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Introduction
The extracellular matrix (ECM) is the component in solid organs 
that serves as a scaffold for constituent cells and as a crucial reg-
ulator of cell-to-cell interactions that are important for cellular 
homeostasis and organ function. ECM is a versatile and dynamic 
compartment that actively synthesizes, degrades, and remodels 
its components (1). Throughout development and in adulthood, 
this plasticity can modulate ECM composition, tissue mechanical 
properties, and the behavior of associated cells, as well as provide 
damage response signals while maintaining organ function (2).

During lung development, the airways and alveoli form 
through multiple septation events, and the activity of both cellu-
lar ECM synthesis and proteases regulates the complex biology 
of branching morphogenesis (3, 4). ECM synthetic processes at 
the leading edge of developing alveoli are fine-tuned by concur-
rent expression of elastase (5), collagenases, the laminin-cleav-
ing metalloprotease MMP14 (6), and hyaluronidase (7) during 
organ morphogenesis. Elastins are the most abundant ECM pro-
tein in lung, and are thought to be primarily synthesized on a 
stromal scaffold during this alveolar development without new 
synthesis over a mammal’s lifetime (8, 9). Collagens represent 
almost 10% of the total protein mass of the adult mammalian 
lung, with maximal synthesis occurring during growth to adult 
size as well as continuous lower-level collagen synthesis ongo-
ing through adult life (10, 11). Some lytic enzymes are also dif-
ferentially expressed through life. In mature animals, the MMP9 
collagenase is detectable in inflammatory and homeostatic cell 
types (12), while elastases seem to be induced mainly during 
inflammation or injury responses (9). Other ECM constituents 
like hyaluronan and laminin molecules undergo considerably 
more rapid turnover than the structural collagen and elastin 

megaproteins, with ongoing synthesis and degradation that is 
accelerated in areas of tissue damage or inflammation (13, 14).

Dynamic remodeling of the ECM is required for development, 
wound healing, and normal organ responses; however, excessive 
or uncontrolled remodeling is a contributing factor in a variety of 
disease states (15). During remodeling, the ECM undergoes pro-
teolytic processing that releases bioactive matrix fragments. Such 
bioactive matrix fragments have been appreciated since the 1970s 
and were termed “matrikines” by Maquart and Monboisse (16, 
17). These matrikines have been shown to promote cellular infil-
tration, progressive tissue damage, or wound healing. Thus, these 
signals represent an important effector mechanism of the ECM 
for cell signaling and trafficking of cells into target organs.

In the lung, the diversity of matrikine signals matches that of the 
parent matrix molecules from which they are derived, as structural 
proteins like collagen and elastin can invoke leukocyte activation 
and migration after their cleavage, and the degradation products of 
basement membrane constituents like laminin and the polysaccha-
ride hyaluronan serve as signaling mediators to the epithelia. Inflam-
matory signals exerted by matrikines have been under study by 
multiple investigators for nearly 50 years, with clear indications that 
tissue damage recruits inflammatory cells to the site of injury. Based 
on these findings, we consider these matrikines to serve the same 
role as classical damage-associated molecular patterns (DAMPs). 
Thus, matrikines may be long-standing alarm signals in animal host 
defenses, as they represent a functional advance in intercellular com-
munication during the evolution from single-celled to multicelled 
organisms. This Review will describe our current understanding of 
the specific mechanisms and phenotypes modulated by matrikines 
observed in the lung. Specific attention will be paid to detection of 
these fragments in human lung disease and potential therapeutic 
targeting to improve lung disease outcomes.

Evolution and remodeling of the ECM
The development and diversification of ECM is considered a critical 
feature characterizing evolution from single-celled to multicellular 
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this trimeric collagen molecule, making them largely inaccessible in 
solution, and thus protected from enzymatic degradation. This tri-
ple-helix strand can then be further assembled into either nonfibril-
lar collagen (type IV) or fibrillar collagen (types I, II, III, and V), with 
each fibril containing many collagen molecules. Protection (23) of 
the core glycine residues from proteolysis is important to maintain 
the structural integrity of collagen (24), and many inherited disor-
ders of ECM stability, including osteogenesis imperfecta, are related 
to amino acid substitution of collagen glycines (25, 26).

Collagen is synthesized and degraded in the lung constitutive-
ly and during inflammation and wound healing, resulting in the 
generation of multiple proteolytic fragments in the pulmonary 
interstitium that can diffuse to alveolar spaces, airways, and the 
bloodstream. Collagen types I and III are the predominant iso-
forms found in the lungs (27, 28), though types IV and V are also 
expressed (29) and are critical for lung homeostasis. Intact type IV 
and V collagens interact with integrins (30), matricellular proteins 
(31), and discoidin receptor (32) in normal physiology.

Early observations suggested that degraded collagen could 
induce cellular influx, but varied in their characterization of cell 
types. Fragmented collagen was shown to be chemotactic for rat 
neutrophils (or polymorphonuclear leukocytes [PMNs]) in vivo (33), 
while Postlethwaite and Kang demonstrated that collagenase-me-
diated degradation of type I collagen induced monocyte but not 
PMN chemotaxis (34). Still other studies suggested that other cell 
types, such as fibroblasts, can chemotax toward degraded type I, II, 
or III collagens (35). Specific collagen sequences and cellular factors 
regulating this activity were largely unexplored in these studies.

Proline-glycine-proline: a multifaceted matrikine. Early studies 
demonstrated that native collagen fragmentation could induce PMN 
chemotaxis both in vitro and in vivo (36, 37), and these studies fur-
ther determined that pentameric peptides of synthetic collagen con-
taining prolines, glycines, and hydroxyprolines could induce PMN 
chemotaxis and activation of the inflammatory transcriptional acti-
vator NF-κB (38). The tripeptide proline-glycine-proline (PGP) was 
first characterized as a matrikine by Pfister and colleagues during 
their investigation of persistent neutrophilic inflammation after 
ocular alkali injury, a condition characterized by significant ECM 
turnover. They discovered that both N-terminal acetylated PGP 
(N-ac-PGP) and N-terminal methylated PGP (N-me-PGP) peptides 
are present in this injury model (39) and that N-ac-PGP is chemotac-
tic for neutrophils both in vitro (40) and in vivo (41), mimicking the 
neutrophilic influx observed in alkali-mediated eye injury. A peptide 
antagonist of PGP peptides, tetramerized arginine-threonine-argi-
nine (RTR), markedly attenuated both neutrophil influx and corneal 
ulceration after alkali injury in rabbits (42). These results implicated 
the PGP tripeptide in neutrophilic inflammation from chemical inju-
ry and suggested that PGP may be present and active in other inflam-
matory diseases that are characterized by neutrophil influx.

In 2006, we determined that N-ac-PGP induced PMN che-
motaxis by ligating the chemokine receptors CXCR1 and CXCR2, 
the same receptors ligated by glutamic acid–leucine–arginine 
motif–containing (ELR+) CXC chemokines such as IL-8 (43). The 
ability of PGP peptides to mimic ELR+ CXC chemokines is due to 
structural homology between PGP and key sequences required for 
chemokine receptor binding. PGP peptides act as a partial agonist 
of CXCR1 and CXCR2, triggering PMN infiltration in vitro and 

organisms, though structural carbohydrate-based ECM constitu-
ents (like hyaluronan) are present in life as primitive as bacteria. 
The metazoan ECM, including that of mammals, contains compo-
nents present in species that appeared prior to choanoflagellates, 
suggesting that these conserved ECM constituents maintain integ-
rity and signaling in tissues in all animals and predate the evolu-
tion of the adaptive immune system in animals. Some mammalian 
ECM constituents demonstrate increased diversification relative 
to the ancient metazoans, likely secondary to exonic shuffling (18).

The healthy ECM is maintained in a dynamic steady state that 
requires both active generation and regulated degradation of pro-
tein and carbohydrate components. As ECM has evolved, so have 
the lytic enzymes that degrade it. There is an increased appre-
ciation for the diversity of proteases in the mammalian genome 
and, as a result, the varied biologic functions of these enzymes in 
maintenance of ECM. The protease enzymes are classified into 6 
major structural groups: aspartic and glutamic proteases; serine, 
cysteine, and threonine proteases; and metalloproteases. There 
are multiple family members within each group, with some con-
served elements across species and some proteases that are either 
expanded or inactivated over the course of evolution. Likewise, 
the carbohydrates chondroitin sulfate and hyaluronan exhib-
it similar ubiquity with much less diversity through the animal 
kingdom; these molecules date as far back as cephalochordata. 
Hyaluronic acid synthase and hyaluronidase enzymes modulate 
the deposition and resorption of the structural glycosaminoglycan 
hyaluronan, which constitutes the basement membrane (19). Con-
siderable diversity is also present in gene expression patterns, and 
there is additional evolutionary complexity linked to activation 
and inhibition of matrix lytic enzymes among different species. 
Furthermore, there is both redundancy and promiscuity in pro-
tease-substrate targeting. Thus, predicting the impact of a given 
enzyme on ECM modulation across multiple genera or species 
represents a significant analytical challenge (20).

Matrikines defined
We use 3 criteria to define matrikines. (a) Matrikines are biomole-
cules derived from larger ECM macromolecules such as hyaluro-
nan, collagen, or laminin. (b) They are generated through enzy-
matic or chemical cleavage (and possibly other modification) of 
the parent molecule. (c) They serve as a physiologic signal for cells 
or cellular receptors that are not activated by the full-sized parent 
matrix macromolecule.

Collagen-derived matrikines
Collagen represents the most abundant protein found in mammals 
and accounts for over 90% of the total protein mass in the ECM (21). 
Collagen fibers provide tensile strength to the ECM and maintain 
scaffolding for cell-to-cell communication. Twenty-eight different 
collagens containing 46 distinct polypeptide chains have been iden-
tified in vertebrates (22). Collagen polypeptides possess a primary 
structural Gly-Pro-X repeat (with X often being another proline) that 
is responsible for their characteristic right-handed helix secondary 
structure. The quaternary structure of collagen is a trimeric triple 
helix that contains 2 α1 chains and 1 α2 chain. Interstrand hydrogen 
bonding between proline and hydroxyproline buries the abundant 
glycine residues (at least one-third of the protein residues) within 



The Journal of Clinical Investigation   R E V I E W

3 1 7 8 jci.org   Volume 126   Number 9   September 2016

PGP is liberated from collagen first by the action of the matrix 
metalloproteases MMP8 and MMP9, followed by the terminal 
action of the serine protease prolyl endopeptidase (44). Prolyl 
endopeptidase was previously considered a cytosolic housekeep-

in vivo in the lungs. While PGP is suspected to be the smallest 
sequence capable of ligating CXCR1 and CXCR2 in vitro, other 
fragments and PGP-containing sequences have yet to be tested for 
their ability to signal through CXCRs or other leukocyte receptors.

Figure 1. Matrikine signals in lung physiology. (i) ECM structural fibrous proteins collagen and elastin, the basement membrane integral protein laminin 
332, and the glycosaminoglycan hyaluronan are all degraded by lytic enzymes to expose cryptic molecular fragments (matrikines), which activate signals 
on nearby cells to influence physiology. (ii) MMP9 and/or MMP8 cleave ECM collagen to form fragments that are further processed by prolyl endopepti-
dase to release PGP, which ligates CXCR1 and CXCR2 chemokine receptors to mediate neutrophil chemotaxis into the area of injury and increase vascular 
permeability. (iii) Elastin fragmentation, primarily mediated by MMP12, generates VGVAPG peptides, which are chemoattractant for monocytes and are 
proposed to act through the S-Gal receptor. (iv) HA within basement membranes is cleaved by hyaluronidase isoforms during tissue injury to release low–
molecular weight, tissue-active HA, which ligates CD44 and TLRs on epithelial cells and leukocytes to invoke appropriate inflammatory and wound healing 
responses to injury and prevent excessive tissue remodeling and fibrosis. (v) Laminin 332 γ subunit in basement membranes is cleaved by multiple MMPs 
with release of the γ2 ectodomain peptide, an EGFR ligand that promotes epithelial proliferation to promote alveologenesis and tissue remodeling.
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plays a critical role in lung physiology, functioning to maintain lung 
elastic recoil and thus ventilation. However, as lung structural devel-
opment is completed early in life, elastin expression is downregulat-
ed with age, highlighting the need for the preservation of primary 
elastin to maintain optimal lung function. Indeed, the principal clin-
ical findings of emphysematous COPD include hypoventilation and 
loss of lung elastic recoil, which are related to loss of elastin.

In addition to compromising structural integrity, proteolytic 
degradation of elastin enhances ongoing pulmonary injury by lib-
erating matrikines. Early studies by both Senior and colleagues 
and Hunninghake and colleagues demonstrated that elastin frag-
ments under 50 kDa were capable of potently inducing monocyte 
chemotaxis (57, 58). In 1984, Senior and colleagues examined 
the elastin repeating hexamer VGVAPG and found the peptide 
to be chemotactic to both monocytes and fibroblasts (59). Fur-
ther studies demonstrated that this peptide upregulates various 
MMPs in endothelial cells, fibroblasts, and tumor cells (60–63). 
The conformation of VGVAPG is critical to its biologic function 
(64), and the S-Gal receptor (also known as elastin-binding pro-
tein [EBP]) is thought to be the primary elastin receptor for this 
fragment (65) (Figure 1).

A variety of proteases degrade elastin, and their tight regu-
lation is critical for the maintenance of pulmonary health. Elas-
tin-derived peptides are likely elicited by the elastases macrophage 
metalloelastase (MMP12) and neutrophil elastase (66, 67). Both 
the lungs of individuals deficient in α1-antitrypsin, which blocks 
the activity of neutrophil elastase, and murine lungs instilled with 
elastinolytic enzymes (68, 69) exhibit severely decreased lung 
elastance and augmented tissue degradation, providing the basis 
for a protease/antiprotease imbalance as a driver of lung disease 
(70, 71). MMP12 expression is highly upregulated in human smok-
ers compared with nonsmokers (72). Hautamaki and colleagues 
described a critical role of MMP12 in emphysema, demonstrat-
ing that Mmp12–/– mice are resistant to CS-induced emphysema 
because of decreased tissue destruction, loss of elastin matrik-
ine signals, or both (73). These results were extended in a study 
of short-term CS exposure in mice, where inhibition of elastin 
fragments by neutralizing antibodies attenuated lung monocyte 
infiltration. In the same study, the neutralizing antibody attenu-
ated macrophage infiltration and experimental emphysema after 
instillation of porcine pancreatic elastase (74).

MMP12 activity levels are also important in human obstruc-
tive lung disease. A large multicohort genotyping study identified 
an SNP within the promoter of the MMP12 gene that decreased 
transcription of the protease (75). Longitudinal follow-up data 
from over 8,000 individuals revealed that individuals homozy-
gous or heterozygous for this SNP were significantly protected 
from acquiring COPD, irrespective of smoking status. Though this 
study did not directly measure elastin fragmentation or matrikine 
production, it is highly likely that elastin cleavage by specific pro-
teases (especially MMP12) in response to insult directs feed-for-
ward inflammation to drive lung disease in mice and humans. 
Indeed the MMP12 SNP and α1-antitrypsin mutations are the 
best-described genetic predictors for COPD risk stratification in 
people, and these findings further validate the hypothesis that 
imbalances in protease/antiprotease activities contribute signifi-
cantly to obstructive lung disease pathogenesis.

ing protein for structural and immune cells, but is now considered 
the rate-limiting enzyme for free PGP formation and is released 
from airway epithelia via an exosomal pathway during inflam-
mation (45). PGP-induced signaling is considered a feed-forward 
inflammatory signal wherein CXCR1 and CXCR2 ligation triggers 
neutrophil influx, driving the release of collagenase MMP9 from 
neutrophil tertiary granules, which cleaves more collagen and 
results in the release of additional PGP and subsequent neutrophil 
influx (46) (Figure 1).

PGP in the interstitium and airway is normally cleared by fur-
ther enzymatic degradation, and PGP-mediated inflammation is 
self-limited. Using a murine model of influenza virus infection, 
Snelgrove and colleagues discovered that PGP is cleaved and inac-
tivated by the leukotriene A4 hydrolase (LTA4H) (47). LTA4H 
is better known for hydrolyzing leukotriene A4 into leukotriene 
B4 (LTB4), a potent lipid chemoattractant and broad activator of 
immune cells, including PMNs, mast cells, NK cells, B cells, T cells, 
and macrophages (48). LTA4H also exhibits aminopeptidase activ-
ity that cleaves PGP, but not acetylated PGP (Ac-PGP), and this 
protease action is distinct from the known lipid hydrolytic actions. 
Thus, LTA4H is a dual proinflammatory and anti-inflammatory 
enzyme. Blocking LTA4H aminopeptidase activity increases PGP 
levels and neutrophil influx in mice treated with influenza virus.

Long-term Ac-PGP administration is sufficient to cause lung 
tissue destruction and emphysema in mice, a condition that mim-
ics chronic obstructive pulmonary disease (COPD) in humans. 
Biologically relevant quantities of Ac-PGP are generated in vivo by 
collagen destruction in acute (murine LPS inhalation) and chronic 
inflammatory injury, such as occurs in human COPD (43, 49). The 
RTR antagonist (described above) abrogated PMN infiltration into 
mouse lungs in response to Ac-PGP exposure, and also prevented 
LPS- or cigarette smoke–induced neutrophilia, weakly suppressed 
in vitro IL-8–dependent neutrophil chemotaxis, and rescued 
emphysema after administration of either Ac-PGP or LPS (49, 50). 
As was observed in COPD (51, 52), PGP is upregulated in many 
other human lung diseases, including cystic fibrosis (CF) exac-
erbation (44), bronchiolitis obliterans syndrome (53), and acute 
respiratory distress syndrome (ARDS) (47, 54). Notably, cigarette 
smoke (CS) influences PGP activity via LTA4H. The CS compo-
nent acrolein potently inhibits LTA4H aminopeptidase activity 
without affecting LTA4H hydrolase activity (55), while CS enhanc-
es the conversion of PGP to Ac-PGP (55). Thus, CS promotes PGP 
peptide accumulation by impairing LTA4H peptidase activity and 
chemically stabilizing PGP via acetylation, all the while permitting 
LTB4 biosynthesis to augment inflammation in lung disease.

In lung and other tissues, PGP peptides can act on any cells 
that express the appropriate CXCR. Endothelial CXCR2 signaling 
increases vascular permeability via PGP peptides in vitro and in 
vivo (54). Ac-PGP causes migration and differentiation of carti-
lage endplate stem cells in degenerated intravertebral discs (56). 
The effect of PGP signaling on other cell types such as fibroblasts 
and epithelial cells is currently under study.

Elastin-derived matrikines
Elastin is a polymer of tropoelastin that consists of lysine- and ala-
nine-rich domains along with hydrophobic domains that are rich in 
glycine, valine, and proline residues, which occur in repeats. Elastin 
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naling through TLR ligation in the comparatively sterile microen-
vironment of the lung maintains appropriate low-level molecular 
pattern recognition signals on various cell types to mediate proper 
tissue responses and optimize repair, thereby preventing exuber-
ant remodeling and fibrosis (Figure 1).

Laminin-derived matrikines
Laminins are large–molecular weight heterotrimeric glycoproteins 
that are designated with 3 number codes that correspond to their 
constituent α, β, and γ chains (e.g., laminin 111 or 543) (87). These 
proteins are found in large quantities in tissue basement mem-
branes (88), where the C-terminus of the laminin α subunit inter-
acts with basolateral cellular plasma membranes and the N-ter-
mini of all 3 subunits assemble through coiled-coil domains and 
project into the basement membrane to interact with other ECM 
components such as collagen or HA. These glycoproteins trans-
duce both biochemical and mechanical signals between ECM and 
cells to influence cell survival, differentiation, and migration (89).

Laminins are degraded by serine protease and metalloprote-
ase family members (90, 91). Laminin 332 (also known as laminin 
5) is a component of multiple basement membranes and is impli-
cated in hemidesmosome formation (92). The cleavage of the 
γ2 chain of laminin 332 by multiple MMPs (MMP3, -12, -13, -14, 
and -20) creates biologically active peptides that bind and ligate 
EGFR to mediate mitogenic epithelial activation (93) and cell 
migration (94–96). MMP14-dependent γ2 cleavage in lung gener-
ates fragments with EGF mimetic activity that induces regenera-
tive alveologenesis (97). Apart from metalloprotease activity, the 
serine protease neutrophil elastase has been shown to cleave all 3 
chains of laminin 332, resulting in global neutrophil chemotaxis 
(98). More specifically, the neutrophil elastase–mediated cleav-
age of the γ2 chain releases the γ2 peptide 597–618. This peptide 
neighbors the MMP2 cleavage site and is chemotactic for PMNs 
in vitro, though the specific receptor for this peptide remains 
uncharacterized (Figure 1).

Matrikines in health and disease
Highly evolved ECM components in complex multicellular organ-
isms provide unique biophysical properties to tissues with opti-
mized organ-specific functions. In the lung, the ECM provides 
critical superstructure for robust gas exchange in an organ that is 
large, flexible, exposed to the outside environment, and perfused 
with the entire cardiac output. The roles of ECM in cell-to-cell 

Hyaluronan-derived matrikines
Hyaluronan (HA) is an anionic glycosaminoglycan found through-
out the ECM and comprises a large constituent of the basement 
membrane in solid organs. It is usually synthesized as a very large 
repeating polysaccharide composed of N-acetyl-d-glycosamine 
and d-glucuronic acid that is widely present in soft tissues. As a 
functional component of ECM, HA can deform in any direction, 
act as a lubricant in joints, absorb water, and chemically scavenge 
ROS (76, 77). There are 3 HA synthase isoforms (HAS1–3) and 6 
human hyaluronidase enzymes that degrade HA by hydrolysis of 
saccharide linkages (19). Exogenous hyaluronidases produced by 
bacteria or concentrated in snake and scorpion venom are patho-
logic factors that mediate tissue invasion and necrosis (13).

The molecular weight of HA is a primary determinant of its 
function as a matrikine. Like collagen and elastin, the common 
high–molecular weight (>500 kDa) HA is important for its tissue 
structural characteristics. The low–molecular weight (<100 kDa) 
HA isoforms can ligate receptors to mediate cellular signaling 
activity. Thus, the availability of tissue-active HA is regulated by 
the degree of HA hydrolysis or synthesis. Among HA’s effects, the 
induction of proteases or other matrix lytic enzymes is particularly 
relevant to its pathologic role. Low–molecular weight HA induces 
transcriptional upregulation and release of active forms of MMP12 
(which cleaves elastin) and MMP9 (which cleaves collagen), each 
of which can facilitate further matrikine generation (78–80). HA 
activity impacts multiple aspects of cell migration, invasion, angio-
genesis, and cellular differentiation; these activities of HA in lung 
physiology involve ligation of specific cellular receptors (76, 81, 82).

CD44 is a ubiquitously expressed type I transmembrane gly-
coprotein that was the first characterized HA receptor (83). HA/
CD44 ligation is required for the resolution of acute pulmonary 
inflammation in animal models, with CD44-deficient mice devel-
oping severe postinflammatory fibrosis after bleomycin treatment 
(84). However, the diverse actions of HA are not fully explained 
by CD44 signaling, as some cells lacking CD44 (macrophages, 
epithelia, tumor cells, and others) respond to HA (80, 85). Low–
molecular weight forms of HA induce cytokine production and a 
proinflammatory phenotype, whereas larger HA fragments main-
tain an epithelial protective phenotype via ligation of TLR4 and 
TLR2 (53), similar to the homeostatic epithelial TLR signaling in 
the gut, which maintains both appropriate inflammatory signal-
ing and epithelial integrity (86). Based on these studies, there is 
an emerging paradigm in which multifaceted HA matrikine sig-

Table 1. Lung matrikines and associated biologic activity

ECM constituent Lytic enzyme Matrikine Receptor Action Select references
Collagen MMP8, -9 N-ac-PGP, PGP CXCR1 and CXCR2 PMN influx 39–47, 54, 101

Prolyl endopeptidase CXCR2 Vascular permeability
Elastin MMP12, neutrophil elastase VGVAPG, S-Gal, others? Monocyte influx 57–59, 64–69
Hyaluronan Hyaluronidase Low–molecular weight HA CD44, TLR2/4 Inflammation, wound repair, 

prevention of fibrosis
78, 80, 82, 84

Laminin 332 (aka laminin 5) MMP3, -12, -14, -20, neutrophil 
elastase

γ2 ectodomain EGFR Epithelial proliferation, wound 
repair, alveologenesis

93–98
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communication, immune responses, tissue repair, and regenera-
tion have coevolved within the organ, along with other tissue-spe-
cific, regulated biologic mediators such as cytokines.

Because the ECM functions as a scaffold for organ architec-
tural stability and development, the interactions of various cell 
types with the molecules that make up the ECM are highly con-
served and carefully orchestrated. Therefore, it logically follows 
that matrikines that result from abnormal cleavage of ECM mole-
cules can initiate cell behaviors different from those that are trig-
gered by interactions with intact ECM. The fact that a majority of 
these cellular responses occur after injury or infection and largely 
involve inflammatory activation and cell proliferation indicates 
that matrikines serve as primordial DAMPs. These cryptic pat-
terns may persist in ECM as vestiges of ancient innate immune 
responses and can function as both sensor (through cleavage) 
and effector (through receptor binding) molecules for tissue-level 
stresses. To test this hypothesis, future studies could use modern 
analytical tools like mass spectrometry to search for matrikine sig-
nals in ancient organisms (e.g., invertebrates, early vertebrates, or 
early mammals) to determine whether a matrikine signal is pres-
ent after injury or noxious exposure in lung or other tissues.

Matrikine peptides or polysaccharides are generally less 
potent than the cognate ligands for the receptors known to trigger 
immune or epithelial cell activation; for example, in PMN assays 
IL-8 binds and activates CXCRs at nanomolar concentrations (99), 
while micromolar concentrations of PGP are needed to activate 
cells (39). Nonetheless, the quantity and variety of these bioactive 
lytic products in the injured lung are sufficient for robust respons-
es. Matrikine-induced DAMP responses in the acute setting appear 
to be highly tunable, as they are controlled by tightly regulated cel-
lular and enzymatic activities that mediate the liberation of these 
bioactive fragments as well as their neutralization (100).

One compelling example of inflammatory matrikine activity 
was recently described during pulmonary Haemophilus influen-
zae infection, which generates PGP within hours and elastin frag-
ments within days of infection in LTA4H-deficient mice. Each 
matrikine increased airway inflammation, and silencing of PGP 
prevented the later generation of elastin fragments. The inter-
play of these bioactive fragments in lung disease appears to be 
both temporally and spatially hierarchical (101). Future studies 
on matrikines in lung disease should correlate different stages 
of disease (i.e., clinical stability versus exacerbation) with mea-
surements of matrikines, immune cells, and other cytokines in 
order to understand how matrikines influence known markers of 
disease progression.

While matrikine biology has largely been based on in vitro 
and murine studies, there is an emerging clinical literature 
exploring these messengers in human lung disorders. Mass 
spectrometry has been used to measure PGP peptides in clinical 
samples from patients with COPD (43, 51, 52), CF, bronchiolitis 
obliterans syndrome, and ARDS (44, 53, 54), with strong posi-
tive correlations seen between PGP levels and disease activity. 
PGP is now being measured as a dynamic biochemical read-
out in clinical trials involving patients with stable COPD and 
those suffering from CF exacerbation (52, 102). Similarly, other 
investigations using mass spectrometry show evidence of elas-
tin fragmentation in samples from patients with COPD (103). 

Collectively, these studies demonstrate the utility of mass spec-
trometry for the identification and quantification of the unique 
matrikines active in human disease.

Even with access to sophisticated mass spectrometry methods, 
ECM turnover in lung disease is difficult to specifically determine, 
making the impact of matrikine signaling challenging to study in 
humans with chronic lung disease. ECM components undergo 
synthesis (104, 105) concurrent with ECM breakdown, and each 
process is influenced by various factors such as increased mechan-
ical stress (106) and tissue aging (107). Thus, it is challenging to 
identify matrikines that can exert a specific phenotype in diseases 
where the ECM undergoes continuous remodeling, as is seen in 
interstitial lung diseases including idiopathic pulmonary fibrosis, 
ARDS, and COPD. To our knowledge, the largest characterization 
of ECM turnover in lung disease was in the longitudinal monitor-
ing of collagen protein turnover by neoepitope analysis in the PRO-
FILE cohort of pulmonary fibrosis patients (108). This study used 
ELISA to detect and characterize collagen breakdown products and 
showed that patients with increased collagen breakdown products 
have worse outcomes from lung fibrosis in idiopathic pulmonary 
fibrosis. It has not yet been determined whether collagen frag-
ments detected in these patients exert matrikine activity to propa-
gate smoldering inflammation along with continuous remodeling, 
but the increased presence of collagen fragments is highly sugges-
tive of a pathologic role. Further studies to characterize the biologic 
impact of these fragments on key readouts of leukocyte and fibro-
blast biology are warranted, and such studies may identify new 
therapeutic approaches for the treatment of fibrotic lung disorders.

Therapeutic targeting of matrikines. Modulation of matrikine 
levels could potentially influence outcomes in a variety of disease 
states. Such modulation could be achieved by targeting of the 
enzymes that generate or perpetuate a matrikine (MMP2, -8, -9, -12, 
-14, prolyl endopeptidase, or hyaluronidase), targeting of the matri-
kine itself, or targeting of the putative receptors for the matrikines 
(Table 1). Indeed, a preclinical study of the dual MMP9/MMP12 
inhibitor AZ11557272 shows protection against CS-induced lung 
damage in guinea pigs (109), reducing airway neutrophil and mac-
rophage numbers and emphysema. By preventing both collagen 
and elastase degradation, such a compound would greatly reduce 
matrikine signaling, though measurements of PGP peptides or 
VGVAPG were not performed as part of the study. Direct targeting 
of both PGP peptides and elastin fragments in preclinical models 
of airway disease has suggested important roles for these peptides 
in disease pathology (49, 74, 110). Interestingly, prior development 
of LTA4H inhibitors to attenuate LTB4 production did not consid-
er the ability of this enzyme to inactivate PGP. New compounds 
that selectively inhibit the LTA4H hydrolase activity but leave the 
PGP-degrading aminopeptidase activity intact are being sought 
(111). To our knowledge, the only current direct matrikine inhibi-
tor is the tetramerized peptide RTR, which has been shown to bind 
PGP and attenuate CS-induced lung injury in mice (49). RTR also 
weakly inhibits IL-8–induced PMN chemotaxis and attenuates 
endothelial permeability in human ARDS specimens (19), validat-
ing PGP and other CXCLs as therapeutic targets. Other potentially 
attractive matrikine targets include VGVAPG or the bioactive lami-
nin 332 fragment, which, to our knowledge, are currently not being 
actively targeted within therapeutic platforms.
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Matrikines outside the lung. Though we focus on matrikines 
active in the lung, matrikine activity has been observed in other 
organs. In the skin, cleavage of collagen XVII by neutrophil elas-
tase leads to a small PMN chemotactic fragment that contributes 
to the progression of experimental bullous pemphigoid in mice 
(112). Other studies have identified increased collagen fragmen-
tation that can augment oxidative stress in skin fibroblasts, sug-
gesting the presence of a matrikine-driven feed-forward loop for 
fibroblast activation (113). In vascular tissue, the cleavage of ECM 
laminins and integrins may expose cryptic Arg-Gly-Asp (RGD) 
motifs to recruit and activate inflammatory cells that can alter 
tissue reorganization during ECM resynthesis (114). As has been 
observed in the lung, ECM fragments of fibronectin, vitronectin, 
fibrinogen, and collagen can induce phagocytic functions and bac-
tericidal activities of immune cells (115), highlighting DAMP func-
tions of the matrikine-based immune response.

Future directions
As our tool set to dissect the complexities of matrikine signaling and 
regulation expands, it is likely that novel matrikine pathways with 
unique biologic activity will be identified. In considering ECM deg-
radation as an injury response to reveal matrikine DAMPs, we can 

speculate that these signals may represent an arm of the immune 
system that predates and is partially precedent for the evolution of 
the molecular pattern receptors and chemokine systems found in 
modern vertebrates. Antagonizing this inflammatory pathway for 
therapy is an attractive notion; however, the matrikines that are 
active in pulmonary diseases also possess protective functions in 
promoting lung homeostasis that must be taken into consideration 
in designing therapeutic strategies to target these molecules.
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