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See the editorial comment for this article ‘Galectin-3 inhibitors as novel antithrombotic drugs with almost no bleeding risk: wishful think-
ing or a realistic vision?’, by Kai Jakobs and Ursula Rauch, https://doi.org/10.1093/eurheartj/ehac128.

Aims Galectin-3, a B-galactoside-binding lectin, is abnormally increased in cardiovascular disease. Plasma Galectin-3 re-
ceives a Class Il recommendation for heart failure management and has been extensively studied for multiple cellular
functions. The direct effects of Galectin-3 on platelet activation remain unclear. This study explores the direct effects
of Galectin-3 on platelet activation and thrombosis.

Methods A strong positive correlation between plasma Galectin-3 concentration and platelet aggregation or whole blood

and results thrombus formation was observed in patients with coronary artery disease (CAD). Multiple platelet function studies
demonstrated that Galectin-3 directly potentiated platelet activation and in vivo thrombosis. Mechanistic studies using
the Dectin-1 inhibitor, laminarin, and Dectin-1~'~ mice revealed that Galectin-3 bound to and activated Dectin-1, a
receptor not previously reported in platelets, to phosphorylate spleen tyrosine kinase and thus increased Ca* in-
flux, protein kinase C activation, and reactive oxygen species production to regulate platelet hyperreactivity. TD139,
a Galectin-3 inhibitor in a Phase Il clinical trial, concentration dependently suppressed Galectin-3-potentiated platelet
activation and inhibited occlusive thrombosis without exacerbating haemorrhage in ApoE ™'~ mice, which spontan-
eously developed increased plasma Galectin-3 levels. TD139 also suppressed microvascular thrombosis to protect
the heart from myocardial ischaemia—reperfusion injury in ApoEfl* mice.

Conclusion Galectin-3 is a novel positive regulator of platelet hyperreactivity and thrombus formation in CAD. As TD139 has
potent antithrombotic effects without bleeding risk, Galectin-3 inhibitors may have therapeutic advantages as poten-
tial antiplatelet drugs for patients with high plasma Galectin-3 levels.
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Key question
Impact of Galectin-3 on platelet activation and arterial thrombus formation.

Keyfmdmg ..............................................................................................................................................................
Galectin-3 directly potentiates platelet activation and thrombus formation via Dectin-1 activation. TD139, a Galectin-3 inhibitor, protects
the heart from myocardial ischaemia-reperfusion injury by suppressing Galectin-3-potentiated platelet activation and thrombosis without
exacerbating haemorrhage in ApoE~'~ mice.

Take-home message
Galectin-3 enhances platelet aggregation and thrombosis in patients with coronary artery disease; and Galectin-3 inhibitors may be
considered for patients with high plasma Galectin-3 levels to prevent platelet hyperreactivity and thrombotic events.
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Structured Graphical Abstract Working model for plasma Galectin-3 directly potentiating platelet activation, and the platelet hyper-
reactivity suppressing effect of Galectin-3 inhibitor TD139 in coronary artery disease. Accumulated Galectin-3 in plasma directly activates
Dectin-1 receptor to potentiate platelet activation (platelet aggregation and ATP release), which enhances in vivo thrombosis and myocardial
ischaemia—reperfusion injury. Galectin-3 inhibitor TD139 specifically inhibits Galectin-3-induced platelet hyperreactivity to ameliorate
atherothrombosis and myocardial infarction in coronary artery disease.

Keywords Platelet hyperreactivity ¢ Cardiovascular diseases * Galectin-3 ¢ Dectin-1 ¢ Antithrombotic * TD139

Translational perspective

* Plasma Galectin-3 level positively correlates with platelet aggregation in patients with coronary artery disease (CAD), resulting in en-
hanced thrombosis potential.

* Our study sheds novel insights into the mechanisms of platelet hyperreactivity and thrombotic risk in patients with high plasma
Galectin-3 levels and shows that Galectin-3 activates C-type lectin-like receptor Dectin-1 (CLEC 7A)/spleen tyrosine kinase (Syk)
signalling to potentiate platelet activation.

* Our work introduces a new potential therapeutic strategy for patients with CAD and suggests that Galectin-3 inhibitors may be con-
sidered for patients with high plasma Galectin-3 levels to prevent platelet hyperreactivity and thrombotic events.
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Abbreviations

CAD coronary artery disease

Ml myocardial infarction

PRP platelet-rich plasma

PPP platelet-poor plasma

WPs washed platelets

Syk spleen tyrosine kinase

I/R ischaemia—reperfusion

STEMI ST-elevation myocardial infarction
rGalectin recombinant Galectin

PCI percutaneous coronary intervention
PBMC peripheral blood mononuclear cell
PLCy phospholipase Cy

PKC protein kinase C

ROS reactive oxygen species

AAR area at risk
Introduction

Arterial thrombotic events, such as myocardial infarction (Ml) and
stroke, are the leading causes of morbidity and mortality world-
wide. Platelet activation and the consequent intravascular arterial
thrombogenesis are the common pathological processes of acute
coronary syndromes and cerebral ischaemia,"™ while platelet
hyperreactivity is an important risk factor leading to the increased
incidence and mortality of arterial thrombotic events.”
Unfortunately, although the use of antiplatelet drugs has become
a cornerstone for the prevention and treatment of coronary artery
disease (CAD), the morbidity and mortality rates remain disap-
pointingly high.>’
creased platelet reactivity and developing novel antiplatelet agents

Therefore, understanding the mechanisms of in-

with a better balance between antithrombotic efficacy and bleed-
ing are urgently needed.®

Galectin-3 (also known as Mac-2) is a 30 kDa lectin, mainly pro-
duced by immune cells and cardiomyocytes and secreted into cir-
culation, and can be abnormally overexpressed in inflammation,
atherosclerosis, cardiac remodelling, and myocardial fibrosis.”1°
Plasma Galectin-3 has been reported to be strongly associated

113 and receives a Class || recommendation

with heart failure
for heart failure management according to the 2013 American
College of Cardiology Foundation/American Heart Association
guidelines.” In recent years, a growing number of studies have
shown that plasma Galectin-3 can predict CAD occurrence’ "’
and has prognostic value for ischaemic stroke.?>?" Current evi-
dence suggests that Galectin-3 activates resting fibroblasts into
matrix-producing fibroblasts and exacerbates endothelial cell in-
jury, which contributes to cardiac remodelling and dysfunc-
tion.”* In addition, Galectin-3 promotes the migration of
monocytes and the infiltration of macrophages into the arterial
wall, exacerbating the proinflammatory state in atherosclerosis,
to enhance the development of atherosclerosis in ApoE ™'~
mice.”>"*" However, the pleiotropic effects of Galectin-3, especial-
ly its direct effect on platelets, are not yet fully understood.
Unlike venous thrombosis which mainly relies on the coagula-

tion cascade, following atherosclerotic plaque injury and rupture,

platelets are activated by the exposed subendothelial extracellular
matrix, resulting in platelet-rich thrombus generation and vessel
wall erosion. These are the primary processes leading to coronary
arterial thrombus formation.”® DeRoo et al*’ revealed that
Galectin-3"'" mice showed a reduction in venous thrombus forma-
tion, and intravenous injection of recombinant Galectin-3 increased
venous thrombus formation in wild-type mice. However, arterial
thrombus formation after recombinant Galectin-3 injection was
not investigated in this study. Whether Galectin-3 can directly ma-
nipulate platelet activation to potentiate arterial thrombosis, thereby
providing a link between platelet hyperreactivity and the increased
incidence of atherothrombotic events in CAD, remains unclear.

In this study, we reported that Galectin-3 holds a pathological
relevance for platelet hyperreactivity and in vivo thrombosis in
CAD patients and atherosclerotic ApoE ™'~ mice. We elucidated
the underlying mechanism that Galectin-3 potentiates platelet ac-
tivation by activating Dectin-1/spleen tyrosine kinase (Syk) signal-
ling and demonstrated that a Galectin-3-specific inhibitor, TD139,
currently in a Phase Il clinical trial of idiopathic pulmonary

fibrosis, 3032

can serve as a new therapeutic agent for platelet
hyperreactivity, reducing arterial thrombosis and myocardial is-

chaemia—reperfusion (I/R) injury without increasing bleeding risk.

Methods

Detailed Materials and Methods, including study subjects and patients,
are described in the Supplementary material online.

Results

Galectin-3 directly potentiates platelet

function

Our study population comprised 1438 patients with a clinical diag-
nosis of CAD. According to the exclusion criteria, 1256 patients
were excluded, leaving 182 CAD patients without antiplatelet
treatment at least 14 days before blood collection. We measured
plasma Galectin-3 levels in 182 CAD patients and 37 gender- and
age-matched healthy subjects. Plasma concentrations of Galectin-3
were significantly increased in CAD patients (see Supplementary
material online, Figure S1) and plasma Galectin-3 levels were
strongly correlated with platelet aggregation in platelet-rich plas-
ma (PRP) induced by 0.8ug/mL collagen (Spearman r=0.65, P<
0.01, n=182) or with 0.8 U/mL thrombin (Spearman r=0.59,
P <0.01, n=182), respectively (Figure 1A). The baseline character-
istics of the analysed patients are summarized in Supplementary
material online, Table S1.

Considering the strong correlation between plasma Galectin-3
levels and platelet aggregation in CAD patients, we next evaluated
the effects of recombinant Galectin(rGalectin)-3 on platelet func-
tion using platelet samples from healthy subjects. rGalectin-3
treatment alone was not sufficient to induce platelet aggregation
in washed platelets (WPs) from healthy subjects, even at 100 pg/
L for 30 min. However, in the pathological range of 5-20 pg/L,
similar to CAD patients,'® rGalectin-3 concentration dependently
potentiated platelet aggregation induced by different concentra-
tions of collagen, thrombin, or adenosine diphosphate (ADP)
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Figure 1 Galectin-3 directly potentiates platelet function. (A) Platelet aggregation induced by 0.8 pg/mL collagen (upper panel) or 0.8 U/mL
thrombin (lower panel) in platelet-rich plasma correlated well with plasma Galectin-3 levels in patients with coronary artery disease. Platelet
aggregation was measured in platelet-rich plasma; plasma Galectin-3 concentration was measured using the enzyme-linked immuno sorbent
assay kit. Each solid circle represents a single individual (Spearman correlation, n= 182, GraphPad Prism 7). (B—D) Recombinant Galectin-3,
in a concentration-dependent manner, potentiated platelet aggregation induced by collagen (B), thrombin (C), or adenosine diphosphate
(D), as well as adenosine tri-phosphate release induced by collagen (B) or thrombin (C). Representative results and summary data of four ex-
periments are presented. (E) Representative fluorescence images (phalloidin) showing that Galectin-3 potentiated platelet spreading on im-
mobilized fibrinogen. After preincubation with recombinant Galectin-3 (20 pg/L) for 5 min, platelets from healthy subjects were allowed to
spread for the indicated times. Representative results and summary data (see Supplementary material online, Figure S3A) of three experiments
are presented. Scale bar=10 ym. (F) Galectin-3 potentiated clot retraction induced by thrombin. Washed platelets from healthy subjects
were preincubated with recombinant Galectin-3 (20 pg/L) for 5 min and then stimulated with thrombin. Representative results and summary
data (see Supplementary material online, Figure S3B) of three experiments are presented. Statistical analyses were performed using repeated
measures one-way ANOVA followed by Dunnett’s multiple comparisons test in (B), (C), and (D). Two-way ANOVA followed by Sidak’s mul-
tiple comparisons test was performed in (E) and (F). NS, no significance; *P < 0.05; **P < 0.01.
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and increased adenosine tri-phosphate (ATP) release induced by
different concentrations of collagen or thrombin (Figure 1B-D).
rGalectin-3 also potentiated platelet aggregation and ATP release
induced by different agonists using PRP from healthy subjects (see
Supplementary material online, Figure S2; 3.1 + 0.5 pg/L of plasma
Galectin-3).

As contractile cells, platelets adhere firmly to the subendothelial
components after plaque rupture and consolidate as blood clots via
retractile processes, which play a pivotal role in atherothrombo-
sis.>33* Thus, using WP from healthy subjects, we tested whether
rGalectin-3 assists in the process of human platelet spreading and
clot retraction. In line with the potentiating effects of rGalectin-3
on platelet aggregation, platelet spreading was accelerated in the
presence of 20 pg/L rGalectin-3 using WPs from healthy subjects
(Figure 1E). A similar potentiating effect of rGalectin-3 was observed
when clot contraction was performed (Figure 1F).

Galectin-3 directly potentiates ex vivo

thrombosis potential

The observed positive association between Galectin-3 levels and
platelet function indicates a potential effect of Galectin-3 on
thrombus formation. Thus, we evaluated ex vivo thrombus forma-
tion in whole blood from 32 CAD patients and 10 healthy subjects
under arterial shear stress, using a microfluidic whole-blood perfu-
sion assay. Throughout the perfusion period, the size of thrombi
developed in whole blood from CAD patients increased markedly,
which was much larger than that in healthy subjects. Notably, the
concentration of Galectin-3 in CAD patients again showed a posi-
tive correlation with a thrombus size at 180 s (Figure 2A). To fur-
ther evaluate the effect of Galectin-3 on ex vivo thrombus
formation, whole blood from healthy subjects was supplemented
with rGalectin-3 and perfused over the collagen surface.
Consistent  with the above results from CAD patients,
rGalectin-3 treatment potentiated thrombus formation in a
concentration-dependent manner (Figure 2B); and, at all observed
time points, whole blood supplemented with 20 pg/L rGalectin-3
presented the highest thrombus formation area.

Within the thrombi aspirated from the coronary arteries of
patients with ST-elevation myocardial infarction (STEMI) during
primary percutaneous coronary intervention (PCI), the presence of
Galectin-3 on platelets was observed using dual-immunofluores-
cence (Figure 2C). Increased Galectin-3 deposition (Galectin-3"
area/thrombi area) and increased binding of Galectin-3 to platelets
(Galectin-3* CD41%/CD41%) were also observed in the thrombi
from patients with high plasma Galectin-3 levels (10.4-22.3 pg/L in
plasma, n=1>5), compared with those from STEMI patients with low
plasma Galectin-3 levels (5.1-7.2 pg/L in plasma, n=>5).

Collectively, these results provide evidence that Galectin-3 reg-
ulates platelet function and thrombus formation and highlights a
possible role of Galectin-3 in platelet hyperreactivity of CAD.

Galectin-3 binds to platelet Dectin-1 to

enhance platelet activation

Our results thus far indicate that Galectin-3 directly enhances
platelet activation and potentiates ex vivo thrombus formation.
Next, we sought to elucidate the mechanisms underlying

Galectin-3-mediated platelet activation. Accumulating evidence
has demonstrated that Galectin-3 interacts directly with
Dectin-1 [C-type lectin domain family 7 member A (CLEC7A)],
which stimulates nuclear translocation of B-catenin in dendritic
cells or upregulates tumour necrosis factor-a expression in
macrophages.lr“38 [t was unclear whether platelets express
Dectin-1, and we found that human platelets exhibit robust ex-
pression of Dectin-1 at both RNA and protein levels, which is
comparable with that of peripheral blood mononuclear cells
(PBMCs), as detected using reverse transcription polymerase
chain reaction (Figure 3A and Supplementary material online,
Table S2) and western blotting (Figure 3B and Supplementary
material online, Figure $4). As shown in Figure 3C, Dectin-1
expression on platelets was further observed using
dual-immunofluorescence staining in thrombi aspirated from the
coronary arteries of STEMI patients during primary PCI.
B-Glucan is a specific Dectin-1 agonist,*® and we found that it po-
tentiated platelet aggregation and ATP release induced by different
agonists in healthy WPs (Figure 3D). In contrast, laminarin, a specif-
ic Dectin-1 inhibitor, abolished the potentiating effects of B-glucan
on platelet aggregation and ATP release (Figure 3D). As expected,
rGalectin-3-potentiated platelet aggregation was abolished by la-
minarin treatment (Figure 3E).

Co-immunoprecipitation assay showed that human platelet
Dectin-1 was specifically pulled down with rGalectin-3 after prein-
cubation with 20 pg/L rGalectin-3 for 5 min in WP from healthy
subjects, and this binding was substantially weakened by laminarin
(Figure 3F). Dectin-1 was also pulled down with rGalectin-3 in
wild-type mouse platelets but not in Dectin-17'~ mouse platelets
(Figure 3G). Co-immunoprecipitation assay revealed the increased
binding of Galectin-3 to Dectin-1 in platelets from CAD patients
compared with that in healthy subjects (Figure 3H), wherein
CAD patients with high plasma Galectin-3 levels (16.6 + 4.6 pg/
L Galectin-3) presented the strongest binding. Moreover, stronger
co-localization of Galectin-3 to Dectin-1 was observed in thrombi
aspirated from the coronary arteries of STEMI patients with high
plasma Galectin-3 levels than in those from STEMI patients with
low plasma Galectin-3 levels, and the Dectin-1 expression levels
(gauged by Dectin-17 area/thrombi area) were statistically identi-
cal between the two groups (Figure 3/). When platelets were incu-
bated with colon cancer MC38 cells, binding of tumour cell surface
Galectin-3 to platelet glycoprotein VI (GPVI), another potential
Galectin-3 receptor,40 was observed. However, no obvious bind-
ing of plasma Galectin-3 to GPVI was observed in platelets from
CAD patients with high plasma Galectin-3 levels or healthy sub-
jects with low plasma Galectin-3 levels. This may be due to the dif-
ferent conformations of plasma Galectin-3 and cell surface
Galectin-3.*' Previous studies have demonstrated that conform-
ational changes in Galectin-3 alter its interaction with receptors
and the ability to participate in multivalent interactions. *>*3
Moreover, the human GPVI| Fc Chemira protein (hGPVI-Fc) and
anti-GPVI antibody JAQ1 had no effect on rGalectin-3 potentiated
human and mouse platelet aggregation in humans and mice, re-
spectively (see Supplementary material online, Figure S6).

Next, we explored whether Dectin-1 deficiency affected
platelet activation induced by Galectin-3. rGalectin-3 poten-
tiated collagen- or thrombin-induced aggregation in wild-type
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Figure 2 Galectin-3 directly potentiates in vitro thrombosis potential. (A) Whole blood from coronary artery disease patients showed accel-
erated thrombus formation over an immobilized collagen surface at a shear rate of 1000 s~' compared with that of healthy subjects (n = 10).
Thrombus formation area at 180 s correlated well with plasma Galectin-3 levels in coronary artery disease patients (n = 32). The whole blood
was tagged by fluorescein isothiocyanate (FITC)-labeled anti-CD41 antibody, and then perfused through fibrillar collagen-coated bioflux plates
for 180 s. Representative images of thrombus formation at the indicated time points are presented. Each solid circle represents the thrombus

Continued
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platelets but not in Dectin-1~'" platelets (Figure 3/). rGalectin-3
also markedly potentiated platelet spreading in wild-type
platelets  (Figure 3K). This potentiating effect was
Dectin-1-dependent because this effect was considerably dimin-
ished by laminarin or using Dectin-1""" platelets. Similarly,
rGalectin-3 potentiated clot retraction in wild-type platelets
but not in Dectin-1~'" platelets (Figure 3L). It should be noted
that Dectin-1"'" mice displayed normal blood cell parameters,
including platelet count, mean platelet volume (see
Supplementary material online, Table S3), and overall normal
platelet  morphology and  bleeding
Supplementary material online, Figure $9).

potential  (see

Galectin-3 directly activates the Dectin-1/
Syk pathway to potentiate platelet
activation
Upon binding to agonist ligands, Dectin-1 recruits activated Syk to
mediate inflammation and anti-infection responses in white blood
cells.***¢ Syk signalling has been well documented in platelet ac-
tivation and thrombosis.*’ Thus, we investigated whether
Dectin-1/Syk signalling is involved in Galectin-3-potentiated plate-
let activation. Co-immunoprecipitation demonstrated that p-Syk
was recruited to Dectin-1 at 3 min after rGalectin-3 stimulation
(Figure 4A). Dectin-1 was phosphorylated with a peak phosphoryl-
ation apparently earlier than p-Syk recruitment, which agrees with
a previous study in white blood cells,*® indicating that Syk signalling
is activated downstream of Dectin-1 in Galectin-3-treated plate-
lets. Src phosphorylation occurred earlier than Dectin-1 phos-
phorylation, which is consistent with the previous reports that
Dectin-1 is tyrosine-phosphorylated in the hem-ITAM motif by
p-Src upon agonist stimulation.**** Phospholipase y (PLCy),
downstream of Syk, was phosphorylated after p-Syk recruitment.
Dectin-1/Syk signalling activates PLCy which subsequently in-
creases Ca*" influx and protein kinase C (PKC) phosphorylation,
as well as enhances reactive oxygen species (ROS) production in
immune cells.***>" Ca®" influx, PKC phosphorylation, and ROS
production act synergistically with the downstream signalling of
platelet agonists to potentiate 32754
Consistently, rGalectin-3 increased Ca*" influx (Figure 4B), PKC
phosphorylation (Figure 4C), and ROS production (Figure 4D) sti-
mulated with different agonists.

platelet activation.

Figure 2 Continued

Similar results were also observed in mouse platelets.
rGalectin-3 stimulated the phosphorylation of Src, Dectin-1, and
PLCy, as well as increased the recruitment of p-Syk to Dectin-1
in wild-type platelets but not in Dectin-17'" platelets (see
Supplementary material online, Figure $77). rGalectin-3 also in-
creased Ca®" influx, PKC phosphorylation, and ROS production
in wild-type platelets but not in Dectin-1~' platelets, under
stimulation with different agonists.

Inhibition of Dectin-1, Src, Syk, PLCy, Ca®* influx, PKC phos-
phorylation, and ROS production with the Dectin-1 blocking anti-
body, PP2, R406, U73122, 2-APB, Ro 31-8220, and VAS2870,
respectively, almost abolished the potentiating effects of
rGalectin-3 on thrombin-induced platelet aggregation (Figure 4E)
and clot retraction (Figure 4F). These data directly indicate that
Galectin-3 binds to Dectin-1 and activates Dectin-1/Src/Syk/
(PLCy/Ca®" +PKC and ROS) signalling to potentiate platelet
activation.

Galectin-3 potentiates in vivo thrombosis
potential by binding to platelet Dectin-1

We then tested whether Galectin-3-potentiated in vivo throm-
bus formation was dependent on platelet Dectin-1.
Approximately, 10° platelets from wild-type or Dectin-17'~
mice were injected into thrombocytopenic wild-type mice to
eliminate non-platelet haemostatic or thrombotic factor varia-
tions. rGalectin-3 (10 pg/kg) was intravenously injected into
mice to increase their plasma Galectin-3 level (see
Supplementary material online, Figure S13) and then
FeCls-induced thrombus formation was examined in the mesen-
teric arterioles at different time points (Figure 5A). Notably,
rGalectin-3 potentiated thrombus formation in wild-type mice
transfused with wild-type platelets but had no effect in wild-
type mice transfused with Dectin-17""" platelets.

The role of Dectin-1 in Galectin-3-potentiated ex vivo thrombus
formation under arterial flow conditions was assessed using a
microfluidic whole-blood perfusion assay. Whole blood from wild-
type but not Dectin-1~'" mice formed significantly larger throm-
bus, when pre-treated with rGalectin-3 than without rGalectin-3
pre-treatment (Figure 5B). In addition, increased ex vivo platelet ag-
gregation was observed in PRP from rGalectin-3-treated wild-type
mice but not in those from rGalectin-3-treated Dectin-1~'" mice
(Figure 5C).

formation area from a single individual (Spearman correlation, GraphPad Prism 7). Scale bar =100um. (B) Recombinant Galectin-3, in a
concentration-dependent manner, accelerated thrombus formation over an immobilized collagen surface at a shear rate of 1000s~".
Whole blood samples from healthy subjects were preincubated with recombinant Galectin-3 and FITC-labeled anti-CD41 antibody and
then perfused through fibrillar collagen-coated bioflux plates. Representative images of thrombus formation are presented. Each solid circle
represents the thrombus formation area from a single individual (n = 6). Scale bar = 100um. (C) Increased Galectin-3 deposition in the thrombi
from ST-elevation myocardial infarction patients with high plasma Galectin-3 levels (10.4-22.3 pg/L; n=>5) compared with those from
ST-elevation myocardial infarction patients with low plasma Galectin-3 levels (5.1-7.2 pg/L; n =5). Dual-immunofluorescence staining was car-
ried out using anti-CD41 antibody (a platelet marker, green fluorescence) and anti-Galectin-3 antibody (red fluorescence). Blue fluorescence
indicates nuclei stained with 4’,6-diamidino-2-phenylindole. White arrows (yellow fluorescence) mark co-localization of Galectin-3 and CD41.

Representative results of thrombi and summary data are presented. Scale bar =50 um. Statistical analyses were performed using two-way
ANOVA followed by Sidak’s multiple comparisons test in (A) and (B) and unpaired two-tailed Student’s t-test in (C). **P < 0.01.
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Figure 3 Galectin-3 potentiates platelet activation by binding to platelet Dectin-1. (A) RT-PCR detection of Dectin-1 in healthy human plate-
lets and the human megakaryoblast cell line Meg-01. (B) Western blot detection of Dectin-1 in healthy human platelets and Meg-01 cells. For
(A) and (B), the human liver cell line Hep G2 was used as a negative control. Three platelet samples and two peripheral blood mononuclear cell
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Galectin-3 inhibitor TD139 concentration
dependently suppresses
Galectin-3-induced platelet
hyperreactivity

Considering our results that Galectin-3 directly potentiated
platelet activation in vitro and thrombus formation in vivo, we
sought to assess the potential applications of Galectin-3 inhibi-
tors. TD139 is a novel small-molecule inhibitor of Galectin-3
currently in a Phase Il clinical trial of idiopathic pulmonary fibrosis
(NCT03832946),> 32 which reverses primary alveolar epithelial
cell injury induced by 10uM Galectin-3 in vitro.>>>® WP from healthy
subjects was preincubated with TD139 and rGalectin-3 for 5 min
and then stimulated with collagen or thrombin. In the range of
1-10 yM, TD139 inhibited the potentiating effects of rGalectin-3
on platelet aggregation in a concentration-dependent manner
(Figure 6A and B). Similarly, the promoted clot retraction (Figure 6C)
and ex vivo thrombus formation over the immobilized collagen
surface (Figure 6D) elicited by rGalectin-3 were also prevented
by TD139. We next resuspended healthy WP in platelet-poor
plasma (PPP) from healthy subjects with low plasma Galectin-3
levels (3.1 + 0.5 pg/L) or in PPP from CAD patients with high
plasma Galectin-3 levels (16.4 + 3.1 pg/L), in the presence or
absence of TD139. Plasma with high Galectin-3 levels signifi-
cantly enhanced platelet aggregation, and the enhancing effect
was markedly reversed by TD139 (Figure 6E). In addition,
TD139 significantly suppressed platelet aggregation in PRP
from CAD patients but not in PRP from healthy subjects

(Figure 6F).

Figure 3 Continued

Age-dependent increase of plasma
Galectin-3 levels in atherosclerotic
ApoE '~ mice

ApoE™~ male mice at 6 weeks of age were fed a high-fat diet for
12 weeks, and plasma Galectin-3 level was monitored every 3
weeks. Wild-type mice fed chow diet for 12 weeks served as
healthy negative controls. Intriguingly, plasma Galectin-3 concen-
tration gradually increased after 6 weeks of age in ApoE ™'~
mice, whereas plasma Galectin-3 concentration in wild-type
mice did not change significantly until 18 weeks of age
(Figure 6G). In line with the change in plasma Galectin-3 levels,
the plasma concentration of PF4, a specific platelet activation bio-
marker,>” and collagen-induced platelet aggregation also increased
in ApoE™~ mice, and they were both correlated with the plasma
Galectin-3 concentration (see Supplementary material online,
Figure S17). After 12 weeks of high-fat diet treatment, the plasma
Galectin-3 concentration in atherosclerotic ApoE™'~ mice was si-
milar to the pathological concentration in patients, almost 13 times
higher than that in wild-type mice (see Supplementary material
online, Figure $18; 22.1 + 4.1 pg/L vs. 1.5 + 0.8 pg/L Galectin-3
in ApoE™~ mice vs. wild-type mice, P<0.01, n=7 per group).

TD139 ameliorates in vivo thrombosis
potential in atherosclerotic ApoE ™'~

mice without causing excessive bleeding
We next evaluated the antithrombotic activity of TD139 in ath-
erosclerotic ApoE™'~ mice. Atherosclerotic ApoE™~ mice

samples were purified from different healthy blood samples. (C) Dual-immunofluorescence staining showed localization of Dectin-1
(Dectin-1") on platelets (CD41") within thrombi aspirated from ST-elevation myocardial infarction patients with high plasma Galectin-3 levels
(10.4-22.3 pg/L; n=5) and low plasma Galectin-3 levels (5.1-7.2 pg/L; n =5). Scale bar = 50um. (D) B-glucan potentiated platelet aggregation
induced by collagen, thrombin, or adenosine diphosphate, as well as adenosine tri-phosphate release induced by collagen or thrombin using
healthy washed platelets. Laminarin abolished the potentiating effect of B-glucan. Representative results and summary data (see Supplementary
material online, Figure S5) of four experiments are presented. (E) Laminarin reversed the potentiating effect of Galectin-3 on platelet aggre-
gation induced by collagen or thrombin using healthy washed platelets. Summary data of four experiments are presented. For (D) and (E),
washed platelets from healthy subjects were pre-treated with 500 mg/L laminarin for 5 min and then treated with B-glucan (100 ng/L;
5 min) or recombinant Galectin-3 (1-20 pg/L; 5 min) before stimulation by collagen, thrombin, or adenosine diphosphate. (F)
Co-immunoprecipitation shows that Galectin-3 bound to Dectin-1, which was blocked by laminarin. Representative results of at least four
experiments using platelets from different healthy subjects are presented. (G) Galectin-3 bound to Dectin-1 in wild-type platelets, whereas
the binding was reversed by Dectin-1 deficiency. Representative results of at least four experiments are presented. For (F) and (G), washed
platelets were pre-treated with 500 mg/L laminarin for 5 min and then treated with recombinant Galectin-3 (20 pg/L) for another 5 min. (H)
Binding of Galectin-3 to Dectin-1 increased in platelets from coronary artery disease patients, whereas the input Dectin-1 expression remained
unchanged. The coronary artery disease patients with high plasma Galectin-3 levels (16.6 + 4.6 pg/L) presented the highest binding of
Galectin-3 to platelet Dectin-1. Representative results and summary data are presented. Each circle represents the result of a different indi-
vidual from healthy subjects (n= 11), coronary artery disease patients with low plasma Galectin-3 levels (n=11), or coronary artery disease
patients with high plasma Galectin-3 levels (n = 13). (/) Co-localization of Galectin-3 and Dectin-1 was increased in thrombi from ST-elevation
myocardial infarction patients with high plasma Galectin-3 levels (10.4-22.3 pg/L; n=5) compared with those from ST-elevation myocardial
infarction patients with low plasma Galectin-3 levels (5.1-7.2 pg/L; n=15), whereas total Dectin-1 expression were similar. Scale bar = 50um.
(/) Recombinant Galectin-3 potentiated platelet aggregation induced by collagen or thrombin using platelets from wild-type mice but not from
Dectin-1~'~ mice. Representative results and summary data (see Supplementary material online, Figure S7) of at least four experiments are pre-
sented. (K-L) Recombinant Galectin-3 potentiated platelet spreading (K) and clot retraction (L) using platelets from wild-type mice, which was
blocked by laminarin. However, Galectin-3 did not potentiate platelet spreading using platelets from Dectin-1~/~ mice. Representative results
and summary data (see Supplementary material online, Figure S8) of at least three experiments are presented. Statistical analyses were performed
using one-way ANOVA followed by Dunnett’s multiple comparison test in (H) and unpaired two-tailed Student’s t-test in (L). Repeated measures
one-way ANOVA followed by Sidak’s multiple comparison test in (D). Two-way ANOVA followed by Sidak’s multiple comparisons test was per-
formed in (E), (/), (K), and (L). NS, no significance; *P < 0.05; **P < 0.01.
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Figure 4 Dectin-1/Syk mediates the potentiating effects of Galectin-3 on platelet activation. (A) Galectin-3 enhanced phosphorylation of Src,
Dectin-1, and PLCy, as well as increased binding of p-Syk to Dectin-1 in human platelets. Washed platelets from healthy subjects were pre-
treated with recombinant Galectin-3 (20 pg/L) for different times, as indicated. Representative results and summary data (see Supplementary
material online, Figure S10A) of four experiments are presented. (B) Galectin-3 increased Ca®" influx induced by different agonists. Washed
platelets from healthy subjects loaded with Fura-2 were incubated with recombinant Galectin-3 (20 pg/L) for 5 min and measured for
300 s with collagen (0.2 pg/mL), thrombin (0.02 U/mL), or adenosine diphosphate (4.0 uM). Representative results and summary data (see
Supplementary material online, Figure S10B) of four experiments are presented. (C) Galectin-3 increased p-PKC substrates induced by different
agonists. Washed platelets from healthy subjects were pre-treated with recombinant Galectin-3 (20 pg/L) for 5 min and then stimulated with
collagen (0.2 pg/mL), thrombin (0.02 U/mL), or adenosine diphosphate (4.0 yM) for 5 min. Red arrows mark the specific bands of p-PKC sub-
strates. Representative results and summary data (see Supplementary material online, Figure S10C) of four experiments are presented. (D)
Galectin-3 increased ROS production induced by different agonists. Washed platelets from healthy subjects loaded with DCFDA
(6-carboxy-2',7'-dichlorodihydrofluorescein diacetate) were incubated with recombinant Galectin-3 (20 pg/L) for 5 min and then stimulated
with collagen (0.2 pg/mL), thrombin (0.02 U/mL), or adenosine diphosphate (4.0 uM) for 5 min. The DCF fluorescence intensity was measured,
and the levels of ROS were standardized to the percentage observed in the resting platelets. Summary data of four experiments are presented.
(E-F) Galectin-3-potentiated platelet aggregation and clot reraction were abolished by inhibitors targeting Dectin-1/Syk signalling downstream
of Galectin-3. Washed platelets from healthy subjects were pre-treated with 10 ug/mL Dectin-1 Ab (Dectin-1 blocking antibody), 10 M PP2
(Src inhibitor), 1 uM R406 (Syk inhibitor), 10 uM U73122 (PLCy inhibitor), 50 uM 2-APB (Ca®* inhibitor), 10 uM Ro 31-8220 (PKC inhibitor)
or 10 pM VAS2870 (ROS inhibitor) for 10 min and then treated with 20 pg/L recombinant Galectin-3 or vehicle for 5 min. Platelet aggregation
was initiated by 0.02 U/mL thrombin, and clot retraction was initiated by 1.0 U/mL thrombin. Representative results and summary data (see
Supplementary material online, Figure $12) of four experiments are presented. Statistical analyses were performed using one-way ANOVA
followed by Dunnett’s multiple comparison test in (A) and Sidak’s multiple comparison test in (F), and two-way ANOVA followed by
Sidak’s multiple comparisons test in (B), (C), and (D). Repeated measures one-way ANOVA followed by Sidak’s multiple comparison test
was performed in (E). NS, no significance; *P < 0.05; **P < 0.01.
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Figure 5 Galectin-3-potentiated in vivo thrombosis potential is dependent on platelet Dectin-1. (A) After intravenous injection of 10 pg/kg
recombinant Galectin-3 or vehicle (saline) into mice, FeClz-induced arterial thrombus formation was initiated, and the thrombus area was re-
corded. Representative image at different time points are shown. Statistical analysis of thrombosis assessed using time to first thrombus
(>20 pm) and area of thrombus at 10 min (n= 10) are shown. Scale bar =100 pm. (B) Whole blood from Galectin-3-treated wild-type mice
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(ApoE ™"~ mice fed a high-fat diet for 12 weeks) received two in-
jections of TD139 (15 mg/kg, i.p.) at 12 h intervals, and then ex vivo
platelet aggregation and in vivo FeCls-induced thrombus formation
were assessed at 30 min after the second TD139 injection. TD139
effectively suppressed platelet aggregation and ATP release in ath-
erosclerotic ApoE ™'~ mice (Figure 6H) but not in wild-type mice.
As shown in Figure 6, occlusion occurred in all untreated athero-
sclerotic ApoE '~ mice within 10 min after FeCls injury (occlusion
time was 389 + 41 s, n=10), whereas no occlusion occurred in
untreated wild-type mice. TD139 had no effect on thrombus
formation in wild-type mice; however, TD139 inhibited thrombus
formation and prevented occlusion in all atherosclerotic ApoE ™/~
mice within 10 min after FeCls injury. Further analysis revealed
that TD139 markedly prolonged the time to first thrombus
(224 + 37 vs. 120 + 355 in TD139 vs. vehicle, P<0.01, n=10
per group) and considerably reduced the area of thrombus at
10 min after FeCls injury (42.9 + 7.0 vs. 64.9 + 7.5 x 10° ym?,
P<0.01, n=10 per group) in atherosclerotic ApoE~'~ mice.
Clopidogrel (10 mg/kg, p.o., single dose), a current standard-of-
care antiplatelet drug, also prolonged the time to first thrombus
mice (360 + 34 s) and decreased the area of thrombus (25.4 +
6.4 x 10°um?) in atherosclerotic ApoE '~ mice. We further found
that the combination of TD139 and clopidogrel exhibited superior
antithrombotic effect (512 + 35 s of the time to first thrombus
and 7.1 + 3.5 x 10% ym? of the area of thrombus) over clopido-
grel or TD139 alone, suggesting a likely synergism between
TD139 and clopidogrel in antithrombotic efficacy.

At the same dose used for the in vivo antithrombotic study
(Figure 6), TD139 had almost no effect on bleeding regardless of
whether the mice were atherosclerotic ApoEfl* or wild-type
(Figure 6J). In contrast, clopidogrel substantially increased bleeding
time and haemoglobin loss. Furthermore, the bleeding time and
haemoglobin loss in mice treated with TD139 combined with clo-
pidogrel were similar to those in mice treated with clopidogrel
alone, again highlighting the benefit of TD139 in minimizing bleed-
ing risk.

Taken together, these data indicate that TD139 may be potent
in inhibiting thrombosis without causing excessive bleeding in ath-
erosclerotic ApoEfl* mice.

TD139 alleviates myocardial ischaemia~-
reperfusion injury in atherosclerotic
ApoE~"™ mice

Reperfusion of ischaemic heart tissues may cause myocardial I/R
injury, where platelets are activated and infiltrated into tissues,
leading to the infarct expansion and a continued decline in heart

Figure 5 Continued

function.’®>? We next investigated the effects of TD139 in a myo-
cardial I/R injury model using atherosclerotic ApoE ™'~ mice after
12 weeks of high-fat diet feeding. A severe myocardial ischaemia
was induced by 45 min temporary ligation of the left anterior des-
cending coronary artery, followed by reperfusion. Plasma
Galectin-3 levels increased urgently within 24 h after surgery and
were maintained at a high level over 7 days (Figure 7A), which is con-
sistent with a previous report that plasma Galectin-3 levels in-
creased in patients when myocardial ischaemia occurs.®® TD139
(15 mg/kg, i.p., twice per day) was administered within 2 days at
12 h intervals, wherein the first administration was performed at
30 min before reperfusion (Figure 7B). TD139 treatment markedly
decreased the infarct area/area at risk (AAR) ratio in atherosclerotic
ApoE ™"~ mice compared with that in the vehicle control (Figure 7C
and Supplementary material online, Figure S19). Consistently,
TD139 also improved heart function, including ejection fraction
and left ventricular volume indices (left ventricular end-diastolic vol-
ume, and left ventricular end-systolic volume), in atherosclerotic
ApoE™"~ mice (Figure 7D). Immunohistochemistry demonstrated
that myocardial I/R-induced microthrombi in the cardiac tissue of
atherosclerotic ApoE™'~ mice were reduced by TD139
(Figure 7E). The plasma PF4 concentration, an indicator of platelet
activation, was consistently reduced (Figure 7F).

Discussion

Platelet hyperreactivity contributes to an increased prevalence of
cardiovascular disease. Elevated plasma Galectin-3 level has been
shown to participate in cardiovascular disease by directly enhan-
cing endothelial cell injury, cardiac remodelling and dysfunction,
and monocyte migra‘cion.n*27 However, the direct effect of plas-
ma Galectin-3 on platelet function has not yet reported. In this
study, we demonstrated that (i) elevated plasma Galectin-3 direct-
ly enhances platelet activation and thrombus formation, contribut-
ing to platelet hyperreactivity in CAD; (ii) Galectin-3 binds to
platelet Dectin-1 to activate Dectin-1/Syk signalling; (iii) the
Galectin-3-specific inhibitor TD139 concentration dependently
suppresses Galectin-3-induced platelet hyperreactivity and throm-
bus formation in atherosclerotic ApoE ™~ mice and synergistically
enhances the antithrombotic effects of clopidogrel while minimiz-
ing the adverse effects of haemorrhage; (iv) TD139 suppresses
microvascular thrombosis and improves cardiac function in a myo-
cardial I/R injury model of atherosclerotic ApoEf/f mice.
Collectively, our results indicate that elevated plasma Galectin-3
levels directly contribute to platelet hyperactivity and in vivo
thrombosis and aggravate I/R-induced cardiac injury. Based on
these findings, Galectin-3 inhibitors may serve as a novel

showed accelerated thrombus formation over an immobilized collagen surface at a shear rate of 1000 s~", whereas whole blood from
Galectin-3-treated Dectin-1~'~ mice did not. After intravenous injection of 10 pg/kg recombinant Galectin-3 or vehicle into mice, whole blood
was fluorescently tagged with FITC-labelled anti-CD41 antibody and then perfused through fibrillar collagen-coated bioflux plates.
Representative images at the indicated time points are presented. Scale bar =100 pm. (C) Platelet-rich plasma from Galectin-3-treated wild-
type mice presented increased platelet aggregation; whereas platelet-rich plasma from Galectin-3-treated Dectin-1~'~ mice did not.
Representative results and summary data (see Supplementary material online, Figure S14) are presented from four experiments. Statistical ana-
lyses were performed using two-way ANOVA followed by Sidak’s multiple comparisons test. NS, no significance; *P < 0.05; **P < 0.01.
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Figure 6 TD139 inhibits the increased platelet aggregation induced by Galectin-3 and suppresses in vivo thrombosis potential in atheroscler-
otic ApoE™"~ mice. (A and B) TD139, in a concentration-dependent manner, inhibited platelet aggregation induced by Galectin-3.
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antiplatelet approach for diminishing thrombosis and cardiovascu-
lar complications in CAD patients with elevated plasma Galectin-3
levels (Structured Graphical Abstract, Figure 8).

Recently, emerging evidence has demonstrated that plasma
Galectin-3 is closely correlated with the severity of CAD and
may act as an independent predictor of future cardiovascular
events. Plasma Galectin-3 level is significantly higher in STEMI pa-
tients than in healthy control subjects, and STEMI patients with
higher Galectin-3 levels have a steeper decline in left ventricular
ejection fraction.®” Patients with unstable angina have higher plas-
ma Galectin-3 levels than those with stable angina; CAD patients
with three-vessel disease have higher levels of Galectin-3 than pa-
tients with one- or two-vessel disease,16 and cardiovascular deaths
occur more commonly in CAD patients with high Galectin-3 le-
vels."” Plasma Galectin-3 levels are also correlated with carotid
intima-media thickness of atherosclerosis and are independently
associated with increased cardiovascular events in patients with
peripheral artery disease.”” A prospective study revealed that
high levels of plasma Galectin-3 can independently predict the re-
occurrence of CAD after MI during 3 years of follow-up."
Another retrospective study by Ghorbani et al.’® also showed
that an increase in plasma Galectin-3 level among
community-dwelling individuals predicted cardiovascular events
in the Framingham Heart Study Offspring cohort. In addition, in-
creased plasma Galectin-3 levels were reported to be associated
with a decrease in left ventricular ejection fraction or an increase

2-64
62-64 and

in infarct size from acute coronary syndrome patients,
animal studies revealed that intrapericardial injection of
Galectin-3 enhanced cardiac interstitial and perivascular fibrosis
and cardiac hypertrophy in rats.®® Our study further expands these
findings and establishes a connection between Galectin-3 and
platelet hyperreactivity, showing that Galectin-3 directly potenti-
ates platelet activation to enhance in vivo thrombosis and Ml injury,
providing mechanistic insights supporting the use of Galectin-3 as
an independent pathological biomarker of CAD.

In this study, we found that plasma Galectin-3 levels gradually
increased with the development of atherosclerosis in ApoE ™'~
mice, corroborating previous reports of Galectin-3 level up-
regulation in macrophages from murine atherosclerotic pla-
ques.zs'ﬂ"66 In agreement with previous studies that showed that
Galectin-3 is overexpressed in murine cardiomyocytes after
MI,%%¢7 we found that plasma Galectin-3 level increased sharply
after myocardial I/R injury surgery in ApoE™'~ mice. Using an in
vivo FeCls-induced thrombosis model, we found that Galectin-3
enhanced thrombus formation. A previous study found that
Galectin-3 deficiency decreased venous thrombus formation in
mice;*® however, the effects of Galectin-3 deficiency on arterial
thrombus formation need to be further investigated. In addition,
plasma Galectin-3 levels were positively correlated with platelet
aggregation rates and plasma PF4 levels in ApoE’/’ mice.
Furthermore, there was a positive correlation between
Galectin-3 levels and platelet hyperreactivity in 182 patients with

Figure 6 Continued

Washed platelets from healthy subjects were pre-treated with TD139 (0-10 yM) and recombinant Galectin-3 (20 pg/L) for 5 min and then
stimulated with collagen (0.2 pg/mL) or thrombin (0.02 U/mL). Representative results and summary data are presented (n=5). (C) TD139
(10 uM, 5 min) suppressed the increased clot retraction induced by Galectin-3 using healthy washed platelets. Representative results and sum-
mary data are presented (n=15). (D) TD139 (10 uM, 5 min) decreased thrombus formation induced by recombinant Galectin-3 (20 pg/L, 30
min) in whole blood from healthy subjects over an immobilized collagen surface at a shear rate of 1000 s~". Representative results and sum-
mary data are presented (n=15). Scale bar =100 ym. (E) Healthy washed platelets presented enhanced platelet aggregation after preincubation
with platelet-poor plasma from coronary artery disease patients with high plasma Galectin-3 levels, while the enhanced platelet aggregation
was suppressed by TD139. Platelet-poor plasma from coronary artery disease patients (16.4 + 3.1 pg/L plasma Galectin-3; n=8) or healthy
subjects (3.1 £+ 0.5 pg/L plasma Galectin-3; n = 10) were prepared. Platelets from healthy subjects were resuspended within platelet-poor plas-
ma for 10 min and then incubated with 10 ygM TD139 for 5 min. Platelet aggregation was initiated by collagen (0.8 pg/mL) or thrombin (0.8 U/
mL). Representative results and summary data (see Supplementary material online, Figure S15) are presented. (F) TD139 (10 uM, 30
min) inhibited platelet aggregation induced by collagen (0.8 pg/mL) or thrombin (0.8 U/mL) in platelet-rich plasma from coronary artery disease
patients (17.6 + 3.5 pg/L plasma Galectin-3; n = 8) without antiplatelet therapy but not in platelet-rich plasma from healthy subjects (3.3 +
0.4 pg/L Galectin-3; n=10). Representative results and summary data (see Supplementary material online, Figure S16) are presented. (G)
Age-dependent increase in plasma Galectin-3 concentration, plasma PF4 concentration, and collagen-induced platelet aggregation in
ApoE~'~ mice at 6 weeks of age fed high-fat diet for 12 weeks was observed. Platelet-rich plasma was stimulated with 0.8 ug/mL
collagen.Summary data are presented (n =4, each time point). (H) TD139 inhibited ex vivo platelet aggregation and adenosine tri-phosphate
release in platelet-rich plasma of atherosclerotic ApoE~'~ mice but not in wild-type mice. Representative results and summary data are pre-
sented (n=7). (I) TD139 suppressed FeCls-induced thrombus formation in atherosclerotic ApoE ™'~ mice but not in wild-type mice. Thrombus
formation in atherosclerotic ApoE~~ mice was inhibited more significantly by TD139 plus clopidogrel than by TD139 or clopidogrel alone.
Representative results and summary data are presented (n = 10). Scale bar = 100um. (/) TD139 had no effect on bleeding potential, as monitored
by bleeding time and haemoglobin loss in atherosclerotic ApoE '~ mice and wild-type mice. TD139 did not increase the bleeding time and haemo-
globin loss when combined with clopidogrel. The bleeding time and blood loss were measured (n=10). For (H), (I), and (/), after 12 weeks of
high-fat diet treatment, ApoE '~ mice randomly received vehicle or TD139 (15 mg/kg, i.p., twice at 12-h intervals) or clopidogrel (10 mg/kg, p.o.,
single dose), or TD139 (15 mg/kg, i.p., twice at 12-h intervals) plus clopidogrel (10 mg/kg, p.o., single dose). The subsequent experiments of 0.8 ug/
mL collagen-induced platelet aggregation (H), FeCls-induced thrombosis (I), and bleeding (/) were carried out at 30 min after the second TD139
administration or at 4 h after clopidogrel administration. Statistical analyses were performed using one-way ANOVA followed by Sidak’s multiple
comparison test in (B)—(/), and repeated measures one-way ANOVA followed by Sidak’s multiple comparison test in (A). NS, no significance; *P <
0.05; **P < 0.01.
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Figure 7 TD139 improves myocardial ischaemia—reperfusion injury by suppressing thrombosis and inflammation in atherosclerotic ApoE ™'~
mice. (A) Time-dependent increase in plasma Galectin-3 levels over 7 days after myocardial ischaemia—reperfusion (I/R) surgery in atheroscler-
otic ApoE ™'~ mice. Summary data are presented (n =4, each time point). (B) Schematic protocol of TD139 treatment in myocardial I/R study
using atherosclerotic ApoE ™'~ mice and wild-type mice. (C) TD139 and laminarin markedly decreased the infarct area/AAR ratio. The blue
area, which was stained by Evans blue, indicates the non-infarct area, while the area not stained by Evans blue represents the AAR. The
red area shows viable myocardium, which can be stained by TTC, and the white area indicates the infarct area. Representative results
(Evans blue/TTC stain) of left ventricular tissue sections and summary data are presented (n=7-9 per group). (D) TD139 and laminarin im-
proved heart function, including ejection fraction (E-F) and left ventricular volume indices [left ventricular end-diastolic volume (LVEDV) and
left ventricular end-systolic volume (LVESV)]. Representative M-mode echocardiograms and summary data are presented (n =7-9 per group).
(E) Both TD139 and laminarin decreased myocardial I/R injury-induced microthrombi in the cardiac tissue. The representative results and sum-
mary data were presented (n=7). (F) Both TD139 and laminarin decreased plasma PF4 concentrations after myocardial I/R injury. Summary
data are presented (n=7-9 per group). Statistical analyses were performed using one-way ANOVA followed by Dunnett’s multiple compari-
son test in (C)—(F). **P < 0.01.
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Figure 8 Working model for plasma Galectin-3 directly potentiating platelet activation, and the platelet hyperreactivity suppressing effect of
Galectin-3 inhibitor TD139 in coronary artery disease. Accumulated Galectin-3 in plasma directly activates Dectin-1 receptor to potentiate
platelet activation (platelet aggregation and adenosine tri-phosphate release), which enhances in vivo thrombosis and myocardial ischaemia—
reperfusion injury. Galectin-3 inhibitor TD139 specifically inhibits Galectin-3-induced platelet hyperreactivity to ameliorate atherothrombosis

and myocardial infarction in coronary artery disease.

CAD. These results underscore the potential clinical significance
of Galectin-3, which may contribute to the increased prevalence
of arterial thrombotic events in CAD.

CLEC2, a C-type lectin-like receptor, is present on platelets and
is capable of directly activating platelets upon ligand binding.®®
Although as another C-type lectin-like pattern recognition recep-
tor, Dectin-1, has been well investigated in immune cells where it
stimulates phagocytosis and production of inflammatory cyto-
kines,**”°
been reported. We found that platelets expressed robust
Dectin-1, instead of directly activating platelets, the Dectin-1 agon-
ist potentiated platelet function. Previously, Leclaire et al re-
ported that Galectin-3 recognizes and activates Dectin-1 via

its expression and function in platelets have never

interaction between the carbohydrate recognition domain of
Galectin-3 and N-glycan structures of Dectin-1. The binding of
Galectin-3 onto Dectin-1 increased in immune cells and triggered
proinflammatory response to pathogenic fungi and immunological
tolerance.®*37 Interestingly, Fan et al.”" recently revealed that the
Dectin-1-mediated immune response contributes to myocardial
I/R injury; however, the endogenous agonist ligand of Dectin-1 is
not clear. We found that plasma Galectin-3 bound to Dectin-1 in
platelets from CAD patients. Galectin-3 stimulated Dectin-1 phos-
phorylation and activation, and hence potentiated platelet activation
and microthrombus formation involved in Ml development.

Syk signalling plays an important role in platelet activation and
thrombus formation.”>”> We found that after Galectin-3 stimulation,

Dectin-1 was phosphorylated earlier than p-Syk binding, which is con-
sistent with previous reports that the immunoreceptor tyrosine-
based activation motif (ITAM) motif of Dectin-1 is phosphorylated
before recruiting and activating Syk.*** In addition, Src was phos-
phorylated earlier than Dectin-1, supporting that the ITAM motif
of Dectin-1 is typically tyrosine-phosphorylated by p-Src.”*
Previous studies have shown that Dectin-1/Syk signalling potentiates
Ca’* influx, PKC activation, and ROS production involved in cytokine
production,”® antifungal immune defense,”' and macrophage chemo-
taxis,” respectively. We consistently found that Galectin-3 increased
Ca”" influx, PKC phosphorylation, and ROS production in platelets,
and the inhibition of Ca** influx, PKC phosphorylation, or ROS pro-
duction abolished the potentiating effects of Galectin-3 on platelet
aggregation, indicating that Ca?" influx, PKC phosphorylation, or
ROS production may be independent or synergistical to activate pla-
telets after Galectin-3 stimulation. During acute MI, Syk activation
serves as a prodromal sensor of pathophysiological arterial shear
stress to potentiate thrombus formation and aggravate myocardial
I/R surgery.”® Accordingly, we found that Galectin-3-activated plate-
let Dectin-1/Syk signalling pathways aggravated ex vivo shear
stress-induced thrombus formation and in vivo arterial thrombus for-
mation, suggesting that the Galectin-3 inhibitor may be considered to
ameliorate I/R-induced cardiac injury by inhibiting platelet activation
and suppressing thrombus formation.

Galectin-3 has been demonstrated to perform multiple func-
tions, including phagocytosis’’ and cell growth and proliferation,’®
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adhesion,”® and apoptosis80 in the pathogenesis of fibrosis in differ-
ent tissues. As a potent Galectin-3-specific inhibitor, TD139 is cur-
rently being evaluated in a Phase Il clinical trial (NCT03832946)
for idiopathic pulmonary fibrosis.*** We demonstrated that
TD139 inhibited Galectin-3-potentiated platelet activation in a
concentration-dependent manner and suppressed thrombus for-
mation. In agreement with the results of no bleeding side effects
of TD139 reported in clinical trials, we demonstrated that
TD139, which targets Galectin-3/Dectin-1/Syk signalling, does
not cause apparent bleeding risk. Syk signalling seems to be dis-
pensable for physiological haemostasis, and several Syk signalling
inhibitors have been shown to protect against arterial thrombosis
without increasing bleeding.8'®% However, the molecular mech-
anism underlying this effect needs to be further investigated.
Platelet hyperreactivity is a crucial factor that aggravates M,
which increases abnormal thrombosis formation and contributes
to ongoing pathological processes, including microvascular ob-
struction and Ml expansion. Our results further demonstrated
that TD139 suppressed microvascular thrombosis in reperfused
cardiac tissue and restored cardiac function in the myocardial I/R
model of atherosclerotic ApoEfl* mice. It is important to note
that Galectin-3 can also potentiate monocyte/macrophage chemo-
taxis, activate matrix-producing fibroblasts, and exacerbate endo-
thelial cell injury, which can contribute to cardiac remodelling and
22724 quggesting that the Galectin-3 inhibitor TD139
may suppress Galectin-3 signalling in different cells to protect

dysfunction,

against myocardial I/R injury. These findings may explain the potent
protective effect of TD139, and more basic research and addition-
al tests are necessary to ensure an accurate depiction of the
Galectin-3 inhibitor in MI. Dectin-1 inhibitor laminarin also pre-
sented multiple protective effects against myocardial I/R in-
jury.848¢ However, the difference between the protective effect
of Galectin-3 inhibition and Dectin-1 inhibition against myocardial
I/R injury needs to be further investigated.

In conclusion, Galectin-3, which is increased in the plasma of
CAD patients, potentiates platelet activation and thrombus forma-
tion and therefore exacerbates cardiac function deterioration and
Ml expansion (Figure 8). Our study also proposes a novel signalling
pathway, Dectin-1/Src/Syk/(PLCy/Ca*" +PKC and ROS), for
platelet activation, which may explain the platelet hyperreactivity
in CAD patients with elevated plasma Galectin-3 levels. Our find-
ings suggest a new potential target for antiplatelet treatment and
introduce the Galectin-3 inhibitor TD139, as a potent antiplatelet
agent, to prevent and treat platelet hyperactivity and thrombotic
complications without causing apparent bleeding.

Supplementary material

Supplementary Material is available at European Heart Journal
online.
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