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endothelial cells and
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vasculitis in Kawasaki disease
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Aims: The Ca+/NFAT (Nuclear factor of activated T cells) signaling pathway

activation is implicated in the pathogenesis of Kawasaki disease (KD); however,

we lack detailed information regarding the regulatory network involved in the

human coronary endothelial cell dysfunction and cardiovascular lesion

development. Herein, we aimed to use mouse and endothelial cell models of

KD vasculitis in vivo and in vitro to characterize the regulatory network of NFAT

pathway in KD.

Methods and Results: Among the NFAT gene family, NFAT2 showed the

strongest transcriptional activity in peripheral blood mononuclear cells

(PBMCs) from patients with KD. Then, NFAT2 overexpression and knockdown

experiments in Human coronary artery endothelial cells (HCAECs) indicated

that NFAT2 overexpression disrupted endothelial cell homeostasis by

regulation of adherens junctions, whereas its knockdown protected HCAECs

from such dysfunction. Combined analysis using RNA-sequencing and

transcription factor (TF) binding site analysis in the NFAT2 promoter region

predicted regulation by Forkhead box O4 (FOXO4). Western blotting,

chromatin immunoprecipitation, and luciferase assays validated that FOXO4

binds to the promoter and transcriptionally represses NFAT2. Moreover, Foxo4

knockout increased the extent of inflamed vascular tissues in amousemodel of
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1 Introduction

Kawasaki disease (KD) is an acute vasculitis that is self

−limiting and affects children. In developed countries, KD

represents the most common cause of childhood acquired

heart disease (1). Serious complications include coronary

artery disease, which is closely related to the incidence of

cardiovascular disease, especially coronary heart disease in

adulthood (2), thus, a deeper mechanistic understanding of

KD is required.

The incidence of KD differs among ethnicities, thus research

linking genetic background to disease susceptibility has led to

improved clinical trials (3). The only signaling pathway

mentioned in the Genetics section of 2017 AHA guidelines as

being related to clinical treatment is the Nuclear factor of

activated T cells (NFAT) pathway (3). NFAT signaling affects

immune cells and endothelial cells. The reasons for these
phenotypes are the expression of downstream cytokines and

KD vasculitis.
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adhesion proteins (4, 5). Although our understanding of the

relationship between NFAT signaling and KD has developed in

recent decades, the detailed mechanisms of NFAT activation in

KD remain unknown.

NFAT was first identified as a member of an inducible

nuclear protein complex involving interleukin-2 (IL-2) in T

cells (6). The NFAT transcription factor family includes five

members. NFAT1 (NFATc2 or NFATp) was first identified in

1993 (7). Phosphatase calcineurin regulates NFAT2 (NFATc1 or

NFATc) (8), and NFAT3~5 were also identified recently (9).

Research showed that NFAT acts as a transcriptional activator in

the nucleus during the development of KD. Recent research

showed that NFAT signaling activation disturbs the homeostasis

of human coronary artery endothelial cells (HCAECs) (4).

However, the function of the NFAT pathway in HCAECs,

particularly in causing KD-related vasculitis, has not

been determined.

In the present study, to identify the NFAT family member

with the strongest transcriptional activation in KD, their relative

expression in peripheral blood mononuclear cells (PBMCs) from
Frontiers in Immunology 02
nal experiments showed that inhibition NFAT2 relieved

gerated vasculitis in vivo.

dings revealed the FOXO4/NFAT2 axis as a vital pathway in

that is associated with endothelial cell homeostasis and

mation development.

O4, Ca+/NFAT pathway, transcription factor, vasculitis

patients with KD and dual luciferase experiments were carried

out. NFAT2 had the strongest transcriptional activation in the

NFAT family, and overexpression and knockdown of NFAT2 in

HCAECs demonstrated its important role in HCAEC

homeostasis in vitro. We also predicted that the upstream

transcription factor of NFAT2 is Forkhead box O4 (FOXO4),

which binds to the NFAT2 promoter region, as verified using

chromatin immunoprecipitation-quantitative polymerase chain

reaction (ChIP-qPCR).

Next, we developed a Candida albicans water-soluble

fraction (CAWS)-induced KD vasculitis mouse model,

allowing us to detect NFAT2 and FOXO4 expression in

PBMCs and heart tissues. The specific NFAT inhibitory

peptide (11arginine (R)-VIVIT) has been used to observe the

pathological changes after suppressing NFAT signaling (10).

Moreover, by generating Foxo4 knockout mice combined with

(11R)-VIVIT, we demonstrated that FOXO4 is a negative

regulator in CAWS-induced KD vasculitis and NFAT2 is a

positive regulator. Blocking NFAT signaling reduced the

severity of KD vasculitis-associated vascular inflammation in

wild-type (WT) mice and Foxo4 knockout mice. Therefore, we

ident ified that NFAT2 promotes KD and FOXO4

transcriptionally represses NFAT2 during the progression of
2 Methods

2.1 Sampling of human blood

The study was carried out following the tenets of the

Declaration of Helsinki and the Ethics Committee of Soochow

University Affiliated Children’s Hospital approved the study

(Suzhou, China; approval no. 2020CS075). The Ethics

Committee informed all the participants and their parents

about the study details, who then provided written informed

consent. Details about Sampling human blood are provided in

the Supplemental material.
frontiersin.org
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Details about genetically engineered mice are provided in the

Supplemental material.

2.3 Preparation of CAWS

The CAWS was prepared from Candida albicans strain

NBRC1385 using previously described methods (11–13) and

the details are provided in the Supplemental material.

2.4 CAWS-induced vasculitis in
mouse model

All animal experiments were carried out following the Guide

for the Care and Use of Laboratory Animals of the China

National Institutes of Health, and the Animal Care and Use

Committee of Soochow University approved the experiments

(approval number: SUDA20220906A01). Details about the

preparation of the genetically engineered mice are provided in

the Supplemental material.

2.5 Histology and immunohistochemical
staining

The sections were stained using hematoxylin and eosin (HE)

and elastic van Gieson (EVG) staining as described previously

(14). The severity of inflammatory infiltration was evaluated

us ing heart vesse l inflammation scores (15) . The

immunohistochemical quantification usied modified H-scores

(16) and details are provided in the Supplemental material.

2.6 Immunofluorescence staining

More detailed descriptions about the experiments are

provided in the Supplemental material.

2.7 Cell culture

Detailed descriptions of the cell culture conditions for

HCAECs cells are provided in the Supplemental Information.

overexpression, NFAT2 knockdown and
NFAT2 overexpression in HCAEC cells

We packaged the lentiviruses according to a previously

described method (17) and the details are provided in the

Supplemental material.

2.9 Stimulation of cultured HCAECs with
tumor necrosis factor-a

Details about these experiments are provided in the

Supplemental material.

2.10 RNA extraction and quantitative
real-time reverse transcription PCR

Experimental and primer details are provided in the

Supplemental material. The 2−DDCt method (18) was used to

analyze the qRT-PCR data.

2.11 Western blotting

The details about the western blotting analysis are provided

in Supplemental material.

2.12 Luciferase assay

The details about the Luciferase assay are provided in the

Supplemental material.

2.13 Chromatin immunoprecipitation
assay

The ChIP assay was carried out according to a previously

d e s c r i b e d me t hod ( 1 9 ) and i s d e t a i l e d i n t h e

Supplemental material.

2.14 RNA sequencing

The details about the RNA-seq experiment are provided in

the Supplemental material.
frontiersin.org
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FIGURE 1

Levels of NFAT2 mRNA increase during Kawasaki Disease progression.
blood samples from patients with Kawasaki Disease (n = 12) and health
or NFAT1~NFAT5, together with NFAT_Luc and Renilla plasmids respe
activity of NFAT-driven firefly luciferase activity was normalized to tha
of NFAT family members in HCAEC that were stimulated by TNFa (40
SEM. Quantitative data were analyzed using the Kruskal–Wallis test (A)
0.0001. CON, control group; KD, Kawasaki Disease; NFAT, nuclear fac
ANOVA, analysis of variance.
Frontiers in Immunology 04
RT-PCR results for peripheral blood mononuclear cells (PBMCs) in
ntrols (n = 15). (B) 293T cells were transfected with control plasmid
y. The cells were harvested 72 hours after transfection. The relative
enilla luciferase activity (Firefly-luc/Renilla-luc). (C) qRT-PCR results
l) at different timepoints (n = 3). Data are presented as the mean ±
one-way ANOVA (C), *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
activated T cells; HCAEC, Human coronary artery endothelial cells;
The details about cell proliferation assays are provided in the

Supplemental material.

2.16 Statistical analysis

The details about the statistical analysis are provided in the

Supplemental material.

3 Results

3.1 NFAT2 was significantly elevated in
PBMCs from patients with KD and in the
TNFa-stimulated HCAEC model

qRT-PCR analysis of PBMCs revealed that compared with

other members of the NFAT family, NFAT2 mRNA levels were

significantly upregulated in patients diagnosed with KD

compared with that in the healthy controls (Figure 1A). The

luciferase reporter assays showed that NFAT2 had the strongest

further determine the critical roles of NFAT2 in KD, 40 ng/ml

TNFa was used to stimulate HCAECs to mimic vasculitis in

vitro. The dose of TNFa was determined by the expression of

NFAT2 after HCAECs were stimulated by different doses

(Supplementary Figure 1A). Over 0–8 hours of stimulation,

NFAT2 mRNA showed the highest upregulation compared

with other members of the NFAT family (Figure 1C).

Similarly, the RNA-seq results at different timepoints also

showed that NFAT2 expression increased most significantly

compared with the TNFa stimulation group at zero hour

(Supplementary Figure 1B). These findings clearly

demonstrated upregulated NFAT2 mRNA expression in

patients and in vasculitis in vitro, suggesting that NFAT2 has

an important function in the development of KD.

3.2 NFAT2 disrupted the homeostasis of
endothelial cells by regulating
adherens junctions

To investigate the function of NFAT2 in HCAECs, NFAT2

overexpression (OE) and knockdown (KnD) lentiviruses were

transfected into HCAECs and empty lentiviral vectors for

A B

C
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transfected into HCAECs, respectively. After 7 days, cells were stimula
immunostained with rabbit anti-CDH5, followed by staining with 594
fluorescent images were captured (K). The immunofluorescence area
transfected with NFAT2 overexpression and knockdown vectors and th
HCAECs were detected using a CCK8 assay (n = 7). Data are presente
test (two-tailed) (B, D) and one-way ANOVA (M, N), *P < 0.05, **P < 0
Frontiers in Immunology 05
ith/without TNFa (40 ng/ml) for 4 hours. The cells were
nti-rabbit IgG (red). Cell nuclei were stained with DAPI (blue). The
ell in the different groups is shown (M) (n = 3). (N) HCAECs were
orresponding controls. After 5 days and 7 days, the proliferation of
he mean ± SEM. Quantitative data were analyzed using an unpaired t
**P < 0.001, ****P < 0.0001.
employed as the appropriate controls. NFAT2 overexpression

and knockdown in HCAECs were verified using western blotting

and qRT-PCR (Figures 2A–D).

NFAT2 in HCAECs. Differentially expressed genes (DEGs) in

the RNA-Seq data were identified using mRNA clustering and

map plotting, with criteria of an absolute value log2 FoldChange

D
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A B

F G

I

H

J

K L

M N

C

FIGURE 2

NFAT2 disrupted endothelial cell homeostasis. (A, B) At 7 days after transfection of NFAT2 overexpressing lentiviruses ((OE-NFAT2) and their
corresponding control (OE-CON), (A) NFAT2 protein levels were assayed using western blotting, with a loading control comprising GAPDH, and
(B) NFAT2 mRNA expression was assessed using qRT-PCR (n = 3). (C, D) At 7 days after transfection of lentiviruses for the knockdown NFAT2
(sh1~sh3) and its corresponding controls (KnD-CON), (C) western blotting was used to assess NFAT2 protein levels, with a loading control
comprising GAPDH, and (D) NFAT2 mRNA expression was assessed using qRT-PCR (n = 3). (E, F) Volcano plot showing differentially expressed
genes (DEGs) in response to NFAT2 overexpression (E) or NFAT2 knockdown (F). Red dots represent upregulated genes; and blue dots represent
downregulated genes. Gene Ontology (GO) functional enrichment analysis of DEGs related to NFAT2 overexpression (G) and NFAT2 knockdown
(H). (I) HCAECs transfected with NFAT2 overexpressing lentiviruses (OE-NFAT2) and their corresponding control (OE-CON) were stimulated
with/without TNFa (40 ng/ml) for 4 hours. CDH5 and NFAT2 protein levels were analyzed. b-Actin served as a loading control. (J) HCAECs
transfected with NFAT2 knockdown lentiviruses (shNFAT2) and their corresponding control (KnD-CON) were stimulated with/without TNFa (40
ng/ml) for 4 hours. CDH5 and NFAT2 protein levels were analyzed as described. b-Actin served as a loading control. (K-M) The expression of
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> 0 and an adjusted p < 0.05. Overexpression of NFAT2 resulted

in the upregulation of 2100 genes and the downregulation of

2541 genes (Figure 2E). Knockdown of NFAT2 resulted in the

upregulation of 808 genes and the downregulation of 846 genes

in HCAECs (Figure 2F). Gene ontology (GO) analysis was then

used to functionally annotate the DEGs. The GO results

indicated that the genes regulated by NFAT2 were involved in

the regulation of adherens junctions, such as cell adhesion

molecule binding and cell-substrate junction (Figures 2G, H).

To confirm the GO results, we chose the classical molecule

Cadherin 5 (CDH5) to carry out an adherens junction

experiment in HCAECs (20, 21). NFAT2 negatively regulated

CDH5 expression in both the overexpression and knockdown

group. The protein level of CDH5 decreased after TNFa
stimulation, regardless of whether NFAT2 was overexpressed
or not (Figures 2I, J). Consistently, immunofluorescence staining

Next, we investigated if FOXO4 has opposite functions to
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for CDH5 showed that overexpression of NFAT2 notably

disrupted CDH5 formation. Conversely, knockdown of NFAT2

promoted the formation of CDH5. Regardless of the expression

level of NFAT2, CDH5 levels were decreased in TNFa-
stimulated cells compared with that in TNFa non-treated

HCAECs (Figures 2K–M).

We also evaluated HCAEC proliferation using Counting Kit-

8(CCK8) assays (4). The results showed that the proliferation of

HCAECs in the OE-NFAT2 group at 5 and 7 days was

significantly lower than that in the OE-CON group. In the

KnD-NFAT2 group, HCAEC proliferation was not statistically

significant at 5 days, but was significantly higher than that in the

KnD-CON group at 7 days (Figure 2N). Collectively, the data

indicated that NFAT2 has a vital function in the homeostasis

of HCAECs.

3.3 FOXO4 negatively regulates NFAT2
in HCAECs

Next, we investigated the regulation of NFAT2 in vitro. We

identified genes with variable expression in the in vitro vasculitis

model that could interact with the NFAT2 promoter region as

possible NFAT2 regulators. The RNA-seq analysis was carried

out between HCAECs stimulated with TNFa for 4 h and

unstimulated cells to identify DEGs (Figure 3A). The

LASAGNA-Search 2.0 database was used to predict proteins

that can interact with the promoter region of NFAT2 (22)

(Supplementary Figure 1C). Among the DEGs that were

altered in the in vitro vasculitis model, four encoded proteins
that might bind to the NFAT2 promoter (Figures 3B, C). Among

them, FOXO4 had highest prediction score. In addition, during

TNFa stimulation of HCAECs for different times, FOXO4

mRNA expression decreased significantly after 4 h

(Supplementary Figures 1B, D).

To observe the expression of FOXO4 in immune cells, we

detected the mRNA expression of FOXO4 in PBMCs from the
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healthy control group and patients with KD. Compared with

that in the control group, the KD group had lower FOXO4

expression in PBMCs (Figure 3D).

To identify the relationship between FOXO4 and NFAT2,

several experiments were carried out in vitro. First, increasing

amounts of the FOXO4 overexpression plasmid were transfected

into 293T cells. The immunoblotting results showed that FOXO4

overexpression decreased the endogenous NFAT2 protein level

in 293T cells. The increased amounts of transfected FOXO4 led

to a dose-dependent decrease in the levels of NFAT (Figure 3E).

Consistent with protein level, NFAT2 mRNA expression

decreased gradually in cells overexpressing FOXO4

(Figures 3F, G), suggesting that FOXO4 regulates NFAT2 at

the mRNA level. We then showed that FOXO4 overexpression

decreased the protein level of NFAT2, whereas FOXO4

knockdown increased it in HCAECs (Figures 3H, I). It is very

difficult to transfect multiple plasmids into HCAECs at the same

time; therefore, we used 293T cells for the luciferase assays,

similar to previous research (23). Luciferase reporter assays

showed that FOXO4 overexpression inhibited the activation of

the NFAT2 reporter (Figure 3J), suggesting that FOXO4

regulates the transcription of NFAT2.

To further determine whether FOXO4 directly regulates

NFAT2 in HCAECs, we carried out a ChIP assay in HCAECs

transfected with FLAG-tagged FOXO4 lentivirus to identify the

binding regions. Primers were designed to amplify various

genomic fragments upstream of the transcription start site of

NFAT2. Real-time PCR assays of the immunoprecipitated DNA

revealed that the P3~5 (−2331/−1049 bp) fragments had the

highest enrichment (Figure 3K). Other fragments were not

enriched compared with the immunoglobulin G control

(Figure 3K). According to the luciferase activities, FOXO4

repressed both the basal NFAT2 transcription and that driven

by the −2300/−1000 fragment in a dose-dependent manner

(Figure 3L). Thus, these results identified FOXO4 as a

transcriptional repressor of NFAT2 that physically binds to the

−2300/−1000 region of its promoter.

3.4 FOXO4 stabilized the homeostasis of
endothelial cells
630

631

632

633

634

635
those of NFAT2. FOXO4 overexpression (OE) and knockdown

(KnD) lentiviruses were transfected into HCAECs. The protein

level of CDH5 decreased after TNFa stimulation regardless of

FOXO4 overexpression (Figures 4A, B). Immunofluorescence

staining for CDH5 indicated that FOXO4 overexpression

promoted CDH5 formation at intercellular borders, which was

consistent with the western blotting results. TNFa-stimulated

HCAECs showed lower CDH5 levels than TNFa non-treated

HCAECs (Figures 4C–E).
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The proliferation of HCAECs in the OE-FOXO4 group was

significantly higher than that in the OE-CON group and

proliferation in the KnD-FOXO4 group was significantly lower

to that of Renilla luciferase (Firefly-luc/Renilla-luc). (K) HCAECs transfe
assay. Real-time PCR with the indicated primers was used to assess th
upper image shows the NFAT2 gene expression and the lower image
Renilla-luc in 293T cells transfected with the indicated plasmids. The l
−2300 and −1000 indicate the upstream 1000~2300 bp fragments, re
SEM. Quantitative data were analyzed using the Mann–Whitney test (t
0.001, ****P < 0.0001.
than that in the KnD-CON group at 7 days (Figure 4F). These
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data strongly suggested that FOXO4 has the opposite function to

NFAT2 in maintaining endothelial cell homeostasis.

with FOXO4 overexpressing lentiviruses were subjected to a ChIP
ndance of gene fragments in the input and immunoprecipitates. The
s the locations of primers for the ChIP assay. (L) The Firefly-luc/
n of the transcription start site in NFAT2 was set as 0. Therefore,
ively. IgG, immunoglobulin (G) Data are presented as the mean ±
iled) (D) and one-way ANOVA (F, G, J), *P < 0.05, **P < 0.01, ***P <
D

E

A B

F G

I

H

J K L

C

FIGURE 3

FOXO4 negatively regulates NFAT2 by inhibiting its transcription binding to its promoter in vitro. (A) Volcano plot map of differentially expressed
genes (DEGs) in HCAECs stimulated by TNFa (40ng/ml) for 4 hours. Red dots, upregulated genes; blue dots, downregulated genes. (B) Venn
diagram displaying the overlapping genes between the DEGs in (B) and target genes predicted to have NFAT2 binding sites in their promoter or
transcription start site according to the LASAGNA-Search 2.0 database. (C) Detailed information for the four overlapping genes. (D) FOXO4
mRNA expression in peripheral blood mononuclear cells (PBMCs) in blood samples from patients with Kawasaki Disease (n = 11) and healthy
controls (n = 11). (E) Immunoblotting analysis of NFAT2 levels in 293T cells transfected with the empty vector or an increasing amount of
FOXO4 plasmid. (F, G) qRT-PCR results of 293T cells transfected with empty vector or an increasing amount of FOXO4 plasmid. mRNA
expression of FOXO4 (F) and NFAT2 (G). (H-I) HCAECs were transfected with FOXO4 overexpression (OE-FOXO4) (H) and knockdown
(shFOXO4) (I) lentiviruses and their corresponding controls for 7 days. FOXO4 and NFAT2 levels were analyzed. The loading control was b-Actin.
(J) 293T cells were transfected with the control plasmid or increasing amounts of the FOXO4 plasmid, together with NFAT_Luc and Renilla
742
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3.5 The expression of NFAT2 is
upregulated in CAWS-induced vasculitis

We further investigated the in vivo expression of NFAT2 and

FOXO4. CAWS-induced vasculitis is widely used to study KD

because the coronary artery lesions induced by CAWS are

similar those of human KD (24). We tested different

timepoints after CAWS injection to identify the most

appropriate timepoint (Figure 5A). The weight of mice

indicated that perivascular inflammation began 14 days after

CAWS injection, and the inflammatory infiltration was more

obvious and the fibrous tissue damage was more serious at 28

days after CAWS injection (Figures 5C–E, Supplementary

Figure 2A–C).

In PBMCs of CAWS injected mice, Nfat2 expression

increased significantly at 14 days after CAWS injection

(Figure 5F) and Foxo4 expression decreased (Figure 5G).

Interestingly, the expression of Foxo4 increased at 28 days

(Figure 5G and Supplementary Figure 2F–H). In the heart

D

E

A B

F

C

FIGURE 4

FOXO4 stabilized endothelial cell homeostasis in vitro. (A) HCAECs transfected with lentiviruses to knockdown FOXO4 lentiviral
(shFOXO4) and their corresponding controls (KnD-CON) were stimulated with/without TNFa (40 ng/ml) for 4 hours. CDH5 and
FOXO4 levels were analyzed. The loading control was b-Actin. (B) HCAECs transfected with lentiviruses overexpressing FOXO4 (OE-
FOXO4) and their corresponding controls (OE-CON) were stimulated with/without TNFa (40 ng/ml) for 4 hours. CDH5 and NFAT2
protein level were analyzed. The loading control was b-Actin. (C-E) CDH5 expression was detected using immunofluorescence.
FOXO4 overexpression (C) and knockdown (D) vectors and their corresponding controls were transfected into HCAECs, respectively.
After 7 days, cells were stimulated with/without TNFa (40 ng/ml) for 4 hours. The cells were then immunostained with rabbit anti-
CDH5, followed by staining with 594 goat anti-rabbit IgG (red). Cell nuclei were stained with DAPI (blue) and the fluorescent images
were captured. The immunofluorescence area per cell in the different groups (n = 3) (E). (F) FOXO4 overexpression and knockdown
vectors and their corresponding controls were transfected into HCAECs, respectively. After 5 days and 7 days, CCKL8 assays were
used to detect HCAEC proliferation (n = 7). Data are presented as the mean ± SEM. Quantitative data were analyzed using one-way
ANOVA (E, F), *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
decreased slightly after the injection of CAWS, with the most

obvious difference between the weight of the CAWS and control

groups being observed at 14 days after CAWS injection

(Figure 5B, Supplementary Figure 2D). HE and EVG staining

tissue of the CAWS injected mice, the protein level of NFAT2

showed a similar phenomenon (Figure 5H). Therefore, we used

14 days after CAWS injection as the timepoint in the vasculitis
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model for follow-up studies. FOXO4 was downregulated at both

the mRNA and protein level at 14 days after CAWS injection

(Figure 5I, J). The LASAGNA-Search 2.0 database also predicted

target proteins that bind the promoter of Nfat2 in the mouse,

D
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H

K

M N

C

FIGURE 5

NFAT2 expression levels are upregulated during the progression of CA
induced mouse model. (B) The change of weight during (n = 5) and af
mouse were sacrificed, heart tissues were harvested, made into sectio
van Gieson (EVG) staining (D). Scale bars, 200 µm (50×) (Large) and 10
injected with CAWS (n = 5). (F-H) NFAT expression was significantly up
PBMCs (n = 3) (F) and at the protein level in heart tissues (H), especial
to that of Nfat2 in PBMCs (n = 3). (I, J) NFAT expression was upregula
CAWS injection at both protein (n = 3) (I) and mRNA (J) levels. (K) Imm
sections from PBS/CAWS-injected 14 days WT group mice. Scale bars
(L) Mean fluorescence intensity of FOXO4 and NFAT2 in heart section
Immunohistochemical staining for CDH5 in heart sections from PBS-i
quantified using the H-score (O) (n = 3). Data are presented as the me
tailed) (B, F, G, J, L, O) and the Mann–Whitney test (two-tailed) (E) *P
including FOXO4 ((Supplementary Figure 2E)). 954
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Next, we sought to determine whether the increase of

NFAT2 was associated with the inflamed region from CAWS-

injected heart tissue. Consequently, immunofluorescence was

used to detect NFAT2 and FOXO4 expression in heart tissue

sections from CAWS-injected mice. NFAT2 expression

E

B

F

J

L

O

nduced vasculitis. (A) The protocol for constructing the CAWS-
= 5) PBS/CAWS injection in mice. (C, D) At different timepoints the
d subjected to hematoxylin and eosin (HE) staining (C) and elastic
(200×) (Small). (E) Scores of heart vessel inflammation for WT mice
lated at 14–28 days after CAWS injection, at the mRNA level in
r 14 days. (G) The mRNA expression of Foxo4 was almost opposite
d that of FOXO4 was downregulated in heart tissues at 14 days after
uorescence imaging of FOXO4 (green) and NFAT2 (red) in heart
µm (50×) and 10 µm (200×). All images show DAPI staining of nuclei.
PBS/CAWS-injected 14 days WT group mice. (M–O)
d (M) and CAWS-injected (N) WT group mice. CDH5 protein levels
SEM. Quantitative data were analyzed using unpaired t tests (two-
5, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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To determine FOXO4’s in vivo functions, we bought the

respectively. After 14 days of injection, heart tissue was
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increased and FOXO4 decreased in the inflamed region of the

heart tissue at 14 and 28 days after CAWS injection (Figures 5K,

L and Supplementary Figure 2F–H). CDH5 expression

decreased in the inflamed area, which was verified by western

blotting (Figures 5M–O). Taken together, these data

demonstrated that NFAT2 was upregulated and FOXO4 was

downregulated in CAWS-induced heart tissues, especially in the

inflamed region.

For better understand the phenotypic changes in inflamed

region, we also performed immunofluorescence to detect classic

immune cell infiltration. The results showed that macrophages

(F4/80) and monocytes (CD14) infiltrated in the areas of high

inflammation, which has been verified infiltrated in a KD-like

mouse model abdominal aorta using single cell RNA-Seq (25)

(Supplement Figure 3 A–D).

3.6 NFAT2 pharmacological blockade

alleviates CAWS-induced KD vasculitis

group compared with that in PBS injection group

1026

1027

1028

1029

1030

1031

1032

1033
NFAT2 expression increased in the inflammatory regions

and the Ca+/NFAT pathway plays an important role in KD (3);

therefore, we used an NFAT2 inhibitor to determine whether it

could inhibit inflammation in CAWS-induced KD vasculitis.

The peptide 11R-VIVIT was used because it is a highly specific

inhibitor of the NFAT signaling pathway. To observe the effect
of 11R-VIVIT on the NFAT family, we detect the mRNA level of

injection of 11R-VIVIT in the CAWS-injected Foxo4em1cyagen

1034
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1040

1041

1042

1043

1044
NFAT members in CAWS and 11R-VIVIT injected heart tissue.

The results demonstrated the expression of Nfat2 was

downregulated most significantly among NFAT family

members (Figure 6A). Compared with that in the CAWS

+DMSO-injected control group, the NFAT2 protein level was

significantly downregulated after 5 days of continuous 11R-

VIVIT injection (Figures 6B, C).

To ascertain whether blocking NFAT2 directly would reduce

CAWS-induced KD vasculitis, mice were administered with

11R-VIVIT for 5 consecutive days starting 1 h before CAWS
injection. We found that 11R-VIVIT treatment significantly

with KD. Recent studies on KD showed that the formation of

1045
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1057
reduced CAWS-induced vasculitis (Figures 6D–F). NFAT2

expression also decreased in the inflamed region of the heart

tissue at 14 days after 11E-VIVIT injection (Figures 6G, J).

Treatment with 11R-VIVIT also increased CDH5 expression in

the inflamed region of CAWS-injected heart tissue (Figures 6H–

J). Taken together, our results showed that inhibition of NFAT2

using 11R-VIVIT partly prevented the development of CAWS-

induced heart inflammation in mice.
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3.7 NFAT2 acts as the downstream
molecule of FOXO4 in CAWS-induced
vasculitis
Foxo4-KO mouse from Cyagen Biosciences (designated as

Foxo4em1cyagen). The Foxo4 gene (NM_018789) is located on

mouse chromosome X and comprises three exons. To produce

the KO mouse, all three exons were targeted by Cas9/gRNA co-

injection into fertilized eggs (Figure 7A). Loss of Foxo4 in the

Foxo4-KO mice was verified by DNA electrophoresis

(Supplementary Figure 4A). Wild-type (WT) mice and

Foxo4em1cyagen mice were injected with PBS or CAWS,
processed for HE and EVG-staining for histological

examination (Supplementary Figure 4B). Compared with that

in the WT group, the Foxo4em1cyagen group showed increased

heart artery inflammation after CAWS-induced KD vasculitis.

There were no significant differences after PBS injection in both

the WT and Foxo4em1cyagen groups (Figures 7B–D). NFAT2

expression increased in the CAWS-injected Foxo4em1cyagen

group compared with that in the PBS-injected Foxo4em1cyagen

group and the CAWS-injected WT group (Figures 7E, H,

Supplementary Figure 4C). In contrast, CDH5 expression

decreased significantly in the CAWS-injected Foxo4em1cyagen
(Figures 7F–H).

These results encouraged us to assess whether FOXO4

modulates CAWS-induced vasculitis through NFAT2. We

carried out rescue experiments in the Foxo4em1cyagen group by

simultaneously injecting CAWS and inhibiting NFAT2 using

11R-VIVIT (Supplementary Figure 4D). We observed that
group partly alleviated heart artery inflammation and the heart

vessel inflammation scores also decreased (Figures 7I–K).

Furthermore, 11R-VIVIT partially increased the expression of

CDH5 and decreased the expression of NFAT2 in the inflamed

region of CAWS-induced heart tissue (Figures 7L–O,

Supplementary Figure 4E). As a result, we concluded that

knockout of Foxo4 promotes inflammation in CAWS-induced

KD vasculitis, at least in part, by activating the transcription

of Nfat2.
4 Discussion

Initially, this study was prompted by the observation that

transcription factor (TF) NFAT2 is upregulated in immune cells

and stromal cells through NFAT signaling, a pathway associated
vasculitis is highly related to the infiltration of immune cells into

stromal cells (25). To better understand the role of the NFAT
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signaling pathway, especially that of NFAT2, in KD progression,

we conducted our research from three different aspects. First, we

identified that NFAT2 has the strongest transcriptional

activation among NFAT family member. Second, we used

TNFa-stimulated HCAECs to simulate the infiltration of

stromal cells in vasculitis. Third, we used a CAWS-induced

mouse model of KD vasculitis to study the overall changes in

heart tissue, including both immune cells and stromal cells. In

this study, we identified a novel pathway comprising FOXO4/

NFAT2. This pathway affects endothelial cell homeostasis in

D

E

G

H

J

FIGURE 6

11R-VIVIT alleviated CAWS-induced KD vasculitis. (A) qRT-PCR results
3). (B, C) Immunoblotting analysis of NFAT2 levels in mouse heart tissu
amount of 11R-VIVIT. The loading control comprised b-Actin (B). NFA
groups the mouse were sacrificed and heart tissues were harvested, m
staining (D) and elastic van Gieson (EVG) staining (F). Heart vessel infla
(G) Immunofluorescent staining for NFAT2 (red) in heart sections from
staining of nuclei. (H) immunohistochemical staining for CDH5 in hear
H-score (n = 4). (J) Western blotting assessment of NFAT2 and CDH5
bars, 200 µm (50×) and 10 µm (200×). Data are presented as the mea
and one-way ANOVA (I), *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0
1166
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vitro and formation of CAWS-induced vasculitis in vivo. Our

results showed that the downregulation of FOXO4 promoted

NFAT2 expression, causing an imbalance in endothelial cell

homeostasis and worsening of vascular inflammatory

infiltration. Inhibition of Nfat2 in Foxo4-KO mice reduced the

level of inflammatory infiltration.

We found the NFAT2 expression was significantly elevated

in immune cells (PBMCs) from patients with KD, similar to a

previous study (26). Previous research also reported that NFAT

inhibitors, such as cyclosporine, can prevent progression of

F

I

FAT family members in CAWS+11R-VIVIT injected heart tissue (n =
om CAWS groups and mouse models injected with an increasing
els in different groups quantified using ImageJ (C). (D-F) Different
nto sections, and then subjected to hematoxylin and eosin (HE)
tion scores of WT mice in different groups was analyzed (F) (n = 4).
S+DMSO/CAWS+11R-injected WT mice. All images show DAPI
tions from different groups. (I) CDH5 protein levels quantified by the
in different groups. The loading control comprised b-Actin. Scale

EM. Quantitative data were analyzed using Kruskal–Wallis tests (F)
1.
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inflammation in the arterial wall by blocking cytotoxic CD8+T

cells infiltration into the arterial wall (27). This might represent

the important impact of NFAT inhibitors KD patients’ PBMCs.

This could be explained by the fact that the Ca+/NFAT signaling

pathway is activated in the acute stage of KD, and NFAT2 is an

important TF in this pathway. In addition, NFAT2 was

upregulated in PBMCs from CAWS-induced mice. To date,

there has been no report about CAWS directly activating the

NFAT signaling pathway; however, higher production of

proinflammatory cytokines, including TNFa and interleukin

(IL)-1b, has been observed in the serum of CAWS-injected

mice (28, 29). This might be the reasons why the NFAT

pathway is activated and NFAT2 is upregulated.

As important stromal cells in heart tissue, HCAECs also

have an important relationship with intravascular thrombosis

(30), which is considered one of the most serious complications

of KD (3). We selected HCAECs to study the mechanism of KD

from the perspective of stromal cells. TNFa plays an importance

role in KD, and was significantly elevated in patients’ plasma;

therefore, anti-TNF-a therapy has been a common treatment

option for patients with intravenous immunoglobulin (IVIG)

resistant KD (31–33). Consequently, we used TNFa to stimulate

HCAECs to simulate the effect of inflammatory factors on

stromal cells in vitro. Similar to previous research, NFAT2

expression increased significantly after TNFa stimulation (4).

To better understand the changes in NFAT2 expression in vivo,

we observed the expression of NFAT2 in heart tissue, especially

in the inflamed areas, after CAWS-induced vasculitis. Those

observations were similar to those made in previous research, in

which stimulation by proinflammatory cytokines, such as TNFa,
upregulated NFAT2 in both PBMCs and endothelial cells (4, 34).

We also found that inhibiting NFAT2 expression using 11R-

VIVIT could alleviate vascular inflammation. 11R-VIVIT is not

a specific inhibitor of NFAT2. However, no specific inhibitor of

NFAT2 is currently available. NFAT2 shows the strongest

transcriptional activity, thus most 11R-VIVIT studies have

focused on NFAT2 rather than other members of NFAT

family, as did our design (35, 36). 11R-VIVIT selectively

interferes with the calcineurin-NFAT2 interaction without

altering the calcineurin phosphatase activity in vivo and in

vitro (37–39).

We also found that an increase of NFAT2 in endothelial cells

decreased the function of intercellular junctions via CDH5. In

vitro, similar to previous experiments using human umbilical

vein endothelial cells, CDH5 expression decreased significantly

after being stimulated by proinflammatory factors (40). In vivo,

cardiac ischemic injury, cardiac fibrosis, and even occlusion

formation were also observed in Cdh5-KO mice (40, 41).

These changes are similar to the cardiovascular manifestations

of KD. Moreover, in acute KD, dysregulation of endothelial cell

homeostasis probably affects aneurysm formation and vascular

wall injury (4). These might be one of reasons why suppressing

the Ca+/NFAT signaling pathway can reduce coronary artery

lesions in KD.

Mammals have four FOXO TFs: FOXO1, FOXO3a, FOXO4,

and FOXO6 (42). FOXO4 is mainly involved in cell cycle arrest,

apoptosis, and muscle homeostasis (43). To date, there has been

no research on the role or mechanism of FOXO4 in KD.

However, previous studies provided several possibilities: 1)

Inflammatory cytokine expression. A previous study reported

that FOXO4 represses the expression of inflammatory cytokines,

such as TNFa and IL-1b, which have vital functions in the

mechanism of KD (44). 2) Preventing aortic aneurysm

formation. Blocking the nuclear translocation of FOXO4

stimulated aortic aneurysm formation (45). Coronary or aortic

aneurysms are important complications of KD; therefore;

FOXO4 might have a protective role in the progress of KD.

At day 28 after CAWS injection, we found the mRNA and

protein levels of FOXO4 were upregulated, for which there are

two possible reasons. Firstly, it might suggest that the heart tissue

is entering the subacute phase/recovery phase. Acute arteritis

mainly involves immune cell infiltration, and subacute chronic

arteritis in KD involves luminal myofibroblast proliferation (24).

In our mouse model, at day 14, arteries are mainly infiltrated by

immune cells, and their shape is normal. However, at day 28,

luminal myofibroblasts obviously proliferate and vessels lose

their original shape (Figure 5D), which indicated that vasculitis

has entered the subacute phase. We found that FOXO4 might be

a protector in the process of KD-like vasculitis, such that the

level of FOXO4 could increase in the subacute or recovery phase.

Secondly, FOXO4 might be uncoupled from NFAT2 when the

disease enters the subacute phage; but the mechanism of this

phenotype needs to be further studied in the future. At day 28,

the CAWS mice tended to regain the weight lost by day 14,

perhaps for the same reason. When the mice entered into the

subacute phase, their weight recovered gradually.

Interestingly, in vivo, the level of inflammation in CAWS-

injected heart tissue in the Foxo4-KO group was more serious

than that in the WT group. Previous studies using Foxo4-KO

mice reported that the Foxo4-KO group produced more severe

inflammatory infiltration (44, 46). Foxo4-KO immune cells

would increase resident smooth muscle cell proliferation and

endothelial cell dysfunction, which would further enhance

inflammation and the formation of coronary/aorta vasculitis

(46). Consistently, we demonstrated that the NFAT inhibitor,

11R-VIVIT, attenuated CAWS-induced inflammatory responses

in Foxo4-KO heart tissue. This indicated that the FOXO4/

NFAT2 signaling pathway functions not only in HCAECs, but

also in mouse heart tissue.

There are several limitations of this study. First, we only

examined PBMCs from patients with KD and health controls,

and further study should focus on patients with KD with and

without coronary artery lesions. Second, the mechanism by

which FOXO4 is downregulated in different cells or tissues

remains unknown. Third, although we demonstrated that
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FOXO4 inhibits NFAT2 transcription by physically binding to a

region of its promoter, the exact mechanism of this inhibition

remains to be determined. For example, does FOXO4 represses

NFAT2 transcription by competitive inhibition of its activator

and why does FOXO4 appear to be uncoupled from Nfat2 when

the mice entered the subacute phage. Fourth, 11R-VIVIT might

affect other NFAT family members; therefore, we need a specific

inhibitor of NFAT2 to improve our experiments in the future.

These aspects will be examined in future studies.

In this study, NFAT2 was identified to have an important

role in the Ca+/NFAT pathway. Moreover, partly through its

negative regulation of NFAT2, FOXO4 functions as a

transcriptional repressor to suppress vasculitis and maintain

endothelial cell homeostasis, thereby controlling vasculitis in

KD. The FOXO4/NFAT2 signaling pathway could be developed

as a novel therapeutic target, and exploiting its related intrinsic

inhibitory mechanisms could lead to novel therapies to prevent

and treat KD.
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