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Abstract

Versican is an extracellular matrix (ECM) proteoglycan that interacts with cells by binding to non-
integrin and integrin receptors and to other ECM components that associate with the cell surface.
Recent studies have shown also that versican interacts with myeloid and lymphoid cells promoting
their adhesion and production of inflammatory cytokines. Versican is produced by stromal cells,
as well as leukocytes, and is markedly increased in inflammation. Inflammatory agonists, such as
double-stranded RNA mimetics (e.g., poly I:C), stimulate stromal cells, such as smooth muscle
cells and fibroblasts, to produce fibrillar ECMs enriched in versican and hyaluronan (HA) that
interact with leukocytes promoting their adhesion. Interference with the incorporation of versican
into this ECM blocks monocyte adhesion and dampens the inflammatory response. Tumor cells
also express elevated levels of versican which interact with myeloid cells to promote an
inflammatory response, through stimulating cytokine release, and metastasis. In addition, myeloid
cells, such as macrophages in tumors, synthesize versican which affects tumor cell phenotypes,
inflammation, and subsequent metastasis. Versican, by binding to hyaluronan, influences T
lymphocyte phenotypes and in part controls the ability of these cells to synthesize and secrete
cytokines that influence the immune response. Collectively, these studies indicate that versican as
an ECM molecule plays a central role in inflammation and as a result it is emerging as a potential
target promising wide therapeutic benefits.
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Introduction

Versican--A Proteoglycan with Multiple Binding Sites for Inflammatory Ligands
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Versican is a large chondroitin sulfate proteoglycan (CSPG) that is found in the extracellular
matrix (ECM) of most soft tissues (see reviews) (Wight, 2002; Zimmermann, 2000).
Normally, it is present in low amounts, but increases dramatically when tissues become
inflamed. Versican was first isolated from the medium of cultured fibroblasts (Coster et al.,
1979) and subsequently cloned from placental fibroblasts and named versican in recognition
of its domain structure and versatility as a highly interactive molecule (Zimmermann and
Ruoslahti, 1989). Versican is also known as PG-M (Coster et al., 1979; Kimata et al., 1986)
and CSPG-2 (Naso et al., 1994). In humans, versican is encoded from a single gene locus on
chromosome 5q14.3 (lozzo and McPherson, 1992) and is 86% identical between mouse and
human (Naso et al., 1994), indicating the importance and highly conserved nature of this
proteoglycan.

Versican exists in at least four different isoforms due to the alternative splicing of the major
exons that code for the attachment regions for the glycosaminoglycan (GAG) in the core
protein (Figure 1). Three of these isoforms contain chondroitin sulfate (CS) GAGs, while
one of the isoforms, V3, contains no GAGs due to the splicing together of the N- and C-
terminal regions (Zako et al., 1995).

Versican is highly interactive due to the charged nature of the GAG chains and the domain
structure of the core protein (Wu et al., 2005). Recently, a new versican isoform, V4,
consisting of the G1 domain, the first 398 amino acids of the f-GAG region and the G3
domain has been found to be upregulated in human breast cancer lesions (Kischel et al.,
2010). Other isoforms potentially may exist, such as a V5 isoform, consisting of essentially
only the G1 domain, found by new gene discovery techniques and listed as a reference
sequence for mouse versican in Entrez Gene. Interestingly, several molecules with which
versican interacts have a role in the inflammatory process and versican is known to stimulate
inflammatory cytokine release by immune and inflammatory cells (see below) (Figure 1).

1. Versican: A Component of the Inflammatory Response—Inflammatory
responses require the emigration of leukocytes from the vasculature into damaged
underlying tissue areas as part of the innate immune response. Upon extravasation into the
subendothelial compartment, leukocytes encounter the ECM which functions as a scaffold
for leukocytes, influencing their adhesion, migration, activation, and retention (Figure 2A,
B) (Gill et al., 2010; Parish, 2006; Sorokin, 2010; Vaday et al., 2001; VVaday and Lider,
2000). Versican interacts with receptors on the surface of immune cells, such as CD44,
PSGL-1, Toll-like receptor 2 (TLR2), and P- or L-selectins (Hirose et al., 2001; Kawashima
et al., 2002; Kawashima et al., 2000; Kim et al., 2009; Taylor and Gallo, 2006; Wang et al.,
2009; Wu et al., 2005; Zheng et al., 2004), and provides intrinsic signals that influence
immune and inflammatory cell phenotype (Figure 2B). Versican interacts also with a
number of other ECM components that are important in inflammation, such as hyaluronan
(HA), TSG-6, inter-alpha-trypsin inhibitor (lal), fibronectin, and tenascin-R and -C, (Day
and de la Motte, 2005; Hascall et al., 2004; LeBaron et al., 1992; Lundell et al., 2004). High
resolution confocal microscopy shows that HA, versican, TSG-6, and lal can be organized
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into discrete ECM filaments or cables that emanate from the surface of a variety of cells and
form a matrix that binds leukocytes (de la Motte et al., 2002; de la Motte, 2011; de la Motte
et al., 1999; de la Motte et al., 2003; Evanko et al., 2012; Evanko et al., 2009; Lauer et al.,
2008; Lauer et al., 2009a; Lauer et al., 2009b; Majors et al., 2003; Potter-Perigo et al., 2010;
Selbi et al., 2006b; Wang et al., 2011; Wang and Hascall, 2004) (Day and de la Motte, 2005)
(Figure 3 A-D). These structures can also be generated by epithelial cells in response to
inflammatory cytokines, promoting leukocyte adhesion (Lauer et al., 2008; Selbi et al.,
2006a; Selbi et al., 2004; Selbi et al., 2006b). Versican-enriched cable-like structures have
been found also in tissues exhibiting leukocyte enrichment, such as in lesions of
atherosclerosis (Figure 3D) and in inflammatory bowel disease (IBD) (de la Motte et al.,
2003). Such interactions between multiple ECM components create highly ordered ECM
structures that selectively impact leukocyte/ECM interactions (Day and de la Motte, 2005;
Sorokin, 2010). Versican, which binds to HA, can also bind to CD44 (Kawashima et al.,
2000) via CS GAGs, suggesting that both versican and HA may stabilize CD44-dependent
interactions and subsequent CD44-dependent signaling in inflammatory cells. On the other
hand, versican binding to HA may interfere with the binding of HA to CD44 on immune
cells, such as T lymphocytes, as recently demonstrated (Evanko et al., 2012) and dampen the
immune response. CS chains on versican can interact also with chemokines, growth factors,
and proteases to influence chemokine availability, activity and immune cell phenotype (see
reviews)(Gill et al., 2010; Wu et al., 2005). Thus, individual components, including
versican, in the mixture of several different ECM components may interact specifically with
key molecules involved in either promoting or inhibiting inflammation.

Once bound to the versican-containing ECM, leukocytes degrade the ECM to generate pro-
inflammatory fragments that further drive the inflammatory response (Adair-Kirk and
Senior, 2008; Arroyo and Iruela-Arispe, 2010; Schor et al., 2000; VVaday and Lider, 2000).
For example, the G3 domain of versican interacts with P-selectin glycoprotein-1 (PSGL-1)
on the surface of macrophages and causes macrophage aggregation (Zheng et al., 2004).
Numerous matrix metalloproteinases (MMPs), including MMP-1, -2, -3, -7, and -9, as well
as the serine protease plasmin and several members of the ADAMTS family (A Disintegrin
And Metalloproteinase with Thrombospondin Moatifs), degrade versican (see reviews) (Apte,
2009; Kenagy et al., 2006). The versican cleavage site for some of the ADAMTS enzymes is
in the BGAG domain of versican at the Glu441-Ala422 bond which generates a 70 kDa
fragment that can be recognized by an antibody against the neoepitope sequence DPEAAE
(Sandy et al., 2001; Somerville et al., 2003). This fragment has been shown to be enriched in
regions of blood vessels undergoing atrophy and cell death (Kenagy et al., 2005; Sandy et
al., 2001). Recent findings by Apte’s group indicate that the ADAMTS-generated G1
fragment of versican regulates apoptosis during mammalian inter-digital web regression
(McCulloch et al., 2009). It is of interest that expression of the V1 isoform in NIH3T3 cells
is associated with apoptotic resistance, but these cells also exhibit increased sensitivity to
cell death induced by cytotoxic agents used in the treatment of tumor cells (LaPierre et al.,
2007). Whether intact or fragmented versican can cause apoptosis as part of the immune and
inflammatory response awaits further experimentation. Versican degradation also takes
place as new blood vessels are generated as part of inflammatory events associated with
tissue repair. Injection of an adenoviral vector expressing VEGF1g4 into the skin of a mouse
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induces a florid angiogenic response characterized by an increase in ADAMTS-1 and the
versican fragment DPEAAE (Fu et al., 2011). These changes are accompanied by loss of
versican as angiogenesis proceeds, although it remains to be shown whether versican
degradation exhibits direct control over the angiogenic response. Thus, either intact versican
or fragmented versican could be a “first step” in the amplification of the inflammatory
response in many different diseases (Said et al., 2012; Said and Theodorescu, 2012; Zhang
etal., 2012).

2. Versican: Role in Leukocyte Adhesion and Activation—To explore the
interaction of inflammatory and immune cells with ECMs enriched in versican, in vitro
models have been developed, pioneered by Carol de la Motte and her colleagues at the
Cleveland Clinic, in which leukocytes are seeded onto ECM generated by stromal cells
stimulated with agents such as viruses and/or endoplasmic reticulum (ER) stress agonists
and evaluated for adhesion and accumulation (de la Motte, 2011; de la Motte and Drazba,
2011; de la Motte et al., 1999; Hascall et al., 2004; Lauer et al., 2008; Lauer et al., 2009a;
Lauer et al., 2009b; Majors et al., 2003; Wang et al., 2011) (Figure 3A, B). A number of
different conditions cause ER stress and it is not clear yet how this pathway promotes the
generation of an ECM that binds leukocytes. These pioneering studies showed that
monocytes adhere to HA generated by stromal cells including arterial smooth muscle cells
(ASMCs) and fibroblasts. We have focused on the role of versican, a proteoglycan that
binds to HA (LeBaron et al., 1992) in this process. For example, treatment of human lung
fibroblasts with the viral mimetic, poly I:C, causes an enrichment of HA and versican in the
ECM deposited by the cultured fibroblasts (Evanko et al., 2009; Potter-Perigo et al., 2010).
This enrichment does not appear to be due to increased HA or versican synthesis, but rather
to decreases in the degradation of both HA and versican (Potter-Perigo et al., 2010). The
HA- and versican-enriched ECMs supported monocyte adhesion, while those generated by
cytokine stimulation alone in the absence of poly I:C did not. Interestingly, the ECMs that
did not support monocyte adhesion were deficient in versican, but enriched in HA (Potter-
Perigo et al., 2010). To further implicate versican as a key component in monocyte adhesion
to the ECM, we treated the poly I:C-generated ECM with an antibody to the N-terminal
region of versican before adding the monocytes and blocked monocyte adhesion to this
ECM. Such results indicate that versican is an important player in forming an ECM that
binds monocytes, at least in in vitro experiments.

Another area where versican can influence inflammation is by affecting inflammatory
cytokine release by myeloid and lymphoid cells. This appears to be prominent in some types
of cancers. For example, versican derived from Lewis lung carcinoma cells appears to
induce the secretion of inflammatory cytokines, such as tumor necrosis factor-a (TNFa) and
IL-6 from macrophages through interaction with TLR2 and its co-receptors TLR6 and
CD14. This interaction promotes metastasis in a mouse model (Kim et al., 2009; Wang et
al., 2009; Zhang et al., 2012). It is of interest that highly sulfated CS GAG chains on
versican (Kawashima et al., 2002) may be critical to promote inflammatory cytokine release
and activity in this model (Kawashima et al., 2002; Li et al., 2008). Intriguingly, CSPGs
have been shown to interact with P-selectin (Kawashima et al., 2002), which may be of
importance for recruiting inflammatory cells to the tumor. In addition, other cancer cells,
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such as those from bladder (Said et al., 2012; Said and Theodorescu, 2012) and colon
(Bogels et al., 2013) secrete versican, which in turn, induces myeloid inflammatory cytokine
release, promoting inflammation and metastasis. Inhibiting versican production in these
cancer cells blocks the inflammation associated with these tumors. Most recently, Li and
colleagues showed in co-culture experiments of macrophages and ovarian cancer cells that
versican produced by the tumor cells promoted the production of an antimicrobial protein by
macrophages through TLR2 activation that in turn stimulated ovarian tumor cell
proliferation and invasion, providing yet another example of the pro-proliferative nature of
versican (Li et al., 2013). Whether similar versican activity exists during inflammation in
non-cancerous tissue awaits further investigation. It may be that ligation of immune
receptors such as TLR2 by versican is responsible for the activation of multiple cell types
and the induction of inflammatory cytokine secretion in many disease situations (Wang et
al., 2009; Zhang et al., 2012).

3. Versican: Expression by Myeloid Cells and the Impact on Inflammation—
While accumulation of versican during the inflammatory response can originate in the
stromal connective tissue, a number of past as well as more recent studies have identified
versican as a gene which is upregulated in monocytes in a number of pro-inflammatory
states, such as myocardial infarction (Toeda et al., 2005), coronary stenosis (Wingrove et al.,
2008), autoimmunity (Masuda et al., 2013; Olsen et al., 2004; Shou et al., 2006), and in
response to pro-inflammatory stimulants such as lipopolysaccharide (LPS) (Lang et al.,
2002) and hypoxia (Asplund et al., 2011; Asplund et al., 2009). In addition, the versican
gene is differentially expressed in M1 macrophages, as opposed to M2 macrophages, as they
differentiate from monocytes (Asplund et al., 2011; Martinez et al., 2006). Recent studies by
our group have shown that versican mRNA, along with mRNA from other HA binding
proteins such as TSG-6 and lal, is upregulated as monocytes differentiate into macrophages
(Chang et al., 2012). Of particular interest, versican produced by macrophages can form
complexes with MMPs, such as MMP-9 (Malla et al., 2013), suggesting possible roles for
versican in controlling the activity of matrix degrading enzymes. Such changes raise the
possibility that the myeloid cells themselves are creating their own microenvironment to
support the myeloid phenotype as part of the inflammatory response. For example, versican
expression is elevated in CD14 positive monocytes taken from patients with systemic
sclerosis (Masuda et al., 2013) and this elevated expression is accompanied by elevated
expression of CCL2 (Monocyte Chemoattractant Protein 1). Furthermore, versican protects
CCL2 from degradation and this interaction promotes monocyte migration (Masuda et al.,
2013). Such results confirm earlier studies that show CCL2 binds to versican and impacts
inflammation in a model of neuronal inflammation hyperalgesia (Bogen et al., 2009). In
addition, versican expression by macrophages is prominent in tumor-associated
macrophages (TAMSs) and is thought to be critical for promoting metastasis (Solinas et al.,
2009). Using a mouse model of spontaneous breast cancer, Gao and his colleagues
demonstrated that bone marrow-derived myeloid progenitor cells in the premetastatic lung
secrete versican which promotes a mesenchymal to epithelial transition of tumor cells and
subsequent metastasis (Gao et al., 2012a; Gao et al., 2012b). Versican derived from myeloid
cells in this model appears to promote tumor growth by enhancing tumor cell proliferation,
possibly by blocking the TGF-B-smad2/3 pathway. Previous studies by Yang and colleagues
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have shown similar activity when V1 versican was expressed in NIH3T3 cells (Sheng et al.,
2006). More work is needed to elucidate the role that versican plays in the monocyte/
macrophage involvement in the inflammatory response.

4. Versican: Targeting Versican and the Control of Inflammation—Attempts to
understand functional aspects of versican’s control over inflammation by gene knockout
experiments have been frustrated by the early lethality of versican null mice (Mjaatvedt et
al., 1998). However, some recent success has been achieved by obtaining partial knockout of
the versican gene and expression of versican lacking the A subdomain of G1, resulting in
significantly decreased versican accumulation, but there have been no studies directed at
versican’s role in inflammation in this mouse model (Hatano et al.; Suwan et al., 2009).

While a number of studies have implicated versican in the regulation of leukocyte adhesion,
it is not clear whether the GAG chains attached to the core protein, or the core protein of
versican itself contribute to this activity. One way to address this is to remove the GAG
chains from versican and test whether the ECM has a diminished capacity to bind leukocytes
(Kang and Wight, 2013, unpublished observations). Indeed, removing the GAG chains from
versican by treating the ECM with chondroitin A/C lyase reduces binding of the monocytes
in a dose-dependent manner. We also wondered if forced expression of the versican isoform
that does not contain GAG chains (V3) could generate an ECM deficient in versican GAGs,
but enriched in V3 core protein. Our earlier work indicated that growth factors, such as
platelet-derived growth factor (PDGF), dramatically increase versican expression and the
proliferation of ASMCs through specific signaling pathways that influence core protein
synthesis and GAG synthesis in different ways (Cardoso et al., 2010; Schénherr et al., 1991;
Schonherr et al., 1997). We also found that blocking the interaction of HA and versican with
the cell surface inhibits the ability of these cells to proliferate and migrate in response to
PDGF (Evanko et al., 1999; Evanko et al., 2001). At about the same time, Burton Yang’s
group in Toronto was expressing minigenes encoding different domains of versican and
finding dramatic effects on the phenotype of cells, such as their ability to proliferate,
migrate, and bind monocytes (Sheng et al., 2005; Wu et al., 2001; Yang et al., 1999; Zhang
etal., 1999). Following their lead, we chose to overexpress V3 in ASMCs, reasoning that
the GAG chains may be critical for creating a microenvironment permissive for cell
proliferation and migration (Wight, 2002). Indeed, ASMCs overexpressing the V3 isoform
of versican became more adherent and grew and migrated more slowly in response to PDGF
than vector-only controls (Lemire et al., 2002). A similar observation has been made in
melanoma. Expression of V0/V1 isoforms of versican is increased in malignant melanoma
and contributes to the increased proliferation rate and decreased adhesion of the tumor cells
(Touab et al., 2003; Touab et al., 2002). Overexpression of V3 by melanoma tumor cells
reverses this phenotype by decreasing proliferation and increasing adhesion (Serra et al.,
2005). The decrease in proliferation was accompanied by a decrease in the activation of
ERKZ1/2 in response to epidermal growth factor (EGF) (Miquel-Serra et al., 2006). Recent
studies by Anna Bassols’ group now show that V3 interferes with the CD44-EGFR/ErbB2
pathway in the regulation of cell proliferation and migration (Hernandez et al., 2011a;
Hernandez et al., 2011b).
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In addition to the effects on the proliferative and migratory phenotype of ASMCs, we found
that forced expression of V3 results in a striking increase in elastic fibers in the ECM
deposited in culture dishes (Figure 4A) (Merrilees et al., 2002). Furthermore, injecting these
V/3-expressing rabbit ASMCs into rabbit carotid arteries that had been injured by a balloon
catheter created a remodeled blood vessel enriched with elastic fibers (Merrilees et al., 2011,
Merrilees et al., 2002) (Figure 4B). The relationship of versican to elastic fiber assembly is
interesting and unusual. 1t is known that CS inhibits the formation of elastic fibers, through a
mechanism involving interference with the binding of the elastin receptor on the surface of
stromal cells (Hinek et al., 1991). In Costello Syndrome, in which there is a marked
accumulation of CS in the skin of these patients, elastic fiber formation is defective.
Transducing skin fibroblasts from Costello Syndrome patients with V3 corrected the
inability of these cells to produce elastic fibers (Hinek et al., 2004). Interestingly, in this
study, expressing the V3 isoform reduced the accumulation of the CS-containing form of
versican (Hinek et al., 2004). Furthermore, we subsequently showed that inhibiting versican
synthesis in ASMCs by antisense promoted the synthesis and assembly of elastic fibers both
invitro and in vivo (Huang et al., 2006). These results support the possibility that CS-
containing isoforms of versican inhibit elastogenesis, while the non CS-containing isoform
of versican, i.e., V3, promotes elastogenesis.

While we did not completely understand the mechanism(s) responsible for this elastogenic
effect, we wondered if the elastin-enriched ECM created by expression of V3 influenced the
trafficking and retention of immune and inflammatory cells. In the vessel wall, intact elastic
fibers are considered to reduce ongoing invasion of monocytes that normally respond
chemotactically to elastin degradation products resulting from elastolysis derived from
macrophage-derived MMPs (Senior et al., 1980). Further, decellularized arterial elastic
lamellae have been shown to be non-adherent for monocytes and to prevent transmigration
through activation of signal regulatory protein a and Src homology 2 domain containing
protein-tyrosine phophatase-1 (Liu et al., 2005). To address this question, we turned to our
in vitro model and transduced rabbit ASMCs with V3 and subjected those cells to agonists
that cause ER stress, including oxidized lipoprotein, which we and others have shown is a
stimulant for expression of an ECM that attracts and binds monocytes (Viola et al., 2013)
(Figure 5A). Quite remarkably, adhesion of monocytes to the ECM generated by V3-
expressing ASMCs treated with oxidized LDL or ECM formed by ASMCs treated with
versican antisense was reduced (Figure 5B) (Merrilees et al., 2011). Next, we injected the
rabbit VV3-transduced ASMCs into injured rabbit carotid arteries and subsequently placed the
animals on a lipid-rich diet to determine if remodeling of the ECM would affect lipid build-
up and macrophage accumulation. Indeed, V3 expression prevented lipid build-up and
monocyte accumulation over an 8-week period (Figure 6) (Merrilees et al., 2011).
Evaluation of the VV3-expressing neointima revealed an enrichment of elastic fibers when
compared to vector-only transduced cells. Collectively, these studies suggest that V3 may be
an effective anti-inflammatory agent in the prevention of cardiovascular disease. Certainly,
what these studies do show is that vascular tissue enriched in versican, but poor in elastic
fibers is more likely to exhibit pro-inflammatory properties and tissue destruction, while
vascular tissue that is poor in versican, but rich in elastic fibers is more resistant to
inflammation and tissue destruction (Figure 7).
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5. Versican: A Role in T Lymphocyte Adhesion and Activation—While it is clear
that myeloid cells bind to both HA and versican and use these ECM components to interact,
less is known about lymphoid cells and the importance of the ECM and their interactions.
The ability of T cells to adhere and migrate through connective tissue ECM is vital to
efficient immune responses (Evanko et al., 2012; Sorokin, 2010). Regulatory T cells are a
specialized subpopulation of CD4+ T cells that maintain immune homeostasis and immune
tolerance (Sakaguchi et al., 2006), and T-cell invasion is critical to the early immune
response and is especially prominent in autoimmune diseases. Recently, we showed that
activated human CD4+ T cells adhere to ECM generated by human synoviocytes and human
lung fibroblasts treated with poly I:C, but not to ECM generated from stromal cells not
treated with poly 1:C (Evanko et al., 2012). Interestingly, the poly I:C-induced ECM
impeded T-cell spreading and migration. Adding the versican monoclonal antibody (12C5)
made against the N-terminal of versican during ECM formation reversed the inhibition of
migration caused by the poly I:C. These data suggest that versican-rich ECM binds and
constrains T cells. Furthermore, blocking HA binding to the surface of T cells by versican
negatively impacted the secretion of IL-10 by T cells, thereby reducing the capacity of HA
to be immunosuppressive (Evanko et al., 2012). We also examined the contribution of the
ECM components on T-cell migration in a three-dimensional collagen gel system to which
versican had been added. Addition of versican to the collagen gel impeded T-cell
penetration and migration, further indicating that the complex interactions of ECM
components can have a significant impact on whether the ECM promotes or inhibits
activities associated with inflammation. These results are interesting since we and others
have reported that HA, when in high molecular weight (HMW) form, promotes the
adhesion, function, and stability of T-regulatory cells (Bollyky et al., 2007; Firan et al.,
2006), also see review (Bollyky et al., 2012). Thus, the impact of any one ECM component
on immune and inflammatory responses can be clearly influenced by those other ECM
components with which it interacts.

Conclusions

The causal role of versican regulating events that drive immunity and inflammation is still
somewhat circumstantial. There is no doubt that versican, as an ECM participant, has a role,
but whether it acts alone or in combination with other components during inflammatory
events is still not fully understood. There are published examples showing versican having
both pro- or anti-inflammatory activities. These activities seem to depend on the context in
which versican is presented to cells and the temporal and spatial availability of the versican
molecule during tissue remodeling and inflammation. The importance of versican in
inflammation lies in its versatility and ability to bind to a wide variety of receptors and other
inflammatory components to regulate their availability and activity. What is needed are
experimental investigations to define the precise mechanisms responsible for these activities,
possibly by developing targeted reagents that can interfere with versican processing and
accumulation as part of the early inflammatory response. Collectively, however, it is now
clear that versican, either intact or fragmented, possesses both structural and functional
capacities to influence inflammation and as a result is emerging as a potential target
promising wide therapeutic benefits.
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Abbreviations

CSPG chondroitin sulfate proteoglycan

ECM extracellular matrix

GAG glycosaminoglycan

Cs chondroitin sulfate

TLR2 Toll-like receptor 2

HA hyaluronan

lal inter-alpha-trypsin inhibitor

IBD inflammatory bowel disease

PSGL-1 P-selectin glycoprotein-1

MMPs matrix metalloproteinases

ADAMTS A Disintegrin And Metalloproteinase with Thrombospondin Motifs

ER endoplasmic reticulum

ASMCs arterial smooth muscle cells

TNFa tumor necrosis factor-a

LPS lipopolysaccharide

CCL2 Monocyte Chemoattractant Protein 1

TAMs tumor-associated macrophages

PDGF platelet-derived growth factor

EGF epidermal growth factor
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Figure 1.

A model of the different isoforms generated by alternative splicing of the mMRNA transcript
for versican. All isoforms interact with hyaluronan and thus are capable of forming different
sized versican-HA aggregates. Different colors denote specific domains in the gene and in
the protein product. Purple = hyaluronan binding region (HABR); yellow = a GAG exon
and protein product; red = B GAG exon and protein product; green = two epidermal growth
factor repeats (EE), a lectin binding domain (L) and a complement regulatory region.
Inflammatory molecules that bind to different domains of versican are shown in the boxes to
the right, marked in red. Those marked in blue indicate macrophage responses to treatment
with versican. Structure of the CS GAG is shown at the bottom in blue with red dots
denoting negatively charged residues. Reprinted (with modifications) from Current Opin
Cdll Biol, 14(5), Thomas N. Wight, Versican: a versatile extracellular matrix proteoglycan
in cell biology, pp. 617-23, Copyright (2002), with permission from Elsevier.
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A. Extravasation of myeloid and lymphoid cells across the endothelium into the underlying
tissue where they interact with the ECM enriched in versican and HA. (B. ECM and immune
cell regulation. Leukocytes come into contact with the ECM as they invade tissue as part of
the inflammatory phase of tissue repair. Certain types of ECMs, including those that contain
versican and hyaluronan, interact with myeloid and lymphoid cells through specific cell
surface receptors such as, PSGL-1, TLR2, and CD44 to promote their adhesion,
accumulation, and activation. Such matrices may exhibit either pro- or anti-inflammatory
properties. These versican-enriched ECMs may be produced by either stromal cells or the
myeloid and lymphoid cells themselves. Image shown in B kindly provided by Dr. Charles
W. Frevert, University of Washington, Seattle, WA. Panel A is from Wight TN, “The
biomatrix of the vascular system and the control of cell phenotype,” Hyaluronan: From
Basic Scienceto Clinical Applications, vol 5, Structure and Function of Biomatrix: Control
of Cell Behavior and Gene Expression, Balazs, EA, Editor. Matrix Biology Institute,
Edgewater, NJ, 2012, pp. 315-340. Reprinted with permission of the Matrix Biology
Institute.
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Figure 3.
A. Cell processes of a cultured human lung fibroblast stained for HA (green) with U937

monocytes added (blue nuclei) showing interaction of the monocytes with the fibroblast
surface by HA-positive fibrils. B. Increased adhesion of monocytes to HA-positive fibrils of
lung fibroblasts treated with poly I:C. C. Poly I:C-treated fibrobasts stained for HA (red)
and versican (green) showing that the strands emanating from the cell surface contain both
HA and versican (A-C, from Evanko et al., 2009). D. A section from an atherosclerotic
lesion in a Watanabe rabbit immunostained for macrophages (green) and affinity-stained for
HA (red). Inset of the area indicated by the arrow shows that the HA is organized into
cables. Panel to the right is the adjacent section immunostained for versican. These images
show that macrophages accumulate in regions of the lesion that contain both hyaluronan and
versican, but not in regions devoid of versican (Sakr and Wight, unpublished observation).
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Figure 4.
A. Cultures of ASMCs transduced by an empty retroviral vector (LXSN) or one that

contains the V3 gene (LV3SN) and immunostained for tropoelastin (green). Figure kindly
supplied by Michel Gooden and Robert Vernon. B. A section from a balloon-injured carotid
artery seeded with ASMCs transduced with an empty retroviral vector (LXSN; left panel) or
seeded with ASMCs transduced with a retroviral vector containing the V3 gene (LV3SN;
right panel). Multiple laminae of elastic fibers are seen in the vessel seeded with the V3-
transduced cells. (From Merrilees M.J. et al, 2011).
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Figure 5.
A. Monocyte adherence in vitro. Hyaluronidase sensitive (U937) monocyte binding to 21-

day cultures of empty vector control (LXSN) and V3 ASMC in untreated cultures, and
cultures stimulated with 5 pg/mL tunicamycin (tuni) or 5 pug/mL oxLDL for 20 hours,
showing reduced binding to matrix generated by V3-expressing ASMC. Degree of binding
of monocytes in the VV3-expressiong cultures was similar that when versican expression was
blocked by versican antisense (AV). B. Experimental protocol to test impact of V3
expression on lipid and macrophages in an animal model of atherosclerosis. Rabbit ASMCs
were transduced with a retroviral vector containing the V3 gene and then seeded into
balloon-injured rabbit carotid artery. The animals were then placed on a normal chow diet
for 4 weeks and then a cholesterol-enriched diet for an additional 4 weeks. The carotid
arteries were then processed for histological analysis using histomorphometric measures for
evidence of lipid and macrophage accumulation. (From Merrilees M.J. et al, 2011).
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Figure 6.
Cross section of vector control (A and C) and V3-seeded (B and D) carotid arteries of

rabbits fed a high fat diet after balloon-injury and cell seeding. All sections have been
immunostained for macrophages (brown). Control vessels (A & C) shows extensive
macrophage accumulation, while V3 cell-seeded vessel is devoid of macrophages. (From
Merrilees M.J. et al, 2011).
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Figure 7.
Reciprocal relationship of versican, elastin, and inflammation. Organs such as skin, lung,

and blood vessels that are enriched in elastic fibers are low in versican and resistant to
monocyte accumulation, leading to a stable tissue architecture with anti-inflammatory
properties. When tissues from these organs are enriched in versican, as occurs in disease,
they are low in elastic fibers, and show increased macrophage accumulation and
inflammation, leading to unstable tissue architecture.
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