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Abstract

The extracellular matrix (ECM) is a complex and dynamic structure made up of an estimated 300
different proteins. The ECM is also a rich source of cytokines and growth factors in addition to
numerous bioactive ECM degradation products that influence cell migration, proliferation, and
differentiation. The ECM is constantly being remodeled during homeostasis and in a wide range of
pathological contexts. Changes in the ECM modulate immune responses, which in turn regulate
repair and regeneration of tissues. Here, we review the many components of the ECM, enzymes
involved in ECM remodeling, and the signals that feed into immunological pathways in the
context of a dynamic ECM. We highlight studies that have taken an integrative approach to
studying immune responses in the context of the ECM and studies that use novel proteomic
strategies. Finally, we discuss research challenges relevant to the integration of immune and ECM
networks and propose experimental and translational approaches to resolve these issues.

Immune responses to infection and injury are often tissue-specific. Migration, proliferation,
and differentiation of immune cells depend on cytokines and growth factors that accumulate
in the tissue microenvironment. The extracellular matrix (ECM) is a major component of
any tissue and helps define its structure and function. Disruptions and alterations in the ECM
feed into immunological pathways, which in turn regulate repair and regeneration of the
ECM. The ultimate outcome of these regulatory circuits determines whether the tissue
regains adequate function in a manner supportive of host recovery. Here we review the
evidence that the ECM plays a critical role in modulating tissue-specific immune responses
to infection and injury. We will primarily drawn on examples from the lung, an organ with
an extensive extracellular matrix that is constantly remodeled in response to infection and
other insults. We will describe the major components that make up the ECM structure,
enzymes that are involved in remodeling the ECM, and cytokines and growth factors
associated with the ECM that modulate host immune responses. We propose a unified theory
of immunology and ECM biology in which host immune responses to infection and injury
are carried out in the context of the ECM. For many diseases, persistent inflammation is
associated with poor outcome. Given the important role that the ECM plays in modulating
inflammation mediated by the immune system, improved understanding of the basic
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mechanisms underlying these interactions will inform the development of therapeutics that
seek to limit immunopathology and promote restoration of tissue function.

ECM Proteins

Collagens

The extracellular matrix is a complex and dynamic structure made up of an estimated 300
different proteins in mammals (1). The ECM can be generally divided into two main
components: the interstitial matrix and the basement membrane. Collectively, these ECM
proteins are often referred as the matrisome. In addition to providing structural support to all
tissues, the ECM plays a critical role in most basic cellular functions, including
differentiation, migration, proliferation, and turnover. Generally, these ECM proteins can be
segregated into broad, diverse groups of collagens, proteoglycans, and other complex ECM
glycoproteins. The majority of proteins that have been identified in the ECM belong to the
‘other’ category, highlighting the need for more research to better define their functional
roles.

ECM genes are evolutionarily ancient, and a core set of genes that encode proteins in
basement membranes likely existed in basal metazoans (1). Comparative genetic analysis of
vertebrate genomes with those of closely related invertebrates, suggest that when the
vertebrate lineage diverged there was a dramatic expansion in the number of ECM genes and
corresponding remodeling enzymes (2,3). This expansion appears to mostly be the result of
gene duplication and subsequent diversification (1,2). The evolution of the complex
mammalian immune system, including both innate and adaptive branches, occurred after this
expansion of ECM-related genes (4). Thus, the mammalian immune system and all of its
constituents, including many innate and adaptive immune cell types, soluble mediators, and
molecular effectors, has developed in the context of this dynamic and diverse extracellular
matrix structure. In addition to using signals from the ECM to coordinate host responses to
infection and injury, immune cells play an active role in remodeling the ECM and promoting
tissue repair.

In the following section, we outline the major groups of ECM proteins and highlight
important functions of specific proteins within each. For in-depth analysis of these groups of
ECM proteins, we refer readers to an excellent review of the matrisome by Hynes and Naba

(1)

Collagens confer tensile strength to the ECM of tissues and are characterized by the
presence of Gly-X-Y repeats, where X and Y can be any amino acid, but are frequently
proline and hydroxyproline (5). Through homotypic interactions between these repeats,
collagens form stable, trimeric structures. These trimeric structures also form higher order
oligomers that contribute to the strength of the ECM. Impressively, 28 different types of
collagen have been identified in vertebrates (6). Fibrillar collagens, including types I and Il1,
are predominantly found in the interstitial matrix. In contrast, network forming collagens,
including type 1V, are found in the ECM basement membrane and provide a rigid surface for
epithelial and endothelial cells (5,6).
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Proteoglycans

Proteoglycans are glycoproteins that contain repeating glycosaminoglycans (GAGS). These
disaccharides have attached carboxyl and sulfate groups that confer a strong negative charge
to the molecule. Due to these GAGs, proteoglycans are able to bind numerous cytokines and
growth factors and retain them in the ECM (7). Approximately 36 ECM proteoglycans have
been identified in mammals, and these proteins have diverse functions in multiple different
tissues (1,8). For example, the proteoglycan hyaluronan is abundant in the lung and plays a
major role in maintaining tissue homeostasis and in responding to lung injury (9). Another
proteoglycan, versican, associates with hyaluronan to form long filaments in the ECM (10).
These filaments have been demonstrated to play an important role in modulating
inflammatory responses to infection and tissue injury and in immune cell adhesion and
migration (11). Proteoglycans are found in both interstitial and basement membrane
matrices. While hyaluronan and versican are localized in the interstitial ECM, the heparin
sulfate proteoglycan perlecan is found in the basement membrane and is critical for its
formation across many species (12). Interestingly, hyaluronan has been demonstrated to
engage innate immune sensors present on epithelial cells in the lung (13-15). A recent study
showed that hyaluronan engagement of toll-like receptor-4 (TLR4) promoted renewal of
alveolar progenitor cells and tissue repair, preventing lung fibrosis. In TLR-4-deficient mice,
bleomycin-induced injury was exacerbated and tissue repair was compromised due to
impaired renewal capacity of type 2 alveolar epithelial cells. Taken together, these studies
indicate that proteoglycans in the lung ECM interact with innate immune sensors to regulate
tissue-repair mechanisms highlighting the important interplay between immunity and the
ECM.

Other ECM Glycoproteins

In addition to the collagens and GAG containing proteoglycans, there are numerous other
complex proteins that have been identified in the ECM. Unbaised approaches to defining the
matrisome have identified approximately 200 of these proteins that comprise a diverse set of
molecules that mediate ECM-cell interactions, cell signaling, and binding to growth factors,
among other functions. Another main function of these proteins is to serve as linkers in the
ECM connecting other ECM proteins and helping to define the structure of a tissue.
Laminins, present in basement membranes, and fibronectin, found in the interstitial matrix,
are among the most abundant and well studied glycoproteins in the lung ECM (16).
Although hundreds of ECM glycoproteins have been identified, few of them have been
extensively studied, and their roles in homeostasis and in disease are largely unknown. As
we gain better understanding of the functional roles of these additional ECM proteins, a
more narrow and informative categorization of this diverse group of molecules will be
possible.

As previously mentioned, the ECM can generally be divided into the interstitial matrix and
the basement membranes. The interstitial matrix is made up primarily of fibrillar collagens
and fibronectin and serves as a scaffold to the tissue. In the lung, elastin, an ECM
glycoprotein, is a major component of the interstitial matrix. The basement membrane,
composed primarily of type 1V collagen and laminins, is a more rigid and compact ECM
structure that interacts directly with epithelial and endothelial cells (17). The compact
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network of the basement membrane poses a potential barrier to the infiltration of immune
cells surveying the tissue or responding to infection or injury. Although protease-mediated
degradation of the basement membrane has been proposed as an important factor in
promoting extravasation of immune cells into the interstitium, this process would involve the
disruption of an extensive ECM network (18). An alternative hypothesis has been proposed
in which variability in the composition of the basement membrane determines extravasation
of immune cells at sites with a lower density of ECM proteins. In support of this idea,
neutrophils and monocytes have been demonstrated to preferentially migrate through areas
of low collagen 1V expression in an /n vivo mouse model (19,20).

Recently, there have been efforts to characterize the matrisome in an unbiased and
comprehensive manner across different tissues using proteomic approaches. These studies
have attempted to quantify the ECM in a variety of tissues ranging from the lung and heart
to bone and cartilage and across different species, including humans, mice, and pigs (21).
Interestingly, a study by Naba ef a/. comparing the ECM composition of lung and colon
tissue in mice found that approximately 10 — 30% of the ECM proteins are tissue-specific
(16). As previously mentioned, the ECM of a given tissue is highly dynamic both during
homeostasis and in pathologic conditions. Several groups have begun to assess ECM
composition temporally over the course of certain disease states, particularly in the lung. For
example, Decaris et al. characterized the alterations in ECM turnover following bleomycin-
induced lung fibrosis, and Talmi-Frank et a/. measured changes in lung ECM protein
abundance in the context of influenza infection (22,23). Proteomic analysis of samples after
differential extraction and from different soluble fractions has the potential to provide
improved resolution of the matrisome based on lung compartment (24).

Another disease state in which there are dramatic changes in ECM composition is cancer.
Changes in ECM composition can help generate microenvironments conducive to tumor cell
growth (25). For example, in a murine model of lung cancer cell metastasis, fibronectin is
upregulated in future metastatic niches (26). Just as the ECM plays an important role in
normal cell migration, it also influences cancer cell motility. Enzymes that remodel ECM
proteins, which will be discussed below in more detail, facilitate cancer metastasis by
permitting migration of these cells across extracellular matrices and into distant tissues (17).
Recently, proteomics approaches have also been used to analyze the ECM in tumor
microenvironments, in particular for colorectal cancer. These studies have identified ECM
signatures, including increased collagen deposition and cross-linking, in both humans (27)
and mice (28), that promote tumor invasion and growth.

There are numerous examples of dysregulation of the ECM and its contribution to various
disease states. Going forward, proteomic approaches to defining ECM composition and
changes over the course of a particular disease will be important for identifying specific
ECM pathways to target with novel therapeutics. These changes in ECM composition
influence immune cells that mediate both inflammatory and tissue repair processes. The
tissue and regeneration process can be quite long and represents a large window for
intervention. Two recent studies demonstrated that a distinct stem cell lineage, characterized
by Krt5 expression, continues proliferating more than 40 days after lung injury induced by
influenza infection or bleomycin treatment in mice (29,30). Another study analyzing the
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transcriptomic regulation of tissue repair after influenza infection found that numerous genes
encoding inflammatory cytokines and chemokines, stem cell markers (including Krt5), ECM
proteins, and remodeling enzymes were significantly upregulated at 35 days post-infection,
indicative of persistent repair and remodeling (31).

The combination of proteomic approaches and transcriptional profiling to assess ECM
composition and dynamics has the potential to identify critical pathways or networks that
contribute to a disease outcome. In a recent study, Schiller et al. performed a comprehensive
analysis of proteomic and transcriptomic changes in ECM following bleomycin-induced
lung injury (24). Analysis of multiple time points, out to 56 days post-injury, and of multiple
compartments of the lung, including soluble and insoluble fractions of total tissue and
bronchoalveolar lavage fluid, provided a high-resolution data set to explore pathways
involved in host response to injury. Analysis of cell-specific protein signatures also provided
insight into key immune cell subsets enriched at different stages of disease. Using these
methods, the authors identified and validated two novel lung ECM components, Emilin-2
and collagen-XXVIIl, that are dynamically regulated during the course of lung injury and
repair. Applied to different pathological contexts, tissues, or model systems, similar
approaches have the potential to generate a wealth of data on ECM and immune system
dynamics that will inform mechanistic studies of critical tissue repair responses.

ECM Remodeling Enzymes

Central to the interactions between the host immune system and the ECM are remodeling
enzymes capable of modifying and degrading ECM proteins. Localized ECM breakdown
facilitates the migration of immune cells into areas of disease-induced tissue damage. In
addition, the products of ECM degradation can serve as early signals to the innate immune
system that initiate responses to infection. ECM remodeling enzymes are often produced by
immune cells, in particular those of the myeloid lineage, and contribute to their ability to
modulate inflammation and tissue repair processes in response to injury and infection (32).

Matrix metalloproteinases (MMPs) and adamalysins are the major families of enzymes that
degrade ECM proteins. MMPs are expressed as zymogens and are activated upon proteolytic
cleavage by other MMPs or serine proteases (17). MMPs can be membrane-bound (MT-
MMPs) or secreted as soluble factors. In humans, there are 23 MMPs that together degrade
most, if not all, ECM proteins (33). Adamlysins were relatively recently discovered and
include A disintegrin and metalloproteinases (ADAM) (34) and A disintegrin and
metalloproteinase with thrombspondin motifs (ADAMTS) (35). ADAMs are membrane-
bound while ADAMTSs are secreted due to the presence of a thrombospondin type-I
repeats. Although 22 ADAM genes have been identified in humans, only a small subset has
been demonstrated to have proteolytic activity for ECM proteins (17). ADAMs are also able
to cleave ectodomains of various proteins in proximity to the cell membrane, including
cytokines and growth factors, releasing them from the cell. Nineteen ADAMTS genes have
been identified in humans. Although there are a number of ADAMTS proteins with
unknown function, many ADAMTS enzymes are able to degrade ECM proteoglycans and
pro-collagens (36). Within each family of MMP, ADAM, and ADAMTS genes, the enzymes
are further divided into subclasses based on the presence or absence of protein domains that
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contribute to ECM substrate specificity. Similar to the expansion of ECM genes during the
course of vertebrate evolution, the diversity of MMP and ADAMTS genes has mostly been
generated by gene duplication events (36,37). Given the importance of the ECM and
remodeling enzymes in development, the expansion of the genes encoding these proteins has
likely facilitated the development of the impressive diversity of tissues and organisms among
vertebrates.

Regulation of MMPs and ADAMTSs

Because of their ability to degrade the ECM and cause tissue damage and their role in
development, matrix proteases must be tightly regulated during both homeostasis and in
response to injury or disease. Indeed, excessive activity of matrix proteases has been
associated with a number of different pathological conditions, including cardiac dysfunction
(38), osteoarthritis (39,40), breast cancer (41), and respiratory infections (23,42), among
many others (43). ECM remodeling enzymes are regulated at multiple levels from
transcription to post-translation modifications (44-47). Matrix proteases are regulated at the
transcription level by both ¢/s- and #rans- promoter elements, including AP-1, B-catenin/
Tcf-4, and NF-xB, and promoter polymorphisms have been identified that modulate gene
expression (46,47). Although there are specific MMP and ADAMTS genes that are clustered
together around gene loci, they are present on various chromosomes throughout the human
genome (36,37). Experiments performed /n vitro have demonstrated that numerous
cytokines and growth factors, including EGF, VEGF, TGF-B, TNF-a, and IL-1p, among
others, can stimulate expression of MMPs and ADAMTSs (46).

These large, multi-domain enzymes also undergo post-translational modifications that
regulate their activity. As previously mentioned, most MMP and ADAMTS enzymes are
zymogens requiring activation by proteolytic cleavage. The pro-domains of these enzymes
are often cleaved by other matrix proteases. For example, MMP-3 and MMP-10 have the
ability to cleave the pro-domains of MMP-1, MMP-8, and MMP-13 (33). Another level of
regulation of matrix protease activity is localization, both subcellular and outside the cell in
the ECM. Matrix proteases can be localized to the migrating front of cells to aid in
migration. In addition, proteinases can be sequestered in the ECM in their inactive form
requiring activation by other enzymes (48).

A final level of regulation is direct inhibition by endogenous protein inhibitors. Tissue
inhibitors of metalloproteinases (TIMPs) are able to directly bind to MMP, ADAM, and
ADAMTS enzymes and inhibit their activity. Four TIMPs have been identified in humans,
and together they can inhibit a wide range of matrix proteases (49). Although TIMPs are
structurally very similar, they appear to show preferential binding to specific matrix
proteases (49,50). Balance between the activity of matrix proteases and their corresponding
inhibitors is critical for allowing migration of immune cells into a site of inflammation or
injury and maintaining structural integrity of the tissue to avoid widespread destruction.

Multiple levels of regulation of enzymatic activity that impose tight control on the
remodeling process have been demonstrated in numerous pathological situations and in
homeostasis (33,41,48). The diversity of matrix protease enzymes and regulation of their

Cytokine. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Boyd and Thomas

Page 7

activity underlies the ability to respond to and repair damage caused by the many infections
and other pathological conditions that humans experience. Nonetheless, the precise
mechanisms that regulate these tissue- and cell-specific responses and how their activities
are coordinated by immune cell subsets remain unclear. Recent evidence suggests that
MMPs expressed by macrophages, including MMP-1, 3, 8, and 12 play an important role in
coordinating the infiltration of polymorphonuclear immune cells into the lung during
inflammation and promote the transition to tissue repair (32,51,52). For example, MMP-12
has been demonstrated to cleave and inactivate chemokines, including CXCL-1, 2, and 8,
that attract neutrophils and inflammatory monocytes (52). Interestingly, MMP-12 has also
been implicated in the extracellular degradation of IFNa in the context of viral infection
providing another potential anti-inflammatory role for this enzyme (53). The role that matrix
proteases play in regulating both local and systemic levels of cytokines and chemokines in
different disease contexts warrants further research. Given that the resolution of
inflammation is often associated with improved outcomes following tissue injury, for
example following severe lung damage, matrix protease activity is an attractive therapeutic
target. Integration of the earliest signals resulting from ECM remodeling with downstream
immune responses and corresponding repair pathways will provide a more comprehensive
understanding of tissue-specific responses to disease.

ECM as a reservoir of cytokines and growth factors

The ECM is a ubiquitous structure and a major source of molecules with potential
immunomodulatory activity. These molecules include cytokines and growth factors that are
secreted by cells and bound in the ECM along with bioactive fragments that are produced
from the activity of matrix proteases. These cytokines and growth factors influence immune
cell proliferation and differentiation. There are many examples of cytokines and growth
factors that are bound in the ECM, and several studies have identified interactions between
specific ECM proteins and growth factors. For example, fibronectin domains have been
found to bind to a number of different growth factors, including vascular endothelial growth
factor (VEGF) and hepatic growth factor (HGF) (1,54-56). Also, heparin sulfate
proteoglycans (HSPGs), abundant in the ECM, bind FGFs and sequester these molecules for
storage (57). Proteolytic cleavage of ECM proteins releases growth factors, such as FGFs, in
a spatially restricted manner and contributes to localized cell proliferation and
differentiation.

Perhaps because of its pleiotropic effects, transforming growth factor beta (TGF-p) has been
one of the most well studied ECM-bound molecules. The ECM helps impose tight
regulation over the activation and activity of TGF-p (58), and there are multiple levels of
post-translational regulation. Pro-TGF-B is initially associated with its pro-peptide, latency-
associated peptide (LAP). This complex also binds to latent TGF-B-binding protein (LTBP)
to form the large latent complex, which then binds to ECM proteins (58-60). MMPs and
ADAMTSs help regulate TGF-p activity by cleaving ECM fibers and increasing its
bioavailability (61). In addition, several matrix proteases can activate TGF-p by cleaving
latency peptides (58). Interestingly, there is also evidence suggesting that the mechanical
stiffness of the ECM may lower the activation threshold of TGF-p. In this model, stiff ECM
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provides additional resistance to cell pulling and induces a conformational change in LAP
facilitating release (62).

TGF-B has many functions in diverse biological processes, including critical roles in
development, tissue repair, and immune cell function. During tissue repair, TGF-f stimulates
fibroblasts and myofibroblasts, signaling through the SMAD pathway, to express numerous
ECM-related genes including those encoding for collagens, TIMPs, and MMPs (17,63). In
this way, TGF-B contributes to the deposition of newly synthesized ECM following tissue
damage and remodeling of the ECM. Although TGF-p signaling is critical for successfully
repairing damaged tissues, dysregulation of this pathway can lead to tissue fibrosis.
Persistent inflammation, immune activation, and fibroblast stimulation via TGF-f can lead
to excess deposition of ECM proteins and the generation of fibrotic tissue. For more details
on the role of immune activation and TGF-p in fibrotic disease, we refer readers to the
following reviews (58,64,65).

TGF-p has also been reported to have effects on nearly all immune cell types, including cells
of both the innate and adaptive immune systems (66,67). The pleiotropic effects of TGF-p
and the need to tightly regulate its bioavailability and activation are evident in host immune
responses to infection. TGF-3 modulates nearly all stages of the immune response from
early immune to later adaptive response and modulates immune cell activation, proliferation,
and differentiation. TGF-p can have both pro-inflammatory and anti-inflammatory effects
depending on the surrounding cytokine milieu and cell type. The effects of TGF-p on CD4+
T cell responses to infection and differentiation into distinct functional subsets have been
extensively studied (67,68). For example, TGF-B is required for differentiation of pro-
inflammatory IL-17 producing (Tw17) cells and anti-inflammatory regulatory T cells
(Tregs), and the differentiation into these two subsets depends on the concentration of TGF-
B (69). In a dramatic example, targeted deletion of TGF-f in T cells resulted in lethal
immunopathology in multiple organs in mice (70).

In addition to serving as a reservoir of growth factors and cytokines that modulate cell
functions, the ECM interacts directly with cells and directs cell motility through integrins
expressed on the surface of numerous cell types. The ECM itself provides a scaffold that
cells utilize for their migration. At the same time that the ECM serves as a guide for some
cell types, it can also serve as an obstacle, for example, to neutrophils that migrate to the site
of infection. Integrins are expressed as ap heterodimers on the cell surface. The extracellular
domain interacts with ECM proteins while the intracellular domain interacts with the actin
cytoskeleton affecting polarization and motility (71). Migration of adhesive mesenchymal
cells depends on ECM proteolysis and interaction of integrins with ECM proteins. In
addition, integrins are important for leukocyte interactions with endothelial cells as they
move through blood vessels. Subsequently, integrin interactions with the endothelial
basement membrane are criticial for transmigration of these cells as they move to sites of
inflammation (72). The importance of integrin-ECM interactions in directing cell motility in
the interstitial matrix remains unclear (73,74). There is evidence suggesting that lymphocyte
motility and retention in certain compartments is influenced by integrin-ECM interactions,
in particular in inflamed tissues with altered ECM composition and integrin expression, for
example in the context of influenza infection (75,76). The contribution of integrin-ECM
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interactions in the interstitial matrix may depend on the tissue being studied and the extent
of inflammation.

Integrins also play a role in activation of ECM-bound cytokines and growth factors. For
example, the integrin a4f36 activates latent TGF-f regulating the spatial bioavailability of
the growth factor (77). Integrin activation introduces another level of regulation of ECM-
bound molecules. The effect of a4p6 activation of TGF- is likely context dependent. An
early study found that mice lacking a4p6 develop airway hyperresponsiveness due to
infiltration of inflammatory cells in to the lungs and skin (78). A more recent study found
that mice lacking a4p6 were protected against challenge with multiple respiratory
pathogens, likely due to higher levels of type-I interferon produced by alveolar macrophages
in the presence of lower levels of active TGF-p (79). Activation of TGF- by a4p6 may
also contribute to fibrotic lung disease following influenza infection due to increased
collagen deposition (80).

The presence of cytokines and growth factors in the ECM provides a means for host cells to
rapidly respond to infection or injury as these molecules are released and/or activated. In this
manner, these ECM-bound molecules may be some of the earliest signals to the host
immune system to promote rapid responses. In the following section, we will explore the
idea that ECM proteins themselves can act as stimulation to the host immune system
providing an additional source of signals that can initiate the tissue-repair response.

Bioactive ECM Fragments: Matrikines

During tissue inflammation, matrix proteases degrade ECM proteins into a heterogeneous
mixture of peptide fragments. There is growing evidence that the ECM fragments generated
from proteolysis are bioactive molecules that modulate responses to tissue damage. These
bioactive fragments, sometimes referred to as ‘matrikines,” can have chemoattractant
properties, similar to chemokines, and can have pro-inflammatory effects, similar to some
cytokines. Matrikines generated from proteolysis of elastin were among the first identified in
the 1980s (81,82). Since that time matrikines generated from cleavage of many ECM
proteins have been identified, and determining the functions of these bioactive fragments is
an active area of research.

Elastin Fragments

Several early studies identified a six amino acid repeating sequence (VGVAPG) elastin
fragment with biological activity. In subsequent studies, elastin-derived matrikines were
demonstrated to be chemoattracants for fibroblasts and monocytes (83), and as inducers of
matrix protease expression in fibroblasts, endothelial cells, and lung cancer cells (84-86).
MMP12, also known as macrophage elastase, and neutrophil elastase, a serine protease, are
capable of generating the VGVAPG elastin matrikine (87,88). Studies in mice have
demonstrated that elastin fragments are capable of mediating macrophage recruitment to the
lungs and contributing to the development of emphysema (89,90).
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Collagen Fragments

Collagen-derived fragments are the best studied of the matrikines, perhaps because collagen,
with its 28 different types, is highly abundant in both the interstitial matrix and basement
membrane. In the mid 1990’s, collagen-derived peptides containing a proline-glycine-
proline (PGP) sequence were demonstrated to have chemoattractant activity for immune
cells, including neutrophils (91,92). Originally, these bioactive peptides were isolated from
chemically degraded cornea tissue. In a subsequent study, Weathington ef a/. demonstrated
that N-terminal acetylated PGP peptides facilitated neutrophil recruitment into the lungs
after exposure to LPS (93). The authors suggested that the collagen-derived PGP peptides
have structural homology to other chemokines, including IL-8, CXCL1, and CXCL2,
involved in immune cell recruitment. They further demonstrated that PGP interacts with
CXCR1 and CXCR2 receptors expressed on human neutrophils providing a potential
mechanism for recruitment by collagen-derived matrikines. Collagen-derived PGP
matrikines are thought to be generated by the sequential activity of MMP-8, MMP-9, and
serine prolyl endopeptidase (94). Given the potent effect that PGPs can have on neutrophil
recruitment to sites of tissue damage, these matrikines must also be tightly regulated.
Snelgrove et al. have demonstrated that leukotriene A4 hydrolase (LTA4H) is capable of
degrading PGPs and limiting neutrophilic inflammation in variety of pathogenic settings in
the lung (95,96). Degradation of collagen-derived matrikines represents another level of
regulation of ECM proteins during inflammation.

Other ECM Fragments

In addition to elastin- and collagen- derived fragments, matrikines generated from cleavage
of several other ECM proteoglycans and glycoproteins have been identified. Laminin, a
major component of ECM basement membranes, can be cleaved by numerous MMPs and
ADAMBO to generate matrikines that influence epithelial cell migration (97-99), neutrophil
infiltration (100), and alveolar regeneration by engaging EGF receptors expressed on
epithelial progenitor cells (101). Proteolysis of the associated proteoglycans hyaluronan and
versican also produces biologically active fragments that modulate inflammatory responses
to infection and injury (102,103). A number of studies have demonstrated that hyaluronan
fragments promote inflammation by signaling through toll-like receptors (TLRs) and
interacting with CD44 present on epithelial cells and various immune cell subsets
(13,104,105). Versican fragments appear to play a role in a wide range of biological
processes. Degradation of versican by ADAMTS enzymes during development of mice
induces apoptosis in the interdigital tissue and promotes proper limb formation (106).
Recently, versican proteolysis and production of the matrikine versikine was found to induce
production of the inflammatory cytokines IL-6 and IL-1p in the myeloma microenvironment
(107). Given the large number of proteoglycans and glycoproteins that can be present in the
ECM in various tissues, there are almost certainly additional matrikines that play important
roles in other biological functions that have yet to be identified. The interaction of
matrikines with innate immune sensors, such as TLRs, raises the possibility that these
bioactive ECM degradation products modulate downstream immune responses, including the
development of adaptive immune responses. The role of these molecules in all aspects of
immune responses warrants further investigation.
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Challenges and Future Directions

It has become clear over the last several decades that the immune system and the
extracellular matrix are intimately linked. The ECM serves as a scaffold for migrating cells,
a reservoir of cytokines and growth factors, and a source of bioactive peptides and damage
signals that modulate immune responses (Figure 1). In this review, we have attempted to
highlight studies that have taken an integrated approach to studying immune responses to
infection and injury in the context of the ECM. The diversity of ECM proteins found in any
given tissue, the dynamic nature of this structure, and the fact that an even greater diversity
of molecules is generated following proteolysis present challenges to identifying the most
important basic mechanisms contributing to a particular outcome. ‘Omics’ approaches to
survey gene transcription profiles or protein profiles of extracellular matrices from different
pathological contexts will be useful is assessing changes in the abundance of ECM-related
proteins. Several recent studies have begun to utilize mass spectrometry to generate protein
profiles in the context of viral infection, lung fibrosis, and cancer revealing major differences
in ECM composition compared to healthy controls (16,21-24,27,28). Particularly promising
is the approach taken by Schiller et a/. in a recent study combining mass spectrometry and
RNAseq to identify ECM and immunological pathways contributing to resolution of
bleomycin-induced lung injury (24). Such studies provide excellent resources for identifying
ECM-immunological pathways to pursue mechanistic studies that will inform novel
therapeutic strategies.

The diversity in composition of the ECM and related remodeling enzymes in different
tissues also presents a challenge in translating findings across different model systems.
There are numerous ECM proteins and remodeling enzymes with structural homology.
Some groups have suggested that redundancy has evolved in order to serve as a fail-safe in
the event that a particular enzyme is inhibited (37). Another possibility, however, is that
enzymes with structural homology are involved in distinct ECM remodeling pathways
depending on the tissue and the nature of the insult. The latter hypothesis is supported by
recent data demonstrating that two matrix proteases with structural homology and similar
substrate specificity, MMP-1 and MMP-13, produce distinct ECM protein profiles that
mediate different ECM-cell interactions (108). As we improve our knowledge of the
regulation of ECM protein and remodeling enzyme expression in different tissues and
disease states, we will gain a better understanding of the level of redundancy or specificity in
ECM remodeling. Identification of tissue- and disease-specific upstream signals that result
from ECM remodeling and modulate immune responses will help clarify these ECM
pathways. The issue of redundancy or specificity also alludes to an important caveat to /n
vitro studies of ECM remodeling. Many remodeling enzymes exhibit altered activity in vitro
at high concentrations of the enzyme compared to that /7 vivo at physiologically relevant
concentrations.

The ultimate goal of immunity is to prevent disease and restore tissue integrity. The host
response must balance inflammation and/or clearance of a pathogen with tissue repair using
the same key players. In order to mount an effective immune response, some level of tissue
damage, including the ECM, is inevitable, as large numbers of cells are recruited to the
affected site. The transition between inflammation and tissue repair is important for a
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favorable outcome, and regulation of the ECM is critical to this process. The diversity of
ECM proteins and remodeling enzymes represents a large number of potential targets to
manipulate inflammation and tissue repair to improve recovery from injury and infection. It
is increasingly apparent that the activity and regulation of these proteins are tissue- and
disease-specific adding to the complexity of these biological networks. Unbiased ‘omics’
studies are a good place to start as we begin to define these networks and narrow the field to
the most promising candidates for therapeutics.
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Highlights
Reviews extracellular matrix (ECM) proteins, remodeling enzymes, and

signals that feed into immunological pathways

Emphasizes recent studies that have utilized proteomic and transcriptomic
approaches to assess ECM and immunological changes in different disease
contexts

Proposes experimental approaches to resolve the challenges of integrating
ECM and immune networks
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Figure 1.
The extracellular matrix as a critical mediator of immune reponses. The ECM serves as a

rich source of cytokines, growth factors, and other bioactive degradation products
(matrikines) that modulate immune responses to various pathological contexts. Matrix
proteases, including MMP and ADAMTS enzymes, release cytokines/growth factors
sequestered in the ECM and are capable of degrading ECM proteins to produce matrikines
that influence immune cell migration and cytokine production. Signals provided by growth
factors and matrikines to immune cells are critical for maintaining tissue homeostasis and in
response to injury in a wide range of pathological contexts, including viral infection and
cancer.
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