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Abstract Kawasaki disease (KD) is associated with coro-
nary artery injury. Studies have shown that the endothelial
progenitor cell (EPC) participates in the process of arterial
repair. Data have been reported that the number of EPC
increased significantly in the subacute phase of KD.
However, until now, there are no data about the functions
of EPC in KD patients. The present study was designed to
further investigate the number and functions of EPC in KD.
Ten KD patients in the acute phase and ten healthy
volunteers were recruited and attributed to the KD group
and control group, respectively. The circulating CD34/
kinase insert domain-containing receptor double positive
cells were evaluated in the two groups using flow
cytometry. In vitro assays were used to measure the
functions of EPC, including proliferation, adhesion, and
migration activities. The plasma levels of nitric oxide (NO),
tumor necrosis factor-o« (TNF-), and high sensitivity C-
reactive protein (hs-CRP) were also assessed in both
groups. The number of EPC in the KD group was
significantly higher than that of the control group (0.021=+
0.007% vs. 0.014+0.003%, P<0.05). The migratory re-
sponse of EPC was significantly decreased in the KD
group, compared with that of the control group (5.50+1.78
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vs. 3.40+1.35 cells/high power field, P<0.01). Similarly,
the proliferative and adhesive activities of EPC in the KD
group were also decreased (0.47+0.08 vs. 0.66+£0.07, P<
0.01; 6.5+2.12 vs. 11.2+2.04 cells/high power field, P<
0.01). The plasma NO, TNF-«, and hs-CRP levels in the
KD group were higher than those of the control group
(54.10+11.78 vs. 38.80+11.10 pmol/l, P<0.01; 48.20+
742 vs. 37.00+£11.12 pg/ml, P<0.05; 87.10+£30.18 vs.
5.30+3.37 mg/l, P<0.01). The number of circulating EPC
positively correlated with the level of NO (r=0.92, P<
0.001), and the functions of EPC negatively correlated with
the levels of TNF-« and hs-CRP, respectively. In Kawasaki
disease, the number of EPC was enhanced and the
functions of EPC were attenuated. The two-way regulation
of circulating EPC in KD patients may be associated with
the disorders of cytokines or messengers in KD patients.

Keywords Kawasaki disease - Endothelial progenitor cell -
Nitric oxide

Introduction

Kawasaki disease (KD) is a kind of systemic vasculitis
characterized by auto-immune features [21, 22, 28]. Studies
have also shown that patients with KD have complicated
inflammative reaction characterized by high level of tumor
necrosis factor-o« (TNF-oc) and high sensitivity C-reactive
protein (hs-CRP), all of which play a pivotal role in
endothelial dysfunction (ED) [6, 7]. ED is a well-
established risk factor of atherosclerosis in adulthood [30].
Therefore, a history of KD could possibly be one of the risk
factors for early onset of atherosclerosis.

Emerging data predicated that the endothelial progenitor
cell (EPC), precursor cell of mature endothelial cell, is
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important for maintaining the normal function and structure
of arterial endothelial cells [3, 4, 11, 14]. Furthermore,
Werner et al. reported that increased levels of EPC were
associated with a reduced risk of death from cardiovascular
causes [36]. Data have shown that the level of circulating
EPC was regulated by numerous mediators, which include
nitric oxide (NO), TNF-«, and hs-CRP [2]. NO plays a
pivotal role in mobilizing and upregulation of circulating
EPC, while TNF-ox and hs-CRP participate in the impair-
ment and downregulation of circulating EPC [10, 12, 13]. It
was reported that NO concentration in KD patients was
higher than that of healthy control subjects [18]. Mean-
while, TNF-x and hs-CRP also increased in KD patients
[16, 24]. Data have been reported that the number of EPC
increased significantly in the subacute phase of KD [26].
However, to the best of our knowledge, there are no data
about the functions of EPC in KD patients.

The present study was designed to further investigate the
number and functions of EPC in KD. We measured the
number of EPC using flow cytometry and the functions of
EPC including proliferation, adhesion, and migration in the
KD group and control group. The level of plasma NO,
TNF-«, and hs-CRP were also assessed in the KD group
and control group.

Materials and methods
Patients and blood collection

We studied ten patients with KD (KD group, aged 6 months
to 4 years; median 26 months; male/female=7/3) and ten
healthy children (control group, aged 6 months to 5 years;
median 22 months; male/female=6/4). There was no
statistical difference between the two groups, in terms of
age, body weight, albumin, globulin, and bilirubin. Healthy
children were selected from children who had health
examination, and we asked the parents to provide an
additional blood sample (10 ml) from their children.
Informed consent was obtained from the parents of all
patients and all healthy children. All KD patients were
hospitalized at our hospital from July 2007 to March 2009.
The KD patients were enrolled within 7 days of the onset of
illness, with day 1 defined as the first day of fever. All KD
patients met the diagnostic criteria for KD established by the
Japanese Kawasaki Disease Research Committee and were
considered typical cases. The peripheral blood was collected
from the KD patients within 5-7 days of the onset of the
illness. All patients were scheduled to receive both aspirin
(25 mg/kg/day) and intravenous immunoglobulin (i.v. IG,
2 g/kg) after the blood was collected. The initial course of
i.v. IG therapy was started on days 5-7. The study protocol
was approved by the ethics committee of our hospital.
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Cell culture and EPC characterization

The procedure was performed as described previously [38].
Briefly, the peripheral blood mononuclear cells (PBMNCs)
of enrolled subjects were isolated using Ficoll density
gradient centrifugation and suspended into 25 cm?® cell
culture bottle coated with fibronectin (Hematological Tech-
nologies) using endothelial cell basal medium-2 (Clonetics,
San Diego, CA, USA) supplemented with EGM-2 MV
(Clonetics) and incubated at 37°C in a humidified environ-
ment with 5% carbon dioxide (CO,). The culture medium
was replaced every 4 days. To confirm the EPC phenotype,
the attached EC-like cells were incubated with 1, 10-
dioctadecyl-3, 3, 30, 30-tetramethylindo-carbocyanine
perchlorate-labeled acetylated low density lipoprotein (Dil-
acLDL; 10 pg/ml; Molecular Probes) at 37°C for 1 h. The
cells were then fixed with 4% paraformaldehyde for 30 min
at 37°C and incubated with fluorescein isothiocyanate-labeled
Ulex europeus agglutin (FITC-lectin, 10 pg/ml; Sigma) for
4 h at 37°C. After being stained, the samples were observed
with a phase contrast fluorescent microscope (Olympus).
Cells demonstrating double positive fluorescence were
identified as differentiating EPC.

EPC incubated with the serum of KD patients

We recruited ten children’s fathers as healthy adult
volunteers, when they took their child to our hospital. They
agreed with the experimental procedure and offered 30 ml
peripheral venous blood. We used the peripheral venous
blood to isolate the PBMNCs and induced the PBMNCs
into EPCs as described previously [38]. Then, the EPCs
were submitted to incubate with the serum of KD patients
or healthy control subjects for 24 h (n=10). After then, the
EPCs were collected for function assay.

EPC function assay: proliferation, adhesion, and migration
activities

The procedure of EPC function assay was performed
according to a previous study, described as below [38].

EPCs were digested with 0.25% trypsin and then
cultured in serum-free medium in 96-well culture plate
(200 pl/well). After being cultured for 24 h, EPCs were
supplemented with 10 pl 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (5 g/l; Fluka) and incubated
for another 4 h. Then, the supernatant was discarded by
aspiration, and the EPC preparation was shaken with 200 pl
dimethylsulfoxide for 10 min, before the optical density
value was measured at 490 nm.

EPCs (2.5x 10%/well) were seeded on 24-well plates pre-
coated with fibronectin and incubated for 30 min at 37°C
and 5% CO,. After being washed three times with
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Fig. 1 The ratio of CD34/KDR-positive cells in the two groups.
Mean + SD, n=10, *P<0.05 vs. control group

phosphate-buffered saline (PBS), the attached cells were
counted. Adhesion activity was evaluated as the mean
number of attached cells in 5 high power fields (200x) from
each well.

EPC migrations were evaluated using a modified Boyden
chamber method. EPC suspension (2.5 10* cells/well) was
placed in the upper chamber with endothelial basal medium
(EBM), and the chamber was placed in a 24-well culture
dish containing EBM and 50 ng/ml vascular endothelial
growth factor (VEGF, Hematological Technologies, Essex
Junction, USA). The chamber was incubated for 24 h and
the lower side of the filter was washed with PBS and fixed
with 2% paraformaldehyde. For quantification, cell nuclei
were stained with 4', 6-diamidino-2-phenylindole. Cells
migrating into the lower chamber were counted manually in
three random microscopic fields.

Flow cytometry analysis

Flow cytometry analysis was performed as described
previously [37]. The phycoerythrin-conjugated monoclonal
antibody against human CD34 (Becton Dickinson) and
rabbit polyclonal antibody against human vascular endo-
thelial growth factor receptor-2, namely kinase insert
domain-containing receptor (KDR; Neomarkers, Fremont,
CA, USA), were incubated in a volume of 100 ul of

peripheral blood for 15 min in the dark. The KDR antibody
was detected with FITC-conjugated goat against rabbit IgG
(Southern Biotech, Birmingham, UK). After incubation,
cells were lysed, washed with PBS, and fixed in 4%
paraformaldehyde before analysis of 50,000 events after
exclusion of debris and platelets. The number of circulating
EPC was evaluated by the ratio of CD34/KDR double
positive cells per 100 PBMNCs. Isotype-identical anti-
bodies served as controls. Double color flow cytometry
analysis was performed by using a Beckman Coulter Epics-
XL 4 flow cytometer and performed in duplicate.

Plasma TNF-« and hs-CRP detection

Blood samples were separated at 4°C and stored at —20°C.
hs-CRP was measured at 550 nm with the use of the
particle-enhanced immunoturbidimetric assay (Orion Diag-
nostica) by a specialist who was unaware of the study
assignment.

Plasma levels of TNF-x were measured by enzyme-
linked immunosorbent assay (R&D Systems) according to
the manufacturer’s instructions. Results were compared with
standard curves. Measurements were performed in duplicate.

Measurement of plasma NO concentration

We used the Greiss method to estimate nitrite, the stable
metabolite of NO [19]. This assay determined the total NO
based on the enzymatic conversion of NO; to NO, by
nitrate reductase (Sigma) and detection of nitrite as an azo
dye product of the Greiss reaction. The results are presented
as micromoles NO, of NO; /NO, per liter of medium.

Statistical analysis

Results are presented as mean = SD and analyzed with the
SPSS software (version 13.0). Statistical significance was
evaluated by independent ¢ test. Bivariate correlations were
calculated according to Pearson. A value of P<0.05 was
considered significant.

Fig. 2 Identification of EPCs. a FITC-lectin (green), b Dil-acLDL (red), ¢ Merge. Abbreviations are defined in the text. Magnification x100
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Fig. 3 The migratory (a), proliferative (b), and adhesive (c) activities
of cultured EPCs between the two groups. Abbreviations are defined
in the text. Data are given as mean + SD. *P<0.05 vs. control group.
HPF high power field

Results
The number of EPC in the two groups
The number of EPC detected by flow cytometry in the KD

group was higher than that of the control group (0.021+
0.007% vs. 0.014+0.003%, P<0.05, Fig. 1).
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The functions of EPC in the two groups

Figure 2 shows that the in vitro cultured EPCs were
characterized by double staining with Dil-acLDL and
FITC-lectin. Figure 3 shows the functions of EPC in the
two groups. The migratory response of EPC was signifi-
cantly decreased in the KD group, compared with that of
the control group (Fig. 3a). Similarly, the proliferative and
adhesive activities of EPC in the KD group were also
decreased (Fig. 3b, c).
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Fig. 4 The migratory (a), proliferative (b), and adhesive (c) activities
of cultured EPCs incubated with the serum of KD patients or healthy

children. Data are given as mean £ SD. *P<(.05 vs. control group.
HPF high power field
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The EPC induced from healthy adult volunteers incu-
bated with the serum of KD patients showed impaired
migratory, proliferative, and adhesive activity, compared
with that incubated with the serum of healthy control
subjects (Fig. 4a—c).

The plasma NO, TNF-«, and hs-CRP levels in the two groups

Figure 5 shows that the plasma NO, TNF-«, and hs-CRP levels
in the KD group are higher than those of the control group.
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Fig. 5 The plasma NO (a), TNF-x (b), and hs-CRP (c¢) concen-
trations of the two groups. Abbreviations are defined in the text. Data
are given as mean + SD. *P<0.05 vs. control group
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Fig. 6 Linear regression relationship between the plasma NO level
and the number of circulating EPCs in the KD patient group (P<0.05)

Association between EPC and plasma NO, TNF-«,
and hs-CRP levels

The number of EPC positively correlated with the plasma
level of NO (Fig. 6). The migration and proliferation
activity of EPC negatively correlated with the plasma level
of TNF-« (Fig. 7). The adhesion activity of EPC did not
correlate with the plasma level of TNF- (r=—0.57, P>
0.05) and the functions of EPC negatively correlated with
the plasma level of hs-CRP, respectively (Fig. 8).

Discussion

The present study investigated the number of peripheral
circulating EPC and the functions of in vitro cultured EPC
in patients with KD and healthy control subjects. Our major
findings were that the number of peripheral circulating EPC
was markedly increased in patients with KD, and the
functional capacities of cultured EPC were significantly
reduced in patients with KD. Elevated levels of nitric oxide
were found in KD patients and positively correlated with
EPC number. Meanwhile, a close correlation was found
between plasma TNF-« and hs-CRP, related inversely to
EPC function in our study. The present study possibly
indicates that KD patients have the ability to mobilize EPC
into the peripheral circulation to participate in the vascular
repair process, while the poor functional state of EPC
obliterates its potentiality for repair vascular injury.

KD is associated with systemic vascular endothelial
dysfunction [9, 17, 25, 27, 29, 39]. Normal endothelial
function plays a pivotal role in maintaining cardiovascular
homeostasis. Yamakawa et al. demonstrated that coronary
endothelial dysfunction was present in patients with
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Fig. 7 Linear regression relationship between the plasma TNF-«
level and the functions of circulating EPCs in the KD patient group,
including migration activity and proliferation activity (P<0.05). HPF
high power field

Kawasaki disease, evaluated by intracoronary injection of
acetylcholine [39]. Niboshi et al. [27] revealed that adult
patients with a history of KD had systemic vascular
endothelial dysfunction and also suggested that a history
of KD could possibly be one of the risk factors for early
onset of atherosclerosis.

Data have shown that EPC plays a pivotal role in
maintaining normal endothelial function [3, 4, 11, 14].
Animal experiments have shown that enhanced peripheral
circulating EPC contributed to the improved rate of
reendothelialization and inhibition of neointimal formation
in arteries denuded by balloon injury [11, 35]. In humans, it
has been found that the number and function of EPC are
positively associated with endothelial function [14]. Fur-
thermore, Werner et al. reported that an increased level of
EPC was associated with reduced risk of death from
cardiovascular diseases [36]. Therefore, the number and
function of EPC in patients with KD may affect the
cardiovascular outcomes of these patients in adulthood.

In the present study, we found that the number of
circulating EPC increased significantly in KD patients,
compared with that of control subjects. A previous study
has shown that the concentration of NO was associated
with the mobilization of EPC [1]. To investigate the
possible mechanism of the phenomenon, we measured the
level of plasma NO of the two groups. We found that the
plasma concentration of NO was raised in KD patients,
which is in keeping with previous studies [5, 32].
Furthermore, a positive correlation was found between
NO level and EPC number in KD patients.

However, the mechanisms underlying the enhanced NO
production in KD patients were not completely clear. The
study of Wang et al. and other groups demonstrated that the
enhanced NO level in KD patients was mainly derived from
inducible but not constitutive nitric oxide synthase (NOS)
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Fig. 8 Linear regression relationship between the plasma hs-CRP level and the functions of circulating EPCs in the KD patient group, including
migration activity (a), proliferation activity (b), and adhesion activity (¢) (P<0.05). HPF high power field
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and that intravenous immunoglobulin suppressed inducible
NOS expression in KD patients [34]. In contrast, Khajoee
et al. reported that endothelial and inducible NOS gene
polymorphisms were not involved in the development of
coronary artery lesions in KD patients [20]. It should be
stressed that the impacts of NO on vascular and endothelial
function are complicated and often appear to be contradic-
tory. At present, it is not clear whether the enhanced level
of NO is beneficial or harmful in children with KD, and in
addition, the mechanisms of such effect remain to be
clarified.

In order to investigate the functions of EPC in KD
patients, we performed in vitro cell function assay,
including proliferative activity and migratory activity. We
found that the functions of EPC decreased significantly,
compared with that of control subjects. It is well known that
the functional state of cells is associated with its efficacy in
playing a physiology role. The favorable effects of EPC on
the cardiovascular system may be interrupted in KD
patients because of its perishing functional state.

Increasing evidence indicates that inflammation has a
key role in the injury of cell functions. In the present study,
we also detect the concentration of TNF-« and hs-CRP. The
results showed that the concentrations of TNF-« and hs-
CRP were higher than those of control subjects, which is
consistent with the results of previous studies [16, 24]. Data
have shown that TNF-« has a negative effect on the
function of EPC [13, 31, 33]. It was also reported that
plasma hs-CRP, together with the inflammatory cytokines,
was negatively associated with the function of circulating
EPC [10]. Our results also showed that CRP attenuated the
mobilization, differentiation, and survival of EPC.

Several cytokines and growth factors are involved in the
mobilization and homing of EPC [2]. Although the levels
of inflammatory mediators were elevated in KD patients,
the levels of the angiogenic protein VEGF were also
selectively increased in KD patients [23]. VEGF is a potent
stimulus for mobilizing bone marrow-derived EPC, and
enhanced levels may be important in the mobilization of
EPC [4]. Indeed, it may be interesting to investigate
whether an imbalance exists between EPC mobilizers
(e.g., NO and VEGF) and inflammatory mediators (e.g.,
TNF-« and hs-CRP) in KD patients. We postulated that the
internal environment disorder may be responsible for the
bidirectional regulation of EPC kinetics in KD patients.

It should be pointed out that the present study was
subject to several limitations. One of the limitations of this
study is that we did not investigate the dynamics of EPC in
KD patients from the onset of disease to the convalescent
period. Secondly, we proposed that increased NO produc-
tion contributed to increased EPC number in KD patients.
The definitive cause-and-effect relation between them,
however, requires further studies in which other vasoactive

agents such as granulocyte colony-stimulating factor and
vascular endothelial growth factor should be examined.
Thirdly, the data of the present study cannot give us an
exact explanation of the bidirectional regulation of EPC in
KD patients.

Further studies should be performed to investigate the
EPC kinetics and its mechanisms in KD patients and other
patients with vasculitis. Data have shown that the EPC
colony-forming unit (EPC-CFU) in patients with antineu-
trophil cytoplasmic antibody-associated vasculitis (AAV)
decreased significantly in untreated active phase and even
in remission phase [15, 40]. On the other hand, de Groot et
al. reported [8] that the number of EPC in patients with
AAV evaluated by counting Dil-acLDL and FITC-lectin
double positive cells increased significantly after the
institution of immunosuppressive therapy and disease
remission. Different methods are used in counting EPC-
CFU or Dil-acLDL and FITC-lectin double positive cells to
assess EPC numbers, which may possibly contribute to the
various results. In addition, the number EPC-CFU repre-
sents not only the number of EPC but also the functions of
EPC. We thought that the number of EPC-CFU reduced in
patients with AAV could possibly indicate that the
functions of EPC were impaired in different phases of
AAV diseases. In a certain degree, the results are in line
with ours.

Our study is important for understanding the mecha-
nisms of coronary arterial injury in KD patients. Endothe-
lial dysfunction is a hallmark of KD, and recent evidence
suggests that bone marrow-derived EPC participates in
postnatal blood vessel repair. The relative deficiency of
circulating EPC in KD patients may contribute to the
coronary dilation or aneurysm, whereas chronic pharmaco-
logical augmentation of circulating EPC could offer a novel
therapeutic strategy. Further studies are needed to under-
stand the therapeutic implications of circulating EPC in
KD.
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