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In vitro endothelial cell dysfunction induced by serum from patients with
refractory Kawasaki disease is modulated by p38 mitogen activated protein

kinase

Background: The p38 mitogen-activated protein kinase (MAPK) signaling pathway
plays an important role in the pathogenesis of inflammatory diseases. p38 MAPK can
be activated by proinflammatory cytokines and vascular endothelial growth factor.
However, nothing is known about the role of p38 MAPK in acute Kawasaki disease
(KD) where these inflammatory mediators are elevated. Methods and Results: p38
MAPK was strongly activated in peripheral blood mononuclear cells from patients
during acute KD inflammation and down-regulated in the convalescent phase of KD.
Additionally, incubation of human umbilical vein endothelial cells (HUVEC) with KD
sera before high-dose intravenous immune globulin (IVIG) induced a rapid increase in
p38 MAPK phosphorylation. This activation of p38 MAPK was further enhanced when
HUVEC were treated with post-IVIG sera from patients who failed to respond to initial
IVIG and later developed coronary aneurysms (IVIG failure), but was down-regulated
when treated with post-IVIG sera from patients who responded to initial IVIG and had
normal coronaries (IVIG responder). Compared with sera from IVIG responders or
febrile control, sera from IVIG failure induced not only the increase in HUVEC
permeability but also the decrease in the tube forming activity of HUVEC. The p38
MAPK inhibitor blocked IVIG failure sera-induced vascular permeability. The same
inhibitor restored the tube forming activity of HUVEC induced by sera from IVIG
failure, a finding that was accompanied by enhancement of Erk1/2 MAPK activation.
Conclusions: The findings suggest that in vitro endothelial cell dysfunction induced by

serum from patients with refractory KD is modulated by p38 MAPK. (250 words)



Introduction

Kawasaki disease (KD), a systemic vasculitis, is characterized by immune activation
associated with increased production of inflammatory cytokines and chemokines.'”
High-dose intravenous immune globulin (IVIG) is effective in the rapid resolution of
acute KD inflammation and reducing the incidence of coronary aneurysms.**
However, approximately 10 to 20% of patients have persistent or recurrent fevers after
IVIG completion and are considered to have a higher risk of developing coronary

2-1
ancurysms. 0

The management of these [VIG-resistant patients has not been
established.

Elevated circulating levels of inflammatory mediators such as pro-inflammatory
cytokines and chemokines decrease after IVIG therapy in patients who respond to IVIG

11-17

and have normal coronaries. Conversely, patients who fail to respond to IVIG and

develop coronary aneurysms often have the persistent production of inflammatory

cytokines by circulating and tissue immune cells.'*%°

Vascular endothelial growth
factor (VEGF) is another important molecule in the development of coronary aneurysms
after KD.**  Many studies have suggested the association of VEGF with the

development of coronary aneurysms.m'23

These findings suggest that inflammatory
mediators play an important role in the progression of coronary vasculitis in KD,
although the precise mechanisms have not been elucidated.

Recently, the p38 mitogen-activated protein kinase (MAPK) signaling pathway is
considered to play an important role in the pathogenesis of inflammatory diseases.*
The p38 MAPK is mainly activated by tumor necrosis factor (TNF)-alpha and

interleukin-1.**>  Recent studies have demonstrated that p38 MAPK is also activated

by several growth factors including VEGFE.?®  The activation of p38 MAPK is involved



in endothelial cell responses, including permeability and cell survival.®*® However,
nothing is known about the role of p38 MAPK in acute KD where a variety of
inflammatory mediators are elevated. We hypothesized that p38 MAPK is an important
signal molecule modulating endothelial dysfunction of acute KD.

To test this hypothesis, we studied the activation of p38 MAPK in peripheral blood
mononuclear cells (PBMCs) from KD patients. In addition, we examined KD
serum-induced in vitro kinetics of human umbilical vein endothelial cells (HUVEC) to

seek the role of p38 MAPK in endothelial cell dysfunction of KD.

Methods:
Reagents

Recombinant human VEGF and VEGF R1 (Flt-1)/Fc Chimera (soluble VEGFR1),
were obtained from R & D Systems. VEGF Receptor 2 inhibitor I (VEGFR2 inhibitor 1),
Erk1/2 (extracellular signal-regulated kinase kinase1/2) kinase (MEK) inhibitor
(PD98059) and p38 MAPK inhibitor (SB203580) were obtained from Calbiochem.
Rabbit antibodies against phospho-p38 MAPK (Thr-180/Tyr-182), p38 MAPK,
phospho-Erk1/2 (phospho-p44/42 (Thr202/Tyr204)), and Erk1/2 (p44/42 MAPK) were

purchased from Cell Signaling Technology.

Patients and preparation of blood samples

In experiments using PBMCs, we studied paired heparinized blood samples from 4
patients (37 + 17 month old at onset) who developed KD between December 2004 and
March 2005. Paired samples were obtained on day 4 to 7 (5.0 + 0.7) before KD

treatment and on day 12 to 22 (15.0 + 2.4) in the convalescent stage after normalization



of C-reactive protein. All the patients were treated with IVIG (2g/kg over 2 days) and
oral aspirin (30 mg/kg/day), and became afebrile immediately after completion of 2g/kg
IVIG.

In experiments using serum samples, we studied paired serum samples from 18 KD
patients (Table 1), in whom paired samples before and just after initial IVIG (2g/kg over
1 to 5 days) were available between 1999 and 2004. Ten-paired samples were obtained
from 10 patients (34 + 8 months old at KD onset) who responded to treatment with
initial IVIG and did not have coronary artery abnormalities (IVIG responder). We
randomly selected these 10 patients from IVIG-responsive patients during the same
period. The remaining 8-paired samples were obtained from the 8 patients (47 + 9
months old at KD onset) who failed to respond to initial IVIG and later developed
coronary aneurysms (> 4mm) despite of additional therapy (IVIG failure). Between
1999 and 2004, 22 1VIG failure patients were referred to our hospital, but paired
samples were available only in these 8 patients, six of which were initially treated
outside of our hospital.

Sixteen of the 18 patients also received oral aspirin (30 mg/kg/day) and the
remaining two patients received intravenous heparin infusion (10 units/kg/hr) instead of
aspirin because of elevation in serum transaminases. Samples from patients who
received steroids along with initial IVIG were not selected in this study. Thus, all the
samples for this study did not contain steroids.

For study reference, serum samples were collected from 10 healthy young children
(46 + 9 months) and 8 febrile patients (46 + 11 months) with acute infection due to
group A streptococci and adeno or influenza virus. All aliquot samples were frozen until

the use. The study was approved by the institutional review committee of Chiba



University School of Medicine. Written informed consent for the study was obtained

from the parents of patients and controls.

Endothelial cell culture

HUVEC were obtained from Cambrex and were cultured in endothelial cell basal
medium (EBM-2, Cambrex) maintained at 37°C in 5% CO2 and supplemented with 5%
fetal bovine serum, penicillin/streptomycin, and endothelial cell growth supplement
(SingleQuots, Cambrex). The cells were used in experiments between passage number 2

and 4.

Western blot analysis

Western blot experiments were performed as described earlier.'’  Briefly,
subconfluent cultures of HUVEC (passage 3-4) were serum-starved for 4 hours and then
stimulated with 5% serum from either a patient or a control for 15 min or 18 hours. In
some experiments, HUVEC were pretreated with 10uM SB203580 for 30 min before
stimulation with 5% serum. HUVEC were washed twice with ice-cold PBS, and total
cell lysates were prepared by scraping the cells in lysis buffer (50 mM Tris-HCI, 0.1
mM EDTA, 1% (v/v) Nonidet P-40, 0.1% SDS, 0.1% deoxycholic acid, 20 mM NaF, 1
mM sodium pyrophosphate, 1 mM sodium orthovanadate, 1 mM PMSEF, 10 mg/L
aprotinin, and 10 mg/L leupeptin). After removal of insoluble material, soluble
supernatant was treated with SDS and boiled. For Western blot analysis of PBMCs, cells
were isolated by density gradient centrifugation using Ficoll-Paque Plus (Amersham
Biosciences).

Equal amounts of protein for each sample were loaded into 12.5 % polyacrylamide



gel (Daiichi Pure Chemicals), separated by SDS-PAGE, and transferred to
polyvinylidene difluoride membranes (Bio-Rad). For immunoblotting, rabbit polyclonal

antibodies were used with 1:1,000 dilution as described in manufacturer protocol.

Endothelial cell permeability assay

HUVEC were seeded at concentrations of 5 x 10* cells in 200uL of endothelial
growth medium (EGM-2, Cambrex) onto Transwell polyester membranes (0.4-um pore
size; Corning) that had been precoated with fibronectin (20pg/cm?’; Sigma). Fully
confluent HUVEC monolayers were cultured onto transwell membranes for 3-5 days.
After removal of medium, HUVEC monolayers were incubated with EBM-2 for 2 hours,
and then FITC-dextran (1 mg/mL, average molecular weight 40 000; Sigma) was added
into the upper compartment of the transwell cultures, followed by stimulation for 2
hours with 5% serum from either a patient or a control. For inhibitory experiments,
HUVEC were pretreated with SuM SB203580 or SpM PD98059 for 30 min before
stimulation with 5% serum. The amount of FITC-dextran in the culture medium (50 pL)
taken fromthe lower compartment was then determined with a fluorescence plate reader
(SPECTRA MAXR, Molecular Devices), using an excitation wavelength of 492nm, and
detecting emission at 520nm. Activation of HUVEC monolayer permeability was
quantified as clearance of FITC-dextran from upper compartment to lower compartment
(after subtracting background fluorescence from all values) using the following
equation. Permeability clearance = the amount of FITC-dextran in lower compartment /
the amount of total FITC-dextran in both upper and lower compartments x 100. Each
sample was examined in triplicate and the mean of the 3 values was used in the final

data analysis.



Endothelial cell proliferation assay

HUVEC were grown in a 25 cm’ tissue culture flask (Asahi Technoglass) until they
were about 80% confluent. The cells were then trypsinized, washed, counted, and
resuspended in EBM-2. HUVEC were plated in a 96-well cell culture plate (1.0 x 10
cells per well) in EBM-2 supplemented with 5% serum from either a patient or a control,
and incubated at 37°C in 5% CO2 for 18 hours. Cells were washed with PBS and
stained with 1.6 % Calcein AM (Molecular Probes) in Hank’s balanced salt solution
(Nikken Bio Medical) at 37°C for 90 minutes. Fluorescence of cells was measured in a
fluorescence plate reader (SPECTRA MAXY) at excitation/emission wavelengths of
485/530 nm. Each sample was examined in triplicate and the mean of the 3 values was

used in the final data analysis.

Endothelial cell tube formation assay

Growth factor-reduced Matrigel (BD Biosciences) was placed in the well of a
pre-chilled 48-well cell culture plate (Asahi Technoglass) and incubated at 37°C for 30
minutes to allow polymerization. HUVEC, at concentrations of 3 x 10* per well, were
plated onto the growth factor-reduced Matrigel-coated wells, incubated at 37°C in
5%CO2 for 18 hours in the presence of 5% serum from either a patient or a control, and
photographed using an inverted phase contrast photomicroscope (Leica Microsystems)
and tube length was quantitatively analyzed by measurement of tube length. A mean of
4 different areas at a magnification of 40x, which covered 80 % area of each well in
48-well cell culture plate, was determined for each sample.

For inhibitory assays, cells were preincubated with each inhibitor for 30 minutes at
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37°C, and then plated onto the growth factor-reduced Matrigel-coated wells, incubated

at 37°C in 5% CO2 for 18 hours in the presence of 5% serum.

Statistics

The serum from the same healthy adult volunteer was always used as an internal
control in the assay and defined as 100%. The percent increase or decrease in the
HUVEC function relative to the internal control was calculated for each sample. All
parameters were presented as mean + standard error (SE). When the data followed a
normal distribution, comparisons between two groups were performed using an
unpaired Student’s  test or a Welch’s ¢ test. If the data did not follow a normal
distribution, then a Mann Whitney U test was used. P-values of < 0.05 were considered

significant.

Results:
Activation of p38 MAPK in PBMCs from KD patients

First, we investigated whether or not p38 MAPK is activated in the acute stage of
KD. For this purpose, we measured the p38 MAPK activity in PBMCs from 4 KD
patients by detecting phosphorylated p38 MAPK using Western blot analysis (Figure 1).
In all the 4 patients studied, p38 MAPK activation in PBMCs was strongly documented
in the acute stage of illness before IVIG therapy and down-regulated in the convalescent
phase of illness after IVIG therapy, suggesting the p38 MAPK activation in PBMCs

from patients with acute inflammation of KD.

KD serum from IVIG failure enhances activation of p38 MAPK in HUVEC
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It is difficult to investigate directly vascular endothelial cells of KD patients so that
we examined the phosphorylated p38 MAPK in cultured HUVEC stimulated by serum
from patients with acute KD. In this in vitro assay, we used 8-paired serum samples
before (pre) and after (post) initial IVIG from 8 patients. Four of the 8 patients were
IVIG responder, whereas the remaining 4 patients were [VIG failure. When HUVEC
were stimulated for 15 min with sera, pre-IVIG sera from 6 patients (p2-6, p8) induced
a rapid activation of p38MAPK in HUVEC compared with control serum (Figure 2).
More importantly, this activation of p38 MAPK was further enhanced when HUVEC
were treated with post-IVIG sera from IVIG failure (p6-8), but was down-regulated
when treated with post-IVIG sera from IVIG responder (p1-3). Furthermore, the
prolonged incubation of HUVEC for 18 hours with post-IVIG sera from IVIG failure
(p5-7) induced the sustained and strong activation of p38 MAPK, whereas p38 MAPK
was inactivated when HUVEC were incubated with post-IVIG sera from IVIG
responder (p1,2,4). Thus, the difference in the activation of p38 MAPK was correlated

with IVIG responsiveness when HUVEC were incubated for longer time with KD sera.

Serum from IVIG failure enhances HUVEC permeability

Next, we studied serum activity to promote HUVEC permeability, because KD is
characterized by increased microvascular permeability. When stimulated with control
serum, serum activity to promote HUVEC permeability was 107 + 3 % of an internal
control in healthy control and 89 + 6 % in febrile control. The baseline serum activity to
promote HUVEC permeability was similarly elevated in IVIG responder (n=10, 115 +
9 %, p=0.04 vs. febrile control) and IVIG failure (n=8, 114 + 9 %, p=0.04 vs. febrile

control, p=0.91 vs. IVIG responder) compared with febrile control serum. When treated
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with sera after initial IVIG (Figure 3A), its activity was further increased to 135 + 6 %
in IVIG failure (n=8, p=0.0006 vs. febrile control); it was higher than that in IVIG

responder (n=10, 109 + 7 %, p=0.03 vs. IVIG failure, p=0.04 vs. febrile control).

Inhibition of VEGF blocks HUVEC permeability induced by sera from IVIG failure
Next, we studied effects of inhibition of VEGF activity on HUVEC permeability
induced by post-I1VIG sera from IVIG failure, because VEGF plays a role in the
vascular leakage of KD.2**  Preliminary experiments confirmed that external addition
of VEGF increases permeability of HUVEC monolayers in a dose-dependent fashion
(data not shown). The increase in HUVEC permeability induced by post-IVIG sera from
8 patients with IVIG failure was prevented by external addition of soluble VEGFR-1
(p=0.016) and VEGFR-2 inhibitor I (p=0.004), suggesting the involvement of serum

VEGF in the control of the permeability of cultured HUVEC.

Serum from IVIG failure reduces tube forming activity of HUVEC

Additionally, we investigated serum activity to stimulate HUVEC tube formation.
The conditions of the in vitro angiogenesis assay were adjusted so that HUVEC were
capable of forming capillary-like tube structures in the well coated by growth
factor-reduced Matrigel in the presence of healthy human serum, but failed in the
absence of healthy control serum (Figure 3B-a). Under these experimental conditions,
baseline serum from a patient with active Takayasu arteritis extensively promotes
HUVEC tube formation, and its efficacy was 147% of internal control serum (Figure
3B-b). Tube forming activity of HUVEC in the presence of healthy (Figure 3B-c) and

febrile control serum were 95 + 2 % and 93 + 5 % of internal control serum,
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respectively. When treated with baseline sera before IVIG, tube forming activity of
HUVEC was 88 + 8 % in the presence of serum from IVIG responder (n=10, p=0.60 vs.
febrile control), whereas it was 71 + 5 % in the presence of serum from IVIG failure
(n=8, p=0.005 vs. febrile control, p=0.09 vs. IVIG responder). When treated with KD
sera after initial IVIG (Figure 3C), tube forming activity of HUVEC in the presence of
serum from IVIG failure (68 + 5 %) was still reduced compared with serum from febrile

control (p=0.007) or IVIG responder (82 + 5 %, p=0.10 vs. IVIG failure).

Proliferating activity of HUVEC in the KD sera after IVIG treatment

Capillary-like tube formation requires several biological activities, such as
endothelial cell proliferation, cell migration, and cell-to-cell interaction. To investigate
mechanisms of impairment of HUVEC tube formation induced by sera from IVIG
failure, we additionally examined serum activity to proliferate HUVEC. The serum
activity of healthy and febrile control was 95 + 2 % and 119 + 6 % of internal control,
respectively. When treated with KD serum after initial [IVIG (Figure 3D), serum from
IVIG failure (n=8, 89 + 5 %) was less active in stimulating HUVEC proliferation
compared with serum from [VIG responder (n=10, 108 + 4 %, p=0.008 vs. IVIG
failure) or febrile control (p=0.002), but there was no significant difference in the serum

activity between IVIG failure and healthy control (p=0.27).

p38 MAPK inhibitor restores KD serum-induced endothelial cell dysfunctions
Next, we investigated whether inhibition of p38MAPK activity may have a favorable
effect on HUVEC kinetics induced by serum from IVIG failure. We first confirmed that

pretreatment with p38MAPK inhibitor (SB203580) reduced the phosphorylated
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p38MAPK in cultured HUVEC stimulated by serum from IVIG failure (data not
shown).

We then investigated the effects of SB203580 or MEK1/2 inhibitor (PD98059) on
abnormal HUVEC kinetics induced by post-IVIG serum in IVIG failure. External
addition of SB203580, but not PD98059, significantly reduced the increase in HUVEC
permeability induced by post-IVIG serum in IVIG failure (n=4) from 127 + 5 % to 97 +
9 % (p=0.027) (Figure 4A). Additionally, HUVEC tube forming activity induced by
post-IVIG serum in IVIG failure (n=4) increased from 63 + 2 % to 97 + 2 % (p=0.002)
by the addition of SB203580 (Figure 4B-C), suggesting a negative regulatory role of
p38 MAPK under this assay system. The external addition of PD98059 or VEGF at
10ng/mL failed to show a significant rescue in the decreased tube forming activity of

HUVEC induced by post-IVIG sera from IVIG failure.

Erk1/2 MAPK phophorylation in HUVEC upregulates by inhibition of p38 MAPK
We investigated effects of inhibition of p38 MAPK activity on phosphorylation of
Erk1/2 MAPK to seek possible mechanisms by which p38 MAPK inhibitor restored the

impairment of HUVEC tube formation induced by sera from IVIG failure. When
HUVEC were stimulated for 15 min with serum from IVIG failure, the rapid increase in
phophorylation of Erk1/2 MAPK was observed, but p38 MAPK inhibition did not affect
phophorylation of Erk1/2 MAPK (Figure 5). However, when HUVEC were incubated
for 18 hours with serum from I'VIG failure, sustained p38 MAPK activation led to slight
decrease in Erk1/2 MAPK activation, whereas addition of p38 MAPK inhibitor strongly

enhanced Erk1/2 MAPK phosphorylation.
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Discussion

The MAPK family mediates a wide variety of cellular functions in response to
extracellular stimuli.**  Three distinct MAPK pathways have been determined in
mammalian cells, the Erk1/2, c-jun N-terminal kinase (JNKs), and p38. p38 MAPK is
chiefly activated by the proinflammatory cytokines, growth factors and cell
stress-inducing factors, and oxygen radicals.”*  Activation of p38 MAPK promotes
synthesis of proinflammatory cytokines such as TNF-alpha, interleukin-1, -6, and
-8, all of which are upregulated in acute KD.**  In addition, p38 MAPK controls
the synthesis of other compounds, including chemokines, adhesion molecules, and other
compounds involved in inflammation;** thus a strong link has been suggested between
the p38 MAPK pathway and inflammation. Because inhibiting p38 MAPK suppresses
the production and action of inflammatory cytokines, it is postulated that the use of p38
MAPK inhibitors in inflammatory diseases where these cytokines are elevated might be
beneficial. Indeed, p38 MAPK inhibitors such as SB203580 have been demonstrated to
be effective in animal models of rheumatoid arthritis.”®> Inhibitors are being developed
with an aspect to treating other inflammatory diseases such as Crohn’s disease.’*™
However, the role of p38 MAPK in the pathogenesis of KD remains to be elucidated.

The present study is the first report to document the involvement of p38 MAPK in
KD vasculitis. We found several new findings regarding p38 MAPK in the pathogenesis
of KD. The first of our main findings was that p38 MAPK was strongly activated in
PBMCs obtained from patients with acute KD. This finding suggests that acute
inflammation due to KD lead to the activation of p38 MAPK in PBMCs.
Histopathologic studies have shown that early coronary vascular lesions of KD are

11,18-20

characterized by infiltration of large numbers of mononuclear cells. It is reported
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that p38 MAPK pathway involves in monocytic transendothelial migration,’” and plays

essential roles in the production of proinflammatory cytokines.**

Indeed, various
proinflammatory cytokines are produced by circulating and inflammatory mononuclear
cells of patients with acute KD.""*°

The second of our main findings was that acute KD sera were found to induce the
activation of p38 MAPK in cultured HUVEC. The activation of p38 MAPK in cultured
HUVEC was correlated with IVIG responsiveness when HUVEC were incubated with
sera after initial IVIG. More importantly, sera from patients developing refractory KD
induced abnormal HUVEC kinetics. HUVEC incubated with post-IVIG sera from [VIG
failure were hyperpermeable and failed to form capillary-like tube structures. p38
MAPK inhibitor reversed abnormal HUVEC kinetics induced by sera from IVIG
failure.

The present study suggested that KD sera contain soluble factors promoting p38
MAPK activation in PBMCs and cultured endothelial cells. Although a variety of serum
factors may be candidates promoting the increase in HUVEC permeability through p38
MAPK activation, we focused on the involvement of VEGF in this study. VEGF is
known to increase the vascular permeability of microvessels to circulating
macromolecules. Indeed, VEGF has been upregulated in circulating and inflammatory

202123 e tested the effects of the external addition of soluble

cells of KD patients.
VEGFR-1 and VEGFR2 inhibitor I to examine the VEGF-induced effect, and found that
VEGF is one of molecules promoting the increased vascular permeability in vitro. A
recent study has shown that inhibition of p38 MAPK activity abrogated VEGF-induced

vascular permeability in vivo and in vitro, suggesting the involvement of p38 MAPK in

the regulation of vascular permeability.’® In addition, several studies have suggested
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that p38 MAPK is a key regulator of vascular permeability by VEGF.*"**  Taken
together with our findings, VEGF and p38 MAPK are involved in the control of
HUVEC monolayer permeability.

Unexpectedly, KD sera inhibited the tube forming activity of HUVEC. Because KD
sera included increased levels of free VEGF, we expected that KD sera had increased
angiogenic activity. The precise mechanisms by which sera from IVIG failure reduce
HUVEC tube formation are unknown. Since p38 MAPK inhibitor reversed tube
forming activity of HUVEC, a negative role of p38 MAPK is at least suggested in the
control of tube forming activity of endothelial cells induced by KD sera. A recent study
indicates that inhibiting p38 MAPK enhances VEGF-induced angiogenesis in vitro and
invivo.>® p38 MAPK inhibition has been found to accelerate bFGF-mediated
angiognenesis in vitro and in vivo,” suggesting that p38 MAPK signaling is a more
general anti-angiogenic mechanism. Also cross-talk between p38 and Erk may affect
our experimental results. A recent study has demonstrated that sustained activation of
p38 MAPK causes the decrease in Erk1/2 MAPK activity.* In this study, prolonged
incubation of HUVEC with sera induced sustained p38 MAPK activation and slight
decrease in Erk1/2 MAPK activation, but inhibition of p38 MAPK resulted in prolonged
activation of Erk1/2 MAPK.

It is well known that aspirin has anti-angiogenic activity by blocking prostaglandin
synthesis in endothelial cells through inhibition of cyclooxygenase.'  Therefore, even
small doses of aspirin may cause impairment of in vitro HUVEC tube formation
promoted by human serum. To explore this possibility, we tested the difference in the
serum activity to stimulate HUVEC tube formation between KD patients (n=10) treated

with IVIG plus aspirin and those (n=10) treated with I[IVIG and heparin, and we found
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that HUVEC tube formation promoted by serum was same throughout the illness
between the groups (data not shown). Furthermore, additional experiments with the
exogenous addition of acetylsalicylic (aspirin) or salicylic acid at various doses
confirmed that a low concentration of acetylsalicylic or salicylic acid did not show
significant inhibitory effects on HUVEC tube formation in the presence of human serum
(data not shown). Finally, in patients with IVIG failure, sera before IVIG plus aspirin
treatment strongly activated p38 MAPK and also affected HUVEC tube formation. With
these results taken together, it was unlikely that the aspirin used for KD treatment
caused impairment of tube forming activity of HUVEC in the presence of sera from
IVIG failure.

In conclusion, we demonstrated the p38 MAPK activation in PBMCs from patients
with acute KD inflammation. Serum from patients with refractory KD induced in vitro
endothelial cell dysfunction, which was modulated by p38 MAPK. It is important to
further elucidate the precise role of MAPK signaling pathway in the pathogenesis of KD

vasculitis to develop a new molecular target for treating patients with refractory KD.
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Figure legends

Figure I p38 MAPK in PBMCs from patients with KD.

Western blot analysis of PBMCs lysates was performed with either phospho-p38 MAPK
antibody (top) or p38 MAPK antibody (middle). Similar protein loading was detected as
determined using an alpha-actin antibody (bottom). P=patient, A=acute stage before

IVIG, C=convalescent stage.

Figure 2 Sera from IVIG failure induce a rapid and prolonged phospholyration
of p38 MAPK in cultured HUVEC.

Subconfluent HUVEC were serum-starved for 4 hours and were incubated with sera
from IVIG-responder (P.1-4) or -failure (P.5-8) for the indicated times. Prolonged
incubation with sera induces sustained and strong activation of p38 MAPK when
incubated with post-IVIG sera from 3 patients with IVIG failure (p5-7 in 18 h
incubation), but p38 MAPK is inactivated when treated with post-IVIG sera from 3
IVIG responders (p1,2,4 in 18 h incubation). C1-2 indicates healthy control. Pre
indicates serum before IVIG treatment. Post indicates serum just after initial IVIG

treatment.

Figure 3 Sera after initial IVIG in IVIG failure induced the increase in
permeability and the decrease in tube formation of HUVEC

A) HUVEC monolayers were starved in serum-free media for 2 hours, followed by
stimulation for 2 hours with 5% serum either from patients after initial IVIG or control.
HUVEC permeability stimulated by serum from an internal control was defined as

100%. Each bar shows the mean + SE. * p=0.04, ** p=0.03, 1 p=0.0006.
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B) In vitro angiogenesis assay. HUVEC, at concentrations of 3 x 10* per well, were
plated onto the growth factor-reduced Matrigel-coated wells, incubated for 18 hours in
the presence of 5% serum from either a patient or a control. HUVEC fail to migrate or
join together in the absence of human serum (a). Tube forming activity of HUVEC in
the presence of serum from a patient with active Takayasu arteritis (), serum from a
healthy child (¢), post-initial [VIG serum from a patient with [VIG failure (d), and
post-initial IVIG serum from a patient with IVIG responder (e).

C) Tube forming activity of HUVEC in the presence of 5% sera either from patients
after initial IVIG treatment or control. HUVEC tube length stimulated by serum from an
internal control was defined as 100%. Each bar shows the mean + SE. * p=0.007,
NS=not significant.

D) HUVEC were incubated with 5% serum from either patients after initial IVIG or
control for 18 hours. Cells were stained with 1.6 % Calcein AM and proliferation rate
was calculated as described in the method section. HUVEC proliferation stimulated by
serum from an internal control was defined as 100%. Each bar shows the mean + SE. *

p=0.008, T p=0.002. NS=not significant.

Figure 4 Inhibition of p38 MAPK restores the increased permeability of HUVEC
and impaired tube forming activity induced by post-IVIG sera from IVIG failure.
DMSO was used to dissolve specific inhibitors, and tested alone as control. A) HUVEC
were pre-incubated with SuM SB203580 or SuM PD98059 for 30 min followed by
stimulation with 5% serum. Addition of SB203580, but not PD98059, resulted in a
significant decrease in HUVEC permeability in the presence of sera after initial IVIG in

IVIG failure. Each bar shows the mean + SE from 6 healthy controls or 8 patients with
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IVIG failure. * p=0.027. NS= not significant. B) HUVEC were pre-incubated with
10ng/mL VEGEF, 10uM SB203580 or 10uM PD98059 for 30 min followed by
stimulation with 5% serum. Addition of SB203580, but not PD98059 or VEGEF, resulted
in a significant rescue in HUVEC tube formation in the presence of sera after initial
IVIG in IVIG failure. Each bar shows the mean + SE from 4 healthy controls or 4
patients with IVIG failure. * p=0.002. NS= not significant. C) Representative
photograph of in vitro angiogenesis promoted by serum from a healthy child (a) and
post-IVIG serum from a patient with IVIG failure (). Tube forming activity in the
presence of serum from the same patient with IVIG failure is changed by the external
addition of recombinant human VEGF at 10ng/mL (c), 10uM of PD98059 (d), and

10uM of SB203580 (e).

Figure 5. Effects of inhibition of p38 MAPK by pretreatment with SB203580 on
Erk1/2 phosphorylation.

Subconfluent HUVEC were serum-starved for 4 hours and were pretreated with 10uM
SB203580 for 30 min, followed by stimulation with 5 % serum from a patient with

IVIG failure for the indicated times.
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