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BACKGROUND Superficial erosion currently causes at least one-third of acute coronary syndromes (ACS), and its

incidence is increasing. Yet, the underlying mechanisms in humans are still largely unknown.

OBJECTIVES The authors sought to assess the role of hyaluronan (HA) metabolism in ACS.

METHODS Peripheral blood mononuclear cells were collected from ACS (n ¼ 66), stable angina (SA) (n ¼ 55), and

control (CTRL) patients (n ¼ 45). The authors evaluated: 1) gene expression of hyaluronidase 2 (HYAL2) (enzyme

degrading high-molecular-weight HA to its proinflammatory 20-kDa isoform) and of CD44v1, CD44v4, and CD44v6

splicing variants of HA receptor; and 2) HYAL2 and CD44 protein expression. Moreover, they compared HYAL2 and CD44

gene expression in ACS patients with plaque erosion (intact fibrous cap and thrombus) and in ACS patients with plaque

rupture, identified by optical coherence tomography analysis.

RESULTS Gene expression of HYAL2, CD44v1, and CD44v6 were significantly higher in ACS as compared with SA

(p ¼ 0.003, p < 0.001, and p ¼ 0.033, respectively) and CTRL subjects (p < 0.001, p < 0.001, and p ¼ 0.009,

respectively). HYAL2 protein expression was significantly higher in ACS than in SA (p ¼ 0.017) and CTRL (p ¼ 0.032),

whereas no differences were found in CD44 protein expression. HYAL2 and CD44v6 gene expression was significantly

higher in patients with plaque erosion than in those with plaque rupture (p ¼ 0.015 and p ¼ 0.029, respectively).

CONCLUSIONS HYAL2 and CD44v6 splicing variants seem to play an important role in ACS, in particular when

associated with plaque erosion. After further validation, HYAL2 might represent a potentially useful biomarker

for the noninvasive identification of this mechanism of coronary instability. (J Am Coll Cardiol 2018;72:1490–503)

© 2018 by the American College of Cardiology Foundation.
T he causes of acute coronary syndromes (ACS)
are multiple and incompletely understood
(1,2). A sizable proportion of patients pre-

senting with ACS has obstructive atherosclerosis and
systemic evidence of inflammation, supporting the
hypothesis that an inflammatory outburst may lead
to plaque rupture with thrombosis (3–5). However,
>40% of patients with ACS have low levels of
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systemic markers of inflammation (6), suggesting
that other mechanisms play a pathogenic role (1,7).
In particular, in the era of statin treatment, we are
facing a gradual shift in the histological features of
unstable plaque, from rupture to erosion (8,9).

Plaque erosion is associated with ACS in at least
one-third of patients, and it is characterized
by thrombus formation at the site of a
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AB BR E V I A T I O N S

AND ACRONYM S

ACS = acute coronary

syndrome

ANOVA = analysis of variance

CTRL = control patients

HA = hyaluronan

HMW-HA = high-molecular-

weight hyaluronan

IFC = intact fibrous cap

IQR = interquartile range

LMW-HA = low-molecular-

weight hyaluronan

LPS = lipopolysaccharide

MFI = mean fluorescence index

MPO = myeloperoxidase

OCT = optical coherence

tomography

PBMC = peripheral blood

mononuclear cell

PMN = polimorphonuclear

leukocyte

RFC = ruptured fibrous cap

RT-qPCR = real-time–

quantitative polymerase chain

reaction

SA = stable angina

STEMI = ST-segment elevation

myocardial infarction
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de-endothelialized atherosclerotic plaque. The
in vivo detection of eroded plaques is based on opti-
cal coherence tomography (OCT) assessment, which
shows coronary thrombosis in the absence of plaque
rupture (10–13). Previous histological studies docu-
mented intense immunostaining positivity for hya-
luronan (HA) and its receptor CD44 along the
interface between the endothelium and luminal
thrombus in eroded plaque, and abundance of mye-
loperoxidase (MPO)-positive cells within the over-
lying thrombus (14). Accordingly, ACS patients with
plaque erosion on OCT exhibit higher MPO levels in
peripheral blood as compared with those showing
plaque rupture (15). Moreover, coculture of poly-
morphonuclear leukocytes (PMNs) with endothelial
cells induces endothelial injury and apoptosis, at
least in part mediated by toll-like receptor-2 (TLR2)
activation and flow perturbation (8,16,17). Of note, HA
is an endogenous activator for TLR2 (18). Systematic
OCT studies documented a higher prevalence of pla-
que erosion associated with non–ST-segment eleva-
tion ACS (about 60%), as compared with ST-segment
elevation myocardial infarction (STEMI) that
conversely shows a prevalence of plaque rupture
around 70% (19,20). The higher prevalence of eroded
plaques occurs in women under 50 years of age and in
current smokers, whereas other coronary risk factors
such as diabetes, hypertension, dyslipidemia, and
chronic kidney disease are less common. Further-
more, plaque erosion frequently involves the left
anterior descending coronary artery and coronary
bifurcations, probably due to local flow perturbation
(21,22).
SEE PAGE 1504
HA is one of the major constituents of the extra-
cellular matrix and, under physiological condition,
consists of a large glycosaminoglycan chain that un-
dergoes fragmentation during infection and tissue
damage. At homeostasis, extracellular HA is found
predominantly in its high-molecular-weight form
(HMW-HA) of over 1,000 kDa, and its production by
stromal cells is balanced by its cellular uptake and
degradation (23). During local inflammation, HA
fragments of low molecular weight (LMW-HA) accu-
mulate extracellularly and propagate the inflamma-
tory response, whereas the restoration of HMW-HA is
associated with the resolution of the inflammatory
burst (24). Interestingly, fragments derived from HA
metabolism are involved in PMN recruitment and
activation (25,26).

CD44 is the major cell-surface HA binding protein
(27,28). It is a polymorphic type I transmembrane
glycoprotein encoded by a single gene, but expressed
in over 20 isoforms as a result of cell-specific
glycosylation and alternative splicing of at
least 10 variable exons. The expression of
variant isoforms is mostly detectable in he-
mopoietic cells, particularly in peripheral
blood mononuclear cells (PBMCs) and in
lymph nodes (29). Under homeostatic condi-
tions, immune cells barely bind HA. Activa-
tion of immune cells induces HA binding by
CD44 in a process that is usually accompanied
by an increase in CD44 expression. Most of the
functions ascribed to CD44 can be attributed
to its ability to bind and internalize HA (30,31).

Cellular HA synthases (HAS-1, -2, and -3)
and hyaluronidases (HYAL1, -2, -3, and 4, PH-
20, and HYALP1) mediate the turnover of HA
(32). During inflammation, an increase in HA
is paralleled by a decrease in chain length
(below 500 kDa), possibly due to modulation
of HAS and HYAL activities (33) or to cleavage
induced by locally released reactive oxygen
and nitrogen species (34). The cellular uptake
of HA, mostly mediated by macrophages,
stems from CD44–HA binding and partial
degradation by HYAL2 on the cell surface,
with subsequent internalization (28,35). The
HYAL2 enzyme hydrolyzes HMW-HA to
intermediate-sized HA fragments of approxi-
mately 20 kDa, which are further hydrolyzed

to small oligosaccharides by other hyaluronidases
(mainly HYAL1). Interestingly, both HYAL1 and
HYAL2 contribute to catabolism of HA in a CD44-
dependent manner (36). Recent studies showed that
HYAL2 protein expression on endothelial cells de-
pends at least in part from shear stress and that low
shear stress–induced endothelial impairment is partly
mediated by increased HYAL2 activity (37). Moreover,
by the analysis of carotid specimens of patients un-
dergoing endarterectomy, a correlation has been
found between plaque instability and both HYAL2
activity and CD44v3 (a splicing variant of CD44)
expression (38).

In this study, we sought to investigate the role of
HA, HYAL2, and CD44 in the pathogenesis of ACS and
their possible implications for plaque erosion.

METHODS

The Online Appendix includes a detailed description
of patient characteristics and methods. We enrolled 3
groups of patients: 1) 66 patients with a first diagnosis
of ACS, admitted to our coronary care unit with non-
STEMI; 2) 55 chronic stable angina (SA) patients; and
3) 45 control patients (CTRL) without overt coronary

https://doi.org/10.1016/j.jacc.2018.06.072


FIGURE 1 Patient Flow-Chart
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Flow chart showing patient allocation in each experiment. *10 patients, of 25, were tested before and after stimulation with LMW-HA, HMA-HA, and LPS; for 5 patients,

a different antibody was used for the HYAL2 flow-cytometric assay. **2 of 5 samples were used for the confocal microscopy experimental set-up. ACS ¼ acute coronary

syndrome; CTRL ¼ control; ECM ¼ extracellular matrix; EC ¼ endothelial cell; HA ¼ hyaluronan; HC ¼ control; HMW-HA ¼ high-molecular-weight hyaluronan;

HYAL2 ¼ hyaluronidase 2; LMW-HA ¼ low-molecular-weight hyaluronan; LPS ¼ lipopolysaccharide; N ¼ number; na ¼ not available; SA ¼ stable angina.
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artery disease screened in our out-patients clinic for
cardiovascular prevention (Figure 1).

Cellular and molecular analyses were performed on
isolated PBMCs, under basal condition and after 16 h
of incubation with HMW-HA, LMW-HA (R&D Systems
by Lifecore Biomedical, Chaska, Minnesota) and with
Escherichia coli lipopolysaccharide (LPS) (Sigma-
Aldrich, St. Louis, Missouri), as positive control. The
following parameters were then assessed before and
after stimulation: 1) mRNA expression of HYAL2 (26
ACS, 20 SA, and 15 CTRL) by real-time–quantitative
polymerase chain reaction (RT-qPCR); 2) mRNA
expression of 3 different CD44 splicing variants,
CD44v1 and CD44v6 (22 ACS, 20 SA, and 20 CTRL),
and CD44v4 (10 for each group) by RT-qPCR; 3)
HYAL2 (25 ACS, 25 SA, and 20 CTRL) and total CD44
(20 for each group) protein expression before and
after stimulation (10 for each group) on monocytes by
flow cytometry; 4) CD44v6 basal protein expression
in ACS and SA (5 for each group); 5) platelet–
monocyte binding by flow cytometry in 5 ACS and 5
SA patients, after 16 h of coincubation, with and
without LMW-HA stimulation; and 6) moreover,
HYAL2 and CD44 protein colocalization, before and
after stimulation, was analyzed by confocal immu-
nofluorescence microscopy in ACS and SA patients
(3 for each group). Finally, in 15 of 66 ACS patients
who underwent OCT analysis of culprit coronary
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plaques before stent implantation, it was possible to
clearly identify the feature of the culprit plaques as
plaque erosion characterized by an intact fibrous cap
(IFC) with thrombus (6 patients) or plaque rupture
containing a large necrotic core under a ruptured
fibrous cap (RFC) (9 patients). We compared these 2
ACS subgroups for HYAL2 and CD44 alternative
splicing variants gene expression. After a mean
follow-up period of 12 � 4 months, we reassessed 13
patients in order to investigate HYAL2 and CD44 gene
expression over time.

STATISTICAL ANALYSIS. Continuous variables that
were normally distributed as assessed by Shapiro
Wilk test were described as mean � SD. In this case,
1-way analysis of variance (ANOVA) and 1-ANOVA for
repeated measures, with Bonferroni correction, were
used for multiple comparisons. Data that did not
follow a normal distribution were described as
median and interquartile range (IQR), and they were
analyzed by using a nonparametric test (the Kruskal-
Wallis test and the Dunn’s multiple pairwise com-
parisons for comparisons among groups, and the
Friedman test for pairwise comparison within a
group). Whenever the overall comparison between
the 3 groups had a p value <0.01, we performed
unpaired Student’s t-test (for continuous variables
that were normally distributed) or Mann-Whitney test
(for nonparametric variables) to compare 2 groups, as
appropriate. We used the nonparametric Spearman
rank test for correlation analyses. For all the experi-
mental assays performed, a 2-tailed p value #0.01
was considered statistically significant. Statistical
analyses were performed with GraphPad Prism
version 5.00 for Windows (GraphPad Software, La
Jolla, California) and with SPSS software v22.0 (IBM,
Armonk, New York).

RESULTS

Baseline characteristics of patient population are
detailed in Table 1. The flow chart in Figure 1 sum-
marizes the patient enrollment for each experiment,
and the Online Appendix includes additional figures.

EXPRESSION OF HYAL2 IN BASAL CONDITION AND

AFTER STIMULATION WITH HMW-HA, LMW-HA, AND

LPS. HYAL2 gene was overexpressed in unstimulated
PBMCs of ACS patients (median 8.3; IQR: 10.2, relative
expression) as compared to SA patients (median 4.9;
IQR: 4.2) and CTRL (median 3.6; IQR: 5.0) (ANOVA for
trend p ¼ 0.0002; p ¼ 0.003 and p ¼ 0.0003 ACS vs.
SA and CTRL, respectively) (Figure 2A). Online
Figure 1 shows receiver-operating characteristic
curves for HYAL2 gene expression.
After 16-h stimulation, HYAL2 gene expression was
higher in ACS patients (median 16.9; IQR: 18.3, rela-
tive expression) as compared with SA patients (me-
dian 2.9; IQR: 2.0) and CTRL (median 2.7; IQR: 3.9)
(ANOVA for trend p ¼ 0.011; p ¼ 0.045 and p ¼ 0.048
ACS vs. SA and CTRL, respectively) for LMW-HA
stimulation (Figure 2B). Interestingly, HYAL2 gene
expression after stimulation with HMW-HA was
similar in the 3 groups.

In keeping with the results of stimulation, at flow
cytometry, unstimulated CD14þ monocytes from
ACS patients showed a higher HYAL2 protein
expression (median mean fluorescence index [MFI]
2.2; IQR: 2.1) as compared with SA patients (median
MFI 0.6; IQR: 1.1) and CTRL (median MFI 1.0; IQR:
0.8) (ANOVA for trend p ¼ 0.002; p ¼ 0.032 and
p ¼ 0.017 ACS vs. SA and CTRL, respectively)
(Figure 3A). These data were further confirmed in 5
ACS and 5 SA samples by using a different HYAL2
polyclonal antibody for flow cytometry (p ¼ 0.017)
(Online Figure 2). After 16 h of stimulation, HYAL2
protein expression did not differ among groups
(ANOVA for trend p ¼ 0.02), although there was a
significant increase in LPS-stimulated cells of ACS
as compared with HMW-HA (Figure 3B).

In order to verify whether an increased HA
catabolism in the basal condition was related also to
an increased HA production, we tested the basal
gene expression of hyaluronan synthase-3 (HAS3) in
unstimulated PBMCs. No differences were observed
among the groups (median for ACS 2.7; IQR: 1.6;
for SA 2.2; IQR: 2.3; for CTRL 4.8; IQR: 2.6;
ANOVA for trend p ¼ 0.05) (Online Appendix,
Online Figure 3).

Finally, we analyzed serum levels of soluble HYAL2
by enzyme-linked immunosorbent assay. No differ-
ences were observed among the 3 groups (ANOVA for
trend p ¼ 0.79) (Online Figure 4).

GENE EXPRESSION OF HYAL2 AND CARDIOVASCULAR

RISK FACTORS: ROLE OF CIGARETTE SMOKING. Among
the patients tested for HYAL2 gene expression, HYAL-
2 was significantly higher in smoker ACS patients
(n ¼ 10) (median 33.1; IQR: 44.9) compared with
nonsmoker ACS patients (n ¼ 16) (median 7.5; IQR:
4.0; p ¼ 0.0004), to smoker SA patients (n ¼ 7) (me-
dian 7.0; IQR: 7.8; p ¼ 0.001) and smoker CTRL (n ¼ 6)
(median 5.2; IQR: 3.5; p ¼ 0.03) (ANOVA for trend
p ¼ 0.001) (Figure 4A). HYAL2 protein expression
showed a similar behavior (median MFI for smoker
ACS 3.4; IQR: 1.7, for nonsmokers ACS 1.1; IQR: 1.0; for
smoker SA 0.9; IQR: 0.9; for smoker CTRL 0.7; IQR:
0.6; ANOVA for trend 0.008) (Figure 4B). After
revising other common cardiovascular risk factors
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TABLE 1 Baseline Characteristics of the Study Population

CTRL
(n ¼ 45)

SA
(n ¼ 55)

ACS
(n ¼ 66) p Value

Demographic characteristics

Age, yrs 62 � 13 70 � 9 65 � 12 0.12

Sex, male/female 23/22 36/19 40/26 0.34

BMI, kg/m2 25 � 4 27 � 4 28 � 5 0.13

Time of blood sampling from symptoms onset, h NA NA 9 � 3.4 NA

Cardiovascular risk factors

Hypertension 15 (33) 35 (63) 41 (62) 0.01*†

Dyslipidemia 9 (20) 30 (54) 34 (51) 0.01*†

Smoke 7 (15) 29 (52) 38 (57) 0.01*†

Family history of IHD 9 (20) 21 (38) 23 (35) 0.12

Obesity 7 (15) 12 (21) 19 (29) 0.26

Diabetes 4 (8) 22 (40) 21 (31) 0.01†‡

History

Previous ACS NA 4 (7) 7 (8) 0.09

Previous CABG NA 1 (2) 5 (2) 0.38

Previous PCI NA 2 (4) 3 (6) 0.08

Medications (at the time of blood sampling)

Aspirin 9 (20) 38 (69) 41 (62) 0.01†‡

P2Y12 receptor inhibitors 0 (0) 21 (38) 32 (48) 0.01†‡

ACE inhibitors 7 (15) 13 (23) 21 (31) 0.15

ARBs 4 (8) 15 (27) 12 (18) 0.01§

Calcium-channel blockers 0 (0) 9 (16) 9 (13) 0.02‡§

Statins 10 (22) 34 (61) 32 (48) 0.01*§

b-Blockers 8 (17) 29 (52) 26 (39) 0.01‡§

Diuretic agents 2 (4) 11 (20) 13 (20) 0.05‡§

Oral antidiabetic drugs 2 (4) 15 (27) 10 (15) 0.04†

Oral anticoagulant 0 (0) 4 (7) 6 (9) 0.13

Insulin 0 (0) 6 (11) 5 (7) 0.10

Laboratory assay

cTnI >0.004 ng/ml NA NA 66 (100) NA

Hemoglobin, g/dl 13 � 1 13 � 2 13 � 3 0.85

Lymphocyte count, 109/l 2 � 0.7 3 � 1.7 2 � 0.7 0.43

Platelets, 103/ml 183 � 60 221 � 60 220 � 55 0.19

Glycemia, mg/dl 107 � 21 116 � 40 111 � 31 0.82

Total cholesterol, mg/dl 162 � 63 153 � 42 174 � 40 0.05

LDL, mg/dl 102 � 38 96 � 36 108 � 33 0.05

HDL, mg/dl 61 � 29 43 � 13 39 � 11 0.01*§

Triglycerides, mg/dl 111 � 51 125 � 52 151 � 84 0.13

Creatinine, mg/dl 0.7 � 0.1 0.92 � 0.3 1.12 � 0.4 0.09

ESR, mm/h 9 � 8 14 � 12 20 � 11 0.22

hs-CRP, mg/l 0 (0–3) 4.4 (0.5–6.7) 13 (0.5–76.8) <0.001†k¶
In-hospital management

Multivessel disease NA 33 (60) 37 (56) 0.71

PCI for the index event NA 32 (58) 45 (68) 0.26

CABG for the index event NA 19 (34) 17 (25) 0.32

OMT without revascularization NA 5 (7) 4 (6) 0.73

LVEF $50% 45 (100) 48 (87) 56 (84) 0.01‡

Values are mean � SD, n, n (%), or median (interquartile range). Of note, ACS and SA patients have similar risk factor profile and medical treatment. *p < 0.01 ACS vs CTRL.
†p < 0.01 SA vs CTRL. ‡p < 0.05 ACS vs CTRL. §p < 0.05 SA vs CTRL. kp < 0.01 ACS vs SA. ¶p < 0.001 ACS vs CTRL.

ACE ¼ angiotensin-converting enzyme; ACS ¼ acute coronary syndromes; ARBs ¼ angiotensin II receptor blockers; BMI ¼ body mass index; CABG ¼ coronary artery bypass
grafting; cTnI ¼ cardiac troponin I; CTRL ¼ control; ESR ¼ erythrocyte sedimentation rate; HDL ¼ high-density lipoprotein; hs-CRP ¼ high-sensitivity C-reactive protein;
IHD ¼ ischemic heart disease; LDL ¼ low-density lipoprotein; LVEF ¼ left ventricular ejection fraction; NA ¼ not available; OMT ¼ optimal medical therapy; PCI ¼ percutaneous
coronary intervention; SA ¼ stable angina.

Pedicino et al. J A C C V O L . 7 2 , N O . 1 3 , 2 0 1 8

Hyaluronan and Plaque Erosion S E P T E M B E R 2 5 , 2 0 1 8 : 1 4 9 0 – 5 0 3

1494



FIGURE 2 Gene Expression of HYAL2 in Basal Condition and After Stimulation
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Graphs showing the gene expression of HYAL2 in PBMCs assessed by RT-qPCR (median � IQR) in basal conditions (delta-threshold cycle

[Δ-CT]) (A), and after 16 h of incubation with the indicated treatments among the 3 groups (B). IQR ¼ interquartile range; PBMC ¼ peripheral

blood mononuclear cell; RT-qPCR ¼ real-time–quantitative polymerase chain reaction; other abbreviations as in Figure 1.
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among groups, HYAL2 gene expressions was not
related to obesity, dyslipidemia, diabetes, or positive
family history.

EXPRESSION OF CD44v1, CD44v6, AND CD44v4

ALTERNATIVE SPLICING VARIANTS IN BASAL

CONDITIONS AND AFTER INCUBATION WITH

LMW-HA, HMW-HA, AND LPS. We investigated gene
expression of CD44 and transcript variants 1
(CD44v1), 6 (CD44v6), and 4 (CD44v4) in unstimu-
lated PBMCs. CD44v1 gene expression was higher in
ACS patients (median 29.5; IQR: 42.6, relative
expression) compared with SA patients (median 4.2;
IQR: 5.7) and CTRL (median 9.9; IQR: 6.0) (ANOVA
for trend p ¼ 0.0003; p < 0.0001 and p ¼ 0.0003
ACS vs. SA and CTRL, respectively) (Figure 5A).
CD44v6 gene expression also was significantly
higher in ACS patients (median 12.4; IQR: 8.4,
relative expression) as compared with SA patients
(median 4.2; IQR: 12.5) and CTRL (median 7.7; IQR:
4.9) (ANOVA for trend p ¼ 0.009; p ¼ 0.033 and
p ¼ 0.009 ACS vs. SA and CTRL, respectively)
(Figure 5B). In sharp contrast, CD44v4 gene
expression was higher in SA patients (median 4.5
IQR: 3.4, relative expression) compared with both
CTRL subjects (median 1.7; IQR: 0.8) and ACS pa-
tients (median 2.3; IQR: 1.9) (ANOVA for trend
p ¼ 0.003; p ¼ 0.005 and p ¼ 0.043 SA vs. CTRL
and ACS, respectively) (Figure 5C). No significant
differences were found for CD44v1, v6, and v4
splicing variants after 16-h stimulation with LMW-
HA, HMW-HA, and LPS (Online Figure 5).

Of note, a positive correlation was observed be-
tween basal gene expression of HYAL2 and of CD44v6
in ACS patients (r ¼ 0.63; p ¼ 0.016) (Figure 5D),
although no correlation was found between HYAL2
and CD44v1, and between HYAL2 and CD44v4
(Online Figure 6).

CD44 protein expression was assessed on the sur-
face of CD14þ monocytes by flow cytometry, using a
CD44 antibody clone that recognizes an epitope
common to the different isoforms of this molecule, in
order to include in the analysis all the splicing vari-
ants. Moreover, in 5 ACS and in 5 SA patients a
monoclonal antibody corresponding to the splicing
variant 6 was tested. In basal conditions, no differ-
ence was found, neither in total CD44 protein
expression comparing ACS (median MFI 35.1; IQR: 5.2)
to SA patients (median 36.5; IQR: 8.6) and to CTRL
(median 36.8; IQR: 7.3) (ANOVA for trend p ¼ 0.49)
(Figure 6A), nor in CD44v6 protein expression (Online
Figure 7). After 16 h of stimulation, in ACS patients
only, total CD44 protein expression was significantly
increased in LPS-treated samples (MFI fold increase:
median 1.17; IQR: 0.22) as compared with HMW-HA
(median 0.96; IQR: 0.08) and LMW-HA (median
0.94; IQR: 0.08; ANOVA for trend p ¼ 0.001; p ¼ 0.004
and p ¼ 0.009 LPS vs. HMW-HA and LMW-HA,
respectively) (Figure 6B). After revising all the com-
mon cardiovascular risk factors among groups, CD44
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FIGURE 3 Protein Expression of HYAL2 in Basal Condition and After Stimulation
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Graphs showing the protein expression of HYAL2 on CD14þ monocytes assessed by flow-cytometry (MFI) (median � IQR), in basal conditions

(A) and after 16 h of incubation with the indicated treatments among the 3 groups. Data are presented as fold changes as compared with

untreated samples (B). CTRL ¼ control subjects; MFI ¼ mean fluorescence index; other abbreviations as in Figures 1 and 2.
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splicing variant gene expressions were not related to
smoking (Online Figure 8), obesity, dyslipidemia,
diabetes, or family history.

Online Figure 1 shows receiver-operating charac-
teristic curves for CD44v1 and CD44v6 gene
expression.
FIGURE 4 Gene and Protein Expression of HYAL2 and Smoking Hab
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FIGURE 5 CD44 Splicing Variant Gene Expression
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showed an increase in platelet–monocyte binding af-
ter LMW-HA treatment in patients presenting with
ACS (median MFI fold increase 31.42; IQR: 31.08) as
compared with SA (median 3.0; IQR: 3.19) (Figure 7).
On confocal microscopy analyses, we found a trend of
increased CD44 and HYAL2 protein expression in ACS
patients after stimulation (Online Figure 9). Inter-
estingly, although CD44 and HYAL2 colocalized on
cell membranes in SA patients also after stimulation,
in ACS, this colocalization was lost, thus suggesting
an intense alteration of the CD44/HYAL2 pathway
due to a failure of synergism (Figure 8).

HYAL2, CD44v6, AND CD44v1 GENE EXPRESSION

ACCORDING TO OCT ANALYSIS OF THE UNSTABLE

PLAQUES: ACUTE PHASE AND FOLLOW-UP. HYAL2
and CD44v6 gene expression were significantly
higher in ACS patients with plaque erosion (IFC
group) as compared with those with plaque rupture
(RFC group) (for HYAL2: median 15.2; IQR: 17.6 vs.
median 7.3; IQR: 4.9; p ¼ 0.015; for CD44v6: median
17.5; IQR: 35.3 vs. median 11.0; IQR: 2.3; p ¼ 0.029)
(Figures 9A and 9B). In sharp contrast, CD44v1 gene
expression was higher in RFC group as compared with
the IFC group (for CD44v1: median 48.6; IQR: 59.5 vs.
median 10.2; IQR: 5.5; p ¼ 0.029) (Figure 9C).

Of note, after 12 � 4 months of follow-up in which
all patients received similar pharmacological treat-
ments, HYAL2 and CD44v6 gene expression dramat-
ically decreased in patients with plaque erosion (IFC
group) as compared with the same patients analyzed
during the acute phase, with expression levels
becoming similar to those observed in the RFC group.
Thus, in the IFC patient subset, median HYAL2
expression was 2.0; IQR: 0.7 at follow-up (p ¼ 0.004;
follow-up vs. baseline). In the same IFC patient
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FIGURE 6 CD44 Protein in Basal Conditions and After Stimulation
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subset, median CD44v6 expression was 5.2; IQR: 1.6
at follow-up (p ¼ 0.004 follow-up vs. baseline)
(Figures 9A and 9B). Similarly, a significant decrease
over time was observed for CD44v1 gene expression
in patients with plaque rupture (RFC median 2.8; IQR:
f HA on Platelet/Monocyte Binding

MW-HA SA

ACS SA

LMW-HA SA LPS SA

let–monocyte binding (expressed as % of CD14/CD42b-positive

pared with SA patients after 16 h of incubation with the indicated

presented as fold changes as compared with untreated samples.

her abbreviations as in Figures 1, 2, and 3.
2.2; p ¼ 0.016 follow-up vs. baseline) (Figure 9C). See
also Online Table 1 for raw data and Online Figure 10.

Finally, even though the number of patients
examined was very small, and we could not perform
any statistical analysis, we found the highest HYAL2
gene expression in smoker ACS patients with IFC on
OCT (Online Figure 11).

DISCUSSION

Plaque erosion is associated with ACS in at least one-
third of patients. Recent studies documented a
higher prevalence of plaque erosion in non-STEMI, in
women under 50 years of age, and in current smokers
(21,22). Experimental studies proposed an exciting
model of plaque instability associated with erosion,
where blood flow perturbation determines endothe-
lial activation by HA-induced TLR2 stimulation
leading to de-endothelialization, PMN recruitment
and thrombus formation (8,9,16). These data,
together with the notion of an intense immuno-
staining for CD44 on eroded plaques and for MPO on
the overlying thrombus at histological examination
of coronary lesions of sudden coronary death victims,
led to the intriguing hypothesis that the accumula-
tion of HA along the plaque may be involved,
through CD44 receptor engagement, in this patho-
genic mechanism of ACS (10,13,14). Adjunctive
experimental evidence recently highlighted the role
of HYAL2 as a possible mediator of endothelial
dysfunction in the presence of perturbed flow (8,37).

https://doi.org/10.1016/j.jacc.2018.06.072
https://doi.org/10.1016/j.jacc.2018.06.072
https://doi.org/10.1016/j.jacc.2018.06.072


FIGURE 8 HYAL2 and CD44 Protein Colocalization at Confocal Microscopy
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(A) Representative confocal images of CD44 (green) and HYAL2 (red) protein expression, for SA and ACS samples in different incubation conditions (NT, HMW-HA,

LMW-HA, and LPS, respectively). DAPI (blue) indicates nuclei. The yellow fluorescence indicates colocalization of CD44 and HYAL2. (B) Colocalization (yellow

fluorescence) of HYAL2 and CD44 in 3 ACS and 3 SA patients. Confocal images (at a resolution of 512 � 512 pixels) of a minimum of 50 cells for each condition were

analyzed by NIS-Elements imaging software. Semiquantification of the degree of colocalization obtained using pixel-intensity correlation (Pearson’s correlation co-

efficient: maximum of colocalization ¼ 1). Of note, colocalization does not necessarily mean physical interaction between the 2 molecules CD44 and HYAL2.

HMW ¼ high molecular weight; LMW ¼ low molecular weight; NT ¼ not treated; other abbreviations as in Figure 1.
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This enzyme might be involved also in the generation
of a local inflammatory response, given its ability to
cut HMW-HA in proinflammatory fragments of
20 kDa, that are involved inter alia in PMN chemo-
taxis and activation (25).

HYAL2 EXPRESSION IN ACS: ROLE OF HA PATHWAY

IN PLAQUE EROSION. In our study, for the first
time in the clinical setting, we show an altered HA
metabolism in ACS patients, characterized by
enhanced HYAL2 gene expression in circulating
PBMCs that is involved in the degradation of HMW-
HA to 20-kDa LMW-HA fragments. Indeed, in ACS
patients HYAL2 gene expression was significantly
higher when compared with that observed in SA
patients and in CTRL in the basal condition;
furthermore, in ACS patients, but not in the 2 other
groups, HYAL2 gene expression significantly
increased after PBMC incubation with LMW-HA to
levels that paralleled those observed with a potent
proinflammatory stimulus (E. coli LPS). Enhanced
HYAL2 expression was prevalent in patients pre-
senting with ACS and OCT evidence of IFC. Of note,
we found that HYAL2 gene expression was signifi-
cantly enhanced in smoker versus nonsmoker ACS
patients, whereas no difference was found between
smokers and nonsmokers among SA patients and
CTRL subjects. Even more interestingly, we found
that smoker ACS patients presenting with IFC on
OCT analysis had the highest HYAL2 gene expres-
sion and that also nonsmoker ACS patients with IFC
showed higher levels than RFC (smokers or non-
smokers) (Online Appendix). Although these are
very preliminary data, due to the small number of
patients, they suggest hyper-reactivity to this envi-
ronmental factor during the acute phase of coronary
artery disease, in keeping with post mortem
data suggesting that smoking is a risk factor for
erosion (22).

In the general population, HYAL2 protein expres-
sion, assessed by flow-cytometry, paralleled what
was observed for gene expression by RT-qPCR mRNA
assessment.

CD44 RECEPTOR EXPRESSION IN ACS: DIFFERENTIAL

EXPRESSION OF DIFFERENT SPLICING VARIANTS. Gene
expression analysis of CD44 splicing variants
revealed significantly higher levels of both CD44v1
and CD44v6 mRNA in ACS patients as compared
with SA patients and CTRL subjects. Notably, pa-
tients with IFC showed higher gene expression of
CD44v6, with a direct correlation between gene
expression of this splicing variant and that of
HYAL2. The differences observed in CD44v1,
CD44v4, and CD44v6 gene expression between SA
and ACS, and between IFC and RFC demonstrated
that different isoforms of the CD44 receptor might
be variously involved in different types of unstable
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FIGURE 9 Gene Expression of HYAL2 and CD44 Splicing

Variants According to OCT Analysis of the Unstable
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assessed by RT-qPCR (median, IQR) (D-CT) FUp ¼ follow up;

IFC ¼ intact fibrous cap; OCT ¼ optical coherence tomography;
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and 2.
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plaques, with a specific commitment of CD44v6 in
the HA metabolic pathway linked to plaque erosion.
Of note, and in accord with our findings, previous
experimental work has already documented a
higher expression of other variants of CD44 recep-
tor in unstable plaques (38). We did not find any
difference in CD44 protein expression in circulating
monocytes among ACS, SA, and CTRL under basal
conditions. Yet, after incubation with LPS, CD44
protein levels increased in PBMCs from ACS pa-
tients, but not in those from SA patients, thus
suggesting that enhanced CD44 gene expression
translates into increased protein expression only
under conditions of local inflammation, as might be
the case in eroded plaques.

The data acquired at follow-up for both gene
expression of HYAL2 and CD44 splicing variants
documented a significant reduction of HYAL2 and
CD44v6 expression in the IFC group and a significant
reduction of CD44v1 for the RFC group, thus con-
firming that the alterations observed in our study
were strictly limited to the acute phase of ACS
(39,40).

Our data on CD44 splicing variants seem to suggest
that what we observed in PBMCs might mirror what
happens in endothelial cells at the site of the eroded
plaque where enhanced expression of specific iso-
forms of the CD44 receptor might amplify HA-
induced endothelial activation.

Taken together, these findings suggest that in
plaque erosion, the enhanced expression of HYAL2 in
PBMCs might provide a positive feedback promoting
local LMW-HA formation, TLR2 stimulation, endo-
thelial activation, and neutrophil accumulation, also
enhanced by CD44 overexpression in neutrophils,
eventually leading to thrombus formation. The latter
might be also favored by LMW-HA accumulation
resulting in enhanced monocyte-platelet binding
(Central Illustration). This model derives from both
the existing experimental and post-mortem studies
on plaque erosion and the data emerging from our
clinical study.

STUDY LIMITATIONS. First of all, our study was a
prospective observational analysis that included a
limited number of patients. No power calculation
could be performed because of a lack of previous
studies in this setting; thus, the enrollment of 66, 55,
and 45 subjects for each group and their allocation in
the different experiments performed were arbitrary,
and they were mainly driven by the number of
available PBMCs. Moreover, ACS and SA patients and
controls were not properly matched for age, sex, and
risk factors; however, no significant differences were
observed in this regard between the ACS and SA
groups, and none of these variables were indepen-
dently associated with HYAL2 and CD44 expression
on univariate analysis, with the exception of smoking



CENTRAL ILLUSTRATION Altered Hyaluronan Pathway in Plaque erosion
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Model of plaque erosion. The figure summarizes the driving hypothesis that derives from both the existing experimental and post-mortem studies on plaque erosion

and the data emerging from this clinical study. Overexpression of HYAL2 in PBMCs (membrane, cytoplasm, and nuclei) under conditions of increased shear stress (#1)

leads to degradation of HMW-HA to proinflammatory LMW-HA, which, in turn, promotes endothelial activation and detachment via TLR2 stimulation (#2), as well as

neutrophil recruitment (#3), the latter being amplified by overexpression of CD44, which is necessary and sufficient for adhesion of neutrophils to LMW-HA. Finally,

LMW-HA induces increased platelet-monocyte binding, thus promoting thrombus formation (#4). Scarcely represented inflammatory cells are found in the intima,

close to the site of erosion (T-cells in green and foam cells). ECM ¼ extracellular matrix; EC ¼ endothelial cell; HA ¼ hyaluronan; HMW-HA ¼ high-molecular-weight

hyaluronan; HYAL2 ¼ hyaluronidase 2; LMW-HA ¼ low-molecular-weight hyaluronan; PBMC ¼ peripheral blood mononuclear cell; PMNc ¼ polimorphonuclear cell.

J A C C V O L . 7 2 , N O . 1 3 , 2 0 1 8 Pedicino et al.
S E P T E M B E R 2 5 , 2 0 1 8 : 1 4 9 0 – 5 0 3 Hyaluronan and Plaque Erosion

1501
and HYAL2 gene expression. These limitations imply
2 dominant methodological issues that cannot be
eluded. First, several variables other than the coro-
nary disease state might explain the differences
observed across these 3 populations. Thus, we cannot
exclude the likelihood that some of our findings
of statistical significance might be false positives.
Second, it is impossible in this type of study to
determine a cause–effect relationship. More specif-
ically, for obvious limitations, in this study, we
analyzed PBMCs and we did not collect data on the
molecular composition of the culprit plaque. Thus,
we cannot say whether these alterations might have a
causal role or whether they need to be considered as a
consequence of the plaque fate. Finally, the greater
limitation in our study is the lack of OCT imaging
analysis for all the patients enrolled, because we
obtained intracoronary imaging only for clinical
reasons.

CONCLUSIONS

In our study, for the first time to our knowledge, we
describe different molecular signatures in vivo in
humans connecting a similar clinical presentation
(ACS) with culprit plaques that show different



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:

OCT studies of the pathogenesis of ACS have

identified changes in unstable plaques that include

but are not limited to rupture. Molecular pathways

leading to plaque erosion involve alterations in

metabolism of HA and its receptor, CD44, at the

interface between the coronary endothelium and

intraluminal thrombus.

TRANSLATIONAL OUTLOOK: In the future, assays

for HA metabolites and detection of specific splicing

variants of CD44 may allow for non-invasive identifi-

cation of plaque erosion and guide diagnostic algo-

rithms and targeted management strategies for

patients with ACS.
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pathological features. This paves the way toward
new immunomodulatory targets in ACS that might
be of diagnostic and prognostic value by using
specific biomarkers for a specific plaque phenotype,
and that might be crucial in targeting new,
personalized therapeutic approaches. Indeed, HA
metabolism alteration could represent a novel
therapeutic target in patients in whom ACS is
caused by plaque erosion. More importantly, if
confirmed in more robust and larger studies, HYAL2
might represent a noninvasive diagnostic tool
allowing one to avoid the use of OCT imaging,
which is quite expensive, time consuming, and
burdened with risks. This might be even more
valuable in centers in which OCT technology is not
available, paving the path toward the noninvasive
characterization of the mechanism of plaque insta-
bility in ACS patients (41).
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APPENDIX For an expanded Methods section
as well as a supplemental table and figures,
please see the online version of this paper.
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