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Abstract

Rationale—Kawasaki disease (KD) is an acute vasculitis of early childhood that can result in
permanent coronary artery structural damage. The etiology for this arterial vulnerability in up to
15% of KD patients is unknown. Vascular smooth muscle cell (VSMC) dedifferentiation play a
key role in the pathophysiology of medial damage and aneurysm formation, recognized arterial
pathology in KD. Platelet hyperreactivity is also a hallmark of KD. We recently demonstrated that
uptake of platelets and platelet-derived miRNAs influences VSMC phenotype in vivo.

Objective—We set out to explore whether platelet/vascular smooth muscle cell interactions
contribute to coronary pathology in KD.

Methods & Results—We prospectively recruited and studied 242 KD patients, 75 of whom had
documented coronary artery pathology. Genome-wide miRNA sequencing and droplet digital PCR
(ddPCR) demonstrated that KD patient platelets have significant induction of miR-223 compared
to healthy controls. Platelet-derived miR-223 has recently been shown to promote vascular smooth
muscle quiescence and resolution of wound healing after vessel injury. Paradoxically, KD patients
with the most severe coronary pathology (giant coronary artery aneurysms) exhibited a lack of
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miR-223 induction. Hyperactive platelets isolated from KD patients are readily taken up by
VSMCs, delivering functional miR-223 into the VSMCs promoting VSMC differentiation via
downregulation of platelet-derived growth factor receptor § (PDGFRp). The lack of miR-223
induction in patients with severe coronary pathology leads to persistent VSMC dedifferentiation.
In a mouse model of KD (Lactobacillus casei cell wall extract (LCWE) injection), miR-223
knockout (miR-223 KO) mice exhibited increased medial thickening, loss of contractile VSMCs in
the media, and fragmentation of medial elastic fibers compared to WT mice, which demonstrated
significant miR-223 induction upon LCWE challenge. The excessive arterial damage in the
miR-223 knockout could be rescued by adoptive transfer of platelet, administration of miR-223
mimics, or the PDGFR inhibitor imatinib mesylate. Interestingly, miR-223 levels progressively
increase with age, with the lowest levels found in less than five-year-old. This provides a basis for
coronary pathology susceptibility in this very young cohort.

Conclusions—Platelet-derived miR-223 (through PDGFR inhibition) promotes VSMC

differentiation and resolution of KD induced vascular injury. Lack of miR-223 induction leads to

severe coronary pathology characterized by VSMC dedifferentiation and medial damage.

Detection of platelet-derived miR-223 in KD patients (at the time of diagnosis) may identify

patients at greatest risk of coronary artery pathology. Moreover, targeting platelet miR-223 or

VSMC PDGFR represents potential therapeutic strategies to alleviate coronary pathology in KD.
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INTRODUCTION

Kawasaki disease (KD) is an acute vasculitis of childhood that can result in permanent
structural damage to the coronary arteries, including medial damage, thickening, and
aneurysm formation 1. KD is the most common cause of acquired cardiovascular disease in
childhood 2. The acute vascular inflammation is characterized by progressive dysfunction
and damage to endothelium, extensive activation of platelets, and vascular smooth muscle
cell (VSMC) dedifferentiation, potentially leading to pathological vascular remodeling and
permanent coronary pathology 3 4. Standard treatment requires the combination of high-
dose intravenous immunoglobulin and oral aspirin ®, primarily focused on the injury process,
targeting inflammation, and thrombosis. Despite such therapies, 5 to 15% of KD children
develop permanent vascular damage leading to significant morbidity and mortality. New
mechanistic insights into the pathogenesis of KD coronary pathology are urgently warranted.

The process leading to arterial damage in KD is well studied. Endothelial damage from
vasculitis promotes platelet activation 6-8 and release of factors contributing to VSMC
dedifferentiation, e.g. platelet-derived growth factor-BB (PDGF-BB) °. In response to
PDGF-BB, VSMCs undergo a phenotypic switch from a contractile, quiescent differentiated
state to a synthetic, dedifferentiated, proliferative inflammatory phenotype 10-12
characterized by loss of smooth muscle cell markers including a-smooth muscle actin
(ACTA2), transgelin (TAGLN), and calponin (CNN1) 13. VSMC dedifferentiation has been
reported as a unique process of concentric mass formation around the arterial lumen, which
contributes to the coronary pathology in KD* 14, Thus VSMC dedifferentiation plays a
critical role in many vascular pathologies including medial damage, thickening, and
aneurysm formation 1517 What is currently lacking is an understanding of the process
leading to damage resolution. We recently demonstrated that the horizontal transfer of
platelet-derived miRNAs into VSMCs play an important role in arterial damage resolution
18 \We hypothesize that aberrant damage resolution may hold the key to persistent and
permanent coronary pathology in KD.

We now demonstrate using genome-wide miRNA sequencing and droplet digital PCR
(ddPCR) that KD patients with No Coronary Artery Aneurysm (NCAA group) show high
miR-223 induction in platelets, whereas KD patients with severe Coronary Artery Aneurysm
(CAA group) show low miR-223 induction in platelets, suggesting a role for miR-223 in KD
coronary pathology. We further demonstrate that NCAA platelets (high miR-223 expression)
deliver miR-223 into VSMCs, thereby inhibiting VSMC dedifferentiation via
downregulation of platelet-derived growth factor receptor B (PDGFRp). Deficiency of
miR-223 observed in CAA platelets results in a failure to switch on VSMC quiescence,
contributing to continuing pathological repair and severe coronary vascular pathology. In
LCWE-injected miR-223 knockout mice, either administration of miR-223 mimic
(agomiR-223), platelets with miR-223, or imatinib mesylate (an inhibitor of PDGFRp)
significantly attenuate coronary pathology progression. Thus, platelet miR-223 may serve as
a novel biomarker as well as a therapeutic target for KD coronary artery pathology.
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Details of the experimental methods are available in the Online Appendix.

Please see The Major Resources Table in the Supplemental Materials. Briefly, consecutive
consenting patients diagnosed with KD (American Heart Association criteria) ® and age- and
sex- matched healthy controls were recruited to the study (Guangzhou Women and
Children’s Medical Center Human Investigation Committee No. 2017102710). The
demographic and clinical characteristics of the recruited subjects are presented in Online
Table I-I11.

Platelets were prepared as previously described 18. To detect the ultrastructural
internalization of platelets into cells, and the function of platelet-derived miR-223 in
VSMCs, transmission electron microscopy, Ago2 Immunoprecipitation (Ago2-1P) was
performed as previously described 19: 20,

L.Casef (American Type Culture Collection, ATCC 11578) cell wall extract (LCWE) was
prepared as previously described 20-22, Wild-type C57BL/6, the global miR-223 knockout
(miR-223Y"") mice 23 (JAX stock #013198) purchased from Jackson Laboratory (Bar Harbor,
USA) and backcrossed to C57BL/6 mice for =5 generations were used to establish KD
mouse model. The experiments were conducted under the authorization of Animal Care
Committee in Guangzhou Medical University (2019-384). The animal procedures were
performed by the same operator blinded to the mouse genotype/treatment group, as well as
the KD status for the in vivo animal model experiments. Images were assigned a numerical
code to ensure that the selection of representative images is carried out in a blinded manner.

Statistical analysis was performed using GraphPad Prism v.8.0.2 (GraphPad, La Jolla, CA,
USA). Shapiro-Wilk Normality test was performed to determine data distribution. For
normally distributed data, values are presented as mean + SD. Unpaired two-tailed Student’s
ttest was used to compare two groups; One-way ANOVA followed by Tukey’s multiple
comparisons was performed to determine differences between indicated groups. For data
that were not distributed normally (including n<4), values are presented as medians +
interquartile ranges (IQR). Mann-Whitney test was used for two groups, and Kruskall-Wallis
with Dunn’s multiple comparisons test was performed for more than two groups. For
experiments set up with more than one variable, repeated measures (RM) Two-way ANOVA
with Sidak’s multiple comparisons test was used. For platelet infusion experiment, Wilcoxon
matched-pairs signed rank test was used for comparison between percentages of GFP
positive cells in circulation before and after platelet infusion. A separate file including all
statistics has been added as a supplementary to the manuscript. A difference of A<0.05 was
considered significant.

We hypothesized that the underlying mechanism for KD coronary pathology may include
not only induction of the vascular wall damage by inflammation, but also inadequate
resolution of this damage.
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Reduced induction of miR-223 is associated with severe coronary pathology and serves as
a disease biomarker (Figure 1)

Genome-wide miRNA sequencing was performed on platelets isolated from healthy controls
(HC) and Kawasaki disease (KD) patients. KD patients were further characterized in two
groups, NCAA and CAA, according to coronary artery dimension calculated by
echocardiography. Supporting the validity of our miRNA profiling, members of the let-7
family accounted for the most miRNAs in platelets from KD patients 33 34 (Online Figure
IA). Among all the miRNAs significantly increased in KD, the top eleven induced miRNAs
(unsupervised hierarchical clustering) included miR-223 (Figure 1A highlighted by red box).
We recently demonstrated that activated platelets can promote resolution of vascular injury
via horizontal transfer of platelet-derived miR-223 into VSMCs 18 where miR-223 is
normally undetected 3°. Given that miR-223 is increased in NCAA with no increase in CAA,
miR-223 may be protective against CAA in KD.

Expression of platelet miR-223 was further analyzed using quantitative Real-Time PCR (RT-
gPCR) in KD patients (NCAA n=67, CAA n=35) and HC (n=67) recruited from the cohort
study (2017102710). Consistent with the miRNA array, the level of miR-223 was
significantly increased in KD with NCAA compared to HC (/£<0.0001) and KD patients
with coronary artery aneurysms (CAA) (P=0.0016), demonstrating significantly lower
miR-223 induction (Online Figure IB). MiR-223 may be differentially expressed dependent
on the severity of coronary pathology in KD. KD patients (n=116) and HC patients (n=29)
recruited from the cohort study (2017102710) were evaluated for miR-223 using high
sensitivity quantitative droplet digital PCR (ddPCR), to accurately determine copy number
of platelet-derived miR-223. Blinded to the results, patients with CAA (n=28) were then
further divided into three groups, SCAA (small CAA n=12), MCAA (medium CAA n=7),
GCAA (giant CAA n=9), using an established clinical index used to quantify the severity of
coronary pathology in KD ® (Figure 1B). Consistent with our initial cohort study, the copy
number of platelet miR-223 was significantly increased in KD patients with NCAA (n=88),
compared to HC (n=29) or KD patients with CAA (n=28) (Figure 1C). Among the KD
patients with CAA, the copy number of platelet miR-223 was significantly reduced
dependent on the coronary pathology severity, following the order SCAA > MCAA >
GCAA (Figure 1D).

To determine whether platelet miR-223 level can serve as a biomarker for coronary
pathology severity in KD, a receiver operating characteristic (ROC) curve was plotted and
the area under curve (AUC) was calculated (AUC=1 indicates the highest correlation). The
level of platelet miR-223 was able to distinguish KD patients (both NCAA and CAA
groups) from HC, with an AUC value of 0.931 (95% confidence interval (CI), 0.889-0.972)
(Figure 1E), and the AUC calculated for miR-223 to distinguish the CAA group from
NCAA group was 0.677 (95% ClI, 0.563-0.791) (Figure 1F). The AUC value obtained for
miR-223 to distinguish the SCAA and MCAA group from GCAA group was 0.994 (95%
Cl, 0.978-1.0) (Figure 1G). Taken together, these results support an induction of miR-223 in
KD platelets. The level of induction of miR-223 inversely correlate with coronary artery
pathology severity with no significant induction (lowest miR-223 levels) in KD patients with
severe coronary artery pathology. The key question arises as to whether lack of miR-223
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induction is merely a biomarker for coronary disease pathology or is involved in the
coronary pathology process.

KD platelets deliver miR-223 to VSMC (Figure 2 & 3)

As we have recently observed, if platelet miR-223 is somehow protective against vascular
pathology it needs to be incorporated into VSMCs 18, VSMC dedifferentiation, proliferation,
and apoptosis, processes associated with arterial aneurysm formation, have been reported to
lead to concentric mass formation around the arterial lumen, contributing to the coronary
pathology in KD 4 14, As earlier described, miR-223 is not normally found in VSMC.
Endothelial damage from KD vasculitis promotes platelet activation -8 and direct contact
between platelets and VSMC. Activated platelets are readily taken up by VSMCs 18,
Compared to HC platelets, KD platelets showed higher expression of P-selectin (CD62P),
and increased release of platelet factor 4 (PF4), beta-thromboglobulin (B-TG), and CD42b/
GPIB alpha, all markers of platelet activation (Online Table 1VV). CMFDA-labeled HC (not
activated), HC activated with thrombin or KD platelets were cocultured with human
coronary SMCs and assessed for platelet uptake using high resolution confocal microscopy.
Both the HC platelets activated with thrombin and the KD platelets demonstrated significant
uptake at 4 and 24 hours compared to the HC platelets (inactivated) (Figure 2A). This is
consistent with KD platelets being activated (Online Table V) even in the absence of
agonists such as thrombin. To more precisely localize the uptake of platelets in KD we
utilized high resolution confocal microscopy with three-dimensional reconstruction. KD
platelets were found to be incorporated into VSMCs, and localized to the cytoplasm at early
time points (1-4 hours). After 24 hours of coculture, KD platelets localized to the
perinuclear region (Figure 2B), consistent with the previous reports demonstrating activated
platelets endocytosed by VSMCs 18. The process of KD platelet internalization in VSMCs
was further confirmed by transmission electron microscopy, visualized by the presence of
distinct platelet granules that incorporated into VSMCs (Figure 2C I-111). Initially platelets
are located at the membrane of VSMCs (Figure 2C I-red arrows show an external platelet),
then incorporated into the cell cytoplasm (Figure 2C ll-red arrow) and fused with lysosomes
(Figure 2C lll-red arrow, Online Figure 11). We also found that the level of miR-223 was
significantly increased in VSMCs cocultured with KD platelets after 2-hour incubation
(Figure 2D), and VSMCs cocultured with KD platelets showed induction of miR-223
compared to HC platelets at the same amount of platelet (Figure 2E). In the absence of
platelet coculture, no significant miR-223 expression was detected in VSMCs alone (Online
Figure 111, as observed in previous studies 3°. Using purified platelets and a transwell
chamber with a filter pore size equal to 1 um, where only platelet-derived microparticles
(PMPs) were allowed to pass through, we found that the induction of miR-223 in VSMCs
was mainly contributed by KD platelets rather than PMPs (Online Figure IV A & B).
Compared to PMPs and supernatant, VSMCs incubated with KD platelets exhibited
significant expression of miR-223 (Online Figure IV C-D). Moreover, VSMC differentiation
appeared to be induced by KD platelets but not PMPs (Online Figure 1V E-F). These results
suggest that activated KD platelets may deliver miR-223 at least in part through activated
platelet contact with VSMC and internalization.
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To determine whether KD platelets are incorporated by VSMC /n vivo, we employed a well-
established murine model of KD in which intraperitoneal injection of Lactobacillus casei
cell wall extract (LCWE) induces vascular inflammation 21. Consistent with pathology
reported in the previous literature 26, our LCWE-induced KD mice developed progressive
abdominal aorta arteritis (Figure 3A 1-1V, Online Figure V), characterized by the infiltration
of immune cells (Figure 3A 11, Online Figure V1), disruption of the elastin, necrosis, and
medial thickening 36 (Figure 3A I11-1V). Corroborating results from KD patients, expression
of murine platelet miR-223 increased, two-week after LCWE injection (Figure 3B).
Confocal microscopy confirmed localization of platelets (CD41 positive cells) in the medial
layer of injured vessels (Figure 3C & D). To further establish platelet uptake /n vivo, we
employed a platelet-specific Cre recombinase expressing mT/mG mice (PF4-cre: mT/mG)
which promotes a switch from tomato red fluorescence to GFP only in platelets. Indeed, two
weeks after LCWE injection, GFP positive cells were localized in the medial layer of
abdominal aorta, but not in the PBS-injected mice (Figure 3E & F).

Using fluorescent in-situ hybridization (FISH), the expression of miR-223 was detected in
the medial VSMCs of only the injured vessel (not in the control uninjured vessel).
Expression of miR-223 was not increased in the medial VSMCs of LCWE-injected miR-223
KO mice compared to wild type (WT) littermates (Figure 3G & H). Interestingly, in this
experiment expression of PDGFRp (dedifferentiation marker) was significantly increased in
the thickened medial layer of miR-223 KO mice (Figure 3G & I, Online Figure VII negative
control). The significance will be apparent later. Taken together, these results provide
evidence for the horizontal transfer of platelet-derived miR-223 into VSMCs of injured
vessels in the KD mice. This may be in part through a platelet internalization process as
described in Figure 2, however miR-223 transfer by other means such as exosomes cannot
be completely excluded. We then explored the effect of miR-223 on VSMCs in KD,
particularly as miR-223 is normally not found in VSMCs.

KD platelet-derived miR-223 regulate VSMC dedifferentiation via directly targeting
PDGFRp. (Figure 4)

To understand the role of KD platelet-derived miR-223 in VSMC injury repair, proliferation
rate was measured in VSMCs cocultured with platelets containing high miR-223 (KD)
versus low miR-223 (HC). VSMC proliferation was significantly reduced after 24 and 48
hours of incubation with NCAA platelets (high miR-223) compared to HC (low miR-223)
(Online Figure VIIIA). Importantly, extracellular PDGF-BB (ligand for the receptor) did not
differ in VSMC treated with NCAA platelets versus HC platelets (Online Figure VIIIB).
With the mouse studies, VSMCs co-cultured with NCAA platelets also exhibited reduced
rate of cell proliferation, measured by Cell Counting Kit-8 (CCK-8) and BrdU incorporation
assay (Figure 4A & B). Also, the expression of the VSMC differentiation markers (ACTAZ2,
CNNZ1 and TAGLN) were significantly increased with concomitant reduced expression of
VSMC dedifferentiation markers (PCNA, OPN and PDGFRp) in VSMCs cocultured with
NCAA platelets compared to HC platelets (Figure 4C & D). The expression of VSMC
differentiation and dedifferentiation markers was also assessed in platelets alone and
VSMCs alone, serving as controls (Online Figure 1X). These results support a role for
platelet-derived miR-223 in suppressing VSMC dedifferentiation.

Circ Res. Author manuscript; available in PMC 2021 September 11.
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We then explored the mechanism by which miR-223 inhibits VSMC dedifferentiation.
Overexpression of miR-223 using miR-223 mimic (agomiR-223) substantially reduced the
level of PDGFR protein in VSMCs (Online Figure XA). As miRNAs are incorporated into
Argonaute 2 (Ago2) effector complexes to regulate specific mRNAs through translational
repression, Ago2 immunoprecipitation was performed in VSMCs cocultured with KD
platelets (high miR-223), followed by RT-gPCR detection of miR-223 and PDGFRP mRNA.
We found an increase in the Ago2°miR-223 complexes and PDGFRB mRNA in VSMCs
cocultured with KD platelets, however, such increased association of miR-223 and PDGFRpB
with Ago2 was not seen in VSMCs pre-transfected with miR-223 inhibitor
(antagomiR-223), indicating that the platelet-derived miR-223 functionally targets PDGFRpB
in VSMCs (Figure 4E & F). Bioinformatics analysis further identified that human PDGFRf
harbors a conserved binding site for miR-223-3p within its 3’ untranslated region (3’ UTR)
(Online Figure XB). We then measured the activity of a luciferase reporter fused to the wild-
type PDGFR-3” UTR (Luc-PDGFRB (WT)) or mutant PDGFRB 3’ UTR (Luc-PDGFRp
(MT)) in which the miR-223 targeting sites were mutated. Administration of agomiR-223
inhibited the luciferase activity in VSMCs transfected with Luc-PDGFRB (WT), while the
inhibitory effect of agomiR-223 on luciferase activity was abrogated in cells transfected with
Luc-PDGFRp (MT) (Figure 4G). Compared to HC platelets, KD platelets (high miR-223)
reduced luciferase activity in VSMCs transfected with Luc-PDGFRB (WT) but not Luc-
PDGFRp (MT) (Figure 4H), and such reduction of luciferase activity induced by KD
platelets (high miR-223) was not observed in VSMCs transfected with miR-223 inhibitor
(antagomiR-223) (Figure 41). These results, along with the miR-223 KO mice demonstrating
increased PDGFRP in the thickened medial layer of (Figure 3G & 1), support that the
horizontal transfer of platelet-derived miR-223 inhibits VSMC dedifferentiation by directly
targeting PDGFRp.

MiR-223 deficient platelets from CAA patients with severe coronary artery pathology fails
to suppress VSMC dedifferentiation (Figure 5 & 6)

KD patients with significant coronary artery pathology (CAA) had low platelet miR-223
compared to KD patients with little or no coronary pathology (NCAA) (Figure 1). VSMCs
cocultured with NCAA platelets exhibited increased VSMC differentiation markers
(ACTA2, CNN1 and TAGLN) with concomitant reduction of VSMC dedifferentiation
markers (PCNA, OPN and PDGFRp), but such changes were not found in VSMCs
cocultured with CAA platelets (Figure 5A & B). VSMCs transfected with agomiR-223
showed significant increased miR-223 level while VSMCs transfected with antagomiR-223
showed diminished expression of miR-223 (Online Figure XI A & B). In VSMCs incubated
with NCAA platelets, the administration of antagomiR-223 significantly reduced the
expression of differentiation markers (ACTA2, CNN1 and TAGLN), and increased the
expression of dedifferentiation markers (PCNA, OPN and PDGFR). In VSMCs incubated
with CAA platelets, the administration of agomiR-223 significantly increased the expression
of differentiation markers and reduced the expression of dedifferentiation markers (Figure
5C & D).

To demonstrate the role of platelet-derived miR-223 in KD-induced coronary artery
pathology /n vivo, miR-223 KO mice (analogous to KD patients with low miR-223) were
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intraperitoneally injected with LCWE. Two weeks after LCWE treatment, the expression of
PDGFRp (a marker of VSMC dedifferentiation) was increased while the expressions of
ACTAZ2 (a marker of VSMC differentiation) and smoothelin (a marker of terminal VSMC
differentiation) were decreased in the thickened medial layer of miR-223 KO mice,
compared to littermates (Figure 6A & C). In addition, matrix metalloproteinase 9 (MMP9)
(a marker of the synthetic state of VSMCs and aneurysm formation) and cleaved caspase-3
(a marker of VSMC apoptosis) were increased in the thickened medial layer of LCWE-
injected miR-223 KO mice (Online Figure XII A-D). The altered expression of PDGFRp,
smoothelin, MMP9 and cleaved caspase-3 were attenuated by administration with
agomiR-223 in LCWE-injected mice (Figure 6B & D, Online Figure XII A-D). Two weeks
after LCWE treatment, the medial thickening was significantly enhanced in the miR-223 KO
mice compared to littermates, which was significantly attenuated by agomiR-223 (Figure 6E
& F, Online Figure XII1I). These results suggested that miR-223 deficiency in KD platelets
contributes to persistent and excessive VSMC dedifferentiation, thereby increasing the risk
of coronary pathology. MiR-223 may provide a potential therapeutic approach for the
coronary artery pathology by applying a brake on excessive VSMC dedifferentiation in KD.

Adoptive transfer of platelet ameliorated the abdominal aorta lesions in LCWE-injected
miR-223 KO mice (Figure 7)

To demonstrate a platelet-specific contribution of miR-223 in suppressing VSMC de-
differentiation, washed platelets (0.25x 10° per mouse) 32 isolated from PF4-cre: mT/mG
mice (where platelets are GFP positive) were intravenously injected into LCWE-injected
miR-223 KO mice and WT littermate controls. Two weeks after LCWE injection, GFP
positive platelets were found in the damaged abdominal aorta’s medial layer of both the
miR-223 KO mice and the littermate control (Online Figure XIVA). Concurrent flow
cytometry analysis confirmed between 3-4% GFP positive platelets remaining in the murine
blood samples (Online Figure XIVB). We then compared miR-223 KO mice two weeks post
injection with PBS only, or LCWE only, or LCWE and platelets. Compared to PBS-injected
miR-223 KO mice, the medial thickening was significantly increased in LCWE-injected
miR-223 KO mice, but no significant increase was found in LCWE-injected miR-223 KO
mice with adoptive platelet transfer (Figure 7A & B, Online Figure XV). Also, the LCWE-
induced induction of PDGFR was significantly attenuated by the adoptive platelet transfer
(Figure 7C & D). Moreover, level of platelet miR-223 was significantly higher than
peripheral blood mononuclear cells (PBMCs) isolated from the same volume of blood
(Online Figure XIVC). Taken together, these results support a platelet-specific contribution
of miR-223 in suppressing VSMC de-differentiation applying a brake on the repair process.

Targeting miR-223-PDGFRp axis attenuated LCWE-induced abdominal aorta lesions in KD
mice (Figure 8)

Our studies provide important insights into novel therapeutic targets, in particular the
miR-223/PDGFRB/VSMC axis. Despite current state-of-the-art therapies (IVIG targeting
the immune system, and aspirin targeting platelets), patients with giant coronary artery
aneurysms (GCAA) consistently demonstrate low miR-223 (Figure 8A). Recent clinical
studies have suggested statins may be beneficial in KD with protective actions on
endothelial damage and inflammation 37. Twelve KD patients with severe coronary
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pathology (GCAA) recruited from a cohort study (2017102710) were treated with IVIG/
aspirin with or without statin. No difference in miR-223 level was found after four weeks of
treatment (Figure 8B). Compared to the baseline, no significant reduction of Z-worst was
found in the CAA patients treated with combination therapy for one-month or six-month
(Figure 8C), with one patient markedly increasing their Z-worst (Figure 8C). We then
explored, using the LCWE murine model, whether targeting the miR-223/PDGFRB/VSMC
axis may be beneficial in KD.

To investigate whether platelet miR-223-PDGFR axis may provide therapeutic benefit for
CAA progression in KD, 1) agomiR-223 (miR-223 mimic, 80mg/kg per mouse) 38 2)
Imatinib mesylate (PDGFR a and B inhibitor, 50mg/kg/day per mouse) 28, 3) Rapamycin D
(mTORCL1 inhibitor recognized to promote VSMC differentiation, 2mg/kg/day per mouse)
31 and 4) Atorvastatin calcium (used in recent clinical trials as an endothelial protectant,
10mg/kg/day per mouse) 27, were introduced to LCWE-induced miR-223 KO mice.
MiR-223 KO mice were used to mimic the platelet deficient of miR-223 in KD patients with
GCAA. Compared to PBS-treated mice, medial thickening and damage was again evident
two weeks after LCWE injection (Figure 8D). Treatment of imatinib mesylate (Imatinib),
rapamycin D and agomiR-223 significantly attenuated the medial thickening in the LCWE-
injected mice (Figure 8D & E), indicating that PDGFRp-induced VSMC dedifferentiation
plays a crucial role in KD vascular pathology. However, such attenuation of medial
thickening was not found in LCWE-injected mice treated with statin, consistent with the
results of KD patients with severe coronary pathology (Figure 8D & E, Online Figure XVI).
Taken together, both the human studies and mouse model of KD support the importance of
miR-223, PDGFRp and VSMC differentiation in protecting and applying a brake on KD
induced injury repair.

The reason why less than 5-year-old children are particularly susceptible to KD and the
coronary vascular complications is entirely unknown. The answer may again lie with
miR-223. Assessing levels of miR-223 in several age cohorts (<5-year-old n=21, 5-10 year
old n=21 and >20 year old n=8) demonstrated the lowest levels in the <5 year old with
progressive increase with age (Online Figure XVI1I). With low miR-223 indicating highest
vulnerability to coronary pathology, less than five-year-old would thus be the most at risk
cohort for disease. Targeting the miR-223-PDGFRp axis in KD vascular pathology may
provide therapeutic value in this severe childhood disease.

DISCUSSION

Instigation of vascular injury and repair (inflammation, endothelial damage, VSMC
dedifferentiation and proliferation) is well studied, but the mechanisms for limiting the
repair process, are poorly understood. Based on our current studies, impaired recovery from
prolonged inflammatory damage contributes to abnormal remodeling and severe coronary
artery pathology in KD. Hyperactive platelets in KD (arising from the inflammation and
endothelial damage) are recognized to increase the risk of coronary syndrome 39,
Hyperactive platelets deliver miR-223 into VSMCs (miR-223 is not native to VSMC),
suppressing VSMC dedifferentiation through PDGFRP expression inhibition. This brake on
VSMCs promotes resolution from arterial injury. Platelet deficient in miR-223 leads to
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coronary artery pathology as platelet uptake fails to suppress VSMC dedifferentiation
(Central illustration). Thus, targeting the miR-223-PDGFRf axis may provide novel
therapeutic option for KD-induced vascular pathologies.

Deficiency of miR-223 in CAA platelets contributes to vascular pathology and the
increased risk of aneurysm formation in KD

VSMC dedifferentiation plays an important role in the formation of arterial aneurysms
12,13,16 |t is known that growth factors released from activated platelets e.g. PDGF induces
VSMC dedifferentiation in injured vessels 1040, Upon arterial injury in KD, platelets
provide an immediate response with activation and release of alpha-granule storage
including growth factors such as PDGF-BB. Based on our /n vitroand in vivo results, KD
platelets also deliver miR-223. In the absence of miR-223, VSMC dedifferentiation proceeds
unabated leading to medial thickening, damage, apoptosis and MMP9 release. Increased
levels of MMP9 has been found in aneurysmal arteries in KD 36, thought to drive the
degradation of vessel wall matrix, promoting CAA formation 4%, Our results also showed
that the expression of MMP9 was altered in the injured arteries of LCWE-injected mice and
was significantly abrogated by administration of agomiR-223 in LCWE-injected miR-223
KO mice. Consistent with our findings, recent studies have suggested that miR-223 may
play an important role in endothelial pathology in KD, possibly through a novel endocrine
genetic signaling mechanism 33 42, with high expression level of miR-223 at the acute stage
of KD, and relative lower expression in KD with coronary lesions 42 43,

Measuring platelet miR-223 may allow for identification of patients at high risk of
developing GCAA

MIiR-223 is one of the most abundantly expressed miRNA in human platelets 44. Diminished
platelet miR-223 has been reported to correlate with platelet reactivity and higher risk of
coronary artery disease 34. Consistent with previous studies 33 4243, we also found that
level of platelet miR-223 was increased at the acute stage of KD, but decreased in coronary
lesions of KD. The inflammatory cytokine TNF-alpha (TNF-a) has been found to contribute
to altered miR-223 level in cells 3345, To better understand the induction of miR-223 in KD,
we measured the level of TNF-a in plasma from HC and KD patients, and we found that the
level of TNF-a was significantly increased in KD group compared to HC (Online Figure
XVIII A). Similar to KD patients, the level of TNF-a in plasma from LCWE-injected mice
was also significantly increased compared to the PBS-injected mice group (Online Figure
XVIII B). Human or murine platelets incubated with TNF-a. showed induction of miR-223
in a time- and concentration-dependent manner (Online Figure XVIII C & D), suggesting
that TNF-a contributes to the induction of platelet miR-223 in KD patients and LCWE-
injected murine model. Since platelets are anucleate, the expression of platelet miR-223 is
regulated by Dicerl-mediated synthesis of mature miRNA from precursor miRNA (pre-
miRNA). We therefore measured the platelet expression of Dicerl, mature miR-223, and
pre-miR-223 in HC, KD patients with coronary artery aneurysm (NCAA) and KD patients
with coronary artery aneurysm (CAA). Compared to HC and CAA group, the levels of
mature miR-223 and Dicerl were significantly higher in NCAA group while the level of
pre-miR-223 was significantly lower in NCAA group (Online Figure XVIII E, F & G). Both
NCAA and CAA (KD patients) have been induced to produce mature miR-223 (i.e. with
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TNF-a) in comparison to the HC (control). CAA resembles HC as induction appears to have
largely failed (Online Figure XVIII E, F & G). These results at least in part explain why
NCAA patients have more platelet miR-223 than CAA patients. As previously described, a
recent study demonstrated that TNF-a may contribute to the downregulation of miR-223 33,
This was however in human umbilical vein endothelial cells artificially overexpressing
miR-223. Inflammation and TNF-a may be damaging/ inducing apoptosis in the endothelial
cells, and thus the reduction of miR-223. Such discrepancy on the effect of TNF-a. may
therefore be attributed to the different cell types (platelet vs endothelial cell) and different
experimental treatment (pathophysiological level vs overexpression). Combined, the results
are not mutually exclusive and serve to highlight the potential importance of miR-223
transfer from platelets.

It has been reported that cardiac complications, including stenosis, thrombotic occlusion,
myocardial infarction, and sudden death occur most often in patients with GCAA 2, it is thus
important to identify these patients as early as possible. DAPCR is a recently introduced
technology that allows for precise and sensitive absolute quantification of target nucleic
acids based on superior sample partitioning, increased signal-to-noise ratio, and Poisson
statistics 46. More importantly, it can tolerate wide variations in amplification efficiency
without affecting the quantitative results of the target. Based on the statistical analysis of our
ddPCR results, the differential expression of miR-223 in KD platelets was dependent on the
severity of coronary artery pathology. Importantly we also demonstrate that the lowest levels
of miR-223 are observed in less than 5 year old children, the age at highest risk for KD
vascular complications. Thus measuring platelet miR-223 may have both diagnostic and
prognostic value in KD.

Targeting the miR-223-PDGFRp axis may serve as an alternative therapy for KD patients

with CAA

Prolonged and chronic inflammation induces the vascular damage in KD, which persists
even in the whole process of KD 36. Adjunctive therapies such as statins have been
introduced to KD with CAA based on their pleiotropic effects of alleviating inflammation
and protecting endothelial function 3747, However, in our recruited KD patients, twelve
GCAA patients with miR-223 deficiency were not responsive to the statins treatment
regardless of dose and duration of CAA, suggesting that alternative therapy for coronary
lesions is urgently needed for those KD patients with platelet deficient of miR-223.

The important role of PDGF-induced VSMC phenotypic switch in pathogenesis of coronary
lesions in KD has been reported previously 4 14 48 which suggests that pharmacological
inhibition of VSMC dedifferentiation, such as rapamycin D 30 and imatinib 28 2% may be
the potential therapy for CAA progression. Imatinib (STI571; Gleevec® or Glivec®), a
tyrosine kinase inhibitor of PDGFR, has been reported efficacy in the treatment of systemic
rheumatic diseases 49 and pulmonary arterial hypertension %0, but their use has not been
described in KD. Based on our results, administration of imatinib attenuated LCWE-induced
abdominal aorta lesions in KD mice, supporting the use of imatinib in treating KD vascular
lesions. Rapamycin D, known to inhibit PDGF-induced VSMC dedifferentiation 3°,
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attenuated LCWE-induced aortic lesions. Targeting platelet miR-223-PDGFRf axis may
provide alternative therapy for CAA progression in KD patients.

Study limitations

Summary

We acknowledge several limitations with our studies. We are unable to directly address the
mechanisms in human. However, we have delineated the mechanism Jn vitro using patient
platelets and human coronary vascular smooth muscle cells as well as /n vivo using a well-
established KD mouse model. Many other mechanisms including miRNAs may also
contribute to the coronary pathology of KD however based on the human and animal studies
we are confident that miR-223 plays a major role. Larger clinical studies are required to
establish miR-223 as a prognostic biomarker as well as for therapies with miR-223 inducers,
PDGF inhibitors, and inducers of VSMC differentiation.

The key finding of this study is that activated KD platelets transfer miR-223 to VSMCs and
suppress VSMC dedifferentiation in part through targeting PDGFRp. Coronary pathology in
KD is in part due to lower levels of platelet-derived miR-223 leading to maintenance of the
synthetic and proliferative VSMC state. Thus, platelet miR-223 levels can potentially serve
as KD diagnostic and prognostic biomarkers. These results not only confirm the pivotal role
of activated platelets in maintaining a delicate balance of VSMC response to injury, but also
provide a novel mechanism into CAA formation in KD. The mechanism reported here may
not only be useful in the early evaluation of prognosis of KD patients but may also provide
important insights into miRNA based therapeutic targets for CAA in KD patients.
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Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms

ACTA2 a-smooth muscle actin

A adventitia

AUC the area under curve

B-TG beta-thromboglobulin
CAA coronary arterial aneurysm
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Cl confidence interval
CNN1 calponin
CD62P P-selectin
DdPCR droplet digital PCR
FISH fluorescent in-situ hybridization
GCAA giant coronary arterial aneurysm
HC healthy control
KD Kawasaki disease
LCWE lactobacillus casei cell wall extract
L lumen
MCAA medium coronary arterial aneurysm
miR-223 KO miR-223 knockout
MMP9 matrix metalloproteinase 9
MFI mean fluorescence intensity
NCAA non-coronary arterial aneurysm
PDGFRp platelet-derived growth factor receptor B
PDGF-BB platelet-derived growth factor-BB
PCNA proliferating cell nuclear antigen
PF4 platelet factor 4
PMP platelet-derived microparticle
ROC receiver operating characteristic
SCAA small coronary arterial aneurysm
TAGLN transgelin
TNF-a TNF-alpha
VSMC vascular smooth muscle cell
WT wide type
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NOVELTY AND SIGNIFICANCE
What Is Known?

. The acute vascular inflammation of Kawasaki disease (KD) is characterized
by activation of platelets and vascular smooth muscle cell (VSMC)
dedifferentiation, potential contributors to KD coronary pathologies.

. VSMC dedifferentiation plays a critical role in many vascular pathologies
including medial damage, thickening, and aneurysm formation.

. Platelet-derived miRNASs play a dual role in vascular injury repair, initiating
an immediate repair process and, concurrently, a delayed process to prevent
excessive repair.

What New Information Does This Article Contribute?

. The level of miR-223 in platelets from KD patients inversely correlates with
severity of coronary artery pathology.

. Horizontal transfer of KD platelet-derived miR-223 suppresses vascular
smooth muscle cell (VSMC) dedifferentiation by inhibiting the expression of
PDGFRg.

. Deficiency of miR-223 induction in KD platelets contributes to the increased

risk of coronary artery pathology and aneurysm formation.

. The miR-223-PDGFRp axis may provide a therapeutic target that would
ameliorate coronary artery pathology in KD.

Platelet hyperreactivity is a hallmark of KD. Despite treatment with intravenous
immunoglobulin plus high-dose aspirin, 5 to 15% of KD children develop coronary artery
pathology leading to significant morbidity and mortality. VSMC dedifferentiation plays a
key role in the pathogenesis of coronary artery pathology and aneurysm formation.
Activated platelets have been found to regulate VSMC dedifferentiation via horizontal
transfer of platelet-derived miRNAs. We therefore hypothesized that the transfer of
platelet-derived miRNAs into VSMCs may promote the resolution of coronary artery
pathology in KD. Here we found that KD platelets with low induction of miR-223 had
increased risk of severe coronary pathology. The horizontal transfer of KD platelet-
derived miR-223 suppresses VSMC dedifferentiation by inhibiting the expression of
PDGFRp. This brake on VSMC dedifferentiation promotes resolution from arterial
injury.

Circ Res. Author manuscript; available in PMC 2021 September 11.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Zhang et al. Page 19

A S (~ E— B
HC NCAA CAA

12 3 123456178

hsa-miR-337-3p

hsa-let-7g-5p - Z D
LAD: 137 =¥ LMCA™.2 mm
hsa-miR-199a-3p [pANPRrIEH = 46

E

hsa-miR-199b-3p
}hsa-miR-21-5p
hsa-miR-27b-3p
hsa-miR-423-3p (Z worst 9.68)
hsa-miR-22-3p

hsa-miR-221-3p

. lhsa-miR-QZb-sp

|
-1.0-0.6-0.20.2 0.61.0
Row Z-Score
C D
T — TR —
S 15000 _ S 6000 T S
] 3
o 2
& &
810000 £ 4000 1
o 5000 « 2000 T
) : e
N
o ¢
14 x A
T 0- £ 0 . ) "m
SCAA MCAA GCAA
CAA
E F G
o —HC V8 KD (NCAA & CAA) o NCAA vs CAA o SCAA + MCAA vs GCAA
-] hy =
« | @ ] @ |
o o o
2 2 2
£ s £ e £s
2, 2 2
n < | -
®° @ ° @ °
g, AUC : 93.1% ey AUC : 67.7% 3 AUC : 99.4%
95% Cl: 88.9%-97.2% 95% Cl: 56.3%-79.1% 95% CI: 97.8%-100%
Q] p <1e-04 Q] p =0.0019 = p=0.0015
ols ‘ - : ‘ - c kg : - - : ‘ cls - ? - - -
00 0.2 04 06 08 1.0 00 02 04 06 08 1.0 00 02 04 06 08 1.0
1-Specificity 1-Specificity 1-Specificity

Figure 1. Kawasaki disease (KD) platelets exhibit differential expression of miR-223 dependent
on the severity of coronary pathology.

(A) Heatmap of differentially expressed miRNAs in platelets from healthy control (HC)
(n=3), KD patients in non-coronary arterial aneurysm (NCAA) group (n=5) and coronary
arterial aneurysm (CAA) group (n=3). (B) CAA patients were divided into three groups,
small CAA (SCAA), medium CAA (MCAA), giant CAA (GCAA), according to coronary
artery Z-worst. Representative echocardiogram images of corresponding patients with
SCAA, MCAA, GCAA or NCAA, were shown. (C) Levels of miR-223 in platelets from HC
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(n=29), KD patients in NCAA group (n=88) and CAA group (n=28) were determined by
droplet digital PCR (ddPCR) and presented as copies per microliter (ul) in each sample
(Kruskall-Wallis test and Dunn’s multiple comparisons test). (D) Levels of miR-223 in
platelets from each group (SCAA: n=12, MCAA: n=7, GCAA: n=9) were measured by
ddPCR (Kruskall-Wallis test and Dunn’s multiple comparisons test). Binary logistic
regression analysis was performed, and ROC values were generated to evaluate the ability of
platelet miR-223 to distinguish, (E) HC from KD patients with CAA and NCAA, (F) KD
patients in NCAA group from CAA group, (G) KD patients with SCAA and MCAA from
GCAA. *P<0.05, ™ P<0.001, ™" A<0.0001.
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Figure 2. Activated KD platelets are internalized into VSMCs delivering miR-223 into VSMCs.
(A) Representative images of VSMCs co-cultured with CMFDA-labeled (green) KD

platelets and unstimulated HC platelets, and thrombin stimulated HC platelets for 2, 4, 24
hours. VSMCs stained with ACTA2 (red) and nuclei visualized with Hochest (blue) (n=8).
Scale bar: 20um. (B) Three-dimensional reconstruction of confocal Z-stack images of the
whole VSMCs co-cultured with CMFDA-labeled KD (green) platelets were shown at
different orientations to demonstrate uptake and perinuclear localization (n=8). Scale bar:
20um. (C) Transmission electron microscopy imaging of VSMCs co-cultured with KD
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platelets. The red arrow indicates the entering and internalized platelet. Scale bar: 500 nm.
(D) Intracellular miR-223 level in VSMCs after incubation with platelets from unstimulated
HC (n=3), thrombin-stimulated HC (n=3) and KD group (n=3) for 0, 2, 4, 8 hours,
normalized to U6. The relative level of miR-223 in thrombin-stimulated HC group and KD
group was calculated and normalized by HC group at each time point (Kruskall-Wallis test
and Dunn’s multiple comparisons test). (E) Intracellular miR-223 level in VSMCs at 4 hours
after incubation with increasing concentration of platelets from HC (n=3) and KD patients
with NCAA (n=3). Results are normalized to U6. The relative level of miR-223 in KD group
was calculated and normalized by HC group at each concentration (Mann Whitney test).
Abbreviations: HC, VSMC co-cultured with platelets from HC; KD (NCAA), VSMCs co-
cultured with platelets from KD patients with NCAA; HC+thrombin, VSMCs co-cultured
with thrombin -stimulated HC platelets. */<0.05 versus HC group.
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Figure 3. KD platelets are internalized into VSMCs delivering miR-223 in lactobacillus casei cell
wall extract (LCWE)-induced KD murine model.

The abdominal aorta tissues were collected from day 0 to day 14 after LCWE-injection. The
PBS-injected wide type (WT) littermates were used as vehicle control. (A) Representative
Hematoxylin and eosin (H & E) -stained sections from LCWE-injected mice were shown.
Photomicrographs from I-V show the process of LCWE-induced abdominal aorta lesions
(n=30). Scale bar: 50 pm. (B) Relative expression of miR-223 in platelets from PBS-treated
WT littermates (n=5), LCWE-treated WT littermates (n=18), PBS-treated miR-223 KO mice
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(n=5), and LCWE-treated miR-223 KO mice (n=10) at two weeks (Kruskall-Wallis test and
Dunn’s multiple comparisons test, **/<0.01, ****P<0.0001 versus LCWE-injected WT
littermates). (C) Corresponding immunofluorescence of CD41 and ACTA2 in abdominal
aorta sections from PBS (n=6) and LCWE-injected WT littermates (n=6) at two weeks.
CDA41 stained as green, ACTAZ2 as red, and nuclei visualized with DAPI (blue). Scale bar: 20
um. (D) Quantification of CD41 expression in sections was shown (Unpaired t test). (E)
Representative images of the sections from PBS (n=6) and LCWE-injected PF4-cre: mT/mG
WT mice (n=6). Scale bar: 20 pm. (F) Quantification of the mGFP positive cells in VSMCs
of media layer two weeks after LCWE-injection (Unpaired t test). (G) Representative
images of miR-223 and PDGFRp expression in abdominal aorta sections from PBS or
LCWE-injected WT littermates (n=4), PBS or LCWE-injected miR-223 knockout (KO)
mice (n=4). miR-223 (red), PDGFRp (green), and DAPI (blue). Scale bar: 20 pm.
Quantification of miR-223 (H) and PDGFR (1) expression in situ shown (Kruskall-Wallis
test and Dunn’s multiple comparisons test). Abbreviations: PBS, PBS-injected mice; LCWE,
LCWE-injected mice; Littermates, WT littermates; miR-223 KO, miR-223 KO mice.
**P<0.01 versus PBS-injected WT littermates; # P<0.05 versus PBS-injected miR-223 KO
mice in G & H.
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Figure 4. KD platelet-derived miR-223 regulates VSMC dedifferentiation via direct targeting

PDGFRB.

VSMCs were incubated with platelets from HC and KD patients with NCAA for 48 hours,
cell proliferation was assessed by, (A) CCK-8 assays (HC: n=17, KD (NCAA): n=16, Mann
Whitney test), and (B) BrdU incorporation assays (HC: n=12, KD (NCAA): n=13, Unpaired
t test). The expression (C) and quantification (D) of markers for differentiation (ACTAZ2,
CNNZ1, TAGLN) and dedifferentiation (PCNA, OPN, PDGFR) in VSMCs co-cultured with
platelets from HC (n=13) and KD patients with NCAA (n=21) were determined by Western
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blot (Mann Whitney test). Ago2 immunoprecipitation was performed in VSMCs (E) (Ctrl:
n=6, KD (NCAA): n=6, Unpaired t test), or VSMCs pre-transfected with miR-223 inhibitor
(antagomiR-223) (F) (KD (NCAA)+antagomiRNC: n=6, KD (NCAA)+antagomiR223: n=6,
Mann Whitney test), after 24 hours incubation with platelets from KD patients with NCAA,
Ago2-associated miR-223 and PDGFRP mRNA were quantified by quantitative RT-PCR
(RT-gPCR). VSMCs transfected with Luc-PDGFRp (WT) or Luc-PDGFRB (MT) were co-
transfected with miR-223 mimic (agomiR-223) (n=3) or NC-mimic (agomiR-NC) (n=3) in
(G), co-cultured with platelets from HC (n=3) or KD patients with NCAA (n=6) in (H), co-
transfected with antagomiR-223 (n=6) or NC inhibitor (antagomiR-NC) (n=6) followed by
incubation with platelets from KD patients with NCAA as indicated in (I). Luciferase
activity was measured with that of Renilla as transfection control (Mann Whitney test or
Unpaired t test). Abbreviations: HC, VSMCs co-cultured with platelets from HC; KD
(NCAA), VSMCs co-cultured with platelets from KD patients with NCAA. */<0.05,
*p<0.01, "P<0.001, P<0.0001.

*kkk
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Figure 5. Platelet deficient of miR-223 in KD patients with CAA fails to suppress VSMC
dedifferentiation.

The protein expression (A) and quantification (B) of markers for differentiation (ACTAZ2,
CNNZ1, TAGLN) and dedifferentiation (PCNA, OPN, PDGFRp (HC: n=8, NCAA: n=8,
CAA: n=15)) in VSMCs after incubation with platelets from HC (n=10), KD patients with
CAA (n=20) and NCAA (n=20) were determined by Western blot (One-way ANOVA or
Kruskall-Wallis test). VSMCs were pre-treated with agomiR-223 or antagomiR-223,
followed by incubation with platelets from HC (n=9), KD patients with NCAA (n=16) or
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CAA (n=9). The protein expression (C) and quantification (D) of markers for differentiation
(ACTA2, CNN1, TAGLN) and dedifferentiation (PCNA, OPN, PDGFRp (HC: n=8, NCAA:
n=9, CAA: n=9)) were measured by Western blot (Unpaired t test or Mann Whitney test).
Abbreviations: HC, VSMCs co-cultured with platelets from HC; KD (NCAA), VSMCs co-
cultured with platelets from KD patients with NCAA; KD (CAA), VSMCs co-cultured with
platelets from KD patients with CAA. *£<0.05, ™ P<0.01, ***P<0.001, **P<0.0001.
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Figure 6. Deficiency of miR-223 aggravates LCWE-induced abdominal aorta lesions, which was

resolved by administration with agomiR-223.

One week after LCWE injection, mice were administrated with agomiR-223 via tail
intravenous injection. PBS-injected mice were used as vehicle control. The abdominal aorta

tissues were collected two weeks after LCWE-injection. Corresponding

immunofluorescence of PDGFRp (A), smoothelin (B), and ACTAZ2 in abdominal aorta
sections were shown. PDGFR or smoothelin was stained as green, ACTAZ2 as red, and
nuclei visualized with DAPI (blue). Scale bar: 20 pm. Quantification of PDGFR (C) and
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smoothelin (D) expression in abdominal aorta lesions were shown (n=6 in C & D, One-way
ANOVA and Tukey’s multiple comparisons test). (E) Representative H & E-stained sections
from PBS or LCWE injected mice were shown. Scale bar: 50um. (F) The areas of thickened
media layer in each group were calculated by ImageJ software and subjected to statistical
analysis for significance (PBS-littermates: n=7, LCWE-littermates: n=24, LCWE-littermates
+agomiR-223: n=7, PBS-miR-223 KO: n=7, LCWE-miR-223 KO: n=13, LCWE-miR-223
KO + agomiR-223: n=7, One-way ANOVA and Tukey’s multiple comparisons test).
Abbreviations: Littermates, WT littermates; miR-223 KO, miR-223 KO mice; PBS, PBS-
injected mice; LCWE, LCWE-injected mice; LCWE + agomiR-223, LCWE-injected mice
followed by administration with agomiR-223; L, lumen; A, adventitia. */<0.05, **/<0.01,
***P<0.001, " P<0.0001 versus PBS-injected WT littermates; ##/<0.01, ##pP<0.001,

#### p<0,0001 versus LCWE-injected WT littermates; ®$$$/<0.0001 versus LCWE-injected
WT littermates followed by administration with agomiR-223; &&&& p<0.0001 versus PBS-
injected miR-223 KO mice; ????<0.001 versus LCWE-injected miR-223 KO mice.
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Figure 7. Adoptive transfer of platelets ameliorated the abdominal aorta lesions in LCWE-
injected miR-223 KO mice.
One week after LCWE injection, washed platelets (0.25x10%/200ul per mouse) isolated from

PF4-cre: mT/mG mice were intravenously injected, and the abdominal aorta tissues were
collected after one week. (A) Representative H & E-stained sections from LCWE injected
miR-223 KO mice infused with platelets isolated from PF4-cre: mT/mG mice were shown.
PBS-injected mice were used as vehicle control. Scale bar: 50um. (B) The areas of thickened
media layer were calculated by ImageJ software and subjected to statistical analysis for
significance (PBS: n=4, LCWE: n=4, LCWE + PLT: n=4, Kruskall-Wallis test and Dunn’s
multiple comparisons test). (C) Representative immunofluorescent images of PDGFRp and
ACTAZ in sections from PBS-injected, LCWE-injected, and LCWE-injected miR-223 KO
mice followed by platelet infusion. PDGFR} stained as green, ACTAZ2 as red, and nuclei
visualized with DAPI (blue). Scale bar: 20 um. (D) Quantification of PDGFR in the injured

Circ Res. Author manuscript; available in PMC 2021 September 11.

LCWE -

LCWE + PLTs



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Zhang et al.

Page 32

vessels (PBS: n=5, LCWE: n=5, LCWE + PLT: n=5, One-way ANOVA and Tukey’s
multiple comparisons test). Abbreviations: PBS, PBS-injected mice; LCWE; LCWE-
injected mice; LCWE + PLTs, LCWE-injected mice followed by infusion with platelets;
miR-223 KO, miR-223 KO mice. **/<0.01, ™" /<0.0001 versus PBS-injected miR-223 KO
mice; ###P<0.0001 versus LCWE-injected miR-223 KO mice.
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Figure 8. Targeting miR-223-PDGFRp axis attenuated LCWE-induced abdominal aorta lesions
in KD mice.

(A) Relative levels of miR-223 in platelets from KD patients with NCAA (n=67), KD
patients with GCAA (n=12) versus HC group (n=67) (Kruskall-Wallis test and Dunn’s
multiple comparisons test). (B) Relative level of miR-223 in platelets from GCAA patients
with (Statin +) (n=12) or without simvastatin (Statin -) (n=12) treatment (Mann Whitney
test). (C) Coronary artery Z-worst in GCAA patients at baseline (n=12), at one (1M) (n=12)
and six months (6M) (n=9) after treatment with Statin. The data is not applicable for three

Circ Res. Author manuscript; available in PMC 2021 September 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 34

GCAA patients six months after treatment with Statin. (D) Representative H & E -stained
sections from PBS-injected (n=6), LCWE-injected (n=7), LCWE-injected miR-223 KO
mice followed by administration with Imatinib mesylate (Imatinib) (n=7), Rapamycin D
(n=7), Atorvastatin calcium (Statin) (n=7) were shown. PBS-injected mice were used as
vehicle control. Scale bar: 50um. (E) The areas of thickened media layer were calculated by
ImageJ software and subjected to statistical analysis for significance (One-way ANOVA and
Tukey’s multiple comparisons test). Abbreviations: PBS, PBS-injected mice; LCWE;
LCWE-injected mice; Imatinib, Rapamycin D, Statin indicate LCWE-injected mice
followed by administration with imatinib, Rapamycin D, Statin, respectively; miR-223 KO,
miR-223 KO mice. **P<0.01 versus PBS-injected miR-223 KO mice; #/<0.05 versus
LCWE-injected miR-223 KO mice; %P<0.05 versus LCWE-injected miR-223 KO mice
followed by administration with Imatinib mesylate.
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