approaches could be developed to increase
epithelial production of these MMPs to enhance epithelial
repair in CF to limit loss of lung function. Thus, these studies
indicate that, unlike MMPs expressed by PMNs, some MMPs
(MMP-7 and MMP-9) expressed by other airway cells (eg,
macrophages and epithelial cells) may promote resolution
of inflammation and epithelial repair.

MMP expression in bronchoalveolar lavage fluid
samples from CF patients

Some studies have measured MMP and TIMP levels in
bronchoalveolar lavage fluid (BALF) samples from CF
patients, linked BALF MMP and TIMP levels to lung injury,
and shown that BALF MMP levels are modulated by medi-
cal therapies for CE. BALF MMP-8 and MMP-9 levels and
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MMP-9/TIMP-1 ratios were elevated in untreated children
with mild CF and correlated positively with BALF lac-
toferin levels (a readout of PMN degranulation) and BALF
o,,-macroglobulin (a measure of alveolar—capillary barrier
injury).*” These results suggested that PMNs were a source
of MMP-8 and MMP-9, which contribute to airway injury
in CF patients. Also, BALF MMP-8 and MMP-9 levels were
reduced by Dornase Alpha therapy indicating that this therapy
also induces anti-inflammatory activities in CF airways,
which may limit further loss of lung function.*’ Hilliard
et al* reported that BALF MMP-9 levels directly correlated
with NE, elastin, glycosaminoglycans, and collagen BALF
levels in children with recently diagnosed CF. Bergin et al®
reported that BALF MMP-2 MMP-9, and IL-8 levels were
also higher in adult CF patients versus healthy controls and
patients with non-CF-related bronchiectasis. Moreover, spu-
tum MMP-9 (and NE) levels correlated indirectly with CF
severity as assessed by the percent predicted FEV . A recent
study reported that elevated MMP-9/TIMP-1 ratios in BALF
were associated with elevated BALF NE activity levels and
progression of structural airway injury (bronchiectasis) in
children with CE>°

MMP expression in human lungs and related models
Surprisingly, only one study has immunostained lung sections
from CF patients to localize the cellular sources of MMPs
detected in lung samples. This study reported that in CF
lung sections, MMP-7 expression was increased in airway
epithelial cells and induced in type II alveolar epithelial
cells, but expression of MMP-1, MMP-3, or MMP-9 was
not detected.”!

MMP levels in CF blood samples

Serum and plasma MMP-8, MMP-9, TIMP-1, and TIMP-2
levels have been measured in CF patients versus controls
and related to acute pulmonary exacerbations, lung func-
tion, and extrapulmonary disease. Plasma MMP levels were
measured in a cohort of 54 adult CF patients in a clinically
stable state and also in seven of these patients before and
after acute pulmonary exacerbations were treated with sys-
temic antibiotics.” Plasma MMP-1, MMP-8, and MMP-9
levels were higher in CF patients than healthy controls; lev-
els of these MMPs increased further during exacerbations,
and decreased following antibiotic therapy. In contrast,
MMP-2 levels were lower in CF plasma samples versus
controls, and levels declined further during acute exacerba-
tions.>? Only plasma MMP-8 levels correlated (indirectly)
with FEV . Another study of adults and children with

moderate-to-severe CF lung disease reported elevated serum
MMP-8, MMP-9, and TIMP-1 levels in clinically stable CF
patients, and higher serum MMP-8 and MMP-9 levels in
adult CF patients having acute pulmonary exacerbations.*
However, serum MMP-8, MMP-9, and TIMP-1 levels were
not correlated with CF liver disease or pancreatic insuf-
ficiency in this cohort.

A cross-sectional survey of 73 CF patients and 40 control
subjects measured plasma MMP-9 and TIMP-1 levels and
related them to lung function decline and mortality over a
median 49-month follow-up period.>* Plasma MMP-9 levels
were elevated in CF patients and indirectly associated with
percent predicted FEV | and rate of FEV, decline. Plasma
TIMP-1 levels were inversely associated with mortality. CF-
associated liver disease develops in ~30% of CF patients and
correlates with poor outcomes. Two studies linked elevated
plasma TIMP-1 and TIMP-2 levels to the presence of liver
disease in CF patients.>> Thus, plasma levels of MMP-8§,
MMP-9, and TIMPs may have utility as prognostic biomark-
ers for CF.

CFTR and MMPs

MMPs have potential to contribute to the pathogenesis of CF
by proteolytically modifying the CFTR or other epithelial
ion channels to promote dehydration of the ASL. However,
to date, only one MMP (MMP-2) has been reported to
modulate chloride flux across airway epithelial cells by reg-
ulating the CFTR. Active MMP-2 endogenously expressed
by airway epithelial cell lines (or exogenous enzyme added
to cell cultures) inhibits activation of the CFTR in vitro.>’
If MMP-2 is confirmed to inhibit the CFTR in vivo, it
may further reduce chloride and bicarbonate secretion in
CF airways and promote colonization of the airways with
bacteria. It is not known whether MMP-2 inhibits activation
of CFTR directly by proteolytically cleaving this receptor
or indirectly by cleaving another proteinase that regulates
the CFTR.

Serine proteinases expressed by epithelial cells (prosta-
sin**) or PMNs (NE*), and acidic proteinases expressed by
macrophages and epithelial cells (cathepsins B and S!)
proteolytically activate airway ENaC to increase sodium
hyperabsorption and ASL dehydration. However, to date,
there are no reports in the literature that MMPs proteolyti-
cally regulate ENaC or other sodium channels in the airway
epithelium. If MMPs linked to CF are confirmed to regulate
chloride and sodium channels in vivo, therapeutic approaches
inhibiting MMP expression or activity could be tested for their
efficacy in CF patients.
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Functions of MMPS in CF

The contributions of individual MMPs to pathologic pro-
cesses occurring in CF airways have not been evaluated in
animal models of CFs.?> However, studies of MMP gene-
targeted mice or murine models of pulmonary infections
show that MMPs regulate host responses to pathogens
implicated in CF pathogenesis. The latter studies provide
indirect evidence that some MMPs may regulate disease
progression in CF patients. The following section describes
the potential activities of MMPs that are upregulated in
CF airways in regulating airway infections relevant to CF
pathogenesis. In addition, hypotheses are generated on the
potential contributions of these MMPs to regulating airway
inflammation, injury, and remodeling in CF airways based
upon the known functions of MMPs in other disease models.
MMPs have been arbitrarily divided into two categories: those
with potentially deleterious versus beneficial activities in CF
airways based upon the reported positive versus negative cor-
relations between their levels and clinical measures of disease
severity, activity, or adverse outcomes, respectively. However,
it is important to note that individual MMPs are subject to
temporal and spatial regulation and are likely to be expressed
by different cell types at different times in the course of the
disease. Thus, individual MMPs could have both beneficial
activities (such as promoting epithelial repair) and deleteri-
ous activities in the airways depending on the cell type that
is producing them, the timing of their expression during the
disease process, and the availability of susceptible substrates
for their active sites at a given point in the disease process.

MMPs with potentially deleterious

functions

Three MMPs (MMP-2, MMP-8, and MMP-9) are increased
in blood and/or lung samples in CF patients, and MMP-8
and MMP-9 have been linked to readouts of lung injury
(increased ECM degradation and vascular permeability) and
adverse clinical outcomes (acute pulmonary exacerbations,
bronchiectasis, and reductions in pulmonary function).

Matrix metalloproteinase-2

BALF MMP-2 levels are increased in CF patients and
likely macrophages, epithelial cells, and fibroblasts produce
MMP-2 in CF airways. MMP-2 may promote airway injury
and aberrant remodeling processes and dampen effective
airway inflammatory responses to bacterial coloniza-
tion and infection in CF airways. First, MMP-2 degrades
several basement membrane proteins,? which promotes
angiogenesis® and fibrotic responses.® MMP-2 has also

been implicated in epithelial-to-mesenchymal transition in
which airway epithelial cells express markers of myofibro-
blasts and contribute to collagen deposition.®® Interestingly,
epithelial-to-mesenchymal transition has been linked to CF
by gene expression studies®® and could contribute to the
remodeling in CF airways. MMP-2 could also promote CF
progression by dampening the airway inflammatory response
to pathogens as it cleaves CCL7, a chemokine for monocytes,
to generate a form that still binds to its receptors on mono-
cytes without activating the cells.” If MMP-2 is confirmed
to inhibit activation of the CFTR in vivo (described in the
“CFTR and MMPs” section), this proteinase may promote
disease progression by increasing dehydration of the ALS and
increasing bacterial colonization and infection of the airways.

Matrix metalloproteinase-8

MMP-8 levels are elevated in blood and lung samples and
correlate with readouts of lung injury suggesting that MMP-8
promotes CF pathogenesis. Likely PMNs, activated macro-
phages, and bronchial epithelial cells produce MMP-8 in CF
airways.®® MMP-8 is a potent interstitial collagenase in vitro®
and could promote degradation of interstitial collagens and
thus structural changes in CF airways including the develop-
ment of bronchiectasis. However, in murine models of pulmo-
nary fibrosis, MMP-8 promotes fibroproliferative responses,
in part, by cleaving and inactivating the chemokine, CCL3,
and reducing lung levels of anti-fibrotic CXCL10.” Thus,
MMP-8 may promote aberrant remodeling processes in CF
airways. MMP-8 may promote neutrophilic lung inflammation
and injury by participating (along with MMP-9) in a proteo-
lytic cascade that degrades interstitial collagen in the airways
generating proline—leucine—proline (PGP) fragments of colla-
gen that have been detected in CF lung samples and stimulate
airway PMN recruitment.” > MMP-8 also inactivates CCL3,
a key chemokine for monocytes/macrophages and could limit
the recruitment of monocytes into CF airways.”” MMP-8 also
inactivates o, -antitrypsin (the main inhibitor of NE®), and
could increase NE-mediated injury to CF airways.

Matrix metalloproteinase-9

Leukocytes, epithelial cells, endothelial cells, and fibroblasts
are likely key sources of MMP-9 in CF lung and blood
samples.? MMP-9 is likely to promote CF pathogenesis and
progression as blood and lung MMP-9 levels increase further
during acute pulmonary exacerbations, and correlate posi-
tively with rates of degradation of basement membrane (type
IV) collagen, reductions in lung function, and progression of
structural injury (bronchiectasis) in CF patients. As MMP-9
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is an elastase,” it could contribute to the degradation of lung
elastin (as well as basement membrane collagen) reported in
CF patients.** MMP-9 also inactivates o, -antitrypsin,” which
could increase NE-mediated airway injury. MMP-9 cleaves
and activates IL-8.7 As IL-8 is a potent PMN chemokine,
MMP-9 may amplify neutrophilic airway inflammation and
thus injury in CF airways by activating IL-8.

MMP-9 also activates latent TGF-B in vitro and may
thereby contribute to remodeling processes in CF airways.”
MMP-9 may reduce host responses to pathogens as it cleaves
SP-D to reduce the capacity of SP-D to opsonize bacteria and
thereby reduce phagocytosis of bacteria by airway phago-
cytes.” MMP-9-mediated cleavage of SP-D in CF airways
may increase the susceptibility of CF patients to recurrent air-
way infections and disease progression. However, as outlined
earlier, MMP-9 expressed by airway epithelial cells during
epithelial repair processes is required for normal repair in a
humanized animal model system.*

MMPs with potentially protective
activities

Two MMPs (MMP-7 and MMP-12) may have protective
activities in CF airways by controlling the inflammatory
response to airway infection in CF airways, activating host
defense proteins, and direct bacterial-killing activities.

Matrix metalloproteinase-7
MMP-7 expression is rapidly upregulated in the early phase
after epithelial injury, and MMP-7 has beneficial activities
in regulating airway inflammation and repair in models of
other lung diseases. Following airway injury, early MMP-
7-mediated shedding of syndecan-1 releases keratinocyte-
derived chemokine that is bound to syndecan-1 into the
alveolar space. This process activates keratinocyte-derived
chemokine and promotes transepithelial migration of PMNss
into the alveolar space where these cells phagocytose and
kill bacteria.” MMP-7-mediated shedding of syndecan-1
also promotes migration of epithelial cells and epithelial
repair by activating o2B1 integrins on epithelial cells.”
MMP-7-mediated shedding of E-cadherin occurs later than
syndecan-1 shedding in murine models and contributes to
the resolution of the inflammatory response by promoting the
influx of immunosuppressive dendritic cells.” MMP-7 may
promote airway repair or remodeling by activating growth
factors as it degrades IGFBPs thereby releasing active IGE¥
and directly cleaves and activates pro-HB-EGF.®!

MMP-7 may also have protective activities during airway
infections with P aeruginosa. MMP-7 expression is upregulated

in the lungs of wild-type (WT) mice soon after infection with
P, aeruginosa, and Mmp-7-~ mice have more severe pneumonia
and lung injury when infected with P aeruginosa than wild-type
mice.®? Although the mechanisms by which Mmp-7 protects
mice from P aeruginosa pneumonia are not clear, MMP-7
cleaves and thereby activates o-defensins, which are small
cationic peptides involved in bacterial killing.®* Mmp7-~ mice
are more susceptible to experimental models of gastrointestinal
infections.®> Human bronchial epithelial cells secrete human
a-defensin-5, and it is possible that MMP-7 activates this
defensin in CF airways.

Matrix metalloproteinase-12

MMP-12 has not been well studied in human CF samples,
but activated macrophages are likely to be key sources of
MMP-12 in CF airways.” Infection of epithelial cell cul-
tures with P aeruginosa induces MMP-12 expression by the
cells.®* Although MMP-12 degrades ECM proteins includ-
ing elastin® and could contribute to airway injury, it is also
required for the recruitment of monocytes/macrophages into
the lungs by generating fragments of ECM (matrikines) that
are chemotactic for these cells® that play key roles in clear-
ance of airway pathogens. MMP-12 may increase pathogen
killing in CF airways as it promotes killing of Gram-positive
and Gram-negative bacteria that colonize CF airways in
mice with pneumonia induced by these pathogens via its
carboxy-terminal domain loop disrupting the outer membrane
integrity of these bacteria.®

Targeting MMPS to limit disease

progression in CF

The current literature suggests that MMP-8 and MMP-9
promote excessive airway inflammation and structural injury
in CF patients, but MMP-7 and MMP-12 may enhance clear-
ance of bacteria from CF airways. If deleterious activities
of MMP-8 and MMP-9 are confirmed in CF airways, they
could be selectively targeted to limit CF progression while
preserving the activities of MMPs having beneficial activities.
Selective inhibition of individual MMPs using small-molecule
active-site inhibitors is challenging as the active sites of MMPs
are structurally very similar, and MMP inhibitors generated to
date have been associated with limiting side effects, includ-
ing musculoskeletal syndrome, when tested in clinical trials
for other diseases.®” Thus, other approaches that selectively
reduce MMP levels or activity in the lung might be effective
therapeutic approaches for CF (Table 2). In particular, mono-
clonal antibodies and single-domain antibodies (nanobodies)
to MMPs (including MMP-8) are being developed and tested
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Table 2 Potential approaches to reduce the expression or activity of deleterious MMPs in CF

Category Target(s) Example(s) MMP inhibited/ Observations References
disease targeted
Small-molecule  lon chelation in Hydroxamate-type MMP inhibition in Chelation is structure-dependent; any 89,90
active-site catalytic pocket inhibitors: monoanionic,  cancer changes will lead to loss of binding capacity
inhibitors bident chelators that bind
to the active-site zinc in This drug class is not as selective as other
MMPs carboxylate- and thiol-derived inhibitors
Clinical trials of Batimastast in cancer
patients were terminated due to side effects
related to broad-spectrum inhibition of
ADAM/ADAMTS causing musculoskeletal
syndrome
Due to poor selectivity in MMP inhibition,
clinical trials of Marimastat trials in cancer
patients were terminated
Cyclam-triazole/ MMP-1 and MMP-3  No cytotoxicity has been observed in
marimastat conjugate inhibition mammalian cells
Monoclonal MMP-9 Monoclonal antibody Rat models of Specific inhibition of MMP-9 lowers the 91
antibodies (GS-5745) against MMP-9  ulcerative colitis and incidence of side effects associated with
colorectal cancer broad-spectrum inhibition of MMPs
MMP-8 Single-domain antibody Endotoxemia and Animals were protected from mortality 88
(nanobody) against renal ischemia- during endotoxemia
MMP-8 reperfusion injury
in mice
Metallofullerene Various MMPs Metallofullerenol Gd@ Cancer models and  This compound downregulates MMP-2 and 92
derivatives C,,(OH),, (gadolinium atomistic molecular ~ MMP-9 and specifically binds to MMP-9
ion [Gd*] encaged in a dynamics simulation  causing stoichiometric inhibition
fullerene C82 cage)
Exosite binding  Secondary binding  Exosite binding in the Animal models of Pyrimidinedione derivatives are safe in 93
sites for substrates catalytic domain of arthritis osteoarthritis models in rabbits and dogs
in catalytic domains MMP-13 and a rheumatoid arthritis model in mouse
of MMPs These molecules induce noncompetitive
reversible inhibition of MMP-13
Hemopexin-like domain  Animal model for Reduction in tumor size in animals
in MT1-MMP solid tumors
Collagen-binding site of In vitro single- Enhancement of cardiac cell viability in
MMP-2 and MMP-9 using  stranded peptide animal models for myocardial infarction
triple-helical probes model for collagen
Gene Transcription Synthetic liver-X-receptor Murine peritoneal Reduced MMP-9 expression induced by 94
expression factors agonists downregulate macrophages LPS, IL-1B, and TNF-c.
modulators MMP-9 expression
miRNAs miRNA-21 Bioarray system Regulation of MMP-2 expression by the 95
screening PTEN pathway
AntagomiR-29b decreases Human aortic Oxidized-LDL lipoprotein increases 96
miRNA-29b levels, which  smooth muscle cells MMP-2 and MMP-9 expression by
reduces MMP-2 and increasing miRNA-29b, which decreases
MMP-9 expression DNA methyltransferase-3b levels. This
process is reversed by antagomiR-29b
Epigenetic HDAC inhibitor Prostate cancer cells Reduces the expression of MMP-1 and 97
modulation (MHY219) MMP-2
HDAC4 Rat osteoblast cell HDACH4 represses MMP-13 expression via 98

lines

Runx2 transcription factor

Notes: Potential therapeutic approaches for targeting MMPs include small-molecule active-site inhibitors, monoclonal antibodies, metallofullerene derivatives, and exosite
binding which targets domains of the MMP other than the active-site zinc atom that contributes to binding of the MMP to the substrate, and approaches for regulating MMP
gene expression include targeting transcription factors, miRNAs, and epigenetic modifications that regulate MMP expression.

Abbreviations: ADAM, proteinase with a disintegrin and a metalloproteinase domain; ADAMTS, proteinase with a disintegrin, a metalloproteinase, and a thrombospondin
domain; CF, cystic fibrosis; HDAC, histone deacetylase; LDL, low-density lipoprotein; LPS, lipopolysaccharide; miRNAs, microRNAs; MMPs, matrix metalloproteinases;
PTEN, Phosphatase and tensin homolog
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to selectively target individual MMPs to limit the progression
of other lung diseases.®® However, MMPs that have deleterious
activities in some lung disease have protective activities in
other diseases.” Thus, it will be necessary to test these alterna-
tives and more selective approaches to reduce MMP levels or
activity in cell culture and animal models of CF to determine
whether they have efficacy and lack significant toxicity.

Conclusion

Evidence is mounting that CF airways have increased levels of
MMP-2, MMP-8, and MMP-9 (that likely overwhelm lung lev-
els of inhibitory TIMPs, especially TIMP-1) and these changes
may promote the progression of CF. However, the literature to
date is mainly descriptive, and studies have focused on a small
number of MMPs and TIMPs. These studies generally report
only elevated levels of a limited number of MMPs (or altered
MMP:TIMP ratios) in blood and lung samples from CF patients
and correlations between MMP or TIMP levels and a limited
number of readouts of CF severity and clinical outcomes.
Additional studies are needed to determine whether other
MMPs are upregulated in CF airways and to identify the cellular
sources of these MMPs and contributions to the disease process.
Future studies should validate MMPs and TIMPs as prognostic
biomarkers for CF in larger cohorts. Studies of gene-targeted
in murine of CF are also urgently needed to dissect the role of
MMPs and TIMPs in the disease processes in CF airways. If
elevated levels of MMPs in CF airways are confirmed to pro-
mote CF progression, future studies could determine whether
therapeutic approaches that selectively inhibit the expression
or activity of deleterious MMPs are effective at limiting the
progression of CF in animal models of CF, and subsequently
in randomized clinical trials in CF patients.
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