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Abstract

Hyaluronan, a major extracellular matrix component, is an active participant in many disease
states, including inflammatory bowel disease (IBD). The synthesis of this dynamic polymer is
increased at sites of inflammation. Hyaluronan together with the enzymes responsible for its
synthesis, degradation, and its binding proteins, directly modulates the promotion and resolution
of disease by controlling recruitment of immune cells, by release of inflammatory cytokines, and
by balancing hemostasis. This review discusses the functional significance of hyaluronan in the
cells and tissues involved in inflammatory bowel disease pathobiology.
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Introduction

Extracellular matrices (ECM) have emerged as a key mediator capable of influencing cell
behavior in homeostasis and disease. The ECM regulates cellular function by providing
physical and biochemical cues to cells in the local environment through several mechanisms,
including gas and nutrient exchange, regulating the bioavailability of growth factors, and
modulating cell adhesion. During inflammation, the biochemical composition of the ECM
becomes altered due to the activation of resident cells within the tissue and by extravasation
of immune cells and is an active participant in both the progression and resolution of
inflammatory disease. The increased deposition and turnover of the ECM molecule
hyaluronan (HA) is associated with several inflammatory disease states, including
inflammatory bowel disease (IBD). Consisting of two closely related disorders, Crohn’s
disease and ulcerative colitis, IBD usually manifests in the first three decades of life and
leads to relentless inflammatory destruction of the gastrointestinal tract in susceptible
individuals [1, 2]. The chronic inflammation which characterizes IBD results in dramatic
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deposition of HA within affected tissues which both precedes and promotes immune cell
infiltrate, tissue destruction, and coagulation [3-5].

Inflammatory Bowel Disease

IBD consists of two closely related disorders: Crohn’s disease (CD) and ulcerative colitis
(UC), whose overall prevalence is increasing in both industrialized and developing countries
worldwide [6]. In genetically susceptible individuals a combination of environmental
factors, gut microbiota, the immune response together contributes to the onset of IBD [7].
These diseases usually manifest in the first three decades of life and lead to relentless
inflammatory destruction of the gastrointestinal tract in susceptible individuals [1, 2].
Systemic manifestations can present years after the onset of disease and can affect almost all
organs including the cardiovascular and pulmonary systems [8, 9]. This progressive, chronic
and relapsing disease is thought to be a consequence of defects in the intestinal epithelial
barrier and an excessive mucosal immune response leading to inflammation-associated
tissue damage [7, 10]. Tissue damage is a consistent feature of IBD progression and severity
throughout the structure of the intestine, and remodeling of ECM molecules, such as HA, are
strongly implicated in IBD pathogenesis.

HA regulates inflammatory cell recruitment in IBD

HA is a glycosaminoglycan (GAG) of high average molecular mass (>1000 kDa) comprised
solely of repeating disaccharides of glucuronic acid and N-acetyl-glucosamine without a
protein core, unlike other GAGs. A dynamic, glycan-rich glycocalyx comprised of HA and
other membrane-bound proteoglycans and glycoproteins lines the vascular endothelium,
extending 30-100 nm from the plasma membrane and restricting inflammatory cell access
under normal conditions [11, 12]. However, increased biosynthesis of HA matrices in the
tissue are associated with a number of inflammatory disease states. In response to pro-
inflammatory signals such as TNF-a or viral infection, HA synthesis is amplified, and the
product is organized into a highly adhesive HA matrix [13]. The biosynthesis of this matrix
requires modification of HA by tumor necrosis factor-stimulated gene 6 (TSG6), whose
product encodes an enzyme induced during inflammation that transfers heavy chains (HCs)
from a serum proteoglycan complex, inter-alpha-inhibitor, onto HA to form a covalent,
crosslinked HA-HC matrix [14, 15]. This biologically distinct form of HA is observed as a
cable-like structure capable of spanning multiple cell lengths [15, 16]. Thus, in response to
inflammation the enzymatic activity of TSG6 converts homeostatic HA into unique,
pathological HA cables capable of recruiting immune cells in many inflammatory disease
states, including arthritis, lung injury, and IBD. Resting leukocytes and platelets do not bind
to the HA pericellular matrix under normal conditions [17], but instead bind strongly to HA-
HC [16]. Importantly, this HA-HC matrix also plays other critical roles in non-pathological
processes such as ovulation and development outside the scope of this review [18-20].

These observations were first described in cells and tissues from IBD patients, where HA is
present at elevated levels in inflamed IBD colon tissue (Figure 1) compared to non-inflamed
IBD tissue or non-IBD controls [13]. Several cell types relevant to IBD pathobiology
including human mucosal smooth muscle cells, intestinal microvascular endothelial cells,
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and porcine intestinal epithelial cells have all been demonstrated to enhance monocyte
adhesion by producing HA cables in response to inflammatory stimuli, indicating that
crosslinked HA potentially contributes to many inflammatory disease states [3, 4, 21].
Recently, a rat model of intestinal inflammation has demonstrated that HA surrounding
myenteric neurons becomes significantly altered, suggesting that HAS2-derived HA may
participate in neuromuscular dysfunction in colitis [22]. Studies using murine models of
colitis further demonstrate that HA synthesis precedes the influx of inflammatory cells and
thereby promotes inflammation, and therefore control of cell-surface HA levels may play a
regulatory role in IBD [3]. These studies demonstrated that knock-out of hyaluronan
synthase 3 (HAS3) protects mice from experimental models of colitis by reducing leukocyte
infiltration and dramatically attenuating disease progression [5]. Both HAS2 and HAS3
MRNA levels are increased in mouse colon tissue during DSS colitis [23], but HAS3 appears
to be important for increasing HA on microvascular endothelium under inflammatory
conditions as knock-out of HAS1 did not improve disease activity [5]. Together, these data
suggest that inflammation-induced HA synthesis and subsequent crosslinking of HA
enhances recruitment of immune cells to inflamed tissues and promotes and sustains the
chronic cycle of inflammation in IBD.

At present, our understanding of how HA cables are regulated in the progression and
resolution of inflammation is incomplete. It is likely that the balance of synthesis and
degradation of HA, and interactions with associated binding proteins, may directly control
the ability of this unique HA matrix to recruit inflammatory cells to sites of inflammation.
Interestingly, /in vitro studies of TSG6 have indicated that this enzyme can function “in
reverse” and transfer HCs from HC-modified HA onto other HA oligosaccharides in a size-
limiting fashion [24]. Whether this is a potential mechanism which could lead to the
resolution of HA cables by transfer of HCs onto small HA fragments /in vivo is not known.
Several studies have demonstrated that HA plays a role in toll-like receptor signaling either
by acting as a ligand or by regulating receptor activation and further studies are needed to
determine whether purified HA and HC-modified HA exhibit similar or differing signaling
properties [25-29].

Dysregulated HA catabolism in IBD

Deposition of HA appears to be an early event in the progression of IBD and may be the
result of imbalanced HA synthesis and degradation. While many studies have described the
accumulation of HA in inflammatory disease states, demonstrating activated HAS
expression and/or activity, relatively few have examined how inflammation regulates the
enzymes responsible for HA turnover. The main pathway of HA degradation requires the
activity of hyaluronidase (HYAL) 1 and 2 enzymes and the cell surface HA receptor CD44
[30-32]. At the cell surface, Hyal-2 and CD44 interact with HA to generate fragments which
may then be internalized and transported to the lysosome, where highly active Hyal-1
degrades HA into small oligosaccharides [30, 33]. Examination of the tissue distribution of
Hyal-1 and 2 within a murine model of colitis indicated that Hyal-1 is primarily expressed in
smooth muscle tissue and nucleated infiltrating leukocytes, while Hyal-2 is restricted to the
endothelium and platelets [4]. Hyal-2 is expressed by many somatic tissues in mice but the
cellular localization of Hyal-2 appears to be restricted to epithelial and endothelial cells
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within these tissues [34]. This cell-type specific expression suggests that HA turnover likely
plays an important physiological role at the luminal interface on epithelial and endothelial
cells. Indeed, significant depositions of HA are observed within the inflamed colon
microvasculature from IBD patients and in mice subject to experimental colitis [3].

Microvascular endothelial cells isolated from colon tissue of IBD patients produce a
leukocyte adhesive HA matrix in vitro, and cells from non-IBD patients exhibit the same
response upon stimulation with TNF-a. [4]. Several studies support the notion that in IBD,
the endothelium is activated in response to inflammatory stimuli and exhibits increased
adhesion of immune cells [35]. Further, in vitro studies demonstrate that platelets can
degrade the HA matrix on the surface of TNF-a stimulated endothelial cells in a Hyal-2
dependent fashion [4]. The discovery that platelets could degrade cell-surface HA led to the
observation that Hyal-2 is packaged within alpha-granules of platelets where it is
translocated to the platelet cell-surface in an activation-dependent mechanism, indicating
that platelet-mediated HA degradation is a regulated process [36].

Platelet-derived HA degradation fragments from TNF-a induced endothelial cells are
capable of activating naive human peripheral blood monocytes to produce IL-6 and IL-8.
This suggests that while platelets can degrade an inflammatory HA matrix, the components
of HA cables released as HA fragments contain signaling properties themselves and may be
pro-inflammatory and pro-angiogenic [4, 37]. Collectively, these data suggest that turnover
of HA by Hyal-2 on vascular surfaces is likely to be a regulated process that may become
disrupted during inflammatory disease states such as IBD. Surprisingly, platelets from IBD
patients carry less Hyal-2 protein (on average 45% less) than controls, suggesting that this
deficiency may contribute to the accumulation of HA within the microvasculature of the
colon and may thereby promote inflammatory disease [36].

While the HYAL family members are regarded as the primary enzymes involved in HA
depolymerization, other proteins have emerged as additional players in HA catabolism. The
cell migration-inducing and hyaluronan-degrading protein (CEMIP, also known as
KIAA1199) has HA binding and degrading activities [38]. In contrast to HYALZ2,
KIAA1199 was found to be upregulated in cells and tissue isolated from Crohn’s disease
patients [39]. While Hyal-2 is present at the platelet surface upon activation and may be
important for maintenance of vascular HA in IBD, KIAA1199 participates in HA
degradation in intestinal fibroblasts, where it is secreted from cultured cells and deposited
within the ECM [39]. Intestinal fibroblasts are capable of degrading exogenous HA in vitro,
but cells lacking KIAA1199 lose the ability to cleave exogenous HA into smaller sized
fragments, similar to reports on KIAA1199 activity in skin fibroblasts [38-40]. The
increased expression of KIAA1199 in Crohn’s disease fibroblasts appears to be dependent
on IL-6 production, as addition of IL-6 to control fibroblasts induced expression of
KIAA1199 while TNF-a treatment resulted in no effect on gene expression. Further,
fibroblasts isolated from Crohn’s disease patients secrete high levels of IL-6 into their
culture medium, and addition of a neutralizing IL-6 antibody to these cultures led to a
reduction in KIAA1199 mRNA and protein levels [39]. The consequence of increased
matrix deposition of KIAA1199 in IBD is still largely unknown, but HA and KIAA1199 are
both present at increased levels in the submucosal regions of colon tissue from IBD patients
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compared to non-IBD controls. A plausible scenario is that KIAA1199 generates HA
fragments /n vivo within the ECM where they may act as endogenous danger signals,
perpetuating and promoting inflammation and fibrosis in IBD. Recently, transmembrane
protein 2 (TMEMZ2), a protein which contains sequence similarity to KIAA1199, has been
reported to have HA degradation activities [41]. At present, little is known about TMEMZ2 in
mammals and its contribution to disease remains an open area for investigation.

HA as a molecular interface between inflammation and coagulation in IBD

Microvascular occlusion is frequently observed in the mucosa of IBD patients where both
while these clots are not present in healthy subjects [42]. The blood of IBD patients exists in
a hypercoagulable state where patients are at increased risk of venous and arterial
thrombosis, and perturbations in both the coagulation cascade and platelet reactivity are
consistent features of IBD [42, 43]. The risk of thrombosis is increased even during latent
phases of disease activity and further elevated during active disease, supporting the notion
that IBD is a thromboinflammatory disease state. Vascular integrity is critical for preventing
thrombus formation, and homeostatic HA regulates endothelial function through multiple
mechanisms [44-46].

Many of the inflammatory mediators that initiate coagulation (e.g. TNF-a, IL-6) [47] are
also known to activate synthesis of HA [48], which is present at high levels during initiation
of coagulation and clot formation [44]. Fibrinogen, an essential coagulation factor, is also a
HA-binding glycoprotein and interactions with HA have been implicated in thrombus
formation [49-51]. Binding of HA to fibrinogen facilitates the assembly of a three-
dimensional, hydrated, provisional matrix, and promotes migration of cells into a clot [52,
53]. In fact, streptokinase, the first thrombolytic drug to reach the market also contained
hyaluronidase [54], and unidentified components of the coagulation cascade have been
shown to inhibit hyaluronidase activity [55]. Thrombin, which catalyzes many coagulation-
related activities including cleaving soluble fibrinogen to form insoluble fibrin networks
[56], also interacts specifically with HA-HC complexes generated by inflammatory insult.
The proteolytic activity of thrombin also cleaves HC1 from these HA-HC matrices and
negatively regulates leukocyte adhesion to colon smooth muscle cells stimulated with viral
mimetic (e.g. poly(l:C)), suggesting it can exert both pro- and anti-inflammatory effects
[57]. Anti-thrombin is a naturally occurring endothelial regulator which is decreased in
response to IBD. Anti-thrombin inhibits thrombin production at multiple steps in the
coagulation cascade and also inhibits thrombin directly. However, HA, which is present at
high levels in the serum of IBD patients [58], has been shown to be an /n vitro inhibitor of
anti-thrombin [59] and may thereby promote coagulation and leukocyte recruitment.

Exogenous, purified HA has been used to coat endovascular devices in many studies to
protect against hemostasis, and has been shown to inhibit platelet adhesion, platelet
aggregation, and reduce thrombus formation in /in vitro assays of platelet function [60, 61].
However, studies of platelet interactions with endothelial cells stimulated with TNF-a
demonstrate that platelets appear to bind specifically to crosslinked HA-HC cables rather
than “coat” HA [4]. These data suggest that platelets may discriminate between HA cables
and homeostatic HA, possibly on the basis of inflammation or platelet activation. Whether
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interaction with inflammation-induced HA-HC directly contributes to platelet activation and
aggregation requires further study.

Regulation of HA in platelet biosynthesis

A number of chronic inflammatory diseases including IBD, arthritis [62], coronary artery
disease [63], and some cancers [64] are associated with increased platelet production, altered
platelet function, increased platelet reactivity, and thrombosis. Quantitative increases in
inflammatory cytokines, adhesion molecules, mRNAs, and micro-RNAs have been reported
in platelets from patients with chronic inflammatory disease relative to platelets from
healthy individuals [65, 66]. These findings indicate that platelets can become dysregulated
in response to inflammatory disease and altered platelet function can further exacerbate
disease activity. Platelet dysfunction undoubtedly contributes to frequent systemic
thromboembolic events and the blood of IBD patients existing in a hypercoagulable state
[42, 43].

Platelet production requires the differentiation of hematopoietic stem cells within the bone
marrow into megakaryocytes (MKs), the platelet progenitor cell [67]. HA is a crucial
element in the bone marrow ECM and regulates stem cell proliferation, maturation, homing,
and engraftment in bone marrow transplant [68—71]. In fact, depletion of bone marrow HA
reduces the ability of the hematopoietic environment to support stem cell proliferation and
stimulates release of cytokines such as IL-1p and IL-6 from bone marrow macrophages,
both of which contribute to platelet production by MKs [72]. During differentiation, MKs
synthesize platelet cellular material (including HA) and migrate from the endosteal niche to
the vascular marrow sinusoids where they produce long proplatelet extensions to shed
platelets into circulation [73]. This tightly regulated process is controlled by signals from
circulating cytokines [74] and the bone marrow microenvironment [75, 76]. Because
platelets have a short lifespan and receive their cellular material from MKs, changes in the
bone marrow milieu which alter MK development, differentiation, and transcription can
have a direct effect on platelet function [65].

Inflammation is known to alter platelet function and biosynthesis through: 1) direct
interactions of cytokines with platelets and their progenitor cells, 2) increasing hepatic
thrombopoietin (TPO) production [77], and 3) by altering the biochemical composition of
the bone marrow ECM [76, 78]. Platelet synthesis is primarily regulated by TPO, which
directly controls proliferation and differentiation of MK progenitors, and TPO is frequently
elevated in inflammatory disease states, such as IBD [79]. Circulating TPO levels are
believed to be primarily regulated by platelet number, but paradoxically platelet levels are
significantly increased in IBD [80, 81]. Increased TPO production in response to
inflammation is in part due to interleukin-6 (IL-6), another cytokine intimately involved in
IBD pathogenesis [82], and IL-6 also regulates platelet production itself. Thus, the
inflammatory environment of IBD involves several potent factors which may have direct
consequences on gene expression in platelets and their progenitor cells.

As previously mentioned, platelets isolated from IBD patients are deficient in Hyal-2, but
the mechanism underlying reduced Hyal-2 levels is not known [36]. While platelets deficient
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in Hyal-2 may contribute to dysregulated HA turnover in IBD, it may also reflect aberrant
platelet production and aggregation. In a study of platelet aggregation using population
based cohort data, whole exosome sequencing found associations of rare variants of Hyal-2
with enhanced platelet aggregation responses to pro-thrombotic stimuli [83]. Evidence
within the literature suggests that Hyal-2 may modulate platelet reactivity, as well as platelet
synthesis. Unlike many other cell types, MKs contain intracellular HA (Figure 2), and HA
depolymerization by Hyal-2 by MKs is required at the critical stage of proplatelet synthesis
[84]. Mice deficient in Hyal-2 exhibit mild anemia and thrombocytopenia, and a detailed
study of megakaryopoiesis in mouse and human models definitively identified a requirement
for HA depolymerization during platelet formation [84-86]. During MK biogenesis, HA
synthesis likely increases to support maturation. Platelets and MKs contain only Hyal-2, and
do not express Hyal-1 protein or mRNA [4, 84]. Ultimately, depolymerization by Hyal-2
must occur to support platelet synthesis, and although the specific size is not known, the
resulting HA fragments become packaged within circulating platelets [4].

Within the bone marrow, HA may play additional roles during MK maturation in both
homeostasis and disease. MKs express multiple HA receptors demonstrated to have
signaling properties including CD44, RHAMM, and members of the TLR family [75, 87,
88]. Although HA is reported to be increased in many tissues and cell types during
inflammation, at present it is not known whether bone marrow HA levels increase during
inflammatory disease or if it is capable of modification with HCs as in other tissues. Given
the short lifespan of platelets, and that platelet dysfunction is associated with many
inflammatory disease states, it is possible that in disorders such as IBD platelets may
become dysregulated as a result of the disease process. Understanding whether altered HA
synthesis or HA cable formation within the bone marrow microenvironment contributes to
the platelet abnormalities in IBD, such as increased reactivity, platelet number and Hyal-2
deficiency, will provide key insights generalizable to other thromboinflammatory diseases.

Conclusion

Inflammation and coagulation are two connected processes which reinforce and support one
another, ultimately resulting in the resolution of damage. However, chronic inflammatory
conditions lead to dysregulation of these processes in many disease states. Molecules at the
interface between inflammation and coagulation, such as HA can contribute to resolution or
progression of disease in specific contexts. Cross-linking of HA into HA-HC cables can
further amplify immune cell recruitment and promote inflammation in IBD, where evidence
indicates that turnover of this polymer is deficient. This results in a sustained inflammatory
insult which likely occurs in many tissues due to systemic inflammation. Left unresolved,
this contributes to the endothelial dysfunction, thrombus generation, and tissue damage
observed in IBD (Figure 3). At present, our understanding of how HA-HC matrices can
modulate both the promotion and resolution of inflammation in specific contexts is
incomplete. The current literature suggests that, at least in IBD, HA-HC complexes
exacerbate disease activity. Further studies directed at disrupting the interactions between
immune cells and HA-HC, directly antagonizing synthesis of HA-HC matrices, and selective
degradation of HA-HC complexes in disease models are necessary to dissect the molecular
pathways by which this novel polymer regulates thromboinflammatory disease.
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Highlights

Hyaluronan deposition is increased in IBD tissues and regulates immune cell
recruitment

Enzymatic cross-linking of hyaluronan contributes to thromboinflammatory
disease

Regulation of hyaluronan-degrading enzymes is disrupted in IBD

Hyaluronan regulates megakaryocyte and platelet maturation
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Figure 1. HA accumulates within human IBD colon tissue
Human colon tissue from an IBD patient is stained for detection of HA (green), the HA

receptor CD44 (red), and nuclei (blue). HA is abundant around smooth muscle cell layers,
surrounding microvessels, the connective tissue between crypts, and in the epithelial cell
layer. The letter L indicates the intestinal lumen, arrows indicate the smooth muscle layer,
and the asterisks indicate the intestinal crypts.
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Figure 2. Megakaryocytes contain intracellular HA
Murine bone marrow derived megakaryocytes were cytospun and stained for HA (green),

von Willebrand factor (red), and nuclei (blue). HA is synthesized and packaged within the
complex internal membrane network of mature, polyploid MKs and is contained within long
proplatelet extensions during platelet synthesis.

Matrix Biol. Author manuscript; available in PMC 2020 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Petrey and de la Motte

Page 17

& Platelet (activated)
‘——===~ HA-HC cables &HA -fragments Q Red blood cell

=d
Cleveland
%
. Leukocyte %3 Cytokines vt Stimuli 2018

Figure 3. Hyaluronan is a novel regulator of the immune response in IBD
In response to an inciting stimulus, HA synthesis is increased on the surface of

microvascular endothelial cells, smooth muscle cells, and epithelial cells. Under normal
conditions, HA restricts inflammatory cell access, but in inflammatory disorders such as
IBD, HA is cross-linked to form distinct HA-HC matrices. HA-HC promotes immune cell
recruitment and may be recognized as an endogenous danger signal by leukocytes and
platelets. Fragments of HA, possibly containing HCs, promote angiogenesis and can drive
immune cell responses. Dysregulation of HA clearance leads to accumulation of adhesive
HA matrices which bind coagulation factors, enhance platelet recruitment, and increase
leukocyte recruitment, together promoting and sustaining inflammation in IBD.
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