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yaluronan (HA) matrix responds quickly to changing conditions during atherogenesis and atheroprogression. Our evolving understanding of HA’s specific
functions at the interface of inflammatory responses and
phenotypic control of mesenchymal cells in the vessel wall
points to its importance in inflammation and atherosclerosis. Additionally, the enzymes that mediate HA biosynthesis and degradation are potential target molecules for
novel therapies, as are signal-transducing HA receptors:
deciphering the HA matrix, thus, has significant translational possibilities.

is present in circulation, and can function as a signaling molecule to activate HA receptors.
The molecular weight of HA has critical functional importance in vivo. In the steady state, longer, high-molecular-weight HA polymers support homeostasis and immune
surveillance. On injury, however, HA degradation and de
novo synthesis occur acutely and promote inflammatory
responses. HA breakdown is mediated by hyaluronidases
and nonenzymatically by reactive oxygen species. This catabolism of HA engages alternative HA receptors, such as
TLR (toll-like receptors), present on both immune cells
and resident cardiovascular cells, such as SMC, fibroblasts,
and endothelial cells. Thus, the high-molecular-weight HA,
which functions as a noninflammatory matrix in healthy vessels, undergoes transformation into an inflammatory matrix
microenvironment.
What else makes the HA matrix so special? As the features
mentioned above clearly indicate the HA matrix and HA’s
specific interactions are structurally and functionally distinct
from other elements of the ECM (extracellular matrix) that
involve integrin signaling, matrix metalloproteinases, and
matrix cross-linking enzymes. Furthermore, HA synthesis is
a rapid process that can build an HA-rich microenvironment
within hours of stimulation and is responsive to growth factors, prostaglandins, and cytokines such as PDGF (plateletderived growth factor)-BB, prostaglandin E2, and interleukin
1β.1,2 Time-lapse videos of SMC have shown the rapid formation of HA- and versican-rich pericellular matrix coats to be
essential for cell migration and mitosis.
The speed of HA biosynthesis and its degradation and
modifications by HA–protein interaction enables rapid responses to pathophysiological stimuli. Recently, it became
evident that immune cells such as macrophages and T cells
also elaborate HA-rich matrices.3 This new insight stimulated the hypothesis that mobile immune cells shape HA-rich
microenvironments by de novo synthesis at their destination
and that this may be essential for specific immune functions.
Importantly, in this context, the HA receptor CD44 can serve
as a coreceptor together with, for example, TLRs or MHC
(major histocompatibility complex) class II receptors.
Despite these pivotal discoveries regarding its roles and
functions, HA’s organization in inflammatory contexts and
contributions to disease pathogenesis remain incompletely understood. Why has HA not yet received more attention within
cardiovascular research? Indeed, the contributions of the HA
matrix and associated molecules have likely been underestimated because the HAS isoenzymes are made from low-copy
transcripts and are transmembrane proteins and because HA
has a pure carbohydrate structure. Consequently, HAS isoenzymes and HA have escaped genomic and proteomic analysis
in many past approaches.

HA Matrix Plasticity
HA is a glycosaminoglycan polymer without covalent binding to a core protein. A unique feature of HA is its de novo
synthesis at the plasma membrane by HA synthases (HAS1–
3) from UDP (uridine diphosphate)-sugar precursors. The
chemical structure of HA is simple and comprises repeating
disaccharides of β(1,4)-N-acetyl-d-glucosamine and β(1,3)-dglucuronic acid that form an unbranched and unmodified polymer. This structure is conserved across all mammalian species.
The biological functions of HA are complex and highly
context-specific because as soon as HA is extruded to the
extracellular space, it is subject to complex interactions with
HA-binding proteins (hyaladherins). The function of the
pericellular HA matrix depends on the particular hyaladherins present and their engagement with HA receptors, such
as CD44, RHAMM (receptor of HA-mediated motility), and
Lyve-1. The resulting interactions modulate the adhesion,
migration, and proliferation of smooth muscle cells (SMC),
fibroblasts, and other cell types present in vascular tissues.
In parallel, HA complexes also influence important aspects
of immune cell polarization, differentiation, and function.
Beyond the immediate pericellular microenvironment, HA is
also integrated into structures such as basement membranes,
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In this section, we note key findings on HA’s functions in
other systems and highlight specific observations on inflammation regulation by HA in atherosclerosis.
Under homeostatic conditions, most immune cells have
low HA-binding capacity. However, in inflammatory settings,
HA binding via CD44 specifically increases in activated immune cell subsets, as shown for B and T cells.4,5 During inflammation, both HA synthesis by HAS isoenzymes (HAS1–3)
and HA catabolism increase. This leads to a preponderance
of low-molecular-weight, fragmentary HA which may serve
as a danger signal that can activate macrophages via TLR or
change engagement of other HA receptors, such as CD44.
Small HA fragments have also been demonstrated to activate
dendritic cells (DC) and promote their maturation.
HA contributes to the propagation of inflammation at sites
of tissue damage as shown, for example, in lung injury and inflammatory bowel disease. Specifically, Has2 and Tlr knockout protects against lung injury and fibrosis, respectively.6 The
use of 4-methylumbelliferone, which inhibits HA synthesis,
prevents, for example, T cell–mediated β-cell death in type
1 diabetes mellitus,7 in line with HA’s proinflammatory role
in autoimmunity. Therefore, HA contributions to tissue injury
and inflammation likely depend on context.
The HA matrix also modulates cellular adhesion and trafficking. Studies of inflammatory bowel disease have shown
that HA can associate with other matrix molecules, likely
CD44, inter alpha trypsin inhibitor I, tumor necrosis factorα–stimulated gene 6, and HA-binding proteoglycans, to form
supramolecular structures that are highly adhesive for not only
monocyte/macrophages but also T cells. This unique, highly adhesive HA matrix has been termed HA cables by de la
Motte et al.8
Although the aforementioned effects of HA occur locally,
there is evidence that HA has important immune modulatory
effects on a systemic level as well. An important example is
the HA function in T cell responses. CD44 on T cells is important for adhesion and recruitment of T cells. CD44 potentiates
T-cell activation, expansion, and maintenance of memory cells.
In the T-cell immune synapse, DC-synthesized HA promotes
T-cell binding to DC via CD44 and supports antigen presentation9 and Th1 (type1 T helper) cell polarization. In addition,
in a feed-forward loop, Th1 cytokines directly influence HA
production by DCs, which then in turn affects T cell–DC binding. This role of HA in T cell–mediated diseases is important
in multiple sclerosis and diabetes mellitus type 1.5,7 From these
and other studies, a critical role for HA in immune governance
emerges; this also applies to cardiovascular disease.
Specifically, 2 aspects of HA function are important for balancing chronic inflammation in atherosclerosis: (1) homeostatic
function in the glycocalyx and (2) promoting macrophage-driven inflammation and Th1 cell polarization. These effects are
paralleled by the promotion of hyperplastic SMC phenotypes.
Therefore, HA matrix has a strategically important and unique
position to modulate both vascular inflammation and SMCdriven aspects of atherosclerosis, as detailed below.
In healthy vessels, HA is present as part of the endothelial glycocalyx. The function of HA as part of the vascular

glycocalyx is both anti-inflammatory and anti-thrombotic.10 Consequently, inhibiting HA synthesis and HA shedding from the glycocalyx in response to inflammation,
smoking, or diabetes mellitus increases platelet activation
and macrophage-driven inflammation.11 Within the glycocalyx, then, HA is atheroprotective. In contrast, the interstitial HA matrix has been shown to promote neointimal
hyperplasia and atherosclerosis in vivo.12 Consistent with
this, Has3 knockout in C57BL/6 mice inhibited neointimal
hyperplasia and atherosclerosis, and HAS2 overexpression in SMC of apolipoprotein E–deficient mice increased
atherosclerosis.2,13,14
In contrast to SMC-driven neointimal hyperplasia, the effects of interstitial HA on inflammatory cell circuits and HA’s
function at nonvascular sites are less well studied. The work
on HA-mediated stimulation of TLR2 in lung injury suggests
that HA likely contributes to TLR-based inflammation in atherosclerosis. Furthermore, it is conceivable that HA cables
promote atherosclerosis, similarly to the above mentioned
importance of HA cables in enteric wall inflammation. In line
with this hypothesis, several in vitro studies in human and rodent SMC suggest that HA-mediated TLR signaling and HA
cables take part in monocyte/macrophage retention within
vascular disease. Accordingly, HA-mediated TLR signaling
and HA cables could play an important role in controlling the
function and kinetics of macrophage traffic in atherosclerotic
lesions.
Further, the HA-rich immune synapse data described above
support the idea that HA influences T-cell responses during
atherosclerosis. This might be therapeutically important because the T-cell response in atherosclerosis is thought to occur
early in the disease initiation process and would therefore be
a promising target for therapeutic interventions. In line with
this assumption, we have shown that deleting HAS3 inhibits murine atherosclerosis by reducing Th1 cell polarization
and, subsequently, macrophage-driven inflammation.2 Indirect
evidence for the importance of HA in the progression of atherosclerosis also comes from studies investigating the HA
receptors CD44 and RHAMM in vascular disease. RHAMM
was found to be crucial for SMC migration and proliferation,
while absence of Cd44 inhibited macrophage-driven inflammation in apolipoprotein E–deficient mice, as we have shown
for Has3 deletion.

Future Directions and Open Questions
In human atherosclerosis, HA accumulation has been shown
in primary and secondary lesions, as well as in restenosis.
Interestingly, while eroded human plaques are devoid of some
matrix components, such as biglycan, they are rich in HA and
versican, an HA-binding proteoglycan. Therefore, it might be
considered that either the accumulation of HA and versican or
the lack of other ECM molecules such as biglycan modulates
thrombogenicity of the eroded plaque matrix.
HAS isoenzyme-specific knockout studies are needed to
reveal how individual HAS isoenzymes contribute to disease
progression and to identify specific isoenzymes that could
therapeutically be targeted to inhibit intramural HA synthesis
without disturbing the endothelial gylcocalyx.
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Further, investigations into the importance of HA in atherosclerosis could likely be extended to other cardiovascular
diseases. Particularly promising areas are aortic aneurysms
and myocardial infarction because both conditions generate
extensive inflammatory responses and cause substantial remodeling, including both matrix degradation and de novo synthesis. With respect to myocardial infarction, we know cardiac
fibroblasts upregulate HA synthesis via IL (interleukin)-6 and
that Cd44 knockout severely changes both the inflammatory
response and the overall healing response.15,16 However, the
specific roles of HASs postinfarction await clear mechanistic
studies.
In summary, HA-rich ECM plays a pivotal role in orchestrating immune responses both locally and systemically. At
the same time, HA provides important cues to direct the SMC
and fibroblast phenotype. The opportunity to modulate immune responses and mesenchymal cell phenotypes simultaneously by interfering with the HA system may offer unique
opportunities and novel therapeutic classes in cardiovascular
disease.
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