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Abstract

Purpose of review—The extracellular matrix (ECM) is a frequently overlooked component of
the pathogenesis of inflammatory bowel disease (IBD). However, the functional and clinically
significant interactions between immune as well as non-immune cells with the ECM have
important implications for disease pathogenesis. In this review, we discuss how the ECM
participates in process associated with IBD that involves diverse cell types of the intestine.

Recent findings—Remodeling of the ECM is a consistent feature of IBD, and studies have
implicated key ECM molecules in IBD pathogenesis. While the majority of prior studies have
focused on ECM degradation by proteases, more recent studies have uncovered additional
degrading enzymes, identified fragments of ECM components as potential biomarkers, and
revealed that ECM synthesis is increased in IBD. These new studies support the notion that the
ECM, rather than acting as a passive element, is an active participant in promoting inflammation.

Summary—New studies have offered exciting clues about the function of the ECM during IBD
pathogenesis. The balance of ECM synthesis and turnover is altered in IBD, and the molecules
involved exhibit discreet biological functions that regulate inflammation on the basis of specific
cell type and matrix molecule.
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Introduction

The extracellular matrix (ECM) is a commonly overlooked component of all tissues, in both
health and disease. Yet, this complex and dynamically remodeled collection of
glycoproteins, proteins and glycosaminoglycans comprises the external environment of
every cell during development and homeostasis, as well as during the processes of injury and
repair [1]. The ECM controls the structure, organization and hydration of all tissues, and the
individual ECM makeup of each organ provides unique biophysical properties, including
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elasticity and strength. The notion that ECM is merely a structural element is long outdated.
Overall, connective tissue between cells provides cues to the cells in that environment
through a variety of mechanisms including the interaction with mechanical receptors, for
example integrins; acting as a reservoir for growth factors and cytokines that provide cell
signals at appropriate times; and providing an environment that facilitates gas and nutrient
exchange. The extensive battery of remodeling enzymes that are produced in the body
biologically implies the importance of an appropriately formed ECM. The enzymes main
physiologic function is to constantly remodel the deposited matrix so it can function
appropriately, preventing build-up during homeostasis and initiating repair during injury.
Families of metalloproteinases, proteases as well as glycolytic enzymes including
heparanase, hyaluronidases and other glycanases, all contribute to homeostatic ECM
turnover [1].

During injury and disease processes, matrix deposition and turnover can be highly altered
from what occurs in the homeostatic composition [1]. Pathological matrix formation can be
caused by increased, and sometimes altered, ECM production as well as by modification of
expression and activation of matrix modifying enzymes.

ECM alterations in IBD

Common features of inflammatory bowel disease (IBD) (comprised of the chronic
conditions of Crohn’s disease and ulcerative colitis) are tissue damage and alteration of the
intestinal architecture due to chronic inflammation. Much of the tissue destruction is
mediated by inflammatory leukocyte-derived and activated matrix metalloproteinases
(MMPs), a family of zinc requiring proteolytic enzymes (MMPs) including MMPs 9, 2
(gelatinases). Goffin et at have recently shown the impact of selective MMP9 inhibition in
animal models of colitis-associated fibrosis [2].

Recently, ECM remodeling, through expression of an unsuspected ECM cleaving enzyme,
KIAA1199, that degrades the glycosaminoglycan hyaluronan was also associated with
Crohn’s disease [3]. Degradation products of the HA matrix are considered damage
associated molecular pattern (DAMP) molecules that are recognized by TLR receptors and
initiate immune responses [4—6] including sterile inflammation [7]. Similarly, degradation
products of collagen and laminin also have been shown to have biologic functions that the
intact molecules do not trigger [1]. While function of these ECM fragments have yet to be
directly investigated in IBD, circulating levels of the neo-epitopes of collagen, laminin and
vimentin were found to correlate with subtypes of IBD, and may be useful for discriminating
ulcerative colitis from Crohn’s Disease [2, 8, 9].

Few recent reports analyzed which specific components of the ECM are modified during
disease. Increased production of specific ECM components, such as hyaluronan (HA), has
previously been associated with colitis and increased deposition of fibronectin and collagens
associated with fibrotic complications and intestinal stricture formation in IBD. In this
review, we discuss the role of the ECM within the unique and complex tissue
microenvironments of the intestine during IBD.
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Intestinal epithelium

The intestinal epithelium sits on a specialized matrix, the basement membrane, that is more
compact and differs in composition from the intracellular ECM. The basement membrane is
rich in structural ECM elements, primarily collagens and laminins, as well as in heparin
sulfate proteoglycans that bind to these components and sequester growth factors and
cytokines. The architecture of the basement membrane, as revealed by dramatic electron
microscopic analysis [10], consists of a dense filamentous mat with numerous, dynamically
remodeled fenestrations that facilitate water and nutrient transport as well as connections
between cells above and below the basement membrane. The intestinal epithelium is by
design a highly turned over cell population and the constant sloughing epithelium represents
a physical barrier mechanism that prevents infection of the underlying mucosal tissue.

The best known mechanisms of regulation of epithelial sloughing understandably involve
matrix clipping of the basement membrane through increased expression and activation of
MMPs. New reports have shown that: 1) MMP9 increases intestinal permeability in colitis
through expression of myosin light chain kinase upregulation and phosphorylation [11]; and
2) that constitutive intestinal epithelial MMP9 increases epithelial apoptosis and loss of
goblet cells during colitis, with accompanying inflammatory cytokine release [12]. Recently,
O’Shea et al. have comprehensively reviewed the literature regarding specific MMPs and
their role in IBD [13].

Endothelium

The vascular endothelium is a central mediator of the inflammatory process and the ECM is
essential for all aspects of vascular function [14]. By altering the expression of ECM and
cell adhesion molecules in response to pro-inflammatory molecules, endothelial cells (ECs)
control the recruitment of circulating leukocytes to areas in which inflammatory cells are
needed. In IBD, dysregulation of the vascular ECM has been demonstrated to promote
adhesion and extravasation of leukocytes and platelets, and release of pro-inflammatory
cytokines [15]. Cell adhesion molecules on the EC surface interact with components of the
ECM, such as fibronectin, collagens, and laminin to regulate both the recruitment of
circulating leukocytes and modulate intracellular signaling pathways , which control
endothelial permeability. In response to inflammatory stimuli, microvascular ECs respond
by upregulating cell adhesion and ECM molecules, and inflamed regions of endothelium of
IBD patients promotes greater recruitment of leukocytes than non-inflamed tissue from the
same patient [16]. Microvascular ECs isolated from patients with active IBD express high
levels of E-selectin, intracellular adhesion molecule 1 (ICAM-1), and platelet endothelial
cell adhesion molecule 1 (PECAM-1) [17]. In addition to leukocyte recruitment, cell
adhesion molecule interactions with ECM ligands can also control intracellular events
relevant to IBD. Binding of PECAM-L1 to fibronectin or collagen initiates phosphorylation of
cytoplasmic domains via outside-in signaling, leading to increased endothelial permeability
and leukocyte transmigration [18, 19].

Endothelial ECM components, such as HA, have also been demonstrated to play a direct
role in the recruitment of leukocytes in response to inflammatory stimuli. Under normal
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conditions, the HA is typically minimally adhesive for leukocytes. However, in IBD as well
as other inflammatory diseases, HA is not only present in increased amounts but it is
crosslinked with the heavy chains (HCs) of serum inter-a trypsin-inhibitor [20, 21]. This
novel, inflammation-associated HC:HA complex is highly adhesive for leukocytes and
promotes inflammatory cell recruitment. Following TNF-a treatment, microvascular ECs
produce a HA-rich ECM which dramatically enhances recruitment of leukocytes via
interaction with the HA receptor CD44 [20]. Murine models of colitis have demonstrated
that deposition of HA precedes leukocyte infiltration into the submucosa, thereby promoting
inflammation at early stages [22], and genetic disruption of HA synthesis reduces leukocyte
recruitment [23].

In addition to regulating the interaction of inflammatory cells with the endothelial surface,
fragmentation of ECM molecules also contributes to the pathobiology of IBD.
Fragmentation of ECM molecules by MMPs has been demonstrated to impair endothelial
barrier integrity, which promotes transmigration of immune cells into the submucosal space
[24]. Specific fragments of collagen generated by MMP-8 and -9 also function as chemo-
attractants for neutrophils, which further induce MMP generation in IBD [25]. HA also
contributes to ECM integrity in IBD, as degradation of HA by platelets results in small
molecular weight HA fragments which can stimulate angiogenesis, chemotaxis, and
cytokine expression [6, 26, 27]. Additionally, HA fragments also promote wound healing
through enhanced fibroblast proliferation and myoblast differentiation which may contribute
to fibrotic processes in IBD [28]. Elevated HA fragment deposition in the intestines is
associated with inflamed I1BD tissue [3], and may further perpetuate innate immune
responses in 1BD.

Submucosa

The submucosa is a dense network of connective tissue that consists of fibroblasts, smooth
muscle cells, blood vessels, lymphatic vessels, and nerves which together acts to integrate
the luminal mucosal layer and the external muscular layer. The submucosal ECM consists of
a remarkable arrangement of diagonal collagen fibrils which provide the essential flexibility
required during peristalsis [10]. The major collagen subtypes in hormal tissue are type |
(70%), Type 111 (20%), and type V (12%) [29]. However, during inflammation immune cells
infiltrate the submucosa where they may release matrix-degrading enzymes and initiate a
cycle of ECM degradation and synthesis. Chronic inflammation leads to dramatic alterations
in both the cellular and molecular makeup of the submucosa. Tissue from IBD patients is
characterized by an increase in total collagen, as well as increases in collagen type Il and V,
which may contribute to stiffening of the ECM and affect mechanotransduction [29-31].
Collagen degradation products produced by MMPs are released into the surrounding tissue,
where these ECM fragments act as chemokines capable of enhancing neutrophil recruitment
[25, 32]. MMP degradation products are also present in the serum of IBD patients at
different levels in UC and CD, suggesting that ECM remodeling may be different in these
disease states due to differences in leukocyte populations or MMP expression [8].

Fibronectin is another component of the submucosal ECM that regulates cellular behavior in
IBD by mediating cell-matrix interactions. Fibronectin promotes fibroblast migration
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directly, and promotes proliferation by regulating the bioavailability of TGF-f. Fibronectin
also binds to TNF-a, which promotes chemotaxis and MMP9 expression in monocytes [33,
34]. In IBD, fibronectin deposition is markedly increased and likely participates in the
altered cellular makeup of the submucosa associated with the pathology of IBD [35, 36].

Intestinal smooth muscle cells and fibroblasts have been shown to produce increased levels
of HA in IBD cells and tissues compared with healthy controls, and regions of inflamed
submucosa contain high levels of HC:HA when compared with non-inflamed regions from
the same IBD patient [21, 22]. Murine models of colitis have demonstrated that deposition
of HA is an early event in inflamed intestinal tissue, preceding and promoting leukocyte
infiltration, and that HA synthesis plays a crucial role in driving inflammation [22, 23].

Conclusion

Advances in our understanding of immune and non-immune cell interactions with the ECM
in IBD have implicated several previously unsuspected mechanisms in disease pathogenesis.
Previously, alterations of the ECM in IBD were viewed as a consequence of inflammation,
but emerging evidence suggests that ECM remodeling (degradation and de novo synthesis)
is an active participant in the inflammatory process in IBD pathobiology. By altering cellular
processes and functioning to sequester cytokines, chemokines, and growth factors, the ECM
acts as a dynamic regulator of disease progression in IBD. In the future, identifying cell-
matrix interactions relevant to IBD and translating this knowledge into mechanistic studies
will greatly enhance our ability to understand the manifestations of intestinal disease driven
by the ECM and may lead to ECM-based therapeutic strategies.
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Key Points

. Alteration of the ECM is a characteristic of IBD throughout the structure of
the intestine

. Changes in the composition of the ECM lead to altered cellular behavior,
including promoting and sustaining inflammatory processes

. The timing of ECM remodeling likely varies by matrix component. Some
molecules, such as HA, precede inflammatory disease progression

. Fragments of ECM molecules can be biomarkers of disease activity and may

represent useful therapeutic targets in the future
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