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Abstract

Objectives: Kawasaki disease (KD) is a systemic vasculitis
that results in abnormalities in the coronary arteries. Podo-
planin (PDPN) and its receptor C-type lectin-like receptor 2
(CLEC-2) are involved in inflammatory hemostasis and have
also been proved to be effective predictive markers for early
evaluation of sepsis and coagulation. This study aimed to
investigate the expression of PDPN and its receptor CLEC-2 in
the patients with KD, and evaluate the relationship between
PDPN and clinical laboratory parameters.

Methods: Plasma samples were obtained from a cohort of 63
patients diagnosed with KD and 31 healthy children. Patients
with KD were further categorized into two groups: KD with
coronary artery lesions (KD-CALs) and KD non-coronary artery
lesions (KD-NCALSs). The plasma levels of PDPN, CLEC-2, and
GPVI were quantified using ELISA.

Results: Our findings indicated that the plasma concentra-
tions of PDPN, CLEC-2, and GPVI were significantly elevated
in KD patients compared to the healthy controls. Moreover,
positive correlations between plasma PDPN levels and
erythrocyte sedimentation rate (ESR), interleukin-6, and D-
dimer were observed in the KD-CALs group. Receiver
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operating characteristic curve analysis showed that the area
under the curve of PDPN was 0.8377, with PDPN providing
45.45 % sensitivity and 90.48 % specificity, which proved the
value of PDPN as a predictor of CALs in KD.

Conclusions: The findings suggest that PDPN may play a
role in the pathogenesis of KD, and upregulation of PDPN
may contribute to the hypercoagulable state observed in KD.
Therefore, PDPN could potentially be a diagnostic biomarker
for KD.

Keywords: coronary artery lesions; coagulation; Kawasaki
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Introduction

Kawasaki disease (KD), an acute febrile and systemic vascu-
litis syndrome, also referred to as mucocutaneous lymph
node syndrome, mainly occurs in infants and children under
5 years old. At present, the etiology of KD remains unidenti-
fied. In the pathological process of KD, endothelial damage
stimulates the release of pro-inflammatory cytokines, thus
promoting the leukocyte activation and fostering a hyperco-
agulable state [1]. Consequently, this cascade culminates in
the development of coronary artery lesions (CALSs). For the
prevention of CALSs, the standard of treatment for KD patients
is formulated that a single dose of intravenous immuno-
globulin (IVIG) combined with aspirin was delivered to the
patients within the first 10 days of onset, and the dose of
aspirin is gradually adjusted from the high dose of 30~50 mg/
(kg-d) to the middle dose of 3~5 mg/(kg-d) [2]. This treatment
can reduce systemic inflammation and platelet aggregation,
resulting in a 3-5% reduction in CAlesions [3,4]. Nevertheless,
endothelial damage might be pro-longed in IVIG-treated pa-
tients [5], and the use of high-dose aspirin can increase the
risk of liver injury, bleeding tendency and gastrointestinal
discomfort [4].

C-type lectin-like receptor 2 (CLEC-2) is expressed specif-
ically at high levels on platelets and megakaryocytes, and
podoplanin (PDPN) is the only known endogenous ligand of
CLEC-2. CLEC-2-PDPN interaction leads to the degranulation
and activation of blood platelets due to the oligomerization of
CLEC-2, thereby facilitating the formation of additional platelet
aggregates [6]. CLEC-2 has been proved to be an effective
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predictive marker for early evaluation of sepsis [7], coagulation
and disseminated intravascular coagulation (DIC) diagnosis [8].
The occurrence of venous thrombosis in patients with primary
brain tumor has been reported closely related to the over-
expression of PDPN [9]. Now recognized as an integral player
in inflammation-driven thrombosis, PDPN-positive macro-
phages have capacity for platelets binding and activation via
CLEC-2 [10]. Activated platelet particles can release many pro-
coagulants and other circulating inflammatory markers, pro-
moting blood hypercoagulability and thrombosis [11]. The
definition of hypercoagulability is the propensity of thrombosis
development, which means that patients with hypercoagula-
bility have higher potential to develop thrombosis than normal
people [12]. Blood coagulation dysfunction is easy to appear in
KD due to the abnormalities of platelet activation [13]. Never-
theless, the investigation into the involvement of PDPN/CLEC-2
in KD remains unexplored, while the correlation between the
plasma levels of PDPN/CLEC-2 and the coagulation state of
blood is uncertain.

Glycoprotein VI (GPVI) serves as a primary signaling
receptor for collagen, being activated by collagen present
in the subendothelial matrix, as well as by fibrin and
fibrinogen within the thrombus. This activation process
contributes significantly to platelet activation and coronary
artery thrombosis [14, 15]. However, there is currently a lack
of evidence regarding the presence of circulating GPVI in
patients with KD.

Here, the plasma levels of PDPN/CLEC-2 and GPVI were
measured in 63 cases of KD patients and 31 healthy children
to examine the platelet activation, and their correlation was
discussed. Furthermore, the association between PDPN level
and blood coagulation and inflammation parameters in KD
patients was analyzed.

Materials and methods
Study population

Sixty-three KD patients aged from 2 to 6 years admitted to the
Department of Cardiology, Children’s Hospital of Zhejiang
University School of Medicine, China, from January to October,
2023, were enrolled in this study. The rigorous diagnostic
criteria utilized in this study were derived from 2017 American
Heart association (AHA) scientific statement for diagnosis of
KD [3]. All the enrolled children were excluded free of he-
matological disorders, experiencing the acute stage of infec-
tion, cancer, or recent surgical procedures, as well as various
cardiovascular conditions. In addition, 31 healthy children,
matched by age and sex, who were hospitalized in the general
surgery department, were recruited to the control group. This
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study (2021-IRB-320) was approved by the Research Ethics
Committee of the Children’s Hospital of Zhejiang University
School of Medicine and informed consent was provided by all
the patients’ parents or legal guardians.

Clinical data collection

Clinical parameters of the samples were collected using an
electronic medical record database, including WBC white blood
cell counts (WBC), mean platelet volume (MPV), erythrocyte
sedimentation rate (ESR), c-reactive protein (CRP), procalcito-
nin (PCT), complement3(C3), complement4 (C4), Immunoglob-
ulin E (IgE), interleukin (IL), tumor necrosis factor-a (TNF-a),
Brain Natriuretic Peptide (BNP), prothrombin time (PT), acti-
vated partial thromboplastin time (APTT), D-dimer (D-D), and
fibrinogen (FIB).

Plasma collection and CALs were determined
by echocardiography

During the acute phase of KD (The first 2 weeks of disease
onset) [16], venous blood samples were collected from patients,
and it was ensured that they had not received IVIG or antico-
agulants therapy. Plasma samples were then obtained through
centrifugation for a duration of 10 min, and promptly stored
at —80 °C until further analysis. The collection of plasma from
healthy children adhered to the identical procedure.

Echocardiography was performed before initial IVIG
treatment in children with KD. CALs were defined by either
(1) Z score=2, or (2) internal diameter of a segment>1.5-times
that of an adjacent segment, or (3) demonstration of clearly
irregular lumen [3].

Determination of plasma PDPN, CLEC-2, and
GPVI by ELISA

The plasma levels of PDPN, CLEC-2, and GPVI were assessed
using ELISA Kkits in accordance with the manufacturer’s
provided instructions (Lengton Bioscience, Shanghai,
China). All samples were analyzed in duplicate.

Statistical analysis

SPSS 22.0 (SPSS Inc., Chicago, IL), R Studio (version 4.1.0) and
GraphPad Prism 10 (GraphPad, La Jolla, CA) were applied for
statistical analysis and figure construction. The quantitative
variables were described as mean + SD, while the qualitative
variables were expressed as frequency (%). Comparisons
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between two groups of KD and HC were conducted by Stu-
dent’s t-test. Chi-squared tests were performed to compare
differences between qualitative results. Pearson correlation
was adopted to analyze the relationship between measured
indicators and clinical parameters. The predictive value of
PDPN was assessed by calculating the area under the
receiver-operating curve (AUC). The optimal sensitivity/
specificity cutoff point was determined using Youden’s in-
dex. The Pearson correlation coefficient was employed to
examine the correlation. All statistical tests were two-sided,
and a significance level of p<0.05 was used.

Results

The clinical characteristics in Kawasaki
disease patients and healthy controls

A total of 63 patients diagnosed with Kawasaki disease (KD)
and 31 healthy controls (HC) were included in this study. The
baseline information, including CRP (c-reactive protein), D-D
(D-dimer) and FIB (fibrinogen) levels, leukocyte and PLT
counts, were presented in Table 1. The KD patients exhibited
significantly elevated levels of CRP, D-D and FIB, as well as
leukocyte and PLT counts, compared to the HC group.
Simultaneously, we noticed no notable distinction in age,
sex, APTT, PT, and MPV.

Table 1: Demographics of the patients with KD and HC.

HC (n=31) KD (n=63) p-Value
Age, years 3.10 £ 1.41 4.02 +1.23 0.788
Gender, M (%) 20 (64.5) 22(51.2) 0.879
Leukocyte, x 10%/L 717 £1.99 12.24 + 4.06 <0.001
CRP, mg/L 1.23+0.58 50.43 + 38.94 <0.001
PLT, x 10%/L 324.90 + 80.04 420.53 + 186.64 =0.009
MPV, fL 9.56 + 0.85 9.37 £ 1.1 0.897
FIB, g/L 2.14 £ 0.31 4.94 +2.04 <0.001
D-D, mg/L FEU 0.16 + 0.06 1.11 £ 0.96 <0.001
PT, s 11.13 £ 0.59 12.04 + 0.89 0.789
APTT, s 29.05 £ 2.11 30.05 + 4.05 0.842

KD, Kawasaki disease; HC, healthy controls; CRP, c-reactive protein; MPV,
mean platelet volume; PT, prothrombin time; APTT, activated partial
thromboplastin time; D-D, D-dimer; FIB, fibrinogen.

A - B 600 > Cc
.30 = —_
2 T 400 2100
220 § E)
= O = 50
§ 10 g 200 s
a © o

0 0 0

HC KD KD

I
(@]

I
o

Xu et al.: Elevation of plasma PDPNin KD —— 165

Plasma concentrations of PDPN, CLEC-2, and
GPVI

Obviously, patients with KD exhibited significantly higher
plasma levels of PDPN and CLEC-2 compared to healthy con-
trols (HC) (p<0.001, Figure 1A and B). Furthermore, the plasma
concentrations of GPVI in KD patients (59.59 + 19.48 ng/mL)
were markedly elevated when compared to those observed in
HC individuals (29.74 + 11.19 ng/mL) (p<0.001, Figure 1C).

Correlation analysis between plasma PDPN,
CLEC-2 and GPVI expression

In order to investigate the potential association between the
upregulation of PDPN and CLEC-2 and platelet activation in
KD, the correlation analysis was performed to evaluate the
levels of PDPN and CLEC-2 in relation to GPVI. According to
the results depicted in Figure 2, a significant positive corre-
lation was observed between plasma PDPN and GPVI levels
(r=0.716, p<0.001). Conversely, there was a weak correlation
between plasma CLEC-2 and GPVI levels in patients with KD
(r=0.249, p=0.108).

Clinical correlates of increased PDPN levels
in KD

To ascertain the association between PDPN and molecular
markers linked to coagulation and inflammation, we per-
formed Pearson correlation analysis (Table 2). Our findings
revealed a positive correlation between plasma PDPN levels
and ESR, IL-6, FIB, and D-D (p<0.001) among patients with KD.
In the KD-CALs group, plasma PDPN levels were positively
correlated with ESR, D-D, and IL-6 (p<0.001).

Predictive utility of plasma PDPN for CALs in
patients with KD

To access the predictive utility of plasma PDPN for KD, the
ROC curve of KD was performed (Figure 3A). Accordingly,
the area under curve (AUC) was 0.8095. The Youden index

Figure 1: The levels of plasma PDPN, CLEC-2
and GPVI in KD and HC. Comparison of PDPN
(A), CLEC-2 (B), and GPVI(C) levels in patients
with KD and HC. *, p<0.05; **, p<0.01; ***,
p<0.001. KD, Kawasaki disease; HC, healthy
KD controls.
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5 50 5 50 >F. 2e . analysis of PDPN with GPVI plasma levels in 63
Lo KD patients. (B) Correlation analysis of CLEC-2
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PDPN (ng/mL) CLEC-2(nglL) disease.
Table 2: Correlations between plasma PDPN levels and clinical param- A B
eters in the KD-CAL and KD-NCAL groups. 100 100
~ 80 80
KD (n=63) KD-CAL (n=25) KD-NCAL (n=38) < X
> 607 < 60
r p-VaIue r p-VaIue r p-VaIue E 204 :Plasma PDIIZ’N § 404 — Plasma PDIPN
@ Reference line '%‘ — Reference line
WBC, 10°/L 0.17 0.731  0.15 0772 -0.02 0683 B 204 AUC 0.8095 & 20- AUC 08377
PCT,ng/mL 020 0392 024 0672 -012 0782 P00 @ P00
ESR, mm/h 062 <0.001 058 0013 063  <0.001 0 20 40 60 80 100 O Do 46 50 B 150
CRP, mg/L 0.31 0.041 032 0673 028  0.032 1- Specificity (%) 1- Specificity (%)
FIB, g/L 0.78 <0.001 0.46 0.698 0.79 0.010
D-D, mg/L 052  <0.001 078  <0.001  0.22 0.782  Figure 3: ROC curves for evaluating the predictive utility of PDPN in
PLT, 10°/L 0.18 0.032 0.1 0.851 -0.24 0.765  patients with KD and distinguishing between patients with CALs and
IL-8, pg/mL  -0.10 0702 -0.12 0.728  0.03 0.743  NCALs. *, p<0.05; **, p<0.01; ***, p<0.001. AUC, area under the curve;
TNF-a, pg/mL  0.05 0.450  0.09 0.560 -0.12 0.657  ROC, receiver operator characteristic; KD, Kawasaki disease; CALs,
IL-1B, pg/mL  -0.12 0.652 -0.13 0.782 0.04 0.873  coronary artery lesions; NCALs, non-CALs.
IL-6, pg/mL 0.84  <0.001 0.77 <0.001 0.65 0.032
IL-10, pg/mL 0.21 0.793 0.23 0.783 0.24 0.872
(3, mg/L 0.25 0.784 0.13 0.748 0.288 0.763 Discussion
C4, mg/L 0.11 0.672 -0.03 0.660 0.13 0.847
IgE, IU/mL 0.20 0.690 -0.10 0.672 0.30 0.783 L.
BNP, ng/L -0.03 0667 —0.02 0579  0.13 0780 Kawasaki disease has now become one of the common

KD, Kawasaki disease; CALs, coronary artery lesions; NCALs, non-CALs; WBC,
white blood cell counts; ESR, erythrocyte sedimentation rate; D-D, D-dimer;
FIB, fibrinogen; CRP, c-reactive protein; PCT, procalcitonin; C3,
complement3; C4, complement4; IgE, immunoglobulin E; IL, interleukin;
TNF-a, tumor necrosis factor-a; BNP, brain natriuretic peptide.

yielded a value of 0.626, while the optimal cutoff value was
determined to be 20.61 ng/mL, corresponding to a sensitivity
and specificity of 80.1% and 76.2 %, respectively (OR=9.667;
95 % CI, 0.6705-0.9486, p<0.001). Next, the diagnostic value of
PDPN concentration for KD-CALs was further estimated
(Figure 3B). The AUC was 0.8377 (95% CI, 0.7121-0.9632,
p<0.001), with a sensitivity of 45.45% and specificity of
90.48 %. The critical value of PDPN in KD was determined to
be 25.67 ng/mL. We also employed PDPN in conjunction with
GPVI to construct the ROC curve (Supplementary Figure S1).
The results indicated that the AUC was 0.838. While the area
under the curve increased when compared to using PDPN
alone, the combined diagnostic approach for KD did not
demonstrate statistical significance (p>0.05).

children heart diseases in some countries and regions [3].
The prevalence and incidence of KD in East Asia are
increasing [1]. The hypercoagulability of blood in acute stage
is considered to be an important factor in the occurrence of
CA damage [17]. In the present study, we confirmed that the
plasma D-D levels were increased in KD patients with CALS
compared to NCALs, which indicating the hypercoagulable
state in the KD patients with CALs (Supplementary Table S1).
Despite the notable reduction in the occurrence of CA
aneurysm when IVIG is administered in conjunction with
aspirin, it is critical to acknowledge that CA damage remains
present. Moreover, it is crucial to consider that the admin-
istration of high doses of aspirin to children may pose po-
tential risks [1, 18].

CLEC-2 is an essential platelet receptor, is clustered by
ligand binding on the platelet surface, which is mediated by
tyrosine kinase Syk in the activation process, ultimately
triggering platelet activation and aggregation [19]. PDPN, the
only endogenous ligand of CLEC-2, is absent in normal
vascular endothelial cells, while up-regulated in the
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damaged endothelial wall, contributing to platelet activation
and thrombus formation [20]. Recently, in the study of deep
vein thrombosis (DVT) model of mice [21], it was found that
both anti-PDPN antibody therapy and induced deletion of
CLEC-2 would lead to the decrease of thrombosis, thus pre-
venting DVT. Therefore, we speculated that there was some
relationship between PDPN/CLEC-2 and hypercoagulability
of KD. GPVI is also a key platelet receptor, the center of
activating collagen receptor, and an ITAM receptor with a
similar signal pathway and pathophysiological function as
CLEC-2, which leads to platelet activation and thrombosis
[20]. GPVI has emerged as a highly promising target for
antithrombotic therapy due to its ability to provide robust
protection against experimental arterial thrombosis when
blocked or depleted by antibodies, while not interfering with
platelet hemostatic functions [22].

To the best of our knowledge, this is the first investiga-
tion into the function of PDPN/CLEC-2 in patients with KD.
The ELISA analysis confirmed significantly elevated levels of
PDPN/CLEC-2 and GPVI in KD compared to HC, thereby
establishing a foundation for our subsequent investigation
into the correlation between PDPN/CLEC-2 and platelet
activation. It has been proved that antibody-mediated
blocking of mouse GPVI or CLEC-2 can suppress their
expression and biological activity on platelet surface, while
thrombus growth can be inhibited completely with both
inactivated. The mutual compensation of receptors showed
that their targeted blocking played a powerful antith-
rombotic role [23]. Not unexpectedly, we observed a robust
positive correlation between plasma PDPN and GPVIL
Regarding plasma CLEC-2, The proposal by Yoshiki [24]
suggested that there was no correlation between CLEC-2
levels and plasma GPVI levels in patients with thrombotic
microangiopathy, thereby supporting the hypothesis of a
negative feedback mechanism between CLEC-2 and GPVI
that regulates the release of platelet granules [25], aligning
with our own results. Compared with GPVI, the release of
platelet receptor CLEC-2 is cleaved into soluble form by
proteases and can also be affected by damaged platelet
fragments [26]. Given the robust association between PDPN
and the platelet-activated receptor GPVI (Figure 2A), PDPN
was recognized as the pivotal role in the subsequent
investigation.

D-dimer is produced when factor XIIla acts on fibrin
monomers and polymers during the degradation of cross-
linked fibrin by the endogenous fibrinolytic system in the
organism [27]. In clinical settings, FIB and D-D possess
crucial guiding implications for the assessment of hyperco-
agulability and thrombosis in vivo. The analysis of coagula-
tion parameters revealed that KD exhibited significantly
elevated levels of D-D, FIB, and PLT counts compared to HC.
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The KD-CALSs group exhibited a higher level of D-D compared
to the KD-NCALSs group, which indicating the apprarent hy-
percoagulable state in KD-NCALs. Here, we analyzed the
correlation between PDPN and coagulation parameters in
patients with KD. The results indicated that the plasma level
of PDPN was positively correlated with D-D and FIB in the KD
group, as well as a significant positive correlation with D-D
in the KD-CALS group. In other words, patients with KD are
more likely to suffer from hypercoagulability due to the
increased PDPN.

PDPN on interstitial fibroblasts has been observed to
elicit inflammatory alterations and assume a pivotal func-
tion in triggering plaque rupture [28]. Bacterial-induced
thrombosis is mediated by CLEC-2 in a manner reliant on
inflammation-driven mechanisms, which are concurrently
associated with the up-regulation of PDPN [29]. Leukocytes
are recruited to the vascular wall at the early stages of DVT,
with platelets playing a role in enhancing this recruitment.
The release of various inflammatory cytokines and metal-
loproteinases by neutrophils further stabilizes and facili-
tates the process of thrombosis [30, 31]. It can be said that the
mutual promotion of inflammation and thrombosis gives
rise to the outcome of DVT. DVT may be regarded as a
thromboinflammatory process, rather than a solely throm-
botic event. Similarly, KD is recognized as a condition
characterized by thrombotic progression accompanied by
systemic inflammation. Our previous study found that the
regulation of CLEC-2 can impact the secretion of inflamma-
tory cytokines in gastric cancer [32]. Therefore, in present
study, we also explored the correlation between PDPN and
cytokines, along with systemic inflammation indicators.
Prior studies have substantiated the involvement of IL-6 in
the pathogenesis of CALs in KD [33]. Additionally, ESR is
considered a prognostic indicator for the development of
CALs in KD [34]. In the KD-CALs group, the results of the
correlation analysis indicated a significant positive associa-
tion between PDPN and IL-6, ESR, suggesting that PDPN may
collaborate with IL-6 to induce inflammatory thrombosis in
the development of CALs in KD. It was consistent with the
result that PDPN score was related to enhanced IL-6 and
systemic inflammation [35]. Furthermore, evaluation of the
diagnostic efficacy of PDPN by ROC curve analysis demon-
strated that PDPN had excellent potential to distinguish KD
patients from healthy children, with an AUC of 0.8095, 80.1 %
sensitivity and 76.2 % specificity. The AUC of plasma PDPN
for predicting CALs was 0.8377, with a sensitivity of 45.45 %
and a specificity of 90.48 %. Therefore, we speculate that
using PDPN as a predictive marker enables the prediction of
CALs in KD with a high probability, thereby presenting a
promising avenue for future therapeutic interventions
in KD.
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However, our selection of plasma samples was
restricted to a specific time, warranting the need for pro-
spective cohort study. The age of enrollment was limited due
to discrepancies in the reference intervals of clinical in-
dicators across various age groups, leading to a relatively
small sample size. In the future, we will broaden the inclu-
sion criteria for the subjects and further validate the accu-
racy of the research. Additionally, further explorations are
also required to investigate on the mechanism of PDPN/
CLEC-2 regulating coagulation-related molecules in KD and
the formation of CALs.
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