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Introduction and History
of Kawasaki Disease

Chih-Lu Wang

Abstract

Kawasaki disease is an acute multisystem vas-
culitic syndrome of unknown etiology occur-
ring mostly in infants and children younger
than 5 years of age especial in Asia countries.
In developed countries, Kawasaki disease is
currently the leading cause of acquired heart
diseases in children. However, it is still a mys-
terious disease since the first report of Dr.
Kawasaki in 1967. In this chapter, we review
and summarize the history, epidemiology,
infection, genetics, and immune response of
this disease.
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Kawasaki disease (KD) is an acute febrile multi-
system vasculitis of unknown etiology occurring
mostly in children with age younger than 5 years
old. In developed countries, KD is currently the
leading cause of acquired heart diseases in chil-
dren. However, it still continues to be a mysteri-
ous disease [1, 2].

Kawasaki disease (KD) is a small to medium
sized vessel vasculitis that affects mainly in
young children. Tomisaku Kawasaki observed

C.-L. Wang (D<)
Po-Jen Hospital, Kaohsiung, Taiwan

his first case of KD in January 1961 when he was
a staff pediatrician at the Red Cross Hospital in
a suburb of Tokyo. The patient, a 4-year-old boy,
recovered spontaneously from his illness and was
discharged as “diagnosis unknown.” Then Dr.
Tomisaku Kawasaki published the first English
language report of 50 patients with KD in 1974
[3]. Since then, there have been almost 15,000
articles in the literature related to this disease,
despite extensive research over the last 50 years,
but the etiology of KD, a distinct causative agent,
and immunopathogenesis remain an enigma.
Kawasaki disease is characterized by long-
term fever, conjunctivitis, diffuse mucosal
inflammation, pleomorphic rash, hard edema of
the hands and feet associated with peeling of the
fingertips, and nonsuppurative neck lymphade-
nopathy [4]. The most serious complication of
KD is acute coronary lesions including myocar-
dial infarction and coronary aneurysm, which is
characteristic when identified in the context of
compatible febrile illness [5, 6]. To date, there are
no specific diagnostic tests for KD. The diagnosis
of KD is based on fever >5 days, and it meets
four of the five clinical criteria listed in Table 1.
However, atypical cases of KD are very common
(up to around 15% of the total), and the diagnosis
should be considered without the full complement
of diagnostic criteria [7]. In addition to the diag-
nostic criteria, a wide range of nonspecific clini-
cal features can be found, including irritability,
uveitis, aseptic meningitis, cough, vomiting, diar-
rhea, abdominal pain, gallbladder, urethritis, joint
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Table 1 Diagnostic criteria of Kawasaki disease

Fever persisting at least 5 days with at least four of the
five principal clinical features
1. Nonpurulent conjunctivitis, bilateral

2. Cervical lymphadenopathy, >1.5 cm

3. Polymorphous skin rashes

4. Abnormalities of lip or oral mucosa: strawberry
tongue, fissured lips, diffuse erythema of
oropharynx

5. Abnormalities of extremities: edema of palm and
soles, desquamation of finger tips

The diagnosis of Kawasaki disease is considered to be
confirmed by the presence of fever and four of the remain-
ing five criteria if other known diseases can be excluded

pain, arthritis, hypoalbuminemia, liver damage,
and heart failure [8]. In some countries where
newborns are vaccinated with bacillus Calmette—
Guerin (BCG), KD can be associated with ery-
thematous induration or even ulceration of BCG
scars in one-third of cases [9].

Seasonal change in wind patterns was reported
to have a significant association with the epidem-
ics of KD in Japan. Occurrence of disease in epi-
demiological clusters, seasonal variation, and a
very low risk of recurrence suggested that KD
may be triggered by infectious agents [5].

Some supportive evidences suggest a genetic
basis of KD including familial occurrence of
cases, a high risk among siblings, and a high
disease prevalence in Northeast Asian popula-
tions. Dysregulated innate and adaptive immune
responses are also reported in the acute stages
of KD. In addition to coronary endothelial dys-
function, wall inflammation and impaired vas-
cular remodeling contribute to the development
of coronary artery abnormalities (CAAs) and
thrombosis. Genetic aberrations in certain intra-
cellular signaling pathways involving functions
of immune effectors are found to be associated
with increased susceptibility to KD and develop-
ment of CAAs [10].

Epidemiology

Kawasaki disease mainly affects young chil-
dren, mostly under 5 years of age. The risk of
boys is 1.5 times higher than that of girls. The

epidemiological patterns of different geographi-
cal locations vary greatly, and the incidence rate
varies with race and season [11]. In the world,
Japan has the highest incidence (239/100,000
under 5 years old) [12], followed by South Korea
(113.1/100,000) and Taiwan (69-84/100,000)
[13]. In these countries, a strong national KD
epidemiological survey is conducted every
2-3 years. Four KD epidemics occurred in Japan
in 1979, 1982, 1986, and 1998 [14].

The epidemiological surveys in Japan have
also reported that compared with the general
population, children whose parents or siblings
have a history of KD have a higher incidence
[15-17].

In the USA, it is reported that the incidence
of KD hospitalizations for children under 5 years
of age is 19 per 100,000 [18]. However, signifi-
cant differences between different races have
been noted. Compared with whites, Asians [19]
and Pacific Islanders have a 2.5 times higher
incidence, and blacks have a 1.5 times higher
incidence. This is also supported by the fact that
Hawaii, which has the largest Asian population in
the USA, has the highest incidence of KD in the
USA. The average incidence of children under
5 years of age from 1996 to 2006 was 50.4 per
100,000 cases. In Europe, the UK [20] reported
an annual incidence of 8.4/100,000 in children
below 5 years of age, while in Denmark and the
Netherlands, the incidence rate for children under
5 is about 4-5/100,000 [21]. Interestingly, sea-
sonal changes have also been noted in the KD
incidence trend. In Japan, the incidence rate is
higher in January (winter) and July (summer).
Just like in Korea, the incidence rate is higher in
the USA in winter and spring. There is no change
in regions like Hawaii, which may be due to the
tropical climate throughout the year. In Europe,
the incidence is highest in winter. Luca and Yeung
proposed a hypothesis about this variation [22].
These researchers hypothesized that KD may be
caused by an airborne medium in Central Asia,
which is then blown to different geographical
locations and entered the human body through
the respiratory tract to cause KD. Therefore,
wind patterns may determine the incidence of
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KD in different parts of the world. However, this
association must be confirmed by more epidemi-
ological studies on a global scale.

In this chapter, we review and summarize the
infection agents, genetic background, and host
immune dysregulation, intending to establish a
feasible infection—-immunogenetic pathogenesis
for this mysterious disease.

Is Kawasaki Disease an Infectious
Disease?

During the past 50-60 years, identifying of a
definitive infectious agent that causes KD has not
been possible. Certain intracellular pathogens
and superantigens from bacteria have been impli-
cated in the immunopathogenesis of KD. Several
lines of evidence support the fact that KD is an
infectious disease, such as acute onset of a self-
limited illness, increased susceptibility in the
younger age groups, and geographic cluster-
ing of outbreaks with a seasonal predominance
(later winter and early spring). Various bacteria
such as Streptococcus pyogenes, Staphylococcus
aureus [23], Mycoplasma pneumoniae [24], and
Chlamydia pneumoniae [25] have been reported
from patients with KD. Suspected viral patho-
gens, especially lymphocyte viruses, such as
adenovirus [26], Epstein—Barr virus [27], par-
vovirus B19, herpes virus 6 [28], parainfluenza
type 3 virus, human immunodeficiency virus,
measles [29], rotavirus, dengue virus, and vari-
cella [30], have been considered potential causes
of KD, but there is no evidence that any one of
the agents is guilty. Takahashi and his colleagues
used a three-stage screening procedure to iden-
tify a new type of lymphotropic virus from the
peripheral blood mononuclear cells of patients
with KD [31]. This new virus has a broad but
low level of homology (25-33% homology) with
the African swine fever virus, which replicates
in cells of the monocyte-macrophage lineage. In
contrast, there are some clues that do not indi-
cate the existence of infectious causes, such as
a slowly increasing incidence of KD in different
countries without large-scale outbreak and a lack
of human-to-human transmission or a common

source of infection and similar susceptibility to
KD of Japanese who live in a country other than
Japan.

Superantigens are related to the immune
pathogenesis of KD. Superantigens are a type of
microbial proteins or exotoxins that can directly
bind to a large number of lymphocytes and
antigen-presenting cells and trigger a dispropor-
tionate nonspecific immune response [32]. It is
now clear that the role of superantigens in the
pathology of infectious diseases is more appre-
ciated than before. Staphylococcus aureus and
Streptococcus pyogenes produce at least 19 dif-
ferent superantigens. The range of microorgan-
isms known to produce superantigens has been
expanded to include gram-negative bacteria,
mycoplasma, viruses, parasites and yeasts. The
possible importance of superantigens in KD is
implied by its ability to induce coronary arteritis
in a mouse model, in which Lactobacillus casei
cell wall extract induces coronary arteritis that
reflects KD in children [33]. Superantigens may
directly bind to T cell subpopulations with unique
T cell receptors (TCRs) containing variable Vf
chains. Further studies have shown that the quan-
tification of TCR VP2 T cells may be valuable for
the diagnosis of KD. The combination of superan-
tigens and lymphocytes can induce autoimmune
processes by stimulating autoreactive T cells and
B cells to produce autoantibodies [34]. It has been
suggested that KD in very young infants may be
related to passive placental transfer lacking anti—
toxic shock syndrome toxin 1 (TSST-1) antibod-
ies, because the average anti-TSST-1 titer of the
mothers of KD infants is significantly lower than
that of control subjects.

Exogenous superantigens, mainly bacterial
toxins and viral antigens, are the source of many
diseases. Evidence shows that superantigens are
involved in diseases such as KD [35], toxic shock
syndrome, and possibly rheumatoid arthritis.
Superantigens may come from a variety of com-
mon pathogens in the environment. They may
induce immunity in most individuals, but they
may also cause the characteristic clinical mani-
festations of KD in some susceptible hosts.

Esper et al. [36] also discovered a new type
of human coronavirus named New Haven coro-
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navirus (HCoV-NH) in the respiratory secretions
of a 6-month-old infant with classic KD. They
further detected HCoV-NH positive by reverse
transcriptase polymerase chain reaction from 8 of
11 children with KD (72.7%) and 1 of 22 control
subjects (4.5%) (Mantel-Haenszel Matching odds
ratio, 16.0 (95% confidence interval, 3.4-74.4);
P =0.0015). These data indicate that HCoV-NH
infectionis related to KD. Since the 2020 coronavi-
rus disease 2019 (COVID-19) pandemic, a 30-fold
increased incidence of Kawasaki-like disease has
been reported. Children with Kawasaki-like dis-
ease diagnosed after the SARS-CoV-2 epidemic
began to show evidence of immune response to
the virus, were older in age, had a higher rate of
cardiac involvement, and had more features of
macrophage activation syndrome (MAS). The
SARS-CoV-2 epidemic was associated with high
incidence of a severe form of Kawasaki disease
(maybe the KD shock syndrome, KDSS). A simi-
lar outbreak of Kawasaki-like disease is expected
in some countries of Europe and America affected
by the SARS-CoV-2 epidemic. In the midst of
the coronavirus disease (COVID-19) pandemic,
widespread disease burden affecting patients of
all ages all over the world was reported. A case
of a 6-month-old infant admitted and diagnosed
with classic KD, who also screened positive for
COVID-19, in the setting of fever and minimal
respiratory symptoms was reported. The patient
was treated according to AHA treatment guide-
lines, with intravenous immunoglobulin (IVIG)
and aspirin, and subsequently defervesced with
resolution of her clinical symptoms. The patient’s
initial echocardiogram was normal, and she was
discharged within 48 h of completion of her IVIG,
with instructions to be quarantined at home for
14 days from the date of her positive test results
for COVID-19, which is diagnosed as the multi-
system inflammatory syndrome in children (MIS-
C), a novel syndrome linked to SARS-CoV-2 in
children [37].

Is Kawasaki Disease a Genetic
Disease?

The higher incidence of KD in Japan, together
with the fact that the incidence among Japanese
descendants in the USA is higher than that of

other ethnic groups in the USA and the UK,
indicates that genetic susceptibility may play
an important role in the incidence of KD [38].
There is also evidence that the incidence of KD
among siblings is much higher than that of the
general population [39]. This further supports the
fact that genetic factors cause susceptibility to
KD. Hirata et al. [40] reported five episodes of
KD in three siblings within 6 years. Two of the
three children had recurrent KD and had coro-
nary artery disease, including a giant coronary
aneurysm in the youngest sibling. The nonsi-
multaneous occurrence of the diseases in these
three children emphasizes the importance of the
genetic basis in the development of KD.

Many genetic polymorphisms are associated
with KD in different populations. For example,
single-nucleotide polymorphisms in the mono-
cyte chemoattractant protein 1 gene regulatory
region [41], methylenetetrahydrofolate reduc-
tase, angiotensin I-converting enzyme genotype
1182, and SLCI1A1 (formerly NRAMPI1) gene
[42] have been related to KD disease in different
populations. The gene products of HLA class I
and class II loci cause peptide fragments to be
expressed on the surface of cells that bind anti-
gens and initiate an immune response. Studies
have shown that KD is also related to certain
genetic polymorphisms and major histocompat-
ibility complex alleles. Fildes et al. [39] analyzed
HLA types using a standard microcytotoxicity
test in 205 KD patients and 500 normal controls,
and the results showed that HLA-BW?22 is more
common in KD patients than in normal controls.
Among the subtypes of HLA-BW?22 antigen, KD
is related to HLA-BW22J2 in Japanese, but not
in Caucasians. This fact indicates that there are
one or more genes that control the susceptibility
of different races to KD. Genetic polymorphisms
in the TNF-a gene can affect the magnitude of
this cytokine production after inflammatory
stimulation. Kamizono et al. [43] demonstrated
that peripheral blood mononuclear cells from
KD patients with coronary artery disease pro-
duced increased amounts of TNF-a in response
to bacterial products (such as TSST-1). Quasney
et al. [44] showed that the lymphotoxin a +250
A/A genotype is more common in white children
with KD than in the control group. The TNF-
a-308 A/G genotype is significantly higher in
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whites with coronary artery abnormal KD than
in Japanese, but not in people with normal echo-
cardiography. Our research in children in Taiwan
shows that the immune brake gene cytotoxic T
lymphocyte antigen 4 of the +49 A/G polymor-
phism is significantly related to the severity of
KD in men and the occurrence of KD in girls
[45]. Onouchi et al. [46] also reported that the
CD40L polymorphism of intron 4 (IVS4 +121
A > G) in KD patients with coronary artery dis-
ease was more common in boys (P = 0.030). This
indicates that people of different races with dif-
ferent genders and different genetic alleles may
have different susceptibility to the occurrence
and severity of KD.

The first-generation KD patients have now
reached the reproductive age, so the incidence of
the second-generation cases may increase. There
have been five cases of second-generation KD;
this is essential for analyzing the genetic suscep-
tibility of KD. Lee et al. [47] reported that in the
second-generation transmission mode of KD, the
same HLA antigens, A24, 9, B25, 5, and DR2,
were detected in mothers and daughters.

The prevalence of KD is increasing globally,
as is general atopic diseases. Atopic diseases are
associated with immunoregulatory abnormali-
ties similar to those observed in acute KD. The
results showed that compared with the control
group, the family history of allergies in children
with a history of KD was significantly more com-
mon. Compared with the control group, the inci-
dence of atopic dermatitis and allergic rhinitis in
children with KD was significantly higher (about
1.7 times). Furuno et al. [48] showed that in the
later stages of the acute phase of KD, there was
a greater increase in CD23+ B lymphocytes and
serum IgE. It also shows that there is a significant
correlation between the occurrence of KD and
anti-dust mite specific IgE. There was a decrease
in the number of interferon-y-producing (IFNr),
but not interleukin-4 (IL-4)-producing, T cells
during the acute stage of KD. Thus, genetic pre-
disposition to KD showed association with atopy
[5]. The complex genetics of KD is beginning
to be uncovered by the efforts of multinational
collaborative groups to determine the genetic
influences on disease susceptibility and disease
outcome of IVIG resistance and CAA formation.

Roughly 65% of the genetic risk for KD suscep-
tibility is accounted for by polymorphisms in cal-
cium signaling pathways, the TGF-beta signaling
pathway, and human leukocyte antigens (HLA).

Several susceptible genes have been identi-
fied through genome-wide association studies
(GWAS) and linkage studies (GWLS) in the past
two decades [49]. The genes that are reported
to be significant in KD can be classified in four
major groups including enhanced T cell activa-
tion (ITPKC, ORAII, STIM1), dysregulated B
cell signaling (CD40, BLK, FCGR2A), decreased
apoptosis (CASP3), and altered transforming
growth factor beta signaling (TGFB2, TGFBR2,
MMP, SMAD). Onouchi et al. [50] performed
a genome-wide association study (GWAS) of
Kawasaki disease in Japanese subjects using
data from 428 individuals with Kawasaki disease
(cases) and 3379 controls genotyped at 473,803
SNPs, which observed significant associations
in the FAM167A-BLK region at 8p22-23, in the
human leukocyte antigen (HLA) region at 6p21.3
and in the CD40 region at 20q13. They replicated
the association of a functional SNP of FCGR2A
identified in a recently reported GWAS of
Kawasaki disease. In conclusion, genetic back-
ground play important role in the pathogenesis of
KD with several genes involved.

Is Kawasaki Disease
an Immune-Mediated Disease?

There is no doubt that immune changes, espe-
cially the release of a large number of cytokines
that cause inflammation of the vascular endothe-
lium, play a vital role in the immune pathogen-
esis of KD. In the acute stage of KD, activation
of numerous immunologic factors including T
cell activation [48], cytokine production [51, 52],
nitric oxide production [53], autoantibody pro-
duction, association of allergic diseases [54], and
enhanced adhesion molecule expression [41] are
well documented. The pathological examination
of KD acute coronary arteritis showed that with
the accumulation of CD8+ T cells in the vascu-
lar lesions, a T lymphocyte-dependent process
characterized by transmural infiltration of acti-
vated T lymphocytes appeared [55]. Macrophage
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activation [56] and changes in T helper cell and
regulatory cell functions are also related to the
imbalance of immune response in patients with
Kawasaki disease.

In our study [53], we found that the plasma
nitric oxide (NO) concentration (measured by the
total NO metabolite called NOx) of KD patients
was higher than that of the non-KD fever control
group. The increase of NOx in KD patients is sig-
nificantly related to the occurrence of coronary
artery dilation (>3 mm). After receiving IVIG
treatment, the elevated NOx in KD patients was
significantly reduced. Inducible but not constitu-
tive NO synthase (NOS) mRNA and protein in
monocytes were significantly expressed in acute
KD, but they were significantly reduced after
IVIG treatment.

CD40 ligand (CD40L, CD154, gp39) is a
transmembrane protein structurally related to
tumor necrosis factor (TNF)-a, which was origi-
nally found on activated CD4+ T cells [57].
Both the membrane-bound and soluble forms
of this ligand can interact with CD40, which
is constitutively expressed on B cells, macro-
phages, and endothelial cells, leading to vari-
ous immune and inflammatory responses [58].
The interaction of CD40L and CD40 on B cells
plays a central role in the conversion of IgM to
IgG production. CD40L is also present on acti-
vated platelets, which induces endothelial cells
to secrete chemokines and release tissue factor
[59]. Kotowicz et al. showed that the connec-
tion of CD40L and CD40 on human endothelial
cells can lead to activation of endothelial cells
and induce the expression of vascular cell adhe-
sion molecule 1, intracellular adhesion molecule
1 (ICAM-1), and E-selectin, which leads to the
recruitment and activation of T cells and neutro-
phils at sites of inflammation [60]. Mach et al.
proved that activated human T cells mediate the
contact-dependent expression of matrix metallo-
proteinases in vascular endothelial cells through
CD40-CD40L signal transduction [61]. In addi-
tion, the interaction between CD40L and CD40
also involves the regulation of tissue structural
cells (including smooth muscle cells), and epi-
thelial cells and fibroblasts. The CD40L-CD40
interaction is undoubtedly involved in chronic

inflammatory diseases, including atheroscle-
rosis, systemic lupus erythematosus, and acute
coronary syndrome [62]. We established that the
expression of CD40L on CD4+ and CD8+ T cells
and platelets was significantly increased in KD
patients, and decreased 3 days after IVIG admin-
istration. During acute KD, the soluble form of
CDA40L (sCD40L) in the blood is also higher, but,
in contrast, the amount of soluble CD40L is not
affected by IVIG treatment [63, 64]. We found
that the expression of CD40L on CD4+ T cells
and platelets, but not on CD8+ T cells, is sig-
nificantly related to the occurrence of coronary
artery dilation, while SCD40L is not. This sug-
gests that CD40L may play an important role in
the immune pathogenesis of coronary artery dila-
tion in KD. We believe that the increased expres-
sion of CD40L on T cells and platelets associated
with increased sCD40L shedding in KD patients
can not only trigger immune activation but also
contribute to the pathogenesis of the disease’s
vascular inflammation [65]. We are currently
determining whether NO is a mediator of CD40L
expression, or whether CD40L mediates NO
induction. It has been reported that the expansion
of T cells expressing TCR V2 and V6 chains
is stimulated by streptococcal and staphylococ-
cal superantigens (such as TSST-1) to promote
the immune pathogenesis of KD in a variety of
ways. Jabara and Geha [66] showed that TSST-1
promotes CD40L expression on T cells. CD40L
is preferentially expressed in the V2 subpopula-
tion of TSST-1 amplified T cells. It also showed
that the connection of TSST-1 to VP 2-TCR can
induce rapid surface expression of CD40L on
CD4+ T cells, leading to continuous T cell pro-
liferation and monocyte activation. As mentioned
above, the cell wall extract of Lactobacillus casei
can induce coronary arteritis in mice that mimic
KD [67]. Duong et al. showed that L. casei cell
wall extracts can induce all the characteristics
of superantigen-mediated response: significant
proliferation of naive T cells; nonclassical major
histocompatibility limitations, with different
class II molecular presentations of the level of
efficiency of this superantigen; the requirement
for antigen presentation, but not for process-
ing and stimulating T cells in a nonclonal, TCR
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VP chain-dependent manner. They proved that
the superantigen activity in the cell wall extract
of Lactobacillus casei is the cause of coronary
artery disease [68].

The increase of autoreactive cells associated
with continuous immune overactivation may
play an important role in the immune pathogen-
esis of autoimmune diseases including KD. Yi
et al. showed a decrease in apoptotic cells and
DNA fragmentation in peripheral blood lym-
phocytes from KD patients compared with
normal healthy children. After IVIG treatment,
the reduction of apoptotic cells and DNA frag-
ments returned to that of the normal control
group, which was accompanied by rapid clinical
remission compared with the aspirin treatment
group [69]. After 3-5 days of IVIG treatment,
the lymphocyte proliferation response also
decreased. They believe that the reduction of
peripheral blood lymphocyte apoptosis may
also be involved in the pathogenesis of KD. The
proportion of spontaneous apoptotic polymor-
phonuclear neutrophils (annexin V positive cells
and DNA fragmented cells) in KD patients is
significantly lower than that of neutrophils in
patients with bacterial or viral infection or nor-
mal children. Later these authors also showed
that high-dose IVIG treatment of KD can reduce
the number of circulating neutrophils by acceler-
ating apoptosis [70]. Inoue et al. pointed out that
compared with KD, serum from patients with
acute KD significantly increased the expression
of ICAM-1 on human umbilical vein endothelial
cells [71]. In contrast, KD serum does not induce
Fas expression. This indicates that ICAM-1
rather than Fas-mediated activity is related to
KD vasculitis. Incomplete KD appears to be
more common in infants than in older children,
while the laboratory findings of incomplete KD
resemble those of classic KD. The cell surface
marker of neutrophil, CD177, has been observed
to be higher in patients with typical presenta-
tion of KD than incomplete form, which may
indicate the importance of neutrophil migration,
neutrophil chemotaxis, and leukocyte migration
in the presentation of clinical KD symptoms and
coronary artery involvement [72]. DNA hypo-

methylation and increased CD177 transcripts
in KD when compared to both types of control
subjects including fever and nonfever controls.
Furthermore, CD177 expression also showed to
be related with the typical presentation of KD
and IVIG treatment response.

In short, Kawasaki disease has become the
main cause of childhood-acquired heart dis-
ease in industrialized countries. However, the
pathogenesis remains unclear. Recent reports
link genetic susceptibility to its causality. Many
case reports attributed its occurrence to differ-
ent sources of infection, but did not find that
they were always related, so further research is
needed. Immune system disorders are known to
occur in Kawasaki disease, but its underlying
mechanism is worthy of further study and is cur-
rently the subject of research by many research-
ers. According to treatment, the combination of
aspirin and IVIG shows positive results in most
acute cases. However, IVIG is of little use in
refractory cases. In order to prevent coronary
complications, various drugs are being stud-
ied and beginning to show positive results, but
large-scale prospective studies are still needed
to determine the safety and effectiveness of their
treatment of refractory KD.
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Abstract

Kawasaki disease (KD) was first reported by
Japanese professor Tomisaku Kawasaki in
1967 (Arerugi 16:178-222, 1967). Initially
he described the disease as “mucocutane-
ous lymph node syndrome” (Kawasaki
et al., Pediatrics 54:271-276, 1974). For
years, mucocutaneous lymph node syndrome
became Kawasaki syndrome, then termed as
Kawasaki disease. The diagnosis of this “dis-
ease” is by grouping of several symptoms,
and the etiology is not yet established until
now. KD is a “syndrome,” not a “disease” by
definition (Calvo et al., AMIA Annu Symp
Proc 2003:802, 2003). With the progression
of more and more identifiable etiologies and
diagnostic features, hopefully KD will be a
real “disease” in the near future. This chap-
ter describes five major symptoms of KD
and some unusual and/or atypical clinical
manifestations. The cardiovascular compli-
cations of KD will be discussed in chapter
“Complications of Kawasaki Disease.”

The COVID-19 pandemic caused 524 mil-
lion infections and 6283 thousands death until
May 23, 2022. Some COVID-19 associated
manifestations again raised concern between
KD and COVID-19-associated multisystem

M.-R. Chen (<))
Department of Pediatrics, MacKay Children’s
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inflammatory syndrome in children (MIS-C)
(Ravelli and Martini, Ann Rheum Dis 79:993—
995, 2020). We also discuss this issue in this
chapter.

Keywords

Kawasaki disease - Kawasaki syndrome
Kawasaki disease shock syndrome
Incomplete Kawasaki disease - Kawasaki-like
multisystem inflammatory syndrome

Kawasaki disease (KD) is an acute, self-limited
febrile illness of unknown cause which predomi-
nantly affects children less than 5 years of age,
rarely newborn infants [5]. The incidence of KD
in Northeast Asian region, including Japan, South
Korea, Mainland China, and Taiwan, is 10-30
times higher than that in the USA and Europe.
In Taiwan, KD incidence doubled (28.58-60.08
per 100,000) during the period of 1996-2011
[6], or around 69 per 100,000 [7]. The overall
cumulative incidence was 2.78%0 [8]. Without
timely treatment of IVIG, the coronary artery
aneurysms will be 15-25% [9]. KD is now the
most common acquired heart disease in children
in developed countries. Without pathognomonic
tests, the diagnosis depends on the identification
of principal clinical symptoms and the exclusion
of other clinically similar findings with known
causes [10].
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In 2017, the American Heart Association pub-
lished the diagnostic criteria for classic KD [11,
12]. Classic KD is diagnosed by fever for at least
5 days (the day of fever onset is taken to be the
first day of fever) together with at least four of the
five following principal clinical findings.

1. Erythema and fissured lips (Fig. 1), straw-
berry tongue (Fig. 2), and/or injection of oral
and pharyngeal mucosa.

2. Bilateral bulbar conjunctival injection without
exudates.

3. Maculopapular skin rashes, diffuse erythro-
derma, or erythema multiforme-like.

4. Hands (palms) and feet (soles) erythema and
indurative edema in acute phase (Fig. 3) and/
or periungual desquamation in subacute phase
(Fig. 4).

Fig. 1 Fissure lip

Fig.2 Strawberry tongue

Fig.3 Feet erythema/indurative edema

Fig.4 Peeling over finger tips

5. Cervical lymphadenopathy (>1.5 cm in diam-
eter), usually unilateral.

In the presence of >4 principal clinical fea-
tures, especially when erythema and swelling
of the palms and soles are present, the diagno-
sis of KD can be made with 4 days of fever.
However, some well experienced pediatricians
can make the diagnosis with 3 days of fever in
rare cases.

One or more principal clinical features may
present during the illness but resolve by the time
of presentation. If a patient who does not fulfill
the criteria of classic KD, incomplete KD should
be suspected. If coronary artery abnormalities
were noted on echocardiography, most cases will
be confirmed as KD.

In laboratory data, white blood cell count
is usually normal or elevated with neutrophil
predominance; acute phase reactants such as
C-reactive protein and erythrocyte sedimentation
rate may elevate during the acute phase. Serum
sodium and albumin levels are low, liver enzymes
are elevated, and patients may have sterile pyuria.
Increased platelet count is common in the second
week after the onset of fever.
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Other clinical findings may involve different
systems of our body, including the following: car-
diovascular system (e.g., myocarditis, pericardi-
tis, valvular regurgitation, shock, coronary artery
abnormalities, aneurysms of other medium-sized
arteries (Figs. 5, 6, and 7), gangrene of periph-
eral limbs, dilatation of aortic root), respiratory
system (e.g., bronchial and interstitial infiltrates
on chest radiography), musculoskeletal sys-
tem (e.g., arthritis/or arthralgia), gastrointesti-
nal system (e.g., diarrhea, vomiting, abdominal
pain, hepatitis, jaundice, hydrops of gallbladder,
pancreatitis), nervous system (e.g., irritability,
aseptic meningitis, facial nerve palsy, sensori-
neural hearing loss), genitourinary system (e.g.,
urethritis/meatitis, hydrocele), and others (e.g.,
desquamating rash in groin (Fig. 8), retropha-

Y

"

Fig. 6 Right coronary artery aneurysm (aortogram, PA
view)

Fig. 7 Right coronary artery aneurysm (aortogram, RAO
view)

Fig. 8 Desquamation over perianal area

ryngeal phlegmon, anterior uveitis, and erythema
and induration at the Bacillus Calmette—Guerin
(BCG) inoculation site (Fig. 9)).

The differential diagnosis includes other
infectious and immune disease: measles, other
viral infections (adenovirus, enterovirus), staph-
ylococcal and streptococcal toxin-mediated dis-
eases (scarlet fever, toxic shock syndrome), drug
hypersensitivity (Stevens—Johnson syndrome),
and systemic onset juvenile idiopathic arthritis.
For rare patients with epidemiologic risk factors,
Rocky Mountain spotted fever or other rickett-
sial infections, and leptospirosis, should also be
ruled out.
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Fig.9 BCG induration

Clinical Symptoms of Classic KD
Fever

The fever pattern is remittent and spiking, usually
>39-40 °C, and persists >5 days. Some may con-
tinue for 2-3 weeks if no appropriate therapy. It
usually resolves within 36 h after IVIG infusion
therapy.

Extremity Changes

Erythema and indurative edema appear on palms
and soles during acute stage (Fig. 3), sometimes
with painful sensation. In the beginning of sec-
ond or third week of fever, desquamation at
periungual regions of fingers or toes (Fig. 4) are
noted and may extend to palms and soles. Some
patients will develop transverse grooves (Beau
line) 1 or 2 months after fever.

Skin Rash

Erythematous skin rashes usually appear in
5 days of fever. The eruptions are typically
maculopapular, but frequently polymorphic, and
occasionally scarletiform. The skin rashes are
generalized appear on the trunk and limbs. It will
be more diagnostic in the patients with rashes on
inguinal region, associated with early desquama-
tion. Rare cases of psoriatic plaque and pustule
had been reported [13]. Patients with atopic der-
matitis may have recurrent or severe skin lesion.
Bulbous vesicles and petechial rashes are not
reported in KD.

Conjunctivitis

Bilateral nonexudative conjunctivitis developed
soon after fever. The conjunctival injection spares
the limbus (Fig. 10). There are some reported
cases of anterior uveitis and subconjunctival
hemorrhage [14-16].

Oropharyngeal Changes

The oral changes include red, dry, cracking,
peeling, and fissured lips (Fig. 1). Erythema and
prominent fungi form papilla show the straw-
berry tongue (Fig. 2). Oropharynx injection and
erythema are prominent, although no ulcer or
exudate.

Fig. 10 Conjunctivitis
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Cervical Lymphadenopathy

Cervical nonpurulent lymphadenitis is the
least-recorded symptom. Usually it is unilat-
eral, located at anterior neck with the diameter
>1.5 cm. It may be the only symptom of KD and
mistaken as bacterial lymphadenitis.

Except for periungual and perianal desquama-
tion (Fig. 8), most of the major symptoms appear
during the acute phase.

Incomplete (Atypical) KD

Many ill children do not meet the criteria for
complete (typical) Kawasaki disease. However,
KD should always be the differential diagnosis
once prolonged and unexplained fever occurs in
any age group in childhood, especially in those
with any of the principal clinical features. If cor-
onary artery aneurysms were identified in such
children by echocardiography, the diagnosis of
KD is thought to be confirmed. Yet, in most cases
of KD, the coronary artery abnormality is not
seen until the second week from disease onset.
That is, we cannot rule out the diagnosis of KD
with a normal echocardiogram in the first week
of illness. For infants <6 months old and those
without eye or oral mucosal changes, the diagno-
sis might be delayed.

Incomplete KD may be considered in infants
or children who have fever >5 days with only
two or three clinical symptoms, or fever >7 days
without known identified causes. Incomplete
KD can be made if further laboratory assess-
ment revealed an elevated inflammatory marker
(CRP > 3.0 mg/dL and/or ESR > 40 mm/h),
combined with a positive echocardiogram result
or combined with >3 significant abnormal labo-
ratory data of following: anemia of age, throm-
bocytosis (platelet count >450,000/mm? after
the seventh day of fever), low albumin (<3.0 g/
dL), elevated alanine aminotransferase (ALT),
leukocytosis (WBC count >15,000/mm?), and
pyuria (urine WBC count >10/hpf). Treatment
is advised if incomplete KD is considered to be
confirmed.

If further laboratory assessment revealed an
elevated inflammatory marker (CRP > 3.0 mg/
dL and/or ESR > 40 mm/h), without >3 sig-
nificant abnormal laboratory data and negative
echocardiogram, or inflammatory marker with
CRP < 3.0 mg/dL and ESR < 40 mm/h, serial
clinical and laboratory reevaluation on persist
febrile patients are required. Once the typical
peeling develops, echocardiogram is indicated.

Unusual Manifestation of KD

Some infants may have irritability, aseptic men-
ingitis, culture-negative shock, cervical lymph-
adenitis unresponsive to antibiotic treatment,
and retropharyngeal or parapharyngeal phleg-
mon unresponsive to antibiotic treatment. These
unusual presentations are discussed below.

Skin inoculation site BCG (Fig. 9) [17], or
tuberculin skin test reactivity [18], psoriasis [13,
19]. Nail changes such as Beau lines (linear nail
creases), transverse orange-brown or red chrom-
onychia, transverse leukonychia (leukonychia
striata), pincer nails, and onychomadesis, usually
occurring 4-6 weeks after onset of fever [20-23].

In addition to nonsuppurative conjunctivitis,
ocular involvement of uveitis was 36.1%, and
may be associated with coronary artery dilata-
tion [24].

Gastrointestinal symptoms include diarrhea,
vomiting, abdominal pain, hepatitis, hydrops
of gallbladder, and pancreatitis. Some manifes-
tation may mimic surgical abdomen, such as
pseudo-obstruction or appendicitis. In a cohort
of 219 patients with severe surgical conditions,
acute abdominal pain/distension, vomiting,
hepatomegaly, and jaundice were the most com-
mon symptoms at onset. All patients completely
recovered, but 50% developed coronary aneu-
rysms despite early intravenous gammaglobulin
treatment [25-28].

Neurological involvement was relatively
rare, including headache, convulsion, somno-
lence, irritability, aseptic meningitis, unilateral or
bilateral facial palsies, and sensory hearing loss.
These rare neurological symptoms may be asso-
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ciated with an increased risk of IVIG resistance
[29]. The facial palsy appears likely to resolve
after acute stage [30-33].

The cervical lymphadenopathy may be con-
fused with bacterial lymphadenitis. KD lymph-
adenopathy can involve several lymph nodes
and cause retropharyngeal edema or even phleg-
mon. However, bacterial lymphadenitis usually
involves solitary lymph node and has echolucent
central lesion. Many reported cases showed that
KD cervical lymphadenopathy is associated with
deep neck inflammation and results in parapha-
ryngeal and retropharyngeal edema and nonsup-
purative phlegmon [34, 35].

Cardiovascular involvement of Kawasaki
disease includes pericardial effusion, coronary
aneurysms, myocarditis, mitral and/or aortic val-
vular insufficiency, peripheral gangrene [36], and
aneurysms of peripheral arteries. The proportion
of patients with noncoronary peripheral artery
aneurysms was about 2% of all patients with
KD. The most common involved arteries were
the axillary (18.6%), common iliac (12.4%),
and brachial (11.6%) arteries. After 6 months
follow-up, 92.9% had some degree of regression,
with 80% returning to normal [37].

KD, KDSS (Kawasaki Disease Shock
Syndrome), and Multisystem
Inflammatory Syndrome in Children
(MIS-C)

KDSS is a less common manifestation of
KD. However, some reported cases may up to 1/3
of KD. It occurs more in older and male patients.
Multisystem involvement with atypical presenta-
tion in KDSS is frequent, including more seri-
ous skin rash, heart failure, abdominal pain, and
neurological symptoms. KDSS is often associ-
ated with higher inflammatory markers and more
coronary artery complication, and more resis-
tance to immunoglobulin (IVIG). Proportions of
leukocytosis, neutrophilia, and hypoalbuminemia
are higher, as are that of C-reactive protein, brain
natriuretic peptide, and ferroprotein. Mechanical
ventilation, inotropes, and albumin infusions are
often necessary. An important differential diag-

nosis is toxic shock syndrome (TSS), especially
in the early stage of disease course [38—42].

Multisystem inflammatory syndrome in chil-
dren (MIS-C), also known as pediatric inflamma-
tory multisystem syndrome, is a new menace to
children that is temporally associated with coro-
navirus disease 2019 (COVID-19) [43]. In the
report of WHO and literature [44] the symptoms,
laboratory data, and images of MIS-C are simi-
lar to KD. Some patients with severe symptoms,
even shock, needed resuscitation and ventilator
therapy. Such occurrence of Kawasaki-like dis-
ease in association with SARS-CoV-2 infection
also suggests that KD is not a disease, but rather a
syndrome. Recognition of the etiological trigger
is important since Kawasaki syndrome second-
ary to SARS-CoV-2 infection appears to be more
severe and requires aggressive treatment [45].
Symptoms of COVID-19 in recent reported cases
meet the diagnostic criteria of KD. Older age,
more complications of myocardial injury and
shock occur in such patients [46-50]. There are
some overlapping and different symptoms and
signs among KD, KDSS, and MIS-C in regard
to age, sex, race, severity of symptoms, and treat-
ment responses [51]. Different aspects of KD,
KDSS, and MIS-C need further research and
discussion.
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Abstract

Since first described by Dr. Tomisaku
Kawasaki in 1961, the clinical diagnosis of
Kawasaki disease (KD) has remained rela-
tively unchanged. However, studies have
suggested that diagnosis using that original
clinical criteria alone may have led to an under-
diagnosis of Kawasaki disease. In this chapter,
we review widely accepted diagnostic criteria
for Kawasaki disease, diagnostic criteria for
“atypical” Kawasaki disease, diagnostic pit-
falls, and other differential diagnoses. We also
review the current literature regarding new
biomarkers, scoring systems, and microRNA
panels that may aid in the diagnosis of KD.
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Clinical Features and Diagnosis
of Kawasaki Disease

Kawasaki disease (KD) was first described by
Japanese pediatrician Tomisaku Kawasaki in
1961, when he observed a 4-year-old boy who
presented with a variety of symptoms, including
persistent fever and rash, and he initially referred
to it as “acute febrile mucocutaneous lymph node
syndrome” (MCLS). Although the new diagnosis
was initially met with skepticism, Dr. Kawasaki
persevered, and after collecting a series of 50
cases, he published his findings, complete with
meticulous hand-drawn diagrams, in a Japanese
journal. He outlined the cardinal features of the
newly discovered disease to include persistent
fever, bilateral conjunctivitis, oral fissures, skin
rash, edema of the hands and feet, and cervi-
cal lymphadenopathy [1]. Although the origi-
nal name for this new inflammatory disease was
later changed to “Kawasaki disease” in his honor,
his original description of the condition remains
fairly consistent with current diagnostic criteria.
The most commonly used diagnostic crite-
ria for Kawasaki disease is the American Heart
Association’s diagnostic criteria, which includes
fever for at least 5 days and at least four out of five
of the following criteria: bilateral bulbar conjunc-
tival injection, oral mucosa changes (including
fissured lips, strawberry tongue, injected phar-
ynx), changes in the peripheral extremities (ery-
thema of the palms and soles, edema of the hands
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and feet in the acute phase, and periungal des-
quamation in the convalescent phase), a polymor-
phous rash, and cervical lymphadenopathy (more
than 1.5 cm in diameter) [2]. “Kuo’s 1-2-3-4-5
mnemonic for Kawasaki disease,” an easy way
to remember the diagnostic criteria that was cre-
ated by Dr. Ho-Chang Kuo from Taiwan, is out-
lined in Table 1. The Japanese Ministry of Health
diagnostic criteria for KD differs only slightly in
that fever for at least 5 days is not considered an
essential criterion. In other words, patients who
exhibit all five of the cardinal symptoms but may
be afebrile or have fever for less than 5 days may
still be diagnosed with KD [3] (Table 1). In a
2017 update of diagnostic guidelines for KD, the
American Heart Association also acknowledged
the debate regarding fever duration and has stated
that KD can still be diagnosed in patients with
fever of more than 4 days, who also present with
at least four of the five cardinal symptoms, espe-
cially if palmar or plantar erythema or edema of

Table 1 Diagnostic criteria for Kawasaki disease

the hands and feet (four limbs change) are pres-
ent (we call this the 4-4-4 rule) [2]. Both diagnos-
tic criteria have been widely accepted in not only
research but also clinical settings. It is important
to note that the cardinal features of KD may not
all present simultaneously and may abate before
a proper diagnosis can be made. Therefore, a
detailed history and repeated examinations are
vital for an accurate and timely diagnosis of KD.

Other symptoms that may be seen in patients
with KD but are not included in the diagnos-
tic criteria include arthritis, gastrointestinal
involvement, irritability, lethargy, neurological
involvement, cough, and rhinorrhea (Table 1).
Arthritis, especially of the large joints of the
lower extremities (i.e., knees, hips, ankles), can
be found in 7.5-25% of patients and is mostly
transient and nondeforming [4]. In a survey of
198 patients with KD, other prodromal symp-
toms occurring in the acute phase of KD include
irritability in 50% of patients, vomiting in 44%,

Kawasaki Disease Research Committee (Japanese
Ministry of Health) [3]

American Heart Association Guidelines [2]

Principal symptoms (at least five of the following)

Diagnosis of classic KD

Fever for >5 days

Bilateral conjunctival congestion

Oral mucosal changes (diffuse injection, strawberry
tongue)

Polymorphous exanthema

Changes in peripheral extremities (initial stage:
reddening of the palms and soles; convalescent stage:
peeling of the fingertips)

Acute nonpurulent cervical lymphadenopathy

“Patients with four of the principal symptoms can be
diagnosed with KD if coronary aneurysm or dilatation is
detected by 2D echocardiography or coronary
angiography

Fever for at least 5 days AND at least four of the
following five criteria
1. Erythema and cracking of lips, strawberry tongue,
and/or erythema of oral and pharyngeal mucosa
2. Bilateral bulbar conjunctival injection without
exudate
3. Rash: maculopapular, diffuse erythroderma, or
erythema multiforme-like
4. Erythema and edema of the hands and feet in the
acute phase and/or periungual desquamation in the
subacute phase
5. Cervical lymphadenopathy (>1.5 cm diameter),
usually unilateral

Other significant symptoms or findings

Incomplete Kawasaki disease

Positive echocardiography findings

Gastrointestinal: Hydrops of gallbladder, elevated serum
transaminase, abdominal pain

Redness and crusting of the BCG site

Blood: leukocytosis, thrombocytosis, anemia,
hypoalbuminemia, elevated CRP and ESR

Pyuria

Joint pain or swelling

Neurological: cerebrospinal fluid pleocytosis, conscious
change, convulsions, facial palsy, paralysis of
extremities

Respiratory: cough and rhinorrhea

Fulfills all four of the following criteria

1. Fever of 5 days or more

2. At least two classical symptoms of KD

3. CRP > 3.0 mg/dL OR ESR > 40 mm/h

4. At least three of the supplementary laboratory
criteria: anemia for age, platelet count of
>450,000/mm? after the seventh day of fever,
albumin <3.0 g/dL, elevated alanine transaminase,
white blood cell count of >15,000/mm?, urine
white blood cells >10 /high powered field OR a
positive echocardiogram (see Table 3)
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diarrhea in 26%, and abdominal pain in 18% [5].
Abdominal imaging including radiographs or CT
scans may show signs of pseudo-obstruction,
which is often present before cardinal symptoms
become evident [6]. In the COVID-19 pandemic
era, when gastric or intestinal symptoms present
weeks after confirmed of COVID-19 infection,
MIS-C should also be taken into consideration.
KD should also be considered in the differential
diagnosis of infants and children who present
with prolonged fever and unexplained aseptic
meningitis. In a review of 1582 patients with
KD, 80 (5.1%) patients showed signs of neu-
rological involvement, with lethargy being the
most common (50.1%), followed by irritabil-
ity (26.3%), meningeal irritation (18.8%), con-
vulsions (17.5%), headache (16.3%), bulging
fontanelles (8.8%), and facial palsy (1.3%) [7].
Furthermore, Kawasaki disease shock syndrome
(KDSS) is a rare but severe manifestation of KD
associated with shock, hypotension, impaired left
ventricular systolic function, mitral regurgitation,
consumptive coagulopathy, and increased risk of
coronary artery lesions and IVIG resistance [8].
Due to clinical similarities including rash, fever,
and shock, patients with Kawasaki disease shock
syndrome may be misdiagnosed with toxic shock
syndrome [9]. KD may also present as cervical
lymphadenitis and have adjacent cellulitis and
phlegmon mimicking bacterial adenitis [10],
especially in children less than 6 months old or
more than 4 years old [11]. The possibility of
KD should be considered in infants and children
presenting with prolonged fever, cervical lymph-
adenitis, and retropharyngeal or parapharyngeal
phlegmon and who do not respond to antibiotic
therapy [2].

In regions such as Taiwan or Japan where vac-
cination schedules routinely include the bacillus
Calmette—Guerin (BCG) vaccination, induration
and erythema or crusting around the BCG vac-
cination can be found in up to 50% of patients
diagnosed with KD and may aid in the diagno-
sis of KD, especially in children younger than
3 years old [12, 13]. In a previous study of 34
patients diagnosed with Kawasaki disease, indu-
ration around the BCG site was characterized
into three common patterns: a targetoid bull’s

eye pattern centered around the BCG site; homo-
geneous erythema surrounding the BCG site;
or a whitish patch at the BCG inoculation site.
Patients who presented with a targetoid bull’s eye
pattern around the BCG site at the time of KD
diagnosis were associated with a higher risk of
coronary artery dilatation [14]. In patients who
had received the BCG vaccine but only fulfilled
four of the principal symptoms established by
Japanese guidelines (see Table 1 for details), ery-
thema, induration, or crusting around the BCG
may provide an additional clue highly suggestive
of a KD diagnosis. Erythema of the BCG vac-
cination site is relatively specific to the diagno-
sis of KD, although measles infection was also
reported to be associated with BCG induration in
a previous case report [15].

Our research team recently developed a wire-
less optical monitoring system that utilized a tri-
wavelength light source (700, 910, and 950 nm)
and a light detector to determine the degree of
edema in the palms and soles of febrile patients
suspected of having KD. In our pilot study of
123 patients, KD patients had significantly
greater relative peripheral edema and lower total
hemoglobin concentrations detected via the opti-
cal monitoring system when compared to the
febrile controls. Additional studies are being con-
ducted to establish benchmark parameters and
optimal cutoff values for the diagnosis of KD. We
are optimistic that wireless optical monitoring can
provide an additional noninvasive diagnostic aid,
especially in patients suspected of having KD but
who do not fulfill the clinical criteria [16].

Diagnosis of Incomplete (or
Atypical) Kawasaki Disease

As many as 10-15% of KD patients whose diag-
nosis is confirmed by echocardiogram do not ful-
fil the aforementioned criteria [17], especially in
infants younger than 1 year old [18, 19]. In 2004,
the American Heart Association established
guidelines to aid in diagnosis of incomplete
KD. Treatment for patients with incomplete KD
should be given to those patients who fulfill all
four of the following criteria: (1) fever of 5 days
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or more; (2) two or three clinical symptoms of
KD; (3) elevated C-reactive protein (CRP) level of
more than 3.0 mg/dL or an erythrocyte sedimen-
tation rate (ESR) of more than 40 mm/h; and (4)
at least three of the supplementary laboratory cri-
teria (anemia for age, platelet count of >450,000/
mm?® after the seventh day of fever, albumin
<3.0 g/dL, elevated alanine transaminase, white
blood cell count of >15,000/mm?, urine white
blood cells >10/high powered field) or a positive
echocardiogram (Table 1) [20]. Furthermore, in
patients with 5 or more days of fever and two or
three of the cardinal symptoms of KD, serial clin-
ical and laboratory follow-up is recommended if
fever persists, and additional echocardiography
is also recommended if periungal peeling of the
fingers and toes occurs. Positive 2D echocardiog-
raphy findings are listed in Table 2 and are dis-
cussed in section “Echocardiographic Findings
That Aid in the Diagnosis of Kawasaki Disease.”

That KD may be more difficult to diagnose in
infants and in older children is an important con-
sideration. Infants younger than 6 months of age
are more likely to present with incomplete KD

Table 2 Kuo’s 1-2-3-4-5 mnemonic for Kawasaki
disease
Number Mnemonic Clinical features
| Refers to symptoms | Strawberry tongue,
occurring in “One oral fissures, injected
mouth” pharynx, and other
signs of
oropharyngeal
mucosa inflammation
2 Referring to bilateral | Bilateral
conjunctivitis seen in | nonsuppurative
the “Two eyes” conjunctivitis
3 Referring to the Cervical lymph node
“Three fingers” enlargement of
required to palpate >1.5 cm in diameter
for cervical of at least one lymph
lymphadenopathy node
4 Referring to changes | Erythema of the
in “Four peripheral palms and soles,
extremities” edema of the hands
and feet in the acute
phase, and periungal
desquamation in the
convalescent phase
5 Refers to the
multiple areas of the
polymorphous rash

and thus receive IVIG therapy later and have a
higher risk of coronary artery involvement, even
in those who receive IVIG therapy within 10 days
of disease onset [21, 22]. KD is equally difficult
to diagnose in children older than 10 years old. In
a review of 113 patients with Kawasaki disease,
the cardinal KD symptoms of patients who were
more than 5 years old appeared later in the clini-
cal course and were prone to have more severe
signs of inflammation, including a longer duration
of fever and higher levels of ESR; such patients
were also more likely to require additional ther-
apy along with IVIG. Interestingly, older children
were also more likely to have cervical lymphade-
nopathy when compared to children younger than
5 years old (85.0% vs. 51.6%) [23].

The differential diagnosis for patients pre-
senting with symptoms similar to those seen in
Kawasaki disease include childhood infectious
exanthems, drug reactions, or systemic juve-
nile idiopathic arthritis. Several viral illnesses,
including measles, adenovirus, and Epstein—Barr
Virus (EBV) infections, share the clinical fea-
tures of fever, rash, and mucocutaneous inflam-
mation similar to KD [2]. However, the presence
of exudative conjunctivitis (seen in adenovirus),
discrete whitish lesions of the oral mucosa (i.e.,
Koplik spots, seen in measles), or generalized
lymphadenopathy (more commonly seen in
EBYV) should prompt an alternative diagnosis,
as these symptoms are less commonly seen in
patients with KD. Moreover, patients with ade-
novirus, measles, or EBV often lack the cardinal
extremity changes like palmar plantar erythema
or swelling more often seen in KD. Scarlet fever
and toxic shock syndrome, which are both caused
by toxins produced by group A streptococ-
cal infection may also mimic KD, although the
presence of overt exudative pharyngitis is much
more indicative of streptococcal pharyngitis and
not common in KD. Drug reactions or Stevens—
Johnson’s syndrome may also mimic KD, but the
presence of blisters, bullae, or a vesicular rash
makes the diagnosis of KD less likely. Likewise,
patients with systemic juvenile idiopathic arthri-
tis may also present with fever, rash, and joint
pain similar to KD but will often lack other signs
of mucosal inflammation, including oral mucosa
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or conjunctiva. Recognizing that KD may also
occur in tandem with both bacterial and viral
infections is vital [24, 25]. Therefore, confirma-
tion of a bacterial or viral infection does not nec-
essarily preclude a KD diagnosis.

Echocardiographic Findings That
Aid in the Diagnosis of Kawasaki
Disease

Echocardiography should be performed on all
patients with suspected or confirmed KD as soon
as possible, not only to aid in the diagnosis of
KD but also to establish a baseline of echocar-
diographic parameters for future follow-up.
Evaluation should include visualization of all the
main segments of the coronary artery, as well as
monitoring of ventricular wall motion, ejection
fraction, valvular regurgitation, and the presence
of pericardial effusion. Use of a high-frequency
transducer is strongly recommended in both
infants and older children, as it enables better
visualization of the coronary arteries [2]. In terms
of natural history, coronary artery lesions may
progress to their maximal diameter 4-6 weeks
after the onset of KD and may then regress over
a period of 1-2 years. Therefore, a normal echo-
cardiogram in the first week of disease onset does
not exclude a diagnosis of KD, and serial exami-
nations (maybe every other day) are suggested in
the case of a high index of suspicion.
Measurement of coronary artery internal diam-
eter is crucial and can either be categorized in
absolute dimensions (Japanese criteria) [3, 26] or
be adjusted according to patient body weight and
size (American Heart Association Guidelines)
[2]. According to Japanese guidelines, coronary
arteries are considered to be abnormally dilated
if the internal diameter exceeds 3 mm in a child
younger than 5 years old or 4 mm in a child older
than 5 years old. Coronary artery dilatations
can be classified as small (3—4 mm in children
younger than 5 years old; >4 mm or if the internal
diameter is <1.5 times of an adjacent segment in
children older than 5 years old), medium (inter-
nal diameter of 4-8 mm in children younger than
5 years old; 1.5-4 times the size of an adjacent

Table 3 Echocardiography findings in Kawasaki disease

American Heart Association Guidelines [2]
Positive findings for Kawasaki disease include the
following
1. Left anterior descending coronary artery or right
coronary artery with a Z-score >2.5
2. Coronary artery aneurysm
3. >Three of the following suggestive features:
decreased left ventricular function, mitral
regurgitation, pericardial effusion, or Z scores in
the left anterior descending coronary artery or
right coronary artery of 2-2.5
Z-score classification of coronary artery lesions
1. Dilatation only: Z-score 2-2.5
2. Small aneurysm: Z-score to >2.5-5
3. Medium aneurysm: Z-score >5-10, and absolute
measurement <8 mm
4. Large aneurysm: Z-score >10, or absolute
measurement >8 mm

Japan Circulation Society [26, 63]
Classification of coronary aneurysms during the acute
phase
1. Small aneurysms or dilatation
Children <5 years old: localized dilatation >3 mm
but within <4 mm internal diameter
Children >5 years old: localized dilatation
>4 mm or if the internal diameter of a segment
measures <1.5 times that of an adjacent segment
2. Medium aneurysms
Children <5 years old: an internal diameter from
>4 to <8 mm
Children >5 years of age: internal diameter of a
segment measures 1.5—4 times that of an adjacent
segment
3. Giant aneurysms
Children <5 years old: aneurysms with an
internal diameter of >8 mm
Children >5 years of age: the internal diameter of
a segment measures >4 times that of an adjacent
segment

segment in children older than 5 years old), giant
(internal diameter larger than 8 mm in children
younger than 5 years old, or if it measures >4
times that of an adjacent segment in children
older than 5 years old) (Table 3). However,
grading coronary artery size according to abso-
lute measurements and age does not take into
account differences in body size or height and
may thus underestimate the degree of coronary
artery involvement in up to 27% of patients with
KD [27]. Therefore, significant efforts have been
made to normalize coronary artery dimensions
across age and weight groups using regression
modeling of normal coronary artery diameter
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measurements to body surface area. Z-score, or
the number of standard deviations away from
the mean, has been adopted as the basis for
scoring coronary artery diameters according
to the American Heart Association guidelines.
Coronary artery diameters are normal if Z-scores
are less than 2 and are considered to have dilata-
tion only if Z-scores are 2-2.5; small aneurysms
have a Z-score of 2.5-5, medium aneurysms have
a Z-score of 5-10 and an absolute measurement
of less than 8 mm, and large or giant aneurysms
have a Z-score of more than 10 or an absolute
measurement of more than 8 mm [2].

Many methods have been adopted to derive
Z-scores from coronary artery measurements in
normal children in different countries and ethnic
populations over time and thus may differ with
regard to how body surface area is calculated and
the regression model used to fit coronary artery
measurements to body surface area. One of the
largest studies was performed by Kobayashi
et al., in which coronary artery diameters were
prospectively collected in 3815 healthy Japanese
children and then statistically normalized to body
surface area (Haycock method: body surface
area = 0.024265 x height (cm) 0.3964 x weight
(kg)0.5378) using alambda—mu—sigma regression
model [28] (available online: http://raise.umin.
jp/zsp/calculator/). In a study of 412 Taiwanese
children under 6 years of age, the Debois method
was used to estimate body surface area, and expo-
nential regression was performed to normalize
coronary artery measurements against body sur-
face area [29]. An online calculator is also avail-
able at http://www.tspc.org.tw/service/z_score.
asp. It is important to note that small differences
in coronary artery measurements on 2D echocar-
diogram may be amplified by translating absolute
measurements into Z-scores. In addition, use of
different Z-score systems derived from different
normalized datasets may result in differences in
size classifications, especially when coronary
artery measurements are large.

Other findings associated with KD that can be
found on echocardiography include pericarditis,
pericardial effusion, and valvular regurgitation
(especially of the mitral and aortic valves) [2].
Left ventricular systolic dysfunction and aortic

dilatation can be found in up to 20% and 8% of
patients with KD, respectively, in the acute phase
of KD, and both are associated with coronary
artery dilatation [30].

Development of New Biomarkers
to Aid in the Diagnosis of Kawasaki
Disease

Many inflammatory markers, such as erythro-
cyte sedimentation rate (ESR), C-reactive protein
(CRP) values, and white blood cell and platelet
counts, may assist in the diagnosis of KD when
evaluated alongside clinical symptoms. However,
these inflammatory markers are mostly nonspe-
cific and may also be elevated by other infec-
tious or inflammatory diseases. For example, in
a study of 114 patients suspected of KD, an ESR
level of >40 mm/h was found to have a sensi-
tivity of 90.5% but a specificity of only 66.6%
[31]. Because of this, patients with indeterminant
KD symptoms are difficult to differentiate from
patients with febrile illnesses of other causes,
especially in a primary care setting. Recently,
researchers at Stanford University have devel-
oped two novel scoring systems to differentiate
between KD and febrile illnesses of other causes.
The first scoring system published in 2013 used
five clinical symptoms and 12 laboratory data
points to stratify febrile patients into low (nega-
tive predictive value of >95%), intermediate, and
high (positive predictive value of >95%) risk
groups [32]. However, even after stratification,
20-30% of febrile patients remained unstratified;
therefore, a second algorithm encompassing 18
clinical and laboratory data points was developed,
and patients were stratified again using data-min-
ing models to increase detection of KD among
febrile patients [33]. In our study group, we tried
to develop a more simplified scoring system
that can adequately differentiate between febrile
and KD patients. In an analysis of 6310 febrile
patients and 485 patients with KD, we developed
a scoring system of eight laboratory criteria, with
the highest scores being attributed to eosinophil
percentage of >1.5%, CRP of >24 mg/L, and ala-
nine aminotransferase level of >30 U/L [34].
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Other investigations into immunological bio-
markers related to KD have shed light on the
possible immunopathogenesis of the disease.
Previous studies have found that acute Kawasaki
disease is associated with elevation of both Thl
cytokines like IL-6, TNF-a, and IFN-r and Th2
cytokines like IL-4, IL-5, and IL-31 [35, 36].
In a previous study, we found that KD patients
with lower Th2 cytokines like IL-5 had a higher
risk of developing coronary artery lesions, thus
suggesting that Th-2 responses may have a
protective effect against coronary artery lesion
development [36].

B-type natriuretic peptide (BNP) and its inac-
tive cleavage product N-terminal prohormone of
brain natriuretic peptide (NT-proBNP) are cur-
rently the most extensively studied proteomic
biomarkers for KD. BNP is produced by ventricu-
lar cardiomyocytes in response to stretching ven-
tricles due to increased ventricular blood volume
or myocardial ischemia and is a well-established
biomarker for both congestive heart failure and
coronary artery diseases [37]. The accuracy of
NT-proBNP as a diagnostic biomarker for dif-
ferentiating KD from other febrile illnesses was
recently reviewed in a meta-analysis of six stud-
ies that included 279 patients with KD. This bio-
marker had a pooled sensitivity of 89% and a
pooled specificity of 72%, making it a specific,
though modestly sensitive, test for diagnosing KD
[38]. No cutoff values are universally recognized
at this point, which may be partially attributed to
the age-specific changes in NT-proBNP levels.
NT-proBNP levels are highest in the first days
after birth, decrease sharply in the first few weeks
of life, and then gradually decline with age [39].

Our research team has recently attempted to
use Escherichia coli (E. coli) proteome microar-
rays as a novel diagnostic platform for diagnosing
Kawasaki disease. E. coli proteome microarrays
consist of nearly 4200 purified E. coli proteins
and are used to test the presence of anti-E. coli
protein IgG and IgM antibodies within patients’
serum [40]. Current theories regarding the etiol-
ogy and pathogenesis of KD suggest that KD may
be the result of an overreactive immune response
to a common environmental or infectious trigger,
but a universally recognized infectious trigger has

yet to be identified [41]. Case reports have identi-
fied E. coli and other gram-negative pathogens,
such as Klebsiella oxytoca, as possible infectious
triggers of KD [42, 43]. Furthermore, studies
focused on the gastrointestinal microbiota of KD
patients have found higher numbers of both gram-
positive and heat shock protein producing Gram-
negative bacteria in the stools of children with
KD [44]. E. coli is also a common gut bacterium
and participates in the development of immune
homeostasis and autoimmunity in young children
[45]. Overall, these studies suggest that E. coli
may be a relevant pathogen associated with the
development of KD. Therefore, we have hypoth-
esized that patients with KD have specific anti-
E. coli antibody profiles, thus indicating the role
E. coli may play in the pathogenesis of KD. In a
pilot study using a training set of 20 patients with
KD and 20 febrile controls, a core set of 20 E.
coli proteins was identified that could accurately
predict a KD diagnosis in our blind testing set
of an additional 40 febrile patients (Area under
ROC curve: 0.75) [46]. E. coli proteome microar-
rays have already been used in previous studies
to identify specific antibody profiles in other dis-
eases, such as inflammatory bowel disease [47]
and bipolar disorder [48]. Since only 125 pico-
liters of serum was used in our microarray test-
ing, E. coli proteome microarrays may be a novel
method for screening and diagnosing KD.

MicroRNAs are small noncoding RNA that
are about 22 nucleotides long and regulate gene
expression through the complementary binding
of target mRNAs or the 3" untranslated region (3’
UTR), thus disrupting the translation of mRNA
into product proteins. MiRNAs can be found in
all types of blood cells within circulation, includ-
ing leukocytes, erythrocytes, and platelets. One
recent study has suggested that exosomes con-
taining miRNAs can be found within circulating
plasma and may participate in distant cell-to-cell
cross talk and gene regulation. Plasma microR-
NAs are relatively stable, even when subjected to
changes in pH or temperature (e.g., freeze—thaw
cycle), thus making them ideal candidates as
diagnostic biomarkers in the future [49].

Many of the microRNAs identified in the
serum of KD patients’ target genes may alter
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the growth and function of vascular endothelial
cells. MicroRNA miR-233 is one of the most
abundantly expressed microRNAs present in the
serum of KD patients [50]. Bone marrow-derived
cells, such as leukocytes and platelets, secrete
miR-233 in the serum, which then enters vascu-
lar endothelial cells. Targets for miR-233 include
such genes as IGFIR and IL-6ST [51]. MiR-
233-3p directly targets IL-6ST 3’ untranslatable
regions (UTR) and inhibits IL-6 expression, an
important inflammatory cytokine in KD, which
subsequently decreases the important expression
transcription factors p-STAT3 and NF-kB p65.
In one KD mouse model, injection with miR-
233-3p alleviates vascular endothelial destruc-
tion and inhibits the expression of IL-6, as well as
the vascular adhesion molecules E-selectin and
ICAM-1 [52].

Other microRNAs have been found to inhibit
vascular cell proliferation (i.e., miR-27b) or
induce apoptosis (i.e., miR-186, miR-125-5p).
The upregulation of miR-27b in an endothe-
lial cell line suppresses the TGF-b pathway and
endothelial cell proliferation and migration by
upregulating SMAD7 [53]. Serum miR-186 has
been found to induce the apoptosis of endothe-
lial cells by inhibiting SMAD6 and activating
the MAPK pathway [54]. Likewise, miR-125-5p
induced the apoptosis of endothelial cells by
inhibiting MKK?7 and activating Caspase-3 [55].
MicroRNAs may also contribute to coronary
artery remodeling and fibrosis via the promo-
tion of connective tissue growth factor (CTGF).
Serum from KD patients KD have lower levels of
miR-483, which targets the untranslated region
of CTGF. The knockdown of miR-483 in endo-
thelial cells enhances CTGF expression [56].

Certain miRNAs have also been found to be
associated with prognostic outcomes. In a study
of 102 KD patients and 18 healthy controls, KD
patients who were IVIG-resistant had mark-
edly higher levels of miR-200c and miR-371-5p
[57]. CAL development has been shown to be
associated with the upregulation of miR-92a-3p,
miR-let-7i-3p, miR-145-5p, and miR-320a [58,
59]. Transfection of miR-145-5p and miR-320a

into the monocyte cell line THP-1 increased
the expression of inflammatory cytokines IL-6
and TNF-« in the supernatant. Furthermore, the
immunohistochemical staining of a coronary
artery sample obtained from a 4-year-old boy
with KD who died on the tenth day of fever due
to the rupture of a coronary artery aneurysm
showed increased staining of miR-145-5p and
miR320a in the endothelial cells of the coronary
artery [60].

The identification of single miRNAs is prob-
ably not as useful as finding an entire miRNA
expression profile for the diagnosis of KD because
approximately 60% of protein encoding genes
are probably simultaneously regulated by multi-
ple miRNAs [61]. In our study of 50 patients with
KD (31 used as a training set and the remaining
19 used as a validation set), miRNAs extracted
from peripheral leukocytes underwent next-
generation sequencing, which enabled us to iden-
tify 10 miRNAs. This panel of ten miRNAs was
then used as a screening panel for KD diagnosis
within the validation set and was found to have a
sensitivity of 83.3% and a specificity of 92.5%.
We encourage both researchers and clinicians to
submit ACt values of the ten miRNAs included
in our panel to our Kawasaki Disease Detection
Platform website, which is accessible via http://
formosa3.nchc.org.tw:50190/KDP/index.php.
Our website can than predict the probability of
KD according to the submitted miRNA expres-
sion levels of a certain patient [62]. Our miRNA
panel has already been patented in Taiwan and
the USA to differentiate KD from other febrile
diseases (Kawasaki Disease Diagnosis Kit, pat-
ent number [1598586); patents in other countries
are currently pending.

Conclusion

Increasing KD awareness, early and precise diag-
nosis (through echocardiography, AHA supple-
mental criteria, 4-4-4 rule, and BCG induration),
and biomarker development will help with the
early detection and treatment of KD.
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Abstract

The goal of treating acute Kawasaki disease
(KD) is to treat inflammation and reduce car-
diovascular sequelae by reducing the inflam-
mation of the coronary arteries. We reviewed
the clinical studies that focused on the effi-
cacy of medications used for KD. Intravenous
immunoglobulin (IVIG) is the standard treat-
ments for KD. Some studies have the use of
adjunctive corticosteroids in selective patients
with KD. Corticosteroids were found to lower
the progression of aneurysms in patients with
Zscores >2.5. The efficacies of corticosteroids
in KD remain controversial. Biologics, includ-
ing etanercept and infliximab, have also been
reported to exert benefits in patients with coro-
nary artery abnormalities. Clinical trials with
larger sample sizes are warranted to examine
the efficacy of medications and clarify the role
of acetylsalicylic acid in traditional treatments
in KD.
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Intravenous Immunoglobulin

The American Heart Association (AHA) pro-
posed the guidelines for the diagnosis and man-
agement of Kawasaki disease (KD) in 2004 based
on the evidence including the summary provided
by the meta-analysis published in the Cochrane
in 2003 and the guideline was updated in 2017
[1-3]. Intravenous immunoglobulin (IVIG) is
pooled from serum IgG. High-dose IVIG was
applied in the therapy of KD in Japan in 1984
[4]. Then, Newburger et al. conducted a multi-
center, randomized controlled trial study (RCT)
confirmed that a single high dose IVIG can,
indeed, reduce the coronary-artery abnormalities
to <5% in then the USA [5]. Since then, KD is
considered a nonfatal disease with good prog-
nosis. There are many ways to use IVIG at the
beginning, covering IVIG 400 mg/kg daily, for
5 days, or for 3—4 days, IVIG 1 g/kg for 1 or 2
days, IVIG 200 mg/kg per day for 5 consecutive
days, IVIG 50-100 mg/kg for 5 days, or IVIG
2 g/kg [3]. Statistical analysis points out that
prevalence of coronary artery abnormalities in
KD is highly dependent on IVIG dose [3, 6]. The
2004 and 2017 treatment guidelines recommend
IVIG 2 g/kg as a single infusion, usually given
over 10-12 h [1, 2]. IVIG should be administered
within 7 days of fever, and give it as soon as pos-
sible after the diagnosis of KD before developing
histological arteritis. In a cohort study in Japan
from 2011 to 2012, among 20,933 KD patients,
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patients with IVIG administered after 7 days of
fever were prone to developing coronary artery
dilations compared to those with IVIG before 7
days (odds ratio: 1.66) [7]. IVIG started <4 days
of symptoms did not reduce the formation of
coronary artery dilations. KD is considered a
self-limited disease because the patient will go
away from fever without treatment [8]. In a ret-
rospective study, among 293 KD patients who
had a fever for 5-10 days, the risk of coronary
aneurysms after 1 month was significantly higher
in 37 patients without IVIG treatment than that
of patients who received IVIG (18.9% vs. 5.1%)
[8]. Especially in patients younger than 1 year old
and with elevated white blood cells, they were a
high-risk group for coronary aneurysms. A ret-
rospective study in Japan found that among 968
patients with KD, 71 patients had initial spon-
taneous defervescence within 7 days. If there
was no abnormal coronary artery findings and
persistent inflammation, the prognosis was rela-
tively benign [9]. The current treatment recom-
mendations are KD patients including those with
spontaneous defervescence need IVIG treatment.
However, we need further research to distinguish
between high-risk groups and low-risk groups
that do not require IVIG treatment for patients
with spontaneous defervescence.

The high dose of IVIG has the effect of
regulating immunity by lowering the high-
affinity receptor FcyRI and ameliorating the
inflammation of KD. At the same time, it also
reduces the expression of FcyRII and other low-
affinity receptors [10, 11]. IVIG also avoids
autoimmunity caused by the combination of
autoantibodies and Fcy receptors [12]. The role
of IVIG also includes enhancing the activity of
regulatory T cells, inhibiting the production of
antibodies and inflammation, and balancing type
1/type 2 inflammations [13—16]. The monoclonal
antibodies against IgG Fc-dependent pathways
have been undergoing clinical studies one after
another [12, 17].

Serious adverse effects after treatment with
IVIG are quite rare [18]. In 2017, Ibrahim et al.
presented a patient with KD who developed
transfusion-related acute lung injury after immu-
noglobulin infusion [19]. The patient’s condi-
tion resolved with supportive care. Kemmotsu

et al. conducted a retrospective analysis, 10-year
period study in KD patients treated with high
dose IVIG. They observed that acute treatment
with high dose IVIG was related to aseptic men-
ingitis in 4 out of 384 patients [20]. Mention of
immediate reaction after infusion, one small-
sample, cross-sectional study on high dose IVIG
treatment reported one child developed skin
rash in the 11 pediatric patients with KD [21]. A
case series conducted at a tertiary care pediatric
hospital identified five KD patients with severe
anemia requiring transfusion with incidence of
0.36% [22].

Acetylsalicylic Acid

Before IVIG therapy has been established as
the standard treatment for KD and the invention
of cardiac ultrasound, acetylsalicylic acid was
once believed to reduce the mortality of KD due
to its effect on thrombotic occlusion of a coro-
nary artery [23]. High-dose acetylsalicylic acid
was applied from 80 to 100 mg/kg/day in the
USA to 30-50 mg/kg/day in Japan, poses anti-
inflammatory effect by blocking arachidonic
acid producing prostaglandin E2, and converted
to low-dose acetylsalicylic acid 3-5 mg/kg/
day which had antiplatelet function by block-
ing cyclooxygenase producing thromboxane A2
48 h after defervescence for 6-8 weeks [24].
KD patients with coronary artery abnormalities
are recommended to be treated until the cardiac
ultrasound is normal and the inflammation index
is completely improved.

Despite the lack of evidence provided by RCT,
in contrast, traditional high-dose acetylsalicylic
acid was considered to have no significant thera-
peutic effect in a 10-year retrospective study with
260 KD children [24, 25]. But it is still necessary
to understand the preventive effect of low-dose
aspirin on coronary artery lesions [26]. Kuo et al.
designed a multi-center, randomized controlled,
evaluator-blinded trial to compare the difference
of coronary artery lesions between the two groups
(IVIG alone vs. IVIG plus high-dose acetylsali-
cylic acid at acute stage) 1 month later [27].

Kuo et al. found that high-dose acetylsalicylic
acid was associated with anemia [28]. The previ-
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ous study involving 609 KD patients in Taiwan
showed high dose acetylsalicylic acid posed no
appreciable benefit in preventing the IVIG treat-
ment failure, the formation of coronary artery
lesions, or shortening the length of hospital stay.
The use of acetylsalicylic acid is most prone to
side effects of the digestive system (5.3% among
910 KD patients) in a retrospective study with
large sample size [29]. Bleeding in the upper
and lower gastrointestinal tract and abnormal
liver function have been reported, and symptoms
of abdominal discomfort may appear under the
treatment of acetylsalicylic acid [30].

Adjuvant Therapy: Corticosteroids

Before knowing which way to treat KD, cor-
ticosteroids alone in the treatment of acute KD
increased the incidence of coronary artery lesions
(CAL) [23]. However, the current goal of preci-
sion medicine is to use adjuvant therapy for
patients who are predicted to respond poorly
to IVIG treatment. Two meta-analyses (one is
limited to RCT and the other is not limited to)
try to distinguish the effect of corticosteroids in
KD [31, 32]. In selected high-risk patients with
KD, initial combination with corticosteroids can
reduce coronary artery abnormalities [33]. A
35-year retrospective analysis in the USA found
that adjuvant therapy can effectively increase the
CAL regression rate [34]. When 121 children
diagnosed KD with a Z score >2.5 and <10, treat-
ment plus corticosteroids or infliximab compared
with IVIG alone can reduce the deterioration of
coronary artery abnormalities [35]. Newburger
and colleagues investigated the efficacy of initial
methylprednisolone pulse therapy (30 mg/kg)
combined with following IVIG in nonselective
KD patients. This RCT found coadministration
of methylprednisolone and IVIG cannot decrease
the risk of coronary artery abnormalities [36].
Studies have investigated the use of initial
adjunctive prednisolone with respect to its treat-
ment effect in patients with severe KD in Japan.
However, the results of these trials are conflicting.
Kobayashi and colleagues conducted an RCT
called RAISE study and evaluated the efficacy
of adjunctive initial prednisolone in selected

high-risk KD patients evaluated by Kobayashi
score [37]. They found that the effect of addi-
tional prednisolone was significant for coronary
artery abnormalities (4/125 patients in combina-
tion group vs. 28/123 patients in standard group,
p < 0.0001). Analysis of large-scale data from
nationwide epidemiologic KD surveys which
cannot identified the severity score found sig-
nificantly decreased risk (estimated risk ratio
0.53) of coronary artery abnormality (74/1593 in
combination treatment group with corticoste-
roids added to initial standard treatment vs.
140/1593 in IVIG group) and the requirement of
retreatment for treatment failure (estimated risk
ratio 0.65; 225/1593 in combination treatment
group with corticosteroids added to initial stan-
dard treatment vs. 234/1593 in controls) [38, 39].
However, a Post RAISE study with a multicenter,
prospective cohort design did not find different
coronary outcomes between patients predicted
IVIG resistance using Kobayashi score treated
with combination treatment consisting of pred-
nisolone and IVIG and placebo group [40].

Because the design of risk score varies from
race to race, it also affects the clinical use of cor-
ticosteroids and related research [38, 41]. Since
the therapeutic effect is equivalent to second-
ary IVIG, corticosteroids are also considered an
option for refractory KD [42, 43].

Adjuvant Therapy: Biologics

Tumor necrosis factor o (TNFa) is a well-known
biomarker for KD. TNFa mediates endothelial
cell activation and is involved in the CAL devel-
opment [44]. Due to the breakthrough develop-
ment of monoclonal antibodies, strong specificity
can avoid systemic immunosuppression and other
associated comorbidities [45]. Among the 16
refractory KD patients, 13 patients under inflix-
imab were found to resolve their fever in a small
series in 2005 [46]. A phase 3 RCT enrolled 196
patients and demonstrated no additional benefit
of treatment resistance for the addition of inflix-
imab, biologics as the format of chimeric murine/
human IgG1, produced by hybridoma, to primary
treatment in acute KD [47]. However, a meta-
analysis for five RCTs with 494 participants
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reported anti-TNFa has beneficial effects on
treatment resistance [48]. The reduced transcripts
of peptidase inhibitor-3, matrix metalloprotein-
ase-8, chemokine receptor-2, and pentraxin-3
related to IVIG resistance after infliximab treat-
ment support the use of infliximab in KD patients
with IVIG resistance [49].

Another anti-TNF synthetic biologic, etan-
ercept, binds only soluble TNF. A double-blind
multicenter controlled trial on unselected KD
patients who were treated with primary adju-
vant etanercept demonstrated benefit in IVIG
resistance in patients >1 year. It also has favor-
able effects on ameliorating coronary artery dila-
tion in patients with baseline abnormalities (Z
score > 2.5, n =22 in etanercept group compared
with n = 24 in placebo group p = 0.03) [50].

Adjuvant Treatments: Cyclosporin

Cyclosporin is a calcineurin inhibitor and then
suppressed the activation of T cells by negative
regulation of nuclear factor of activated T cells
(NFAT) pathway, following signal transmis-
sion with functional polymorphism of Inositol
1,4,5-trisphosphate 3-kinase C (ITPKC) asso-
ciated with the susceptibility and aneurysm
formation in KD patients [51]. The high-risk
ITPKC genotype involved in treatment failure
is associated with the higher baseline and acti-
vated intracellular calcium and inflammatory
biomarkers including IL-1p [52]. A phase 3 RCT
collected 175 participants with Kobayashi risk
score scale 25 points [53]. Combined primary
therapy with IVIG and ciclosporin resulted in
significantly lower incidence of CAL than IVIG
group (12 [14%] of 86 patients; 27 [31%] of 87
patients; p = 0.010) [54].

Adjuvant Treatments:
Clarithromycin

Immunological and epidemiological evidence
strongly suggests characteristics of infectious
disease for KD [55, 56]. Mycoplasma pneu-
moniae is the secondary bacterial etiology of

pediatric pneumonia in Taiwan and may have
association with KD and cardiac outcome [57,
58]. A retrospective Korean survey found 37
cases in 152 tested KD patients showed positive
mycoplasma antibodies [59]. Current research
cannot confirm that Mycoplasma pneumoniae is
a possible trigger of KD or just a mere coinci-
dental association [60].

Clarithromycin is a 14-membered ring macro-
lide with anti-inflammatory activity for respira-
tory tract infections in children [61]. In a phase
2 RCT involving nonselective patients with KD,
IVIG plus clarithromycin showed the efficacy of
improving relapse rate of patients (5/40 patients
in additional clarithromycin group versus 12/39
patients in control group, p = 0.046) [61].

Second-Line Therapy of Refractory
Kawasaki Disease

Refractory KD or IVIG resistance was defined as
KD patients with fever >36 h and <7 days after
the completion of their first IVIG treatment [1].
Ten to 20% of KD patients do not respond to gold
standard treatment and have an increased risk of
cardiovascular sequelae. Currently, there is no
consensus regarding optimal adjunctive primary
and second-line therapeutics for KD, especially
in high-risk patients and patients with complica-
tions. Most patients still receive secondary IVIG
treatment among more than 300 patients [43]. A
meta-analysis identified no significant difference
in the effect of intravenous pulse methylpredniso-
lone, infliximab, or secondary IVIG on CAL [42].
Caution is still required in the use of intravenous
pulse methylprednisolone due to the higher fever
recurrence, higher rehospitalization rate and the
higher CAL found in long-term follow-up in the
methylprednisolone group [62, 63]. Infliximab’s
ability to reduce fever is even better than second-
ary IVIG [43]. The ongoing multicenter phase 3
RCT compares the therapeutic effects of inflix-
imab and secondary IVIG on refractory KD [64].
The IL (interleukin)-1 pathway plays a signifi-
cant role in KD pathogenesis. In the experimen-
tal mouse model of KD, it was found that both
IL-1o and IL-1p can cause myocarditis and the
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formation of aneurysm, which can be improved
by anti-inflammatory drugs anakinra [52, 65]. In
a phase 2, open-label study involving 16 patients
with IVIG-resistant KD, anakinra, IL-1 inhibi-
tors, showed clinical efficacy [66]. Only one
patient stopped treatment because of swelling at
the injection site. Highly invasive treatment of
plasma exchange increases the risk of treatment.
Plasma exchange is a therapeutic option (Class
IIb; Level of Evidence C) reserved for patients
failed to all other choices for refractory KD [1].
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Abstract

Big data has now been applied to solve ques-
tions that clinical rials cannot be performed
due to technical and ethical reasons, length
of follow-up, or cost. In Kawasaki disease, it
has been commonly applied to estimate the
incidence, complication rate, and recurrent
rate. Insurance claim data was usually used
as the data source. However, the validity of
physicians’ coding has seldom been checked.
The incidence, recurrent rate, and recurrence
rate were significantly overestimated while
using main diagnosis code alone. Moreover,
the peak season may also been misinter-
preted. To solve this problem, adding immu-
noglobulin prescription along with the main
diagnosis code to define acute episodes can
help to reduce misclassification. A random-
ized controlled trial for head-to-head com-
parison between different immunoglobulin
is almost impossible. A nationwide longitu-
dinal follow-up study from National Health
Insurance claim data can solve this prob-
lem. The effectiveness of immunoglobulin
may differ among different manufacturing
processes. Beta-propiolactonation causes a
higher risk of treatment failure and prolonged
use of antiplatelet agents or anticoagulants.

Acidification for storage may cause more
coronary aneurysms. Early immunoglobulin
therapy may induce a higher recurrence rate.
Using big data to perform a two-generation
study gives us further insight into the patho-
genesis of Kawasaki disease. The inherited
tendency toward immune disorder was proved
to be a key factor for the pathogenesis. In the
era of precision medicine, a precise biomarker
will be developed for diagnosis and monitor-
ing therapeutic effect. Through understanding
the genetic contribution to Kawasaki disease,
we could ultimately prevent the disease or its
sequelae.
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Big Data and Precision Medicine

“Big data” once referred to available informa-
tion which increases rapidly in volume, variety,
and velocity. However, the terms “data analytics”
and “data science” have now been considered
for the same [1]. Electronic health record has
been widely applied for clinical care, billing, and
auditing. It rapidly rises in size. It can be used to
general evidence on a large scale at virtually zero
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questions that clinical trials cannot be performed
due to technical and ethical reasons, length of
follow-up, or cost.

Using Big Data for Kawasaki
Disease Incidence Estimation

Kawasaki disease is now the most common cause
of acquired heart disease in children in most
industrialized countries [3-11]. Its complica-
tions can range from temporary changes in the
coronary arteries, small coronary aneurysms to
huge coronary aneurysms [12, 13]. Therefore,
estimating the incidence of Kawasaki disease is
very important for understanding the burden of
the disease and formulating policies.

The incidence rate of different countries has
been published many times in the literature.
Japan has the highest incidence rate. Its inci-
dence rate is increasing year by year. In 2009, it
was 206.2 per 100,000 children under the age of
five, and in 2010 it reached 239.6 [11, 14]. South
Korea has the second place, around 69 [10].
There is no national survey literature published
in China, and the regional incidence rate has
been published. In Beijing, it is about 40.9-55.1
[3], and Hong Kong is about 39 [15]. The state
of Hawaii in the USA is about 45.2-47.7 [16,
17], and the rest of the USA is about 9.4-17.3
[17-21]. Other European and American pre-
dominantly white countries are also in this range
[5, 8, 22]. It can be concluded that it has a high
incidence in Northeast Asia, and is related to the
genes of Northeast Asians, and its high incidence
does not disappear due to immigration, as can be
seen from the Hawaii report [16, 17].

Most of these published reports come from
secondary claim databases or from question-
naire surveys. Only a few countries such as New
Zealand have a nationwide login system [5].

The Validity of Claim Data

In most studies, inpatients with an International
Classification of Diseases, ninth Revision (ICD9)
of 446.1 or tenth Revision (ICD10) of M30.3 as

the main diagnosis are regarded as confirmed
patients. There are only two reports from those
assessing the correctness of the diagnosis. One
is a Japanese questionnaire. The researcher com-
pared the inconsistencies between the two ques-
tionnaires as a reliability assessment and asked
the information provider to correct the incon-
sistencies. The degree of inconsistence was not
described [11]. The other report from Georgia
reviewed the medical record to determine the
accuracy of the diagnosis, but it did not describe
the actual inconsistency [22].

The main reasons why these studies lack reli-
ability and validity analysis are as follows: (1)
There is no laboratory gold standard for diagnosis
of Kawasaki disease, such as pathological slices,
so research on sensitivity and specificity is actu-
ally quite difficult to conduct. (2) The second-
ary database often involves the issue of patient
privacy. Anonymous analysis is required, which
makes it impossible to analyze the validity of the
diagnosis. (3) To check the validity of a national-
level huge database will consume a lot of man-
power and material resources. (4) Researchers
generally believe that the probability of error in
such claim data is relatively low, especially for
special diagnoses such as Kawasaki disease.

If we use the incidence estimation of Taiwan
as example. The statistics of questionnaire survey
of contract hospitals by the Taiwan Society of
Pediatric Cardiology is 54.9 per 100,000 child-
years of children under the age of five. However,
the analysis of the national health insurance
claim data is 66-69 [7, 23, 24]. The possible
reasons for the discrepancy between the results
reported by these two sources are as follows: (1)
The hospital questionnaire survey is regarded as
incomplete and will omit some. At the same time,
it will repeatedly calculate the patients referred
between hospitals. On the one hand, it may be
underestimated, and on the other hand, it may
be overestimated. IF the accuracy has not been
reviewed and evaluated by medical records, it is
quite difficult to control the direction of error.
(2) Because National Health Insurance (INHI)
has been implemented in Taiwan since 1996 and
covers more than 99% of Taiwan population,
the epidemiological information analyzed from
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the health insurance database is considered to
be more complete and more reliable at the same
time [25, 26]. However, most reports only ana-
lyzed the inpatient files using the International
Classification of Diseases coding. Such an anal-
ysis may overestimate the incidence of the dis-
ease. The reasons are as follows: (1) Physicians
are likely to classify Kawasaki disease as the
main diagnosis even if the patient is not hospital-
ized due to an acute attack of Kawasaki disease,
such as for angiography, coronary interventional
therapy, and computer tomography. (2) In order
to avoid peer review, doctors often list Kawasaki
disease as the main diagnosis, so that patients can
undergo expensive examinations, such as car-
diac ultrasound. (3) Kawasaki disease has been
listed as one catastrophic disease by the National
Health Insurance life-long. When Kawasaki dis-
ease patients are admitted due to other diseases
such as pneumonia and gastroenteritis, doctors
often list Kawasaki disease as the main diagnosis
to help patients avoid copayment.

Complication Rate Estimation

Kawasaki disease is an acute systemic vasculi-
tis that mainly occurs in infants and young chil-
dren. Before high-dose immunoglobulin therapy
was widely used to treat this disease, the reported
complication rate (coronary artery hemangioma)
was as high as 15-25% [27, 28]. Coronary artery
aneurysm can cause myocardial infarction, sud-
den death, or ischemic heart disease. Even using
high-dose immunoglobulin therapy, about 5% of
patients will still develop coronary aneurysms, and
1% of them will develop giant aneurysms [29-31].

In Taiwan, it has been reported that between
2003 and 2006, the incidence of coronary aneu-
rysms in all age groups ranged from 6% to 35%,
and the older the age, the higher the complica-
tion rate [7]. It seems that the treatment effect
in Taiwan seems to be inferior to that of foreign
countries, especially the USA and Japan. But if
we study the authors’ research method carefully,
we will find that there are errors in the method
of study. Since the authors of this article use the
National Health Insurance database for analy-

sis, if a child has Kawasaki disease at an early
age, the doctor is likely to hospitalize the patient
for examination at school age. At this time, the
admission diagnosis code will naturally include
the main diagnosis of Kawasaki disease and the
secondary diagnosis code of coronary aneurysm.
Howeyver, this does not mean that these are acute
patients. Although there are similar reports in
the USA, and age is a risk factor for coronary
aneurysm [32], the complication rate of up to
35% in some age groups is still significantly
overestimated.

Recurrence Rates

In Taiwan, the recurrence rate of Kawasaki dis-
ease was published by Huang et al. using the
national health insurance secondary declaration
data, which is about 1.5% [7]. In comparison with
approximately 3-3.6% by the questionnaire sur-
vey in Japan, the recurrence rate in Taiwan is sig-
nificantly lower [11, 14]. However, the research
method has several problems: (1) Because the
authors only analyzed the claim data from 2003
to 20006, the patients in 2005 and 2006 must have
insufficient tracking time, which led to the phe-
nomenon of censoring (lost follow-up) in a con-
siderable number of patients. (2) The authors
used only the main diagnosis code to define the
incidence of acute attacks of Kawasaki disease,
which is quite unreliable and dangerous. The doc-
tor may give the main diagnosis Kawasaki dis-
ease in order to avoid peer review, or the patient
may not have an acute attack at all, but is just
admitted to the hospital for follow-up diagnosis
and treatment. These may make the recurrence
rate of Kawasaki disease overestimated. On the
one hand, it may be underestimated, and on the
other hand, it may be overestimated. So it is quite
difficult to control the direction of error.

How to Estimate the Incidence
Accurately by Big Data

Because the immunoglobulin therapy is covered
by Taiwan National Health Insurance, almost all
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patients with acute Kawasaki disease receive it.
By defining Kawasaki disease incidence case as
the main diagnosis of Kawasaki disease (ICD9
446.1, ICD10 M30.3) and receiving immuno-
globulin therapy, the problem of misclassification
can be greatly reduced. From 1997 to 2008, when
estimated by the inpatients with diagnosis code,
the annual incidence rate in Taiwan is approxi-
mately 48.5-78.3 per 100,000 children under 5
years of age. When using the main diagnosis code
plus immunoglobulin therapy to define the inci-
dence rate, the incidence rate is approximately
21.5-63.9 annually. The overall difference in
the estimated incidence of the two case defini-
tion methods is about 1.6:1. During the Taiwan
SARS (severe acute respiratory syndrome) out-
break in 2003, the difference was even higher,
2.31-2.46:1. By defining acute Kawasaki disease
as the main diagnosis code plus immunoglobulin
therapy, the incidence rate significantly reduced
by quarantine [33]. It fulfilled the superantigen
theory and the initial reports during the COVID-
19 outbreak [33, 34].

For the recurrence rate estimation, it can be
seen that if acute admission is defined by the
main diagnosis code alone, as many as 1.11% of
patients can be hospitalized up to three times. On
the other hand, while defining incidence cases by
the main diagnosis code plus immunoglobulin
therapy, only 0.04% of patients have had more
than three treatments, which is more in line
with the general clinical experience. Only very
few patients will relapse more than twice. In the
comparison of survival analysis with two differ-
ent definition methods, the gap between the two
is statistically significant. The 5-year cumulative
recurrence rates were 3.2% by the main diagnosis
code alone and 1.1% by the main diagnosis code
plus immunoglobulin therapy [33].

Head-to-Head Comparison
of Different Immunoglobulins
from Big Data Research

Intravenous immunoglobulins are the most
important medicine for treating Kawasaki dis-
ease. However, immunoglobulins are extracted
from the blood of many donors. Although the

World Health Organization has certain regu-
lations for the manufacture of immunoglobu-
lins (at least 1000 donors are required, 90% of
the IgG must be preserved intact, and the sub-
classification must be consistent with normality,
it is necessary to screen for the known viruses,
hepatitis B, hepatitis C, and human immunodefi-
ciency virus, etc.) [35]. However, immunoglobu-
lins of different brands are different in terms of
manufacturing process, purification method,
IgA concentration, and storage method [35-40].
These slight differences have led to some reports
of side effects and complications, such as reports
of severe allergic immune reactions due to higher
IgA or IgM components [39, 41], or the spread
of hepatitis caused by process problems [42, 43].

In terms of efficacy, in a 1995 retrospective
paired study published in the USA (n = 45), the
authors compared the efficacy of two brands,
Venoglobulin I and Iveegam, and found that
Iveegam had shorter fever days and less side
effects [44]. The actual reason is not deduced by
the authors, but the retrospective matching study
and the limited number of patients have restricted
the empirical value of the research.

In a study published in 2006, comparing
the efficacy of four immunoglobulins, includ-
ing Venoglobulin S, Gamimune, Intraglobin F,
and SNBTSPF Center CBSF, the authors found
that Intraglobin F had a higher treatment fail-
ure rate. The authors concluded that it was due
to enzyme processing, which in turn causes the
Fc portion of immunoglobulin to be changed. It
may affect the binding of Fc portion and macro-
phage, and change the release of interleukin-1,
thereby affecting the immunoregulatory efficacy
[38]. The number of cases in this study is large
enough, but because it is a single hospital, the
collection of the four groups of patients was not
in the same age, and the number of patients in
each group was quite different, and there was
a lack of long-term follow-up data. In a report
by Kuo et al. in 2007, there was no difference
between the labels. However, the authors only
used eosinophils as the endpoint, and the number
of patients was limited [45, 46].

In 2010, Manlhiot et al. compared Ivvegam
(nonacidic solution) and Gamimune (acidic solu-
tion), and found that Gamimune has a lower
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treatment failure rate, shorter hospital stays, but
a higher incidence of coronary aneurysms [40].
The authors’ inference is that Gamimune is
stored in an acidic solution, and large amounts
of injection will affect the tension of the blood
vessels, especially when the coronary arteries are
inflamed. The elastin may be damaged, which
causes more coronary aneurysms [47-49].

A randomized controlled trial for head-to-head
comparison between different brands of immu-
noglobulin is almost impossible in Kawasaki
disease because immunoglobulin therapy is a
well-recognized therapy for Kawasaki disease.
In these circumstances, a nationwide longitu-
dinal follow-up study from National Health
Insurance claim data can solve this problem. Lin
et al. enrolled children under 2 years of age who
received immunoglobulin therapy for the first
time with the main diagnosis of Kawasaki dis-
ease. The authors concluded that the effectiveness
of immunoglobulin may differ among different
manufacturing processes. Beta-propiolactonation
causes a higher risk of treatment failure and pro-
longed use of antiplatelet agents or anticoagu-
lants. Acidification for storage may cause more
coronary aneurysms [50].

Comparing Timing
of Inmunoglobulin Therapy by
Big Data

For the timing of IVIG treatment, physicians
mostly follow the guidelines endorsed by the
American Heart Association and American
Academy of Pediatrics in 2004 and 2017 [51,
52]. It was suggested that IVIG should be given
within the 10 days after the first fever episode, if
possible, within 7 days. However, whether ear-
lier treatment before day 5 of illness can prevent
cardiac sequelae than treatment between days 5
and 7 has no definite answers. Two researches
have even reported that it may increase the
need for IVIG retreatment [52]. One is a ques-
tionnaire study from Japan [53]. The other is a
single-institution research in Hong Kong [54].
Nonetheless, better coronary outcomes by earlier
IVIG therapy has ever been reported [55].

Using Taiwan NHIRD big data, by defining
febrile duration as the date of acetaminophen
(ATC code NO2BE) or nonsteroidal anti-
inflammatory drugs (ATC code MOI1A) pre-
scription and the date of admission, early IVIG
therapy did not demonstrate any better outcomes.
On the other hand, it might induce a higher recur-
rence rate in the long-term follow-up [56].

Genetic Predisposition to Kawasaki
Disease from the Perspective
of Big Data

Genetic susceptibility and immune dysregulation
play important roles in Kawasaki disease patho-
genesis [57-59]. Genetic susceptibility linked to
genes associated with the immune system has also
been reported [51, 60, 61]. Children of Kawasaki
disease have a tendency to develop atopy diseases
[62, 63]. However, it is still not answered whether
Kawasaki disease causes immune disorder later
in life or inherited susceptibility toward immune
disorders causes Kawasaki disease. When link-
ing claim data of National Health Insurance of
Taiwan and Taiwan Maternal and Child Health
Database (MCHD), a longitudinal transgenera-
tional population-based study can be done. It
concludes that children of mothers with immune
disorders tend to have a higher risk of Kawasaki
disease [64]. This study provides a strong evi-
dence that inherited tendency toward immune
disorder is a key factor for Kawasaki disease
pathogenesis. This kind of two-generation study
could not be performed unless using big data as
the source of analysis [65].

Future Perspectives for Precision
Medicine for Kawasaki Disease

Researchers are eager to find new biomarkers for
Kawasaki disease to improve the diagnosis accu-
racy and therapeutic effect. For example, INF-r-
inducible protein 10 (IP-10) has been found to
have high area under the receiver operating char-
acteristic (ROC) curve values for diagnosis of
Kawasaki disease. Moreover, IP-10 level can be
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applied for monitoring immunoglobulin therapy
efficacy [66]. Along with other new biomarkers,
physicians can have more precise information for
diagnosis and treatment [66—68].

The susceptibility of genetic Kawasaki dis-
ease has been widely studied in recent years,
in studies such as ITPKC by sibling linkage
analysis [69]; NAALADL2 and ZFHX2 in
Caucasian patients [70]; COPB2 and ERAPI1 in
Han patients [71, 72]; and CD40, BLK, and
FCGR2A in Japanese patients by genome-wide
association study (GWAS) [73, 74]. Based on
these findings, researchers need to clarify the
interaction between these genetic susceptibili-
ties. Furthermore, the association with infectious
agents should be studied from the perspective of
the superantigen theory [75].

In the era of precision medicine, owing to
the rapid development of biotechnology, we
can optimistically expect precise biomarkers for
diagnosis and for monitoring therapeutic effects
of Kawasaki disease. Moreover, by understand-
ing the genetic contributions to Kawasaki dis-
ease, we can ultimately prevent the disease or its
sequelae [76].

References

1. Hulsen T, Jamuar SS, Moody AR, et al. From big
data to precision medicine. Front Med (Lausanne).
2019;6:34.

2. Hemingway H, Asselbergs FW, Danesh J, et al. Big
data from electronic health records for early and late
translational cardiovascular research: challenges and
potential. Eur Heart J. 2018;39(16):1481-95.

3. Du ZD, Zhao D, Du J, et al. Epidemiologic study on
Kawasaki disease in Beijing from 2000 through 2004.
Pediatr Infect Dis J. 2007;26(5):449-51.

4. Fischer TK, Holman RC, Yorita KL, Belay ED,
Melbye M, Koch A. Kawasaki syndrome in Denmark.
Pediatr Infect Dis J. 2007;26(5):411-5.

5. Heaton P, Wilson N, Nicholson R, Doran J, Parsons
A, Aiken G. Kawasaki disease in New Zealand. J
Paediatr Child Health. 2006;42(4):184-90.

6. Holman RC, Belay ED, Christensen KY, Folkema
AM, Steiner CA, Schonberger LB. Hospitalizations
for Kawasaki syndrome among children in the
United States, 1997-2007. Pediatr Infect Dis J.
2010;29(6):483-8.

7. HuangWC,Huang LM, ChangIS,etal. Epidemiologic
features of Kawasaki disease in Taiwan, 2003—
2006. Pediatrics. 2009;123(3):e401-5.

10.

11.

12.

14.

15.

16

17.

18.

19.

20.

21

22.

23.

24.

. Lynch M, Holman RC, Mulligan A, Belay ED,

Schonberger LB. Kawasaki syndrome hospitaliza-
tions in Ireland, 1996 through 2000. Pediatr Infect Dis
J. 2003;22(11):959-63.

. Porcalla AR, Sable CA, Patel KM, Martin GR, Singh

N. The epidemiology of Kawasaki disease in an
urban hospital: does African American race protect
against coronary artery aneurysms? Pediatr Cardiol.
2005;26(6):775-81.

Park YW, Han JW, Park IS, et al. Kawasaki dis-
ease in Korea, 2003-2005. Pediatr Infect Dis J.
2007;26(9):821-3.

Yanagawa H, Nakamura Y, Yashiro M, Uehara R, Oki
I, Kayaba K. Incidence of Kawasaki disease in Japan:
the nationwide surveys of 1999-2002. Pediatr Int.
2006;48(4):356-61.

Lin MC, Hsu CM, Fu YC. Giant coronary aneurysms
developed in a child of Kawasaki disease with only 3
days of fever. Cardiol Young. 2010;20(3):339—41.

. Senzaki H. Long-term outcome of Kawasaki disease.

Circulation. 2008;118(25):2763-72.

Nakamura Y, Yashiro M, Uehara R, et al.
Epidemiologic features of Kawasaki disease in
Japan: results of the 2009-2010 nationwide survey. J
Epidemiol. 2012;22(3):216-21.

Ng YM, Sung RY, So LY, et al. Kawasaki disease
in Hong Kong, 1994 to 2000. Hong Kong Med J.
2005;11(5):331-5.

. Holman RC, Curns AT, Belay ED, et al. Kawasaki

syndrome in Hawaii. Pediatr Infect Dis J.
2005;24(5):429-33.

Holman RC, Shahriari A, Effler PV, Belay ED,
Schonberger LB. Kawasaki syndrome hospitaliza-
tions among children in Hawaii and Connecticut.
Arch Pediatr Adolesc Med. 2000;154(8):804-8.
Belay ED, Holman RC, Clarke MJ, et al. The inci-
dence of Kawasaki syndrome in West Coast health
maintenance organizations. Pediatr Infect Dis J.
2000;19(9):828-32.

Belay ED, Holman RC, Maddox RA, Foster DA,
Schonberger LB. Kawasaki syndrome hospitaliza-
tions and associated costs in the United States. Public
Health Rep. 2003;118(5):464-9.

Holman RC, Belay ED, Curns AT, Schonberger
LB, Steiner C. Kawasaki syndrome hospitalizations
among children in the United States, 1988-1997.

Pediatrics. 2003;111(2):448.

. Holman RC, Curns AT, Belay ED, Steiner CA,

Schonberger LB. Kawasaki syndrome hospitaliza-
tions in the United States, 1997 and 2000. Pediatrics.
2003;112(3 Pt 1):495-501.

Gibbons RV, Parashar UD, Holman RC, et al. An
evaluation of hospitalizations for Kawasaki syn-
drome in Georgia. Arch Pediatr Adolesc Med.
2002;156(5):492-6.

Chang LY, Chang IS, Lu CY, et al. Epidemiologic
features of Kawasaki disease in Taiwan, 1996-2002.
Pediatrics. 2004;114(6):e678-82.

Lue HC, Philip S, Chen MR, Wang JK, Wu
MH. Surveillance of Kawasaki disease in Taiwan



Precision Medicine and Big Data Research of Kawasaki Disease

45

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

and review of the literature. Acta Paediatr Taiwan.
2004;45(1):8-14.

Wen CP, Tsai SP, Chung WS. A 10-year experience
with universal health insurance in Taiwan: measur-
ing changes in health and health disparity. Ann Intern
Med. 2008;148(4):258-67.

Lin MC, Lai MS. Pediatricians’ role in caring for
preschool children in Taiwan under the national
health insurance program. J Formos Med Assoc.
2009;108(11):849-55.

Dajani AS, Taubert KA, Gerber MA, et al. Diagnosis
and therapy of Kawasaki disease in children.
Circulation. 1993;87(5):1776-80.

Kato H, Sugimura T, Akagi T, et al. Long-term con-
sequences of Kawasaki disease. A 10- to 21-year
follow-up study of 594 patients. Circulation.
1996;94(6):1379-85.

Dajani AS, Taubert KA, Takahashi M, et al. Guidelines
for long-term management of patients with Kawasaki
disease. Report from the Committee on Rheumatic
Fever, Endocarditis, and Kawasaki Disease, Council
on Cardiovascular Disease in the Young, American
Heart Association. Circulation. 1994;89(2):916-22.
Durongpisitkul K, Gururaj VJ, Park JM, Martin
CF. The prevention of coronary artery aneurysm in
Kawasaki disease: a meta-analysis on the efficacy of
aspirin and immunoglobulin treatment. Pediatrics.
1995;96(6):1057-61.

Terai M, Shulman ST. Prevalence of coronary artery
abnormalities in Kawasaki disease is highly dependent
on gamma globulin dose but independent of salicylate
dose. J Pediatr. 1997;131(6):888-93.

Belay ED, Maddox RA, Holman RC, Curns AT, Ballah
K, Schonberger LB. Kawasaki syndrome and risk fac-
tors for coronary artery abnormalities: United States,
1994-2003. Pediatr Infect Dis J. 2006;25(3):245-9.
Lin MC, Lai MS, Jan SL, Fu YC. Epidemiologic
features of Kawasaki disease in acute stages in
Taiwan, 1997-2010: effect of different case defini-
tions in claims data analysis. J Chin Med Assoc.
2015;78(2):121-6.

Kang J-M, Kim Y-E, Huh K, et al. Reduction in
Kawasaki disease after nonpharmaceutical interven-
tions in the COVID-19 era: a nationwide observational
study in Korea. Circulation. 2021;143(25):2508-10.
Bonilla F, Geha R. Intravenous immunoglobulin ther-
apy. In: Austen KF, editor. Therapeutic immunology.
2nd ed. Malden: Blackwell Science; 2001. p. 264-86.
Gelfand EW. Differences between IGIV products:
impact on clinical outcome. Int Immunopharmacol.
2006;6(4):592-9.

Stiehm ER. Lessons from Kawasaki disease: all brands
of IVIG are not equal. J Pediatr. 2006;148(1):6-8.
Tsai MH, Huang YC, Yen MH, et al. Clinical
responses of patients with Kawasaki disease to differ-
ent brands of intravenous immunoglobulin. J Pediatr.
2006;148(1):38-43.

Manlhiot C, Tyrrell PN, Liang L, Atkinson AR, Lau
W, Feldman BM. Safety of intravenous immuno-
globulin in the treatment of juvenile dermatomyositis:

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

adverse reactions are associated with immunoglobulin
A content. Pediatrics. 2008;121(3):¢626-30.
Manlhiot C, Yeung RS, Chahal N, McCrindle
BW. Intravenous immunoglobulin  preparation
type: association with outcomes for patients with
acute Kawasaki disease. Pediatr Allergy Immunol.
2010;21(3):515-21.

Rieben R, Roos A, Muizert Y, Tinguely C, Gerritsen
AF, Daha MR. Immunoglobulin M-enriched human
intravenous immunoglobulin prevents complement
activation in vitro and in vivo in a rat model of acute
inflammation. Blood. 1999;93(3):942-51.

Centers for Disease Control and Prevention (CDC).
Outbreak of hepatitis C associated with intravenous
immunoglobulin  administration—United  States,
October 1993-June 1994. MMWR Morb Mortal
Wkly Rep. 1994;43(28):505-9.

Greenbaum BH. Differences in immunoglobulin prep-
arations for intravenous use: a comparison of six prod-
ucts. Am J Pediatr Hematol Oncol. 1990;12(4):490-6.
Rosenfeld EA, Shulman ST, Corydon KE, Mason W,
Takahashi M, Kuroda C. Comparative safety and effi-
cacy of two immune globulin products in Kawasaki
disease. J Pediatr. 1995;126(6):1000-3.

Khan S, Dore PC, Sewell WA. Both patient characteris-
tics and IVIG product-specific mechanisms may affect
eosinophils in immunoglobulin-treated Kawasaki dis-
ease. Pediatr Allergy Immunol. 2008;19(2):186-7.
Kuo HC, Wang CL, Wang L, Yu HR, Yang KD. Patient
characteristics and intravenous immunoglobulin
product may affect eosinophils in Kawasaki disease.
Pediatr Allergy Immunol. 2008;19(2):184-5.

Lau AC, Duong TT, Ito S, Yeung RS. Matrix metallo-
proteinase 9 activity leads to elastin breakdown in an
animal model of Kawasaki disease. Arthritis Rheum.
2008;58(3):854-63.

Lau AC, Rosenberg H, Duong TT, McCrindle BW,
Yeung RS. Elastolytic matrix metalloproteinases and
coronary outcome in children with Kawasaki disease.
Pediatr Res. 2007;61(6):710-5.

Rowley AH, Shulman ST, Spike BT, Mask CA,
Baker SC. Oligoclonal IgA response in the vas-
cular wall in acute Kawasaki disease. J Immunol.
2001;166(2):1334-43.

Lin M-C, Fu Y-C, Jan S-L, Lai M-S. Comparative
effectiveness of intravenous immunoglobulin for
children with Kawasaki disease: a nationwide cohort
study. PLoS One. 2013;8(5):63399.

McCrindle BW, Rowley AH, Newburger JW, et al.
Diagnosis, treatment, and long-term management of
Kawasaki disease: a scientific statement for health
professionals from the American Heart Association.
Circulation. 2017;135(17):€927-99.

Newburger JW, Takahashi M, Gerber MA, et al.
Diagnosis, treatment, and long-term management
of Kawasaki disease: a statement for health profes-
sionals from the Committee on Rheumatic Fever,
Endocarditis and Kawasaki Disease, Council on
Cardiovascular Disease in the Young, American Heart
Association. Circulation. 2004;110(17):2747-71.



46

M.-C.Lin

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Muta H, Ishii M, Egami K, et al. Early intrave-
nous gamma-globulin treatment for Kawasaki dis-
ease: the nationwide surveys in Japan. J Pediatr.
2004;144(4):496-9.

Fong NC, Hui YW, Li CK, Chiu MC. Evaluation of
the efficacy of treatment of Kawasaki disease before
day 5 of illness. Pediatr Cardiol. 2004;25(1):31-4.
Tse SM, Silverman ED, McCrindle BW, Yeung
RS. Early treatment with intravenous immunoglob-
ulin in patients with Kawasaki disease. J Pediatr.
2002;140(4):450-5.

Ho CL, Fu YC, Lin MC, Jan SL. Early immuno-
globulin therapy and outcomes in Kawasaki disease:
a nationwide cohort study. Medicine (Baltimore).
2015;94(39):e1544.

Takahashi K, Oharaseki T, Yokouchi Y. Update on etio
and immunopathogenesis of Kawasaki disease. Curr
Opin Rheumatol. 2014;26(1):31-6.

Menikou S, Langford PR, Levin M. Kawasaki dis-
ease: the role of immune complexes revisited. Front
Immunol. 2019;10:1156.

Sakurai Y. Autoimmune aspects of Kawasaki dis-
ease. J Investig Allergol Clin Immunol. 2019;29(4):
251-61.

Xie X, Shi X, Liu M. The roles of genetic fac-
tors in Kawasaki disease: a systematic review and
meta-analysis of genetic association studies. Pediatr
Cardiol. 2018;39(2):207-25.

Onouchi Y. The genetics of Kawasaki disease. Int J
Rheum Dis. 2018;21(1):26-30.

Kuo HC, Chang WC, Yang KD, et al. Kawasaki
disease and subsequent risk of allergic diseases: a
population-based matched cohort study. BMC Pediatr.
2013;13:38.

Tsai YJ, Lin CH, Fu LS, Fu YC, Lin MC, Jan SL. The
association between Kawasaki disease and allergic
diseases, from infancy to school age. Allergy Asthma
Proc. 2013;34(5):467-72.

Chu HW, Lin CH, Lin MC, Hsu YC. Increased risk
of Kawasaki disease in infants born of mothers with
immune disorders. Front Pediatr. 2021;9:659598.
Chang C-L, Lin M-C, Lin C-H, Ko T-M. Maternal
and perinatal factors associated with Kawasaki dis-
ease among offspring in Taiwan. JAMA Netw Open.
2021;4(3):e213233.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Ko TM, Kuo HC, Chang JS, et al. CXCL10/IP-10 is
a biomarker and mediator for Kawasaki disease. Circ
Res. 2015;116(5):876-83.

Dahdah N, Siles A, Fournier A, et al. Natriuretic
peptide as an adjunctive diagnostic test in the
acute phase of Kawasaki disease. Pediatr Cardiol.
2009;30(6):810-7.

Ye Q, Shao WX, Shang SQ, Zhou MM. Value of
the N-terminal of prohormone brain natriuretic pep-
tide in diagnosis of Kawasaki disease. Int J Cardiol.
2015;178:5-17.

Onouchi Y, Gunji T, Burns JC, et al. ITPKC func-
tional polymorphism associated with Kawasaki
disease susceptibility and formation of coronary
artery aneurysms. Nat Genet. 2008;40(1):35-42.
Burgner D, Davila S, Breunis WB, et al. A genome-
wide association study identifies novel and function-
ally related susceptibility Loci for Kawasaki disease.
PLoS Genet. 2009;5(1):e1000319.

Lee YC, Kuo HC, Chang JS, et al. Two new suscep-
tibility loci for Kawasaki disease identified through
genome-wide association analysis. Nat Genet.
2012;44(5):522-5.

Tsai FJ, Lee YC, Chang JS, et al. Identification of
novel susceptibility Loci for Kawasaki disease in a
Han chinese population by a genome-wide associa-
tion study. PLoS One. 2011;6(2):e16853.

Khor CC, Davila S, Breunis WB, et al. Genome-
wide association study identifies FCGR2A as a sus-
ceptibility locus for Kawasaki disease. Nat Genet.
2011;43(12):1241-6.

Khor CC, Davila S, Shimizu C, et al. Genome-wide
linkage and association mapping identify susceptibil-
ity alleles in ABCC4 for Kawasaki disease. J] Med
Genet. 2011;48(7):467-72.

Suenaga T, Suzuki H, Shibuta S, Takeuchi T,
Yoshikawa N. Detection of multiple superantigen
genes in stools of patients with Kawasaki disease. J
Pediatr. 2009;155(2):266-70.

KO TM; Chen YR; Wu JY. Precision medicine
for kawasaki disease. Medical Research Archives,
[S.L], 2015;2(1). ISSN 2375-1924. Available at:
https://esmed.org/MRA/mra/article/view/282.  Date
accessed: 14 may 2022.


https://esmed.org/MRA/mra/article/view/282

®

Check for
updates

Complication of Kawasaki Disease

Ken-Pen Weng

Abstract

Kawasaki disease (KD) is frequently compli-
cated by the development of coronary artery
lesions (CALs) and recognized as the leading
cause of acquired heart disease in children.
The incidence of CALS is about 15-25% of
untreated KD children and 4% of those after
intravenous immunoglobulin (IVIG) therapy.
Other rare and less severe complications of
KD may include aneurysms of medium-sized
aneurysms, peripheral gangrene, peripheral
facial nerve palsy, and sensorineural hearing
loss. Cardiac complications of COVID-19
infection related KD are not rare, including
ventricular dysfunction, coronary artery dila-
tion and aneurysms, arrhythmia, and conduc-
tion abnormalities. Approximately 7.8-38.3%
of children will have IVIG resistance and are
at increased risk for development of CALs.
The mechanism of IVIG resistance in KD still
remains unknown and requires further study.
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CAA

Kawasaki disease (KD) is frequently compli-
cated by the development of coronary artery
lesions (CALSs) and recognized as the leading
cause of acquired heart disease in children [1].
The incidence of CALS is about 15-25% of
untreated KD children [2] and 4% of those after
intravenous immunoglobulin (IVIG) therapy [1,
3]. Other rare and less severe complications of
KD may include aneurysms of medium sized
aneurysms, peripheral gangrene, peripheral facial
nerve palsy, and sensorineural hearing loss [1].
CALs during the acute stage of KD range
from dilation only to aneurysms of various num-
bers, sizes, and characteristics. In acute stage of
KD, most patients with CALs will have dilation
only (Z score of <2.5). Dilation resolves within
4-8 weeks in the majority. Patients with severe
CALs are few and usually asymptomatic ini-
tially, but symptoms of myocardial ischemia may
develop in the case of subsequent coronary artery
stenosis. McCrindle et al. reported that the risks
of luminal narrowing, thrombosis, and major
adverse cardiovascular complications were nearly
completely confined to those with Z scores >10
[4]. In acute stage of KD, rare cases of rupture of
a coronary artery aneurysm or severe myocardial
infarction have been reported [5]. Other medium-
sized artery aneurysm may occur rarely in the
axillary, subclavian, brachial, femoral, iliac, and
splanchnic arteries, and others [6, 7]. A classifi-
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cation of CALs based on Z scores [1] is recom-
mended as follows: (1) No involvement: Always
<2; (2) Dilation only: 2 to <2.5; (3) Small aneu-
rysm: >2.5 to <5; (4) Medium aneurysm: >5 to
<10, and absolute dimension <8 mm (5). Large
or giant aneurysm: >10, or absolute dimension
>8 mm.

Many previous research works have identi-
fied potential predictors of CAL development in
KD including demographic, clinical, and labora-
tory variables. The identified predictors of poor
coronary outcome in KD patients were as fol-
lows: IVIG resistance, anemia, hypoalbumin-
emia, leukocytosis with predominant neutrophil
count, high C-reactive protein (CRP) level, male
sex, and age younger than 1 year or older than
6 years [8—13]. Weng et al.’s study showed that
the risk factors of acute CALs included neutro-
phil count, second dose of IVIG treatment, and
platelet count, while those of chronic CALs con-
tained age, first dose of IVIG treatment, and band
count [14]. Popper et al.’s research suggested that
neutrophil activation state and apoptosis might
contribute to the pathogenesis of KD [15]. An
influx of neutrophils develops in the early stage
(7-9 days after KD onset), with a rapid transition
to large mononuclear cells in concert with lym-
phocytes and immunoglobulin A plasma cells [16,
17]. Damage of the internal elastic lamina with
subsequent fibroblastic proliferation occurs at this
stage, leading to the formation and development
of arteritis in KD. Beiser et al. designed an instru-
ment to predict the potential risk of CALs among
KD patients [9]. They constructed a sequential
risk classification instrument based on easily mea-
sured baseline laboratory data and body tempera-
ture, including neutrophil count, and demonstrated
that all low-risk patients based on this instrument
did not develop CALs [9]. Masuda et al. reported
male sex, recurrent KD, IVIG administration at
1-4 days of illness and >8 days after KD onset,
detection of CA dilatations and aneurysms at
initial echocardiography, and resistance to IVIG
treatment were significantly associated with giant
CA aneurysm complications identified after acute
KD [18]. Further studies are required to elucidate
the risk factors of CALs in KD.

Children with COVID-19 infection are usually
mild, but may suffer from a severe inflammatory
disease similar to KD a few weeks later [19]. The
etiology remains unknown and postulated to be a
dysregulated inflammatory response to COVID-
19 infection. Typical KD often affects Asian
children younger than 8 years, but COVID-19
infection related KD (multisystem inflamma-
tory syndrome in children (MIS-C)) more affects
black and Hispanic children with the mean age of
9-11 years [1, 20]. The most common symptoms
of COVID-19 infection related KD are prolonged
fever and gastrointestinal symptoms. Cardiac
complications are not rare, including ventricular
dysfunction, coronary artery dilation and aneu-
rysms, arrhythmia, and conduction abnormalities.
The potential risk of KD like inflammation and
subsequent cardiac complication in children with
COVID-19 infection cannot be overemphasized.

IVIG Resistance

IVIG resistance is defined as persistent or recru-
descent fever at least 36 hours and <7 days after
completion of first IVIG infusion. Approximately
7.8-38.3% of children will have IVIG resistance
and are at increased risk for development of coro-
nary artery abnormalities [21-26]. The mecha-
nism of IVIG in reducing inflammation of KD is
still not clear. Five possible mechanisms are sug-
gested as follows: blocking Fc receptor, neutral-
izing a toxin produced by the infectious agent or
the causative agents, immunomodulating effect,
inducing suppressor activity, and modulating the
production of cytokines and cytokine antagonists
[27]. Some genetic factors such as polymor-
phisms in the Fc gamma receptors and IL-1B
may play a role in IVIG resistance [28, 29]. IVIG
could downregulate IL-la, IL-1fB, and upregu-
late IL-1Ra production in vitro [30]. Previous
researches demonstrated that IVIG influences the
production and release of IL-1 in KD patients [31,
32]. Persistence of circulating cytokines is related
to IVIG resistance in KD patients [33]. Weng
et al.” results may support the hypothesis that
modulation of IL-1 production plays an important
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role in the development of IVIG resistance [29].
The mechanism of IVIG resistance in KD still
remains unknown and requires further study.

A number of previous research works have
identified demographic and laboratory data,
including age, illness day, platelet count, eryth-
rocyte sedimentation rate (ESR), concentrations
of hemoglobin, C-reactive protein (CRP), lactate
dehydrogenase, alanine aminotransferase (ALT),
initial IVIG treatment before the fifth day of ill-
ness, and recurrent KD as predictors of IVIG
resistance [11, 23-26, 34-36]. Based on the
abovementioned factors, several scoring systems
for IVIG resistance have been constructed [11,
23-26, 34]. Fukunishi et al. showed that patients
with a CRP >10 mg/dl, LDH >590 IU/L, and/or
hemoglobin level <10 g/dl are considered non-
responsive to IVIG [23]. Anemia with hemo-
globin <10 g/dl, high neutrophil count (>75%),
high band count, and hypoalbuminemia were
associated with retreatment with a second dose
of IVIG according to Durongpisitkul et al.’s
report [24]. For identifying IVIG resistance
among KD patients, Kobayashi et al. established
a seven-variable logistic model with high sensi-
tivity and specificity as follows: day of illness
at initial treatment, age in months, neutrophil
count, platelet count, aspartate aminotransferase
(AST), sodium (Na), and CRP [11]. Sano et al.
demonstrated that KD patients with at least two
of three predictors (CRP > 7.0 mg, total bili-
rubin > 0.9 mg, or AST > 200 IU/L) are con-
sidered to be resistant to IVIG therapy in acute
stage [25]. Egami et al. developed the prediction
model of IVIG resistance using age, illness days,
platelet count, ALT, and CRP [34]. According to
the Tremoulete et al. study, the poor performance
of the Egami score in the ethnically diverse KD
children suggested this score system based on
the cohorts of Japanese children might be not
suitable for other KD patients [26]. Kaya et al.
also reported that the Egami score system had
a low sensitivity for predicting the risk of IVIG
resistance in Turkish children [37]. Fu et al. sug-
gested a new scoring system in Chinese children,
including polymorphous rash, perianal changes,
fever duration (days) at initial IVIG treatment,
neutrophil percentage, CRP and albumin levels,

as well as total bilirubin [38]. Compared with
the Kobayashi and Egami scoring systems, this
new scoring system had a higher sensitivity and
specificity for Chinese children, but was not good
enough to be widely used because of its low sen-
sitivity (54.1%) [38].

Japanese Egami score system had been dem-
onstrated to be insufficiently useful in the eth-
nically diverse and different racial populations
[26, 37, 38]. Addition of genetic markers into
the scoring system may contribute to uncover the
high risk group of IVIG-resistant patients [29].
Weng et al.’s study suggested that the IL-1B -511
TT genotype, IL-1B -31 CC genotype, or their
TC/TC diplotype may be the potential genetic
markers of IVIG resistance in Taiwanese KD
children, and could be helpful in the scoring sys-
tem for IVIG resistance [29]. Further study is
warranted to develop a better predictive model of
IVIG resistance, perhaps including specific bio-
markers or genetic markers.
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Abstract

Kawasaki disease (KD) is a systemic vascu-
litis that mainly affects small and medium
blood vessels, most commonly in children
under 5 years of age. Although its cause is not
yet known, KD has become the most com-
mon acquired heart disease in developing
countries. In recent decades, the incidence
has increased in many centuries including
Japan, South Korea, and China. The most seri-
ous complications of KD are coronary artery
lesions (CAL), including dilation, fistulas,
aneurysms, arterial remodeling, stenosis, and
occlusion. Aneurysm formation was observed
in 20-25% of KD patients who did not receive
intravenous immunoglobulin (IVIG) therapy,
while 3-5% was observed in patients who
received intravenous immunoglobulin (IVIG)
therapy. Approximately 30% of KD patients
may suffer from coronary artery dilation in
the acute phase, although most are temporary.
Reducing the occurrence and getting regres-
sion of CAL is very important for the treat-

H.-C. Kuo (X))
Kawasaki Disease Center, Kaohsiung Chang Gung
Memorial Hospital, Kaohsiung, Taiwan

Department of Pediatrics, Kaohsiung Chang Gung
Memorial Hospital, Kaohsiung, Taiwan

Chang Gung University College of Medicine,
Taoyuan, Taiwan
e-mail: sel7129@adm.cgmh.org.tw

ment of KD. In this chapter, we will show the
clinical methods to prevent the formation of
CAL.
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Introduction

Kawasaki disease (KD) is recognized as the
most frequent acquired heart disease in children.
Dr. Kawasaki et al. first described in Japan in
1967 [1]. As a form of systemic vasculitis, KD
is reported to mainly affect small- and medium-
sized blood vessels. The most serious compli-
cation or sequelae is the formation of coronary
artery lesions (CAL), such as myocardial infarc-
tion, coronary artery fistula [2], coronary artery
dilation, and coronary aneurysm, which may
subsequently lead to long-term sequelae such as
stenosis or obstruction and myocardial infarc-
tion [3]. The cause of KD is still unknown [4-6],
but it has proven that its incidence is increasing
worldwide, especially in Japan. This growth is,
however, not significant in Taiwan [7-10].

KD may be caused by genetic background
(CD40, BLK, ITPKC, FCGR2A, CD40L, CASP3,
etc.) [11-14], source of infection (bacteria, virus,
mycoplasma, etc.) [6, 15], and immune response
[16, 17]. The standard treatment for KD is high-
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dose aspirin (80-100 mg/kg/day) and single
high-dose intravenous immunoglobulin (IVIG,
2 g/kg), which have been shown to significantly
reduce the incidence of coronary artery aneu-
rysms (CAA) from 20-25% to 3-5% [18, 19].
Although it has been found that a single high
dose of IVIG is more effective than four smaller
daily doses or two daily doses with the same
cumulative dosage [5], the effectiveness of IVIG
in the treatment of KD is still under investiga-
tion. FCGR2A may be an answer from the results
of genome-wide association studies (GWAS)
and epigenetic methylation arrays [20, 21].
Hypomethylation of the CpG site in the FCGR2A
promoter region is reported to be related to KD
susceptibility and IVIG resistance; mRNA gene
expression confirms this finding. FCRG2A/2B
mRNA expression ratio was considerably higher
in KD patients with CAL than in those without
CAL. FCGR2A and FCGR2B both demonstrated
increased methylation levels in KD patients that
underwent IVIG treatment. FCGR2A expres-
sion influenced the IVIG treatment response of
KD patients. The FCGR2A/2B mRNA expres-
sion ratio was greater in KD patients with CAL
formation [22]. FCGR2A/2B is overexpressed in
the acute phase and then subsided, which may
indicate the therapeutic effect of IVIG on KD
patients and the possible role of purified Fc par-
tial products in the future KD treatment [20, 21].

Although IVIG treatment significantly reduces
the incidence of coronary aneurysm formation,
about one-third (~30%) of KD patients still have
coronary artery dilation in the acute phase. In our
previous report and database, using a series of
analyses of coronary artery dilatation (CAL) [23],
15.3% (114/743) of KD patients experienced dila-
tion in the acute phase, and 10.2% (35/341) still
had dilation a few months after the onset, 5.9%
(44/743) had CAL or aneurysm formation at least
1 year after the KD onset. It is very important
to identify KD within 5-10 days of the onset of
the disease so as to treat KD with a more precise
regimen, especially for those children with IVIG
resistance, in the high-risk group with CAL for-
mation or IVIG resistance, or with CAL forma-
tion already. In this chapter, we show the clinical
practice of preventing the formation of CAL
adopted by the Taiwan Kawasaki Disease Center.

Precise Diagnosis (How to Identify
Typical or Atypical Kawasaki
Disease)

Clinical Diagnosis Criteria (Kuo
Mnemonic: 1-2-3-4-5 for Rapid
Memory)

The clinical features of KD include fever lasting
more than 5 days and at least four of the follow-
ing five symptoms: diffuse mucosal inflamma-
tion of strawberry tongue and cracked lips (1
mouth), bilateral nonsuppurative conjunctivi-
tis (2 eyes), unilateral swollen cervical lymph
node (3 fingers to check the lymph nodes), rigid
angioedema of hands and feet (4 limbs = 2 hands
+2 feet), abnormal skin rashes (5 means a lot of
skin rashes) [5]. These five characteristic symp-
toms of KD may not be easy to remember for
parents or first-line clinicians. Finding an easier
way to remember the five characteristics of KD is
important for both parents and clinicians so that
KD can be identified earlier. To help solve this
problem, we created “Kuo Mnemonic” to quickly
recall KD diagnostic criteria (shown in Table 1),
which has been modified from our previous
review articles [17]. According to the Japanese
Circulation Society Joint Working Group’s stan-
dard (JCS 2008, Guidelines for the Diagnosis and

Table 1 Rapid memory method of “Kuo Mnemonic” for
Kawasaki disease diagnostic criteria

Clinical symptoms and

Number, Mnemonic method signs

1 “One” mouth (1 Diffuse mucosal
mouth) inflammation with
strawberry tongue
and/or fissure lips
2 “Two” eyes (2 eyes) | Bilateral nonpurulent
conjunctivitis
3 “Three”-finger check | Neck
for neck lymph nodes | lymphadenopathy

(3 fingers to check
neck lymph nodes)

(unilateral, >1.5 cm)

4 “Four” limbs’ Indurative over
changes (4 limbs =2 | hands and feet
hands and 2 feet) (peeling in subacute

stage)

5 “Five” = multiple Dysmorphic skin
skin rashes (5 means | rashes
a lot)

This table is modified from a previous report [17]
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Management of Cardiovascular Sequelae of KD)
[24], KD can be diagnosed even if the fever is
less than 5 days. Nevertheless, according to the
American Heart Association (AHA) criteria [3], a
fever that lasts for 5 days or more is essential for
diagnosing KD. The new AHA scientific state-
ment shows that in the presence of >4 main clini-
cal features, especially when redness or swelling
of hands and feet occurs, fever for 4 days can be
used to diagnose KD (fast memory is 4 days of
fever—4 symptoms—4 induration of limbs (rule of
4-4-4) [25].

Bacillus Calmette-Guerin (BCG) Site
Induration

In countries with routine BCG immunization
policies (such as Taiwan, China Mainland, and
Japan), one-third to one-half of KD patients will
have erythema changes in BCG scars [4]. Tseng
et al. reported that this bull’s eye dermatoscopic
sign is not only a useful diagnostic marker but
also a biomarker of the severity of CAL forma-
tion in KD patients [26]. In addition, Uehara
et al. [27] stated that redness or the formation of a
crust on BCG vaccination site is a useful marker
to distinguish KD from other childhood fever
diseases. In Taiwan, the 2016 BCG vaccination
schedule was changed to 5 months old. This sign
of BCG induration cannot be used for children
under 5 months old who are suspected of having
KD in Taiwan.

If the patient has four or less clinical standard
signs of KD, doctors should consider redness or
crusting at the BCG vaccination site as a possible
indicator of KD. In short, changes in BCG site
induration can be used as an independent diag-
nostic criterion to help diagnose KD. If the patient
is suspected of having KD but does not fully meet
the diagnostic criteria, the doctor should further
consider the induration of the BCG vaccination
site and the six items of AHA supplemental cri-
teria for KD, consult a KD expert, and arrange a
cardiac ultrasound examination. Taking together,
the five principle clinical features including BCG

induration, AHA supplementary criteria, and car-
dioechography were the major three ways that
can make the diagnosis of KD.

Consulting a Kawasaki Disease
Expert

When fever lasts >7 days without a clear diagnosis,
a KD specialist (such as a cardiologist, immunolo-
gist, infectious disease specialist or rheumatolo-
gist) should be consulted. The main diagnostic
criteria of KD depend on five clinical symptoms,
making the diagnosis subjective. There are cur-
rently no laboratory data (objective markers) that
can be specifically used to diagnose KD. Some
biomarkers including micro-RNA (identified by
next-generation sequencing) [28] and CXCL10
(IFN-y-inducible protein 10 [IP-10]) [29-31] were
under development for clinical application.
Consulting an expert will improve the sub-
jectivity of making diagnosis for KD. The
Expertscape (objective rankings of medi-
cal expertise) provides a good way to find KD
experts throughout the world and can be searched
according to city, area, country, and continent
(www.expertscape.com).

AHA Supplemental Criteria

The AHA and American Academy of Pediatrics
(AAP) released the KD supplemental laboratory
criteria in 2004 and revised in 2017 for patients
suspected of having KD but with an incomplete
diagnosis, which included the following six com-
ponents: (1) urine >10 white blood cells/high-
power field; (2) albumin <3.0 g/dL; (3) elevation
of alanine aminotransferase; (4) platelet count
>450,000/mm? after 7 days of fever; (5) total
white blood cell count >15,000/mm?; and (6)
anemia by age [3, 32]. If a patient meets more
than three of the supplementary criteria, incom-
plete KD can be diagnosed, and IVIG should
be prescribed even before echocardiography
arrangement [3].


http://www.expertscape.com

56

H.-C. Kuo

COVID-19 and Kawasaki Disease

Coronavirus disease 2019 (COVID-19, Severe
Acute Respiratory Syndrome Coronavirus 2
[SARS-CoV-2]) has emerged and evolved in
China since the end of 2019 and has developed
into a global pandemic. Cases of KD-like dis-
ease have been reported from New York City,
certain regions of Italy, and the UK, increasing
by nearly 6-10 times compared with the preva-
lence of Kawasaki disease in previous years, but
such cases have not been detected to be increased
in Japan and Taiwan. COVID-19 has also been
reported to induce this Kawasaki-like disease
called multisystem inflammatory syndrome in
children (MIS-C), which is a new type of syn-
drome associated with SARS-CoV-2 in children
[33-35].

Unlike COVID-19, KD’s diagnostic criteria
and medical methods are clear. In addition to
the five main symptoms, some specific signs or
symptoms of KD include induration at the site
of Bacillus Calmette—Guerin (BCG) vaccination
and coronary arteritis or aneurysm formation;
conscious clinicians will also check echocardio-
grams of COVID-19 in children. Coronary artery
dilation and aneurysms have also been found in
rheumatism or infectious diseases, but they are
mainly seen in patients with KD (more than
98%). It has been reported that BCG vaccination
also has a certain protective effect in COVID-19
pandemic areas [36, 37]. The pattern of bull’s
eye dermatoscopy at the BCG vaccination site
is associated with systemic inflammation in KD
patients. BCG vaccination shows that there are
some overlapping pathogenesis between KD,
MIS-C and COVID-19 [26, 37].

The new type of coronavirus, reported as
Severe Acute Respiratory Syndrome Coronavirus
2 (SARS-CoV-2), commonly referred to as
COVID-19 [38], causes a kind of Kawasaki-
like disease, which shares some symptoms with
KD and has been mainly found in the USA and
Europe. As of March 29, 2021, according to
news reviews, more than 127,089,189 COVID-
19 cases have been confirmed globally, and the
death toll has exceeded 2,782,959 [38]. Children
only accounted for less than 5% of the total num-

ber of confirmed COVID-19 cases. The common
symptoms of COVID-19 include cough, ery-
thema in the pharynx, headache, and fever [39].
The symptoms and clinical features of COVID-
19 patients and KD patients overlap consider-
ably. A new childhood disease caused by the
novel COVID-19 virus, with inflammation of
multiple systems, especially coronary artery
lesions, is now called MIS-C. There are some
overlapped and differences between COVID-
19, MIS-C, macrophage activation syndrome
(MAS), Kawasaki disease shock syndrome
(KDSS) and KD [40]. Almost 50% MIS-C
patients experienced shock, but only 7.2% of
KD patients did [39]. There was not anyone case
with MIS-C been reported in Taiwan till the end
of year 2021. The overlap between COVID-19,
KD, and MIS-C may provide a chance to figure
out the etiology of KD.

Treating Kawasaki Disease and IVIG
Resistance with Precision Medicine

IVIG (Intravenous Immunoglobulin or
Intravenous Gamma-Globulin)

IVIG has been used as a treatment for KD since
Furusho et al. [41] first prescribed it in 1983.
That was more than 15 years after KD was first
reported in 1967. Later, in 1986, Newburger et al.
[19] found that high-dose IVIG (400 mg/kg/day
for 4 days) was a safe and effective treatment,
reducing the incidence of coronary aneurysm for-
mation from 20-25% to 3-5%. In 1991, a single
high-dose IVIG (2 g/kg) was reported to be more
effective than the 4-day regimen [42]. A single
high-dose IVIG (10-12 h infusion of 2 g/kg) and
high-dose aspirin (80-100 mg/kg/day) are cur-
rently considered the gold standard for the treat-
ment of KD. IVIG treatment should not be spread
for more than 24 h, 2 days, or 4 days.

A single high dose (2 g/kg) of IVIG adminis-
tered through a 10 to 12-h infusion course within
5-9 days of disease onset is the most effective
treatment for KD now a day. Evaluation and
treatment suggestions for patients suspected of
having Kawasaki disease are listed in Table 2.
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Table 2 Evaluation and treatment suggestions for patients suspected of having Kawasaki disease

Fever Major symptoms Treatment
4 4 (including limbs IVIG
induration)
<5 4 Follow daily Not IVIG (when without CAL)
<5 5 Treatment according JCS and Possible IVIG
AHA 2017

>5 5 2D + KS IVIG

>5 4 2D + KS IVIG

>5 3+ BCG 2D + KS IVIG

>7 (in 0 2D + SLC + consult KD expert | Possible IVIG (may consider steroid in

6-month-olds) high-risk group)

>7 2-3 2D + SLC + consult KD expert | IVIG when positive (may consider
steroid in high-risk group)

>10 2-3 2D + SLC + consult KD expert | IVIG when positive (may consider
steroid in high-risk group)

This table is modified and adapted from Biomed J. 2017;40(3):141-6

2D cardiac echography, SLC supplemental laboratory criteria by AHA

Kobayashi score (KS): A seven-variable logistic model was constructed, including day of illness at initial treatment, age
in months, percentage of white blood cells representing neutrophils, platelet count, and serum aspartate aminotransfer-

ase, sodium, and C-reactive protein [43]
KD Kawasaki disease, CAL coronary artery lesions

JCS Japanese Circulation Society Joint Working Groups [24]

AHA American Heart Association [3, 25]

Aspirin

Aspirin has been used to treat KD for more than
50 years, even before IVIG started in 1983.
Although aspirin has important anti-inflammatory
(high dose) and antiplatelet (low dose) func-
tions, it does not seem to reduce the occurrence
of CAL. During the acute phase of KD, the dose
of aspirin is 80-100 mg/kg per day (30-50 mg/
kg in Japan) [44] in four doses. Hsieh et al. [44]
reported that when children also receive a single
injection of high dose (2 g/kg) IVIG in the acute
stage of KD, the high-dose aspirin does not affect
the response rate of IVIG therapy, duration of
fever, or incidence of CAL. In fact, it may not
be necessary to treat children with acute KD
with high-dose aspirin, because existing data
show no substantial benefit in preventing IVIG
treatment failure, CAL formation, or shortening
the duration of fever. In our report, the use of
high-dose aspirin in the acute phase of KD has
no benefit to inflammation markers (C-reactive
protein, hepcidin, and hemoglobin levels) [41].
The use of high-dose aspirin in the acute phase of
KD still requires a multicenter randomized con-

trolled trial to reach a conclusion. A multicenter
randomized controlled trial for dosage of aspirin
in acute stage of KD is undergoing in Taiwan
(ClinicalTrials.gov Identifier: NCT02951234)
[45]. Jia et al. reported that low-dose aspirin plus
IVIG might be as effective as high-dose aspirin
plus IVIG for the initial treatment of KD in a
12,176 cases meta-analysis [46].

Subsequently, 48—72 h after the fever sub-
sides, the dosage can be reduced to 3-5 mg/kg/
day, and it should continue for around 6 weeks
after the onset or until CAL returns to normal.

IVIG Resistance (Nonresponsiveness
or Failure)

Because IVIG-resistant patients have a higher
risk of developing CAL, it is important to identify
patients who may benefit from more aggressive
treatment. A second dose of IVIG (2 g/kg) [3, 471,
methylprednisolone pulse therapy [48], tumor
necrosis factor-alpha blockade [49], cyclophos-
phamide, cyclosporin A, methotrexate [50], plas-
mapheresis [51], and plasma exchange [52] have
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all been reported to be beneficial for KD patients
who have failed initial IVIG therapy. Compared
with IVIG treatment alone, the single-pulse intra-
venous methylprednisolone (IVMP, 30 mg/kg,
maximum dose is 1000 mg) combined with IVIG
as the main treatment for children with KD did not
significantly improve the outcome of the disease
[53]. Although IVMP does not seem to increase
the therapeutic value when combined with IVIG
for the initial treatment and the mechanism is still
unknown (our preliminary results indicate that
it may be related to the decreased expression of
steroid receptors in the acute phase of KD, data
not shown), IVMP therapy over a 3-day course
of treatment seems to benefit the IVIG-resistant
KD patients [47]. At the Chang Gung Memorial
Hospital in Kaohsiung, Taiwan, we used a second
course of high-dose IVIG (10-12 h, 2 g/kg) for
initial IVIG-resistant KD patients; then we pre-
scribed IVMP (30 mg/kg/day for continue 3 days)
for continued IVIG resistance in the secondary
dose; then we prescribed anti-TNF-alpha agent
for continued resistance to IVMP.

Although the incidence of KD has increased
in the past few decades, the recurrence rate of
KD in Japan has remained basically unchanged
during the past 30 years (3.89-6.51/1000 person-
years). Risk factors for recurrence of KD include
male sex, young age, and IVIG resistance [54].

Preventing Coronary Artery Lesion
Formation

Treatment for KD patients with a proper dosage
of IVIG (a single high dose of 2 g/kg of body
weight, without limitation of maximal dosage)
within the appropriate 10-12 h infusion dura-
tion [5], prescribed within the first 5-10 days of
the illness [3] seems to be most likely to prevent
CAL than treatment after the tenth day of the
disease. However, if patients with KD are found
to develop CAL even before the fifth day of the
disease onset, IVIG should be given before the
first AHA standard for KD fever for more than
5 days. If patients with KD have persistent sys-
temic inflammation based on their elevated
erythrocyte sedimentation rate (ESR) or CRP,

and persistent fever without other explanations or
aneurysm formation after 10 days of onset, IVIG
should also be given to them (i.e., children whose
diagnosis was missed earlier).

For patients with KD who are suspected of
having peeling (or even no peeling) on admission
but do not meet the diagnostic criteria after dis-
charge, echocardiography should be considered.
For severe KD or high-risk groups, Kobayashi
et al. suggested that adding prednisolone to IVIG
can significantly improve coronary outcome [55].
The Kobayashi score provides a useful tool for
predicting the formation of CAL, so prednisolone
may be effective for CAL regression in patients
with KD who have already developed CAL [43].
Further investigation is needed before reaching
a clear conclusion. Salgado et al. reported that
despite treatment in the first 10 days, infants
<6 months of age with acute KD are more
likely to develop CAL. Therefore, adjuvant anti-
inflammatory therapies to lower CAL should be
targeted at this population [56].

Other Off-Label Treatments

No treatment difference was found between
KD patients with CAL formation and patients
without KD formation during the acute phase
and after discharge from the hospital. After the
fever subsides, only low-dose aspirin may be
prescribed to KD patients, regardless of the for-
mation of CAL. KD patients can be divided into
different groups according to the severity of the
disease, including KD shock syndrome, KD with
giant aneurysm formation, KD with aneurysm
formation, KD with coronary artery dilation, KD
with transient coronary artery dilation, KD with
IVIG resistance, and KD without CAL, nor IVIG
resistance. In these KD populations, different
treatment options may be needed under the spirit
of precision medicine.

Dextromethorphan (DM) is a dextrorotatory
morphinan that has been widely used as a nono-
pioid cough suppressant for decades, but its exact
mechanism is unclear. Interestingly, previous
studies using animal models of cerebral ischemia
and hypoglycemia nerve damage have demon-
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strated the neuroprotective activity of DM, which
may be related to its effect on NADPH oxidase,
because DM can effectively prevent the produc-
tion of reactive oxygen species (ROS) induced by
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine. It
has been reported that low-dose DM can reduce
blood pressure and enhance vascular protec-
tion in experimental hypertensive patients [57].
TNF-a can enhance the generation of ROS and
is an important factor in the formation and devel-
opment of CAL in KD. It has been reported that
vascular NADPH oxidase enzyme participates
in endothelial damage triggered by TNF-a by
increasing the production of ROS [58]. Finally,
in addition to low-dose aspirin, DM may benefit
patients with KD who develop CAL.

Potential Role of Molecular
Hydrogen Gas (H,) in KD [59]

The inflammatory process, oxidative stress and
free radicals are all related to KD. In the litera-
ture review, many reports indicate that oxidative
stress plays an important role in the inflamma-
tion and pathogenesis of KD [60]. It is reported

that by reducing oxidative stress, H, is beneficial
for many diseases including atopic dermatitis,
hay fever, rheumatoid arthritis, asthma, chronic
obstructive pulmonary disease, COVID-19,
depression, dementia, stroke, post-cardiac arrest
syndrome, subarachnoid hemorrhage, myocar-
dial infarction, chronic kidney disease, sepsis,
hemorrhagic shock, and various cancers [61,
62]. Hydrogen inhalation may also play a role
in the treatment of COVID-19, reducing disease
progression by improving airway resistance
[62]. Currently, at least four clinical trials of
inhaled hydrogen for the treatment of COVID-
19 have been registered on ClinicalTrials.gov.
In addition, a preliminary investigation report
stated that inhalation of hydrogen can signifi-
cantly improve breathing difficulties in most
COVID-19 patients [63]. The potential treat-
ment role of hydrogen gas inhalation in patients
with KD with or without CAL formation is still
need further studies. A comparison between
Kawasaki disease (KD) and multisystem inflam-
matory syndrome in children (MIS-C) is shown
in Table 3. We reported the first case of KD with
aneurysm formation and showed regression after
hydrogen gas inhalation [64].

Table 3 Comparison between Kawasaki disease (KD) and multisystem inflammatory syndrome in children (MIS-C)

Multisystem inflammatory syndrome

Kawasaki disease (KD) in children (MIS-C)
Etiology Unknown Severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2)
Principle Five major symptoms (fissure lips and/or strawberry Nonspecific symptoms, including
symptoms tongue, bilateral nonpurulent conjunctivitis, neck vomiting, abdominal pain, diarrhea,

skin rash)

lymphadenopathy, limb induration, and polymorphic

skin rash, and conjunctival
injection, etc.

Fever (>38 °C) 100%

100%

Treatment

IVIG + aspirin (steroids for high-risk group)

IVIG, steroids, anti-IL6, hydrogen
gas inhalation, etc.

Age distribution | 85% <5 years old

9 years old (median)

Sex (gender) Male > female, 1.5-fold Male > female, twofold

Bacillus Scar indurations (associated with systemic May have a protective role (no BCG
Calmette—Guerin | inflammation) scar induration)

(BCG) vaccine

Prevalence Asia > America > Europe Europe, America > Asia

Coronary 3-5 ~14

aneurysm (%)

Shock (%) 7.2 ~50

This table was modified and adapted from Chen KD, Lin WC, Kuo HC. Chemical and biochemical aspects of molecular
hydrogen in treating Kawasaki disease and COVID-19. Chem Res Toxicol. 2021;34(4):952-8 [59]
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Promoting Kawasaki Disease
Awareness

Long-term fever is accompanied by some respi-
ratory or gastrointestinal symptoms, which can
affect the heart. These are the characteristics of
KD and make parents confused when going to
the clinic or hospital. Cardiologists, infectious
disease experts, rheumatologists, and even urolo-
gists may take care of KD patients in the acute
phase of the disease. KD outpatient clinic (OPD)
is a great way to reduce confusion among family
members during visits and follow-ups.

Books targeting parents will help raise aware-
ness of KD and make it easier for them to face
this disease when necessary. We published four
Chinese books on KD in Taiwan. The first is
a more detailed book that describes immune
mechanisms, images, genetic discoveries, infec-
tious associations, treatment, follow-up, and
parental questions/answers. The second book is
a more approachable version, including quick
memory method (1 mouth—2 eyes—3 finger-
palpable neck lymph nodes—4 limb changes—35
skin rash) [17] for diagnostic criteria and many
characteristic photos of KD to help parents more
easily recognize this disease. The third book is
especially aimed at parents who already have
children with KD. The content includes pharma-
cology, rehabilitation, psychiatry, nursing, social
work, nutrition, traditional Chinese medicine,
and allergy. We also promoted awareness of KD
through facebook (https://www.facebook.com/
kawasakidisease), Line, newspapers, education
lectures in mama class and kindergarten parents’
meeting.

Conclusion

Raising KD awareness by the rapid memory
method through Kuo Mnemonic, early diagnosis
(through echocardiography, supplementary stan-
dards, and BCG induration), precise treatment
(IVIG, second dose of IVIG, IVMP, anti-TNF-a,
anti-IL6), and precision medicine (steroids or dex-
tromethorphan, other anti-inflammatory drugs, or
hydrogen gas inhalation) can all help reduce the
coronary artery damage caused by KD.
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Imaging of Coronary Artery
Abnormalities in Kawasaki Disease
with Emphasis on Multimodalities
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Abstract

This chapter describes multimodality imaging,
which can survey coronary artery abnormali-
ties (CAA) from the acute phase of Kawasaki
disease (KD) through the convalescent to the
long-term stage. With different risk stratifica-
tion of CAA, we proposed complementary
imaging modalities as single or combination
applications. The appropriate application of
multimodalities demonstrated and listed can
aid clinicians in making the optimal choice for
aneurysm status evaluation. At last, we design
a nature course-matched multimodality utili-
zation timing of KD-associated CAA, which
should be helpful in the imaging management
planning for KD experts.
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Introduction

The patients with KD may have severe cardiovas-
cular sequela, variable-sized coronary aneurysms
after the acute phase. Transthoracic echocardiog-
raphy is the most common noninvasive tool to
evaluate CAA in KD. After the acute phase, if
indicated, other modalities like coronary com-
puted tomography, magnetic resonance, or
nuclear medicine all have roles in evaluating car-
diovascular sequela from different points of view.
Invasive imaging modalities for coronary arter-
ies are not routinely used but should consider
in symptomatic patients with high suspicions of
coronary artery stenosis.

Noninvasive Evaluation of Coronary
Artery Abnormalities in Kawasaki
Disease

Transthoracic Echocardiography

Transthoracic echocardiography (TTE) is the
primary imaging modality for assessing coro-
nary aneurysms. It is noninvasive and has high
sensitivity and specificity for detecting aneu-
rysms in the proximal coronary artery seg-
ments. CAA can present various numbers, sizes,
and characteristics during acute illness, usually
occurring first in proximal segments and then dis-
tally (Figs. 1 and 2). It is sporadic to have distal
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Fig.1 Kawasaki disease (KD)-associated coronary aneu-
rysm distribution and location [2]. LMCA left main coro-
nary artery, LAD left anterior descending, D/ diagonal
first branch, D2 diagonal second branch, LCX left circum-
flex, OM1 obtuse marginal first branch, OM2 obtuse mar-

Fig.2 Transthoracic
echocardiography (TTE)
can well delineate the
proximal left main
coronary artery, but the
distal end is difficult to
visualize. (Imaging from
our institution)

involvement without some evidence of proximal
segment abnormalities [1].

The latest American Heart Association (AHA)
guideline [1] defines KD-associated coronary
artery abnormalities solely based on the follow-
ing Z-scores.

Z-Score Classification

1. No involvement: Always <2.

2. Dilation: 2 to <2.5; or if initially <2, a decrease
in Z score during follow-up >1.

om2

ginal second branch, L-PD posterior descending branch
from circumflex, PL posterolateral, RCA right coronary
artery, SN sinus node branch, CB conus branch, RVB right
ventricular branch, AM acute marginal branch, R-PD pos-
terior descending branch from RCA

3. Small aneurysm: >2.5 to <5.

4. Medium aneurysm: >5 to <10, and absolute
dimension <8 mm.

5. Large/giant aneurysm: >10,
dimension >8 mm.

or absolute

We emphasize the importance of utilizing
high-frequency transducers to obtain detailed
and high-resolution visualization of the coronary
arteries (Fig. 3), even for older children, and low-
frequency transducers for intracardiac structure
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Fig. 3 Different frequency of transducers against the
RCA aneurysm in a 6-year-old girl. The aneurysm can be
best visualized with the transducer produced higher fre-
quency. The frequency ranges from (a) 3-8 MHz, (b)
1-5 MHz, (¢). three-dimensional probe—2-7 MHz, and

evaluation. Studies should be recorded in dynamic
video or digital cine format, which facilitates com-
parability for future reviews and studies [1, 3].

FOCUS Methodology
At present, there is no consensus regarding delin-
eating the coronary artery by echocardiography.

(d) The still three-dimensional imaging provide visualiza-
tion of the RCA aneurysm containing information includ-
ing depth and neighboring structure. The dynamic display
will show more detail. (Imaging from our institution)

So far, the primary focus is on the measurement
of luminal size, the quantitative on Z score, but
the qualitative measure has not been well devel-
oped [1, 3]. Therefore, our team have proposed
and adopted a comprehensive ultrasound evalu-
ation methodology called focused optimal coro-
nary ultrasound (FOCUS) (Fig. 4) [4, 5].
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Prominence

RCA Irregularity
fl
/

RCA lack of tapering

Lack of Tapering

Brightness

LAD
thickening

Thickening

Fig.4 Five components of the FOCUS imaging methodology. (Imaging from our institution)

Coronary artery abnormalities were scored as
follows.

1. Prominence [4, 5]: The unusual clear margin
of the coronary arteries due to hyperecho-
genicity over the perivascular region.

2. Brightness of the arterial wall [4-6]: Both
sides of the vessel wall surrounding the
coronary lumen brighten like a railway
track without overt para-tissue, black-white
gain.

3. Irregularity of the arterial lumen [4, 5]
Because of three-layer damage to the coro-
nary arteries, there may be a saw-like appear-
ance inside the coronary lumen.

4. Lack of tapering [3-5]: Because of the vari-
ability of coronary ectasia, there is a lack of
average decrease in the caliber of the distal
coronary arteries.

5. Thickness of the arterial wall [4-6]: In the
ideal setting where a patient is cooperative
with optimal ultrasound settings and the high-
frequency transducer, the operator may appre-
ciate the thickening of the coronary arterial
wall.

Measurement of Coronary Lumen Size

at Different Cardiac Cycles

From physiological aspects [7, 8], dynamic coro-
nary artery blood flow and subsequent luminal
diameter change within a cardiac cycle is an
unpredictable factor causing variability of coro-
nary dimensional measurement. A recent investi-
gation conducted by Tai et al. [9] described that
the cyclic variation of coronary luminal dimen-
sion throughout the cardiac cycle seems to alter
the intra- and interobservers’ variation, prompt-
ing the discussion of the utility of TTE with con-
comitant electrocardiogram use.

Coronary Computed Tomography
Angiography

In 2003, Sato et al. detected occluded aneurysms
with spiral coronary computed tomography
angiography (CTA, 4-detector) in the era when
invasive testing was still dominant in long-term
follow-up of high-risk KD patients. In 2004, our
research team first showed multislice coronary
CTA (16-detector, Fig. 5) performed with retro-
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Fig. 5 (a) Multi-slice computed tomographic angiogra-
phy of the left anterior descending artery reveals a giant
aneurysm (large arrowhead) with calcified wall (high den-
sity area), thrombi (the low density area inside). A distal
smaller aneurysm was also noted (small arrowhead). (b)
Corresponding  catheterized coronary angiography.

spective ECG-gated technique could delineate
the distal coronary aneurysm even more pre-
cisely than invasive coronary angiography. With
an advanced CTA machine, the imaging acquisi-
tion heartbeats in 64-slice and 320-slice were 7—8
and 1, respectively, thus accelerating the exami-
nation process, lower radiation exposure. Also,
the faster the acquisition time, the less chance for
errors such as respiratory motion artifact, heart-
beats variability, and more extended temporal
resolution to occur. Additionally, coronary CTA
can disclose calcified coronary aneurysms repre-
sented by calcium score. Although the calcifica-

Arrowheads correspond with those in a. (¢) CT of the right
coronary artery reveals two aneurysms (arrows). Two
(asterisks) were more clearly visualized than with the
catheterized coronary angiography (Panel d, arrows). (d)
Corresponding catheterized coronary angiography of the
panel c. Arrowheads correspond with those in ¢ [22]

tion burden carries the shortage to interfere with
angiography accuracy, it can predict persistent or
regressed aneurysms [10, 11].

Although TTE is convenient without radiation
exposure, it faces limitations when approaching
distal coronary segments. Coronary CTA has
been proven superior to TTE for distal coronary
artery visualization [12-15] concerning defin-
ing the number, position, shape, and size of each
CAA and its thrombus association. As a result,
it may be the most convenient noninvasive diag-
nostic modality to assess the whole coronary
arterial tree in children with KD despite known
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1st year of KD - CA

—

7th year of KD - CTA

Fig. 6 A 7-year-old girl was admitted to our institution
due to “ongoing stenosis” within a large fusiform RCA
aneurysm revealed by coronary CTA after TTE showed a
“regression” over proximal segment of RCA aneurysm
(a). Left anterior oblique view of selective CA and corre-
sponding TTE after first year of KD (b) TTE showed

disadvantages, such as radiation exposure, use of
contrast media, and the need for p-blockers for
heart rate regulation.

Furthermore, the introduction of dual-source
CTA (DSCT) in 2005 improved temporal reso-
lution of CTA from 135-175 to 75-80 (mini
seconds) without heart rate regulation indicated
(40-140 bpm was widely accepted). In summary,
coronary CTA imaging nowadays has higher
imaging quality, and faster acquisition without
excess radiational risk.

Coronary CTA in the Patients

with Possible Regression in a Chronic
Phase of KD

In general, a regression can occur in small or
medium-sized aneurysms but not in a giant
aneurysm without significant luminal myofi-
broblastic proliferation (LMP). Coronary CTA
provides extraluminal component information
that echocardiography or catheterization can-
not assess. The so-called regression obtained by

7th year of KD - TTE

7th year of KD — 3DCTA

regression (yellow arrow) in luminal dimension after sev-
enth year of KD. (¢) Coronary CTA shows a contrast fill-
ing defect (yellow arrows) over proximal RCA (d).
Three-dimensional reconstruction of coronary CTA
showed aneurysmal shape (yellow arrow) of RCA.
(Imaging from our institution)

echocardiography and catheterization angiogra-
phy, could be falsely normal (Fig. 6) owing to
vascular remodeling because both of them only
review the diameter of the lumen. In such cases,
coronary CTA should be used to demonstrate the
aneurysmal shape of the coronary arteries with
whole thickness despite the normal appearance of
the luminal dimension. Coronary CTA can delin-
eate the true margin of the coronary arterial wall
because of the coronary arterial wall calcification
or the radiation absorbance difference between
coronary arteries and the overlying epicardial fat.

Coronary CTA yields excellent images of col-
lateral circulation, a key characteristic of KD. A
high-resolution CT scan eliminates partial volume
effects, leading to false-positive results for cul-
prit lesions with severe concentric calcification,
which is another characteristic of KD. Although
the previous document addressed the objection
opinion [23], the latest investigation has clarified
that the detection of occluded aneurysms by coro-
nary CTA is feasible and effective [24, 25].
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Cardiac Magnetic Resonance Imaging

Cardiac magnetic resonance imaging (CMRI)
plays a vital role in the evaluation of long-term
follow-up of patients with KD and the assess-
ment of cardiac function (Fig. 7) or compromised
myocardial circulation [26] (Fig. 8). In addition,
CMRI identifies abnormal perfusion reserve in
KD-convalescent patients independent of coro-
nary artery status [27].

CMRI can be used to detect myocardial
edema with quantitative T2 mapping, scarring
with delayed gadolinium enhancement (Fig. 9),
and fibrosis with T1 mapping [28]. Despite the
advantages of a radiation-free and waiver for
heart rate control, the disadvantages, such as

extended procedure time related to prolonged
sedation of children, far outweigh the benefits,
favoring the utility of CMRI. Conversely, as chil-
dren age with persistent KD-associated CAA,
their coronary arteries often cannot be adequately
visualized by TTE. Therefore, CMRI may be a
valuable alternative to noninvasively detect and
monitor CAAs, reducing the need for coronary
angiography in patients who might otherwise
require serial catheterizations.

Greil et al. [29] compared results derived
from coronary angiography with those from
CMRI. Minor measurement discrepancies
expected between these techniques, especially for
tortuous vessels, and CMRI techniques to detect
and measure distal CAA were limited. However,

Fig. 7 The application of CMRI for measurement of left ventricular ejection fraction (a). Apical four chamber (b).
Two-chamber view (c¢). Three-chamber view. (Imaging from our institution)



70

|.-H. Tai and K.-S. Hsieh

Fig. 8 The stress CMRI (0.84 mg/kg dipyridam-
ole,0.1 mmol/kg gadolinium chelates) in the (a) two-
chamber, (b) four-chamber, (c) short-axis view, disclosing

N

Fig.9 The CMRI presents delayed hyperenhancement of
gadolinium (arrow), which indicates myocardial scarring
secondary to myocardial infarction. (Quoted from Tacke
et al. [28])

perfusion defect in anterior, posterior, septal, and free
wall. (Quoted from Garot et al. [30])

CMRI seems superior to coronary CTA in evalu-
ating CAA with calcification plaque (Fig. 10).
Significant characteristics comparison between
noninvasive imaging modalities was shown in
Tables 1 and 2.

Invasive Evaluation of Coronary
Artery Abnormalities in Kawasaki
Disease

Invasive Selective Coronary
Angiography

Invasive selective coronary angiography (CA,
Fig. 11) can be valuable for some patients but not
indicated for routine diagnosis, especially during
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Fig. 10 Coronary CTA and CMRI yield a discrepant
diagnosis in a 28-year-old female with RCA aneurysms
secondary to KD. (a) Multiplane reformation with left
upper panel, sagittal plane; left lower panel: axial plane;
right panel: coronal plane, CTA showed blood flow
enhanced, favor total occluded RCA aneurysm with
hyperintense plaque, the calcification (yellow arrow),
which may have blooming effect to interfere with the cor-

rect interpretation. (b) Three-dimensional coronary CTA
of the RCA aneurysm. (¢) Multiplane reformation with
left upper panel, sagittal plane; left lower panel: axial
plane; right panel: coronal plane, CMRI revealed partial

blood flow with RCA thrombosis. The calcification
appears as hypointense (yellow arrow) in CMRI. (d)
Three-dimensional CMRI imaging of the RCA aneurysm.
(Imaging from our institution)
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Table 1 Comparison of noninvasive imaging modalities

TTE | Coronary CTA | CMRI | SPECT
Coronary artery [16]
Spatial resolution, mm 1-3 0.5-0.6 1-2 NA
Temporal resolution, ms 5-25 83-153 20-50 NA
Contrast/resolution Moderate to low Moderate High NA
Calcification interference Intermediate Major Minor NA
Whole vessel wall visualization Moderate High High NA
Myocardial structure
Tissue characterization 1-2+ 2-3+ 4+ NA
Myocardial perfusion defect [17-19] |#Sensitivity 75.2% | Sensitivity 95% | Sensitivity 88% | Sensitivity 49.1%
Specificity Specificity Specificity Specificity
52.4% 87% 90% 80.6%
LVEF evaluation [20, 21] 3+ 02+ 4+ 34+

The comparison of four different modalities in evaluation of coronary and cardiac function. # means contrast

echocardiography

TTE transthoracic echocardiography, CTA computed tomographic angiography, MRI magnetic resonance imaging,
SPECT single-photon emission computed tomography, thallium-201 imaging, CAD coronary artery disease, LVEF left

ventricular ejection fraction

Table 2 Modalities characteristic comparison between coronary CTA and CMRI

Coronary CTA CMRI
Spatial resolution Higher Lower
Myocardium perfusion

Poor performance Excellent performance

status evaluation
Imaging time (mean) 5-10 mins 60 mins
Radiation Yes No
Contrast Yes No
Breath hold Required No
Heart rate regulation Required No
Thrombus detection First choice Alternative
Distal coronary aneurysm First choice Alternative
Occluded aneurysm First choice Alternative

an acute illness. Since Coronary CTA or CMRI
can now obtain nearly all structural and func-
tional clinical information for KD-associated
CAA, selective catheterization is now seldom
performed except for the restoration of coronary
blood flow via balloon dilatation or stent place-
ment. Two imaging modalities still require cath-
eterization to investigate coronary wall histology

further: intravascular ultrasound and optical
coherence tomography.
Intravascular Ultrasound

Intravascular ultrasound (IVUS, also named
grayscale IVUS, Fig. 12) was first introduced in
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Fig. 11 The invasive selective coronary angiography of three aneurysm (An-1, An-2, An-3) over right coronary artery
in the beading-arrangement. An dontes to aneurysm (Imaging from our institution)

Fig. 12 Grayscale
IVUS imaging of
KD-associated CAA.
(Imaging from our
institution)

the 1980s to assist interventional cardiologists in
evaluating coronary atherosclerotic disease. Then
it was applied to comprehensively assess the cor-
onary arterial wall structure and morphology in
the chronic phase of KD. Based on the concept
of LMP, which leads to ongoing luminal stenosis,
we know that luminal regression does not equal
coronary anatomy normal. Target on the injured
coronary morphology, IVUS can differentiate
regressed aneurysms from normal coronary arter-
ies despite their comparable luminal dimensions.

Virtual Histology Intravascular
Ultrasound

In the late 1990s, virtual histology IVUS
(VH-IVUS) was invented for real-time in vivo
plaque classification using the spectral analysis
of a backscattered IVUS [31, 32] to elucidate

the tissue characterization further and moni-
tor atherosclerotic plaque stability. The litera-
ture shows that in vivo VH-IVUS has superior
accuracy compared with histological evidence
(Fig. 13) [33].

Optical Coherence Tomography (OCT)

Compared to IVUS, optical coherence tomogra-
phy (OCT) provides the following.

e Nearly ten times the higher axial resolution.

e Providing a spatial definition of 10 pm.

e Unique information about the microstructure
of the coronary wall.

As a result, it is an emerging tool in coronary
pathology assessments and preplanning for coro-
nary interventions. Figure 14 shows the relative
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Fig. 13 VH-IVUS images with corresponding grayscale —and microcalcification; and dense calcium area (white).
images in remodeling aneurysms (Al, A2, B1, B2, B5, VH-IVUS imaging of regressed KD-associated left coro-
Cl1, C2, D1, and D3) and relatively normal segments (A3, nary aneurysms from (a) An 18-year-old male without the
A4, B4, B6, and C4). Each of the four plaque components ~ CV risk factor. (b) A 23-year-old female with a family
was assigned a respective color and defined as follows:  history of ischemic heart disease. (¢) A 26-year-old female
fibrous area (green), the area of densely packed collagen; ~ with chronic exposure to cigarette smoking. (d) A 16-year-
fibrofatty area (yellow), fibrous tissue with significant old female with chronic exposure to cigarette smoking.
lipid interspersed in collagen; necrotic core area (red), a  (Quoted from Mitani et al. [32])

necrotic region consisting of cholesterol clefts, foam cell,

OCT vs. IVUS

Adventitia

Media

Intima

———— Vessel lumen

Fig. 14 Normal contour illustration of the intima, media,  ers structure compared with IVUS in the patient with KD.
and adventitia layers in intracoronary OCT images. The  (Imaging from our institution)
OCT imaging has higher resolution against the three lay-
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standard coronary segment from a patient with
KD and scheme illustration of trilayer coronary
arterial wall under OCT. We present the typical
findings of OCT in coronary artery abnormalities
from different patients with KD in our institution
(Fig. 15).

Near-Infrared Spectroscopy
Intravascular Ultrasound

Solely IVUS system has the shortage of fore-
shortening and underestimation of plaque burden.
Near-infrared spectroscopy (NIRS) combined

Fig. 15 Optical coherence tomography (OCT) data
obtained from adult-aged patients with CAA secondary to
KD. (a) Fibrous plaque (asterisk) is defined as homoge-
neous, signal-rich regions with low attenuation. (b)
Calcified plaque (red arrowhead) is characterized by a
well-demarcated border and with heterogeneous, low-
signal composition. (¢) Lipid plaque (asterisk) is defined
as signal-poor regions with diffuse borders. (d) White
thrombus (white arrow heads) presents with as a low-

backscattering structure. (e) Red thrombus (red arrow
heads) presenting with high attenuation because there is
complete absorbance of the near-infrared light. (f) Intimal
hyperplasia with sinusoid structures of varying size sug-
gesting neovascularization (red arrow). (g) Intima dissec-
tion (red arrows). (h) Intima hyperplasia (white double
arrow). (i) Destruction of media, presented by the disap-
pearance of normal media (white arrow) and intima swell-
ing. (Imaging from our institution)
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with IVUS (NIRS-IVUS) is a novel emerging
tool using catheter-based intravascular imaging
modality. It provides a chemogram (Fig. 16) of
the coronary artery wall, enabling the detection

of the lipid core, precisely quantifying lipid accu-
mulation (Fig. 17), and preventing distal emboli-
zation and periprocedural myocardial infarction
in patients undergoing coronary angiography.

Fig. 16 Correlation between NIRS chemogram and
pathology findings. The arterial wall lacking necrotic lipid
core corresponds to “red” in chemogram (a, d), whereas

necrotic lipid core plaques correspond to “yellow” (b, c).
(Quoted from Kilic et al. [34])

Fig. 17 Atherosclerotic changes in coronary aneurysms
post-KD in vivo demonstration with NIRS. (a) A covered
stent was placed in LAD aneurysm (arrow). (b) NIRS-
IVUS in different coronary segments. (¢) The segment
with maximum diameter, calcification revealed by IVUS.
(d) A napkin’s rings of calcium in the middle RCA caus-

ing lumen narrowing. (e) NIRS showed large lipid posi-
tion (yellow arrow) behind the superficial calcium (arrow
head), indicating a lipid plaque in the arterial wall and
cause lumen narrowing. (f) No calcification or lipid con-
tent identified in the segment
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Giant Coronary Aneurysm
Regression Validated by
Transthoracic Echocardiography
and Coronary CTA

A combination of TTE and coronary CTA can
offer a detailed overview of CAA. Recently, Tai
et al. showed incidental finding of significant
coronary luminal regression of a giant coronary
aneurysm (Fig. 18) after intravenous methylpred-

LCA aneurysm regression timeline

nisolone pulse therapy (IVMP) for refractory KD
validated by TTE in a 5-year-old patient with
KD [35, 36]. The coronary CTA (Fig. 19) fur-
ther confirmed the regression without the aneu-
rysmal shape of coronary segments. Despite the
promising initial outcome, the long-term result
remains to be clarified. Therefore, we initiated a
randomized, open-labeled, phase 1 clinical trial
to elucidate the safety and efficacy of IVMP
(ClinicalTrials.gov Identifier: NCT04509219).
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Fig. 18 A 5-year-old boy with KD-associated giant aneu-
rysms underwent intravenous methylprednisolone pulse
therapy just after acute phase (week 3—4 since KD onset).
Serial echocardiography imaging revealed significant
regression on both-side aneurysms during week 205 since

KD onset. (a—e) The serial echocardiography showed full
regression of the original giant LCA aneurysm from 10mm
to 3.27mm. (f—j) The serial echocardiography showed near
full regression of the original giant RCA aneurysm from
5.89mm to 3.21mm. (Quoted from Tai et al. [36])
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Fig. 19 Regression of the giant aneurysms validated by
TTE and CTA. (a—¢) TTE imaging showed coronary lumi-
nal dimension regression in week 131, (d) the 256-slice,
three-dimensional reconstruction coronary CTA imaging

Summary (Take Home Message)

This chapter highlights the evidence-based clini-
cal utilization of various imaging modalities in
different risk stratification groups of Kawasaki

- 6.0 mm

week 131
diameter :
Zscore: 2.75 -

3.7 mm

also revealed true regression of the giant aneurysm with-
out aneurysmal shape in the coronary vessel wall in week
205. (Imaging from our institution)

disease-associated coronary aneurysms stages.
The authors constructed an integrated application
algorithm (Fig. 20) of imaging modalities from
acute to chronic and non-invasive to invasive to
aid KD experts.
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Abstract

Kawasaki disease (KD) is an acute systemic
inflammation illness. The diagnostic five
clinical manifestations which notable in acute
phase are bilateral nonexudative bulbar con-
junctivitis which sparing the limbal area, dry
fissured lips accompanied with hyperemia in
oropharyngeal mucosa or strawberry tongue,
unilateral anterior cervical lymphadenopa-
thy, changes in the peripheral extremities,
and polymorphous skin rash. Recognition
of nonspecific clinical features observed in
incomplete KD is key for prompt diagnosis.
Kawasaki disease shock syndrome is a poten-
tially life-threatening type of KD. Refractory
KD patients are IVIG-resistant and at higher
risk of developing coronary artery lesions
(CALs). Infants under 1 year of age and ado-
lescent with KD may have different manifes-
tations and high risk of developing CALs.
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Kawasaki disease (KD) is an acute systemic
inflammation illness primarily affecting children
[1, 2]. The diagnosis of KD is made up of fever of
at least 5 days’ duration in addition to four of five
signs of mucocutaneous inflammation, which
included bilateral conjunctival injection, ery-
thema of the lips and oral cavity, cervical lymph-
adenopathy, changes in the distal extremities, and
rash [3-5]. Coronary aneurysms generally appear
during the convalescence phase. The absence of
any laboratory tests for KD means that the diag-
nosis is made by the presence of a constellation
of clinical features [6]. The study of clinical fea-
tures of KD is important.

Fever

In the absence of other possible explanations, KD
should be considered in any child with persistent
fever. The diagnosis of classic KD is based on
>5 days of fever (the first calendar day of fever
is day 1 of onset) and >4 of the five major clini-
cal features. Patients with KD always have fever
and it reflects elevated levels of proinflamma-
tory cytokines, particularly IL-1 and TNF, which
mediate vascular inflammation [7]. To distin-
guish KD from a common viral exanthem, it is
known that fever in KD typically remains above
38.5 °C (101.3 °F) and does not respond to or
resolve with antibiotic therapy [8]. Fever usu-
ally lasts 5-17 days if untreated, with an average
duration of 8 days [9]. Spontaneous resolution of
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fever after 7 days should not be considered evi-
dence to exclude the diagnosis of KD. Fever usu-
ally resolves within 36 h after IVIG infusion is
complete; if not, the patient is considered IVIG
resistant. The fever will abate within 36 h after
IVIG infusion is complete, but IVIG resistance
is considered if fever persist. A small number of
patients (15%) fail to respond to an initial single
dose of IVIG (persistent or recurrent fever more
than 36 h) and require further treatment [10].
In the absence of other clinical criteria for KD,
infants <6 months of age are most likely to have
prolonged fever; these infants are at particularly
high risk for coronary artery lesions (CALs)
[4]. KD could be diagnosed with only 4 days of
fever in the presence of >4 major clinical crite-
ria, especially when redness and swelling of the
hands and feet are present. Likewise, an expe-
rienced clinician who has treated many patients
with KD may make the diagnosis in the rare case
of only 3 days of fever with the typical clinical
presentation. However, Kobayashi et al. modified
the fever definition for KD in 2020 [11]. While
most physicians are aware that the traditional def-
inition of KD requires a fever lasting more than
5 days, the 24th Nationwide Surveillance reports
that approximately 9%, 25%, and 35% of KD
patients received their first IVIG treatment on the
third, fourth, and fifth day of fever onset, and the
prevalence of CALs was lower than before. For
this reason, the requirement for the duration of
the fever was removed [12].

Conjunctivitis

On the part of ocular manifestation, previous
studies have shown that bilateral nonexudative
bulbar conjunctivitis and acute uveitis are hap-
pened in 80-90% and 20-80%, respectively
[13—15]. In the present study in 2020, Shiari et al.
reported that the incidence is 63.9% in nonexuda-
tive conjunctivitis which significantly higher in
children with skin rashes; the incidence of uve-
itis is 36.1% [16]. This study also mentioned that
uveitis has significant correlation with coronary
artery dilatation, higher of neutrophil count and
CRP levels. Choi et al. reported that uveitis is an

important ocular sign in the diagnosis of incom-
plete KD and uveitis is correlated to older patient
age and higher neutrophil count significantly
[17]. After all, we know that child presented with
nonexudative conjunctivitis and anterior uveitis
in early course of the illness, ophthalmologic
examinations is still crucial in differentiating KD
from other diseases characterized by fever, rash,
and bilateral conjunctivitis [18].

Although the most of ocular illness
resolved spontaneously within 2-8 weeks [19].
Subconjunctival hemorrhage and punctate kerati-
tis are observed and scleral or conjunctival scar-
ring, posterior synechiae, and blindness have
been noted in rare cases [4, 15, 20].

Oral Mucosa Manifestations

As we mentioned of hyperemia in oropharyngeal
mucosa, hallmark of clinical presentation are red-
ness of lips and vertical cracking. Virus such as
adenovirus, enterovirus, and rhinovirus could be
triggers for KD which had been reported before
[21, 22]. This correlation indicated the increase
in hyperemia in oropharyngeal mucosa caused
not only by vasculitis of KD, but also viral phar-
yngitis related. When we make the diagnosis
of KD, oral mucosal involvement is a common
manifestation but severe lip changes are unusual
[23]. Witness of such extensive lip changes could
make the timely diagnosis much difficulty [24,
25]. We have known that 2017 AHA scientific
statement said that oral ulcers and pharyngeal
exudates are not consistent with KD [4]. But
one present case report study had debate it. This
case reported that herpes simplex virus as the
inducer of KD had been reported in 2020. Such
severe mucocutaneous manifestations presented
with ulcerations and extensive lip cracking [26].
Those extensive and severe lip and oral mucosa
manifestation could complicate with microsto-
mia in some case report [24]. Strawberry tongue
is described as exanthem of the tongue which
presented by inflamed and hyperplastic papillae.
Strawberry tongue can be a manifestation not only
in KD but also other diseases such as toxic shock
syndrome, scarlet fever, and group A streptococ-
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cal pharyngitis [27]. Recently, a Mata-analysis of
4222 cases reported that clinical manifestation
with hyperemia of oral mucosa and lip, cervical
lymphadenopathy, swelling of the extremities,
polymorphous rash are more likely to be IVIG
resistant [28]. Isidori et al. said that oral and neck
manifestations can be misdiagnosed as suppura-
tive lymphadenitis or retropharyngeal infection
at early stage in recent study of 2019 [29]. Not
only ocular, lip, and tongue involvement but also
other head and neck manifestations are crucial in
timely diagnosis of KD.

Lymphadenopathy

The least common criterion found in patients
with KD is cervical lymph node enlargement. It is
usually unilateral, located in the anterior cervical
triangle, nonfluctuant, nontender, and >1.5 cm in
diameter. For up to 90% of children with incom-
plete disease, lymphadenopathy is absent, and for
those who met criteria for KD, it is 40-50% [30].
Typical sonographic images of cervical lymph
nodes feature a “cluster of grapes” appearance,
but clinically it is often the case that only a sin-
gle enlarged node is palpable. Ultrasonography
is a valuable imaging modality to distinguish
between nonsuppurative adenopathy and abscess
formation brought about by suppurative lymph-
adenitis [31]. Occasionally KD patients present
with only fever and cervical lymphadenopathy
before other clinical features appear (node-first
KD, NFKD). This presentation may be confused
with bacterial or viral cervical lymphadenopathy
or lymphadenitis and may delay the diagnosis of
KD. Kanegaye et al. revealed that patients with
NFKD have lower leukocyte, hemoglobin, and
platelet counts and higher absolute band counts,
C-reactive protein (CRP), alanine transaminase
and y-glutamyl transpeptidase levels, and eryth-
rocyte sedimentation rates compare to bacterial
cervical lymphadenitis [32]. Compared with
patients with typical KD, patients with NFKD
are older (mean age, 4 years vs. | year), admit-
ted earlier (3 days vs. 4 days), have more severe

inflammation (CRP levels: 7.6 mg/dL vs. 5.8 mg/
dL), have more days of fever, but have similar
rates of coronary artery lesions (CALs) and resis-
tance to intravenous immune globulin [33].

Skin Manifestations

The skin manifestations of KD may not be
simultaneous during a stage so must be carefully
sought during medical history [34]. Nonspecific
exanthema is observed in 50-90% of KD patients
in acute and subacute stage. It appears most com-
monly as a nonspecific diffuse erythematous
maculopapular eruption described as scarlati-
niform, morbilliform, or urticarial within the
first 5 days of fever [35]. Less commonly, other
forms of exanthema-like psoriasiform, erythema
multiforme-like, or pustular eruptions have been
described [36-38]. Vesiculobullous lesions are
rarely seen in KD patients and it should prompt
consideration of an alternative diagnosis [4, 39,
40]. During the acute phase of KD, early des-
quamation with accentuation of the exanthema
in the perineal and perianal region is highly sug-
gestive of KD [41]. In a French series of 425
KD patients, erythema and desquamation over
perineal region is 30% and 20%. In addition, KD
patients in African/Afro-Caribbean and North
African/Middle Eastern have significantly more
perineal erythema (respectively 51%, 41%, and
27%) and desquamation (respectively 58%, 31%,
and 13%) than European Caucasian [35]. The
KD patients who underwent Bacillus Calmette—
Guerin (BCG) vaccination, develop erythema,
induration, crusting or rarely necrotic ulceration
at the inoculation site during the acute phase [40].
Reactivation of BCG inoculation site is observed
in more than 70% of the patients whose ages are
from 6 to 20 months old [42]. However, reacti-
vation of BCG inoculation site is reported only
in a quarter of the cases in a Mexican retrospec-
tive series of 399 children with KD [43]. Younger
children who received BCG vaccine within the
2 years of KD onset have more BCG inoculation
site reactivation [43, 44].
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Changes in the Extremities

During the acute phase, edema and/or erythema
over hands and feet may occur with pain. During
the subacute phase, desquamation of fingers and
toes is noted in two-thirds of patients [4, 40]. The
desquamation pattern of KD begins in a periun-
gual distribution in contrast to the desquamation
pattern associated with Coxsackie virus infec-
tion. So, diagnosis of periungual desquamation
in a young child should look for others signs
of KD if present [45]. The KD could occasion-
ally complicate with distal ischemia and result
in peripheral gangrene and amputation of toes
and fingers in acute and subacute stage. Young
infant (mean age 3 months) with incomplete
KD are more reported with this complication
[46—48]. During the early course of KD, changes
in nail color of fingers and/or toes could be seen
in acute or subacute stage. Orange/brown trans-
verse chromonychia appear between 5 and 9 days
after fever onset and begin to fade 10 days later
and it is replaced by transverse leukonychia
[49-51]. However, transverse grooves or fur-
rows on nail plate which also known as Beau’s
lines are usually observed in convalescent stage
about 1-2 months after fever onset due to defect
in collagen cross-linking during the acute phase
of KD. Beau’s lines first appear at the cuticle and
move forward about 1 mm per week along with
the nail growth. Duration and time of the illness
can be evaluated by its width and distance from
the cuticle [52]. Proximal portion of the nail plate
separates from the nail bed as known as ony-
chomadesis sometimes could be found in KD
patients and the nonspecific nail abnormalities
often resolve spontaneously [53, 54].

Incomplete Kawasaki Disease

There are two main guidelines for diagnosis
of incomplete KD, published by the American
Heart Association (AHA) and the Japan Pediatric
Society (JPS). The JPS defined incomplete KD in
a different way from AHA. In the circumstance
of excluding other illness, a patient may be diag-

nosed as incomplete KD if the patient: (1) has
three principal clinical features with CALs by
echocardiography, (2) fulfills three or four signs
in the principal clinical features without CALs but
with some features from other significant clinical
features. If the patient presented with only one
or two principal clinical features, incomplete
KD may also be considered. Early in the disease
course, elevation of hepatic transaminases may be
observed. In the convalescent stage, thrombocy-
tosis may be expected. Other laboratory features
of KD such as elevation of BNP or NT-pro BNP,
hypoalbuminemia or hyponatremia, and presence
of sonographic findings including mitral valve
regurgitation or pericardial effusion, and gall-
bladder hydrops should also raise suspicion for
the diagnosis of incomplete KD [11]. According
to the new algorithmic approach for evaluation of
incomplete KD established by AHA on 2017, the
patients who do not fulfill the principal clinical
findings may be diagnosed with incomplete KD
(sometimes referred to as atypical KD). The diag-
nosis of incomplete KD is made from the associ-
ated clinical findings, compatible laboratory and
echocardiographic findings, if the patients had
CRP >3.0 mg/dL and/or ESR >40 mm/h, and
three or more than laboratory findings including
anemia for age, platelet count of >450,000/mm?
after the seventh day of fever, albumin <3.0 g/
dL, elevated ALT level, WBC count of >15,000/
mm?>, or positive echocardiogram [4].

Children diagnosed as incomplete KD are
more likely to be at the extremes of the age spec-
trum, especially the young infant, as compared
to those with complete presentation [55, 56]. The
diagnostic clinical features which less frequently
observed in incomplete KD are cervical lymph-
adenopathy (19-38.6%) and extremity changes
(21-44.3%), and this pattern of finding is similar
to the patient with complete presentation [57-61].
In two recent study conducted in 2012 and guide-
line from AHA in 2017, the patient’s laboratory
findings and coronary artery outcomes are com-
parable between the classic KD and incomplete
KD [4, 60, 62]. During the Covid-19 pandemic
in 2020, there is an association noted between
Kawasaki-like multisystem inflammatory syn-
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drome among children and SARS-CoV-2, incom-
plete KD is also recognized as a presentation
among these infected children [63-65].

Kawasaki Disease Shock Syndrome

Kawasaki disease shock syndrome (KDSS) is
a potentially life-threatening complication of
KD. Kanegaye et al. reported KDSS in 13 (7%)
of 187 KD patients in 2009, characterized by sys-
tolic hypotension for age, a sustained decrease in
blood pressure greater than 20% from baseline,
or clinical signs of poor perfusion [66]. Studies
reported incidence rate 1.45-1.9% in Taiwan [67,
68]. A population-based study of Taiwan finds
higher incidence of KDSS in KD patients aged
5 years and older and the age-specific distribution
reveals the highest incidence occurred between
the ages 8 and 9 years [68]. The mechanism of
hypotension is unknown, but possibly includ-
ing vasculitis with ongoing capillary leakage,
myocardial dysfunction, and cytokine dysregu-
lation [69]. Increased production of serum IL-6,
IL-10, TNF-a, and IFN-y are found, which may
play a role in the pathogenesis of KDSS [70].
KDSS patients tend to have higher proportions
of bandemia, neutrophilia, thrombocytopenia,
lower hemoglobin level, higher CRP concen-
trations, hypoalbuminemia, hyponatremia [67,
70]. Patients who present with shock may be
misdiagnosed as having bacterial sepsis or staph-
ylococcal or streptococcal toxic shock syndrome,
leading to a delay in treatment with intravenous
immunoglobulin [4, 69]. Features that may help
distinguish KDSS from toxic shock syndrome
include younger age, thrombocytosis, and echo-
cardiographic abnormalities such as valvulitis
and coronary artery lesions [71]. Compared with
patients with KD, the patients with KDSS have
longer duration of fever and longer hospital stays
[70]. KDSS patients have more severe inflam-
mation and more intense systemic vasculitis.
Multisystem involvement may be seen and pre-
senting with cardiac, gastrointestinal, neurologi-
cal, respiratory, and renal symptoms [72]. Higher
risk of CALs, mitral regurgitation, and prolonged
myocardial dysfunction are found [4]. Gamez-

Gonzalez et al. report 72% of KDSS patients
having CALSs in a sample of 103 patients in 2018
[72]. IVIG resistance is more frequent in KDSS
patients and it might be due to delayed treatment
due to misdiagnosis initially and more severe
inflammation [67].

Refractory Kawasaki Disease

Intravenous immunoglobulin (IVIG) although is
the established treatment of acute KD, only around
80-90% of KD patients are sensitive to IVIG
[73]. Moreover, IVIG-resistant patients are more
prone to develop CALs. Therefore, it is important
to develop a clinical tool to facilitate earlier inter-
vention and reduce complications for the patients
who will be resistant to IVIG. Previously, there
were several risk-scoring systems to predict IVIG
resistance in KD patients, namely, the Kobayashi,
Egami and Sano risk scores [74-76]. Two ran-
domized control trials examined the role of com-
bination therapy with corticosteroids and IVIG
as the first-line treatment for high-risk patients.
The RAISE study assessed the efficacy of immu-
noglobulin plus oral prednisolone; another trial
by Ogata et al. investigated IVIG and intravenous
methylprednisolone-pulse combination therapy
[77, 78]. Patients were less likely to need second-
line treatment and had lower median z-scores
in their coronary arteries in the steroid group.
Patients with KD at high risk for nonresponse
were identified by scoring system and then
selected only these high-risk patients to receive
intensified combination primary therapy.
Highest risk of IVIG unresponsiveness are
considered in Taiwanese KD patients if the pre-
IVIG levels of lymphadenopathy, percentage
of neutrophils and albumin are identified [79].
Inflammation and infection result to neutrophil
count increase. The severity of the clinical course
in patients with shock and sepsis is correlated
with marked neutrophilia and lymphocytopenia.
The increased production of oxygen intermedi-
ate, neutrophil elastase and myeloperoxidase
enhance the number and the function of circu-
lating neutrophils. Therefore, it’s believed that
the pathogenesis of KD vasculitis involves the
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activated neutrophil-mediated endothelial injury.
Under conditions such as systemic infection and
inflammation, the platelet count and the levels of
proinflammatory cytokines stimulate megakaryo-
cytic proliferation increase. A few hematological
parameters such as the Neutrophil-to-Lymphocyte
Ratios (NLR) and Platelet-to-Lymphocyte Ratios
(PLR) are thought to be useful markers of the
severity of the systemic inflammatory response
[80]. As the Kobayashi, Egami and Sano scores
consist of 7, 5 and 3 factors, the NLR and PLR
can be calculated quickly, more conveniently to
predict the possibility of IVIG resistance and
help identify patients who might be expected to
receive a benefit from anti-inflammatory pro-
cesses. The risk of cardiac events and mortality
in patients undergoing percutaneous coronary
interventions could be independently predicted
by the NLR (>3.83) and PLR (>150) alone but
the NLR (>3.83) and PLR (>150) together had
a much greater predictive ability than either NLR
or PLR separately. Kawamura et al. revealed that
the NLR is an independent predictor of IVIG
resistance in patients with KD [81].

Infant Kawasaki Disease

Infant KD, especially for those patients who are
under 6 months old, often presents as incom-
plete forms [4, 55, 82]. For the neonates who
were under 28 days old, the incidence of KD is
rare. There is a theory to explain this finding that
maternal antibody could be passed from mother
to neonate and reached protection effect [83].
A previous study reported that toxic shock syn-
drome toxin-1 might be involved in the patho-
genesis of KD and maternal antibody against this
toxin may protect young infants from developing
KD [82, 84]. In the infant <6 months of age, pro-
longed fever and irritability are commonly found
clinical manifestations of KD [4, 85].

Many evidences had showed infant KD pre-
sented with difficulty in diagnosis due to its
atypical pattern, which often led to delay in rec-
ognition and IVIG treatment. Thus, the risk of
CALs were higher compared to other age group
[4,55, 85-90]. Also, symptoms and signs of myo-
cardial ischemia or infarction may be atypical and

nonspecific, particularly in infants [4]. The least
found clinical feature in infancy is lymphadenop-
athy, ranging from 13 to 47%. Lymphadenopathy
is more frequent in the toddler and preschool
age groups [88]. The other four clinical features
shared similar frequency with subtle difference in
majority among each study [55, 85-89].

Reactivation of the BCG site is a good pre-
dictor in KD and can help with early diagnosis
in infant with atypical presentation [91-93]. A
large analysis conducted in 15,524 KD patients
in Japan reported that more than 70% of patients
aged 3-20 months had redness or crust forma-
tion at the BCG. Notably, more than 80% patients
aged 6-11 months had BCG site reactivation
[42]. Chang et al. reported hydrops of gallblad-
der was more common in patients older than
6 months old than infants under 6 months old.
(0% vs. 16%, P < 0.001) [55]. Other additional
symptoms including cough and diarrhea were
also recorded as common symptoms in the infant
group [85, 88].

Kawasaki Disease in Adolescents

KD predominantly affects infants and young
children but is increasingly recognized in older
children. Studies reported the proportion of
patients presenting with KD in adolescence to
be 1% [94] to 6% [87]. A greater frequency of
older children and adolescents with KD pres-
ent with incomplete clinical features, making
the diagnosis challenging and contribute to
delay in diagnosis and treatment. Such delay
may be associated with higher risk of coronary
artery abnormalities [87, 94, 95]. Manlhiot et al.
reported 25% of coronary artery abnormalities
in adolescence (patients >9 years of age) [87]. A
cross sectional study published from Indonesia
comparing adolescents (aged >10 years) and
children (aged <10 years) revealed more often
incomplete KD in adolescents (59% vs. 29%).
In KD subjects <10 years, manifestation of con-
junctivitis, red lips/strawberry tongue, rash, and
extremity changes is more characteristic, while
patients in adolescence more often display fea-
tures of cervical lymphadenopathy and coronary
dilatation [96].
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Laboratory Tests for KD

There were several laboratory parameters had
been shown to be related to infant KD, including
higher platelet counts [86—88, 97], lower hemo-
globin levels, and lower albumin levels than group
older than 1 yearold [55, 86, 87]. In arecent Italian
survey, AST was significantly higher in incom-
plete forms of infant KD, and this may helped
with clinical diagnosis for atypical cases [89].
Higher level of Pro-BNP is also believed to be a
good tool to diagnose incomplete KD in infants
[97]. KD is diagnosed based on clinical criteria
and no specific diagnostic laboratory test for KD
is available to date. However, it is still challeng-
ing to diagnose KD due to ambiguously clinical
pictures and shared laboratory similarities among
a few bacterial disease and viral disease. The
severity of systemic inflammation reflected in a
variety of laboratory indices since KD is a sys-
temic inflammatory process. Some parameters,
therefore, including C-reactive protein (CRP),
erythrocyte sedimentation rate (ESR), white
blood cell (WBC) count and differentials, albu-
min, hemoglobin, alanine transaminase(ALT),
platelet count, and pyuria, have been used for the
diagnosis of incomplete KD [5]. Furthermore,
Laboratory parameters before and shortly after
IVIG may reflect the severity of inflammation
in KD patients and assist in informing further
management [98]. Seo et al. classify patients into
six groups and they find significant differences
across the six groups [99]. WBCs, neutrophils
differential and CRP values are the highest and
albumin, hemoglobin and lymphocyte differen-
tial values are lowest in the sixth day group in
the laboratory findings. The platelet count tends
to increase after peak day along with increas-
ing days of fever and shows highest value in the
>eighth day group. Total protein level is the high-
est in the >eighth day group, and the ESR val-
ues do not fluctuate significantly. The AST and
ALT values are highest in the <third day group.
Negative correlations between the CRP and albu-
min and between the CRP and hemoglobin, and
positive correlation between the CRP and neutro-
phil differential (P < 0.01 or P < 0.05) have been
found. There is positive correlation between the

albumin and hemoglobin (P < 0.01) and there is
a negative correlation between albumin and neu-
trophil differential (P < 0.05).
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Abstract

Laboratory data is very important for distin-
guish Kawasaki disease (KD) from children
with fever. Laboratory data are variable includ-
ing basic routine complete blood count, differ-
ential blood cell count, electrolyte, C-reactive
protein, erythrocyte sedimentation rate, and
liver enzyme, and some advanced examina-
tions. This chapter will focus on the routine
laboratory data in the role of distinguishing
KD from fever illness in children and predic-
tion score system for high-risk group of KD.
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Laboratory Data for Distinguishing
Kawasaki Disease from Fever
in Children

Fever [1] is the most common reason that chil-
dren see a doctor in a pediatric emergency
department. In most cases, the main cause of
fever is infection [2]. Among children with fever
(FC), Kawasaki disease (KD) is the most wor-
rying cause of acquired heart disease in children
under 5 years of age [3]. KD is characterized by
persistent fever for more than 5 days and five
main clinical manifestations, including diffuse
mucosal inflammation (1 mouth), bilateral non-
suppurative conjunctivitis (2 eyes), and nonsup-
purative cervical lymphadenopathy (3 fingers
to check the lymph nodes in the neck), rigid
angioedema of the hands and feet (changes in
4 limbs), and polymorphic rash (5 means many
skin rashes). According to the 2017 American
Heart Association (AHA) statement, fever lasting
more than 96 h with erythematous changes on the
palm and three other major symptoms can also
fit the diagnosis of KD (rule of 4: 4 days of fever
with four major clinical presentations, includ-
ing 4 limbs’ induration) [4, 5]. However, all the
major signs for diagnosing KD are subjective. To
prevent the most common and severe sequelae
and complications of coronary artery aneurysms
(CAA) in KD patients [4, 6], intravenous immu-
noglobulin (IVIG) therapy needs to be admin-
istrated early. Randomized controlled studies
and meta-analyses have all confirmed that IVIG
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treatment for KD patients is most effective within
10 days after fever onset and within 10-12 h of
treatment; this can reduce the risk of CAA from
20-25% to 3—5% [5, 7-9]. Therefore, early rec-
ognition of KD is particularly important for both
clinicians and parents. However, the challenge
for clinicians is to distinguish KD from other
febrile diseases as early as possible, because
KD has many common clinical symptoms with
other febrile diseases in childhood [10]. In addi-
tion, 20-30% of patients with KD do not fully
meet the above diagnostic criteria and are there-
fore considered to have incomplete KD, which
usually makes the diagnosis more challenging
for inexperienced pediatricians [5, 11]. Patients
with fever for >5 days (with 2 or 3 principal clini-
cal features for KD) without other explanation
should undergo laboratory testing, and if there is
evidence of systemic inflammation, an echocar-
diogram should be obtained even if the patient
does not fully meet the clinical criteria for KD.
Infants <6 months old with fever for >7 days with-
out other explanation should undergo laboratory
testing, and if evidence of systemic inflammation
is found, an echocardiogram should be obtained
even if the infant has no clinical criteria for KD.
The 2004 AHA supplemental laboratory criteria
for KD included (1) albumin <3.0 g/dL; (2) ane-
mia for age; (3) elevation of alanine aminotrans-
ferase; (4) platelets after 7 days >450,000/mm?;
(5) white blood cell count >15,000/mm?; and (6)
urine 210 white blood cells/high-power field. If
a patient has more than 3 supplementary criteria,
incomplete KD is diagnosed and IVIG should be
prescribed before performing echocardiography.

Although there is no single laboratory test that
can be used as the standard diagnostic tool for KD,
many quick methods have been proposed to iden-
tify KD earlier [12—-14]. However, these methods
are far from being applied in clinical practice. Ling
et al. described the KD scoring system that uses
clinical manifestations, laboratory test results, or
a combination of them to distinguish KD from FC
[15] and further improved their two-step algorithm
with another cohort in 2016 [10]. However, sub-
jective clinical manifestations still play an impor-
tant role in their predictive models.

Clinical Features Differentiating
Children with Fever Suspected

of Kawasaki Disease (Do Not Fit KD
Diagnosis Upon Admission, But Fit
Diagnosis During Follow-Up) [16]

When the initial clinical symptoms do not meet
the traditional standards or the echocardiogram
is normal, KD patients may miss the diagnosis
or delay the diagnosis. Yan et al. conducted a
study on a total of 50 febrile children who were
initially suspected of having KD but did not
meet the diagnostic criteria of the American
Heart Association (AHA). However, some of
these patients were diagnosed with KD when
they visited the clinic for the second time at
outpatient department. The patients’ character-
istics, clinical symptoms, and laboratory data
(initial data at the first visit) were analyzed.
Among them, 10 patients were diagnosed with
KD at the second visit (group 1), while the other
40 patients still did not meet the requirements
for KD diagnosis (group 2). Compared with
group 2, a higher ratio of neutrophils to lym-
phocytes (NLR, p = 0.037) and a higher level of
C-reactive protein (CRP, p = 0.02) were found
in group 1. Patients with NLR >1.33 and CRP
greater than 33 mg/L are more likely to suffer
from KD (sensitivity 90%, specificity 69.2%,
p = 0.001; odds ratio 20.25, 95% confidence
interval 2.3-178.25). For patients with sus-
pected KD who initially did not meet the cri-
teria, clinicians should pay special attention to
the initial laboratory data of elevated neutrophil
to lymphocyte ratio and CRP levels and follow
up such patients within 1 or 2 weeks after dis-
charged from admission ward.

Nomogram Model for Predicting
Kawasaki Disease

Liu et al. [17] published a report with a total of
420 children (227 KD and 193 sepsis). Logistic
regression and a nomogram model were used
to analyze the laboratory markers. For the
study, 247 children were randomly selected
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as the training modeling group and 173 as the
validation group. After completing logistic
regression analysis, white blood cell (WBC),
anemia, procalcitonin (PCT), C-reactive pro-
tein (CRP), albumin, and alanine transaminase
(ALT) demonstrated a significant difference
with regard to predicting KD from sepsis.
Patients were scored according to the nomo-
gram, and patients with scores greater than 175
were placed in the high-risk group of KD. The
area under the curve of the receiver operating
characteristic (ROC) curve of the modeling
group was 0.873, sensitivity was 0.893, and
specificity was 0.746, while the ROC curve
in the validation group was 0.831, sensitivity
was 0.709, and specificity was 0.795. A novel
nomogram prediction model may be help clini-
cians identify KD from sepsis with high accu-
racy (Fig. 1).

The Importance of Eosinophils
in Kawasaki Disease

There is currently no single laboratory data that
can distinguish KD from other febrile infectious
diseases. Liu et al. [18] reported a study of 800
children (249 KD and 551 age- and gender-
matched non-KD febrile infectious diseases), in
which univariate and multivariate logistic regres-
sion and nomogram model were used to analyze
the experimental results. The researchers ran-
domly selected 562 children as the model group
and 238 as the verification group. The predic-
tion nomogram includes the percentage of high
eosinophils (100 points), high C-reactive protein
(93 points), high alanine aminotransferase (84
points), low albumin (79 points), and high white
blood cells (64 points). This produced an area
under the curve of 0.873 for the model group and
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Fig. 1 Nomogram prediction score differentiating protein, ALB albumin, ALT alanine transaminase.

Kawasaki disease from sepsis. WBC white blood cell,
HGB hemoglobin, PCT procalcitonin, CRP C-reactive

(Adapted from Sci Rep. 2020;10(1):13745)
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Fig.2 The Kawasaki disease nomogram prediction score
distinguishes KD from non-Kawasaki disease febrile
infectious diseases (WBC white blood cell count, CRP
C-reactive protein, ALT alanine aminotransferase). The
results of multivariate regression analysis were used to
construct a nomogram for predicting Kawasaki disease. A

0.905 for the validation group. During the mul-
tiple logistic regression, eosinophilia showed the
highest OR: 5.015 (95% CI: 3.068-8.197). The
sensitivity and specificity of the validation group
were 84.1% and 86%, respectively. Eosinophilia
(percentage) plays a major role in the nomo-
gram model and has high accuracy in predicting
KD. This report demonstrates the importance of
eosinophils in KD (Fig. 2).

We also found in previous studies that
eosinophils in KD are elevated, suggesting that
eosinophilia is related to IVIG responsiveness
and can prevent the formation of CAL [19, 20].
Some data also indicate that the percentage of
eosinophils and the absolute eosinophil count
increase in acute KD, and the percentage of
eosinophils continues to rise, reaching a peak
during the recovery period [21]. Studies have
shown that the incidence of peripheral blood
eosinophil in patients with incomplete KD was
significantly higher than that in the typical KD

score proportional to the logarithm of the odds ratio is
assigned to each independent predictor. The total score for
each case is assigned by drawing a vertical line from the
appropriate point of each predictor down to the rating
scale and adding these scores. (Adapted from Front
Pediatr. 2020;8:559389)

group. Therefore, unexplained eosinophilia may
help diagnose incomplete KD [22]. Although the
underlying mechanism of eosinophilia in KD
is unclear, the accumulation of eosinophils in
microvessels and the increase of eosinophils in
peripheral blood may play a role in the pathogen-
esis of KD [23]. In conclusion, eosinophils may
have protective or anti-inflammatory effects in
KD through T-helper 2 cytokine (IL-4) [20, 24].
Tsai et al. [25] analyzed 6310 febrile chil-
dren’s and 485 KD subjects’ biological param-
eters of a routine blood test, including complete
blood count with differential, C-reactive protein,
aspartate aminotransferase, and alanine amino-
transferase. Receiver operating characteristic
curve, logistic regression, and Youden’s index
were all used to develop a prediction model. Two
other independent cohorts from different hospi-
tals (one in Taiwan and one in China Mainland)
were also used for verification. Eight independent
predictors (platelets, eosinophils, alanine ami-
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Table 1 Logistic regression analysis and scoring system for Kawasaki disease and fever controls demonstrate the

important role of eosinophils

Univariate Multivariate
Variable Est. (95% CI) p-Value Est. (95% CI) p-Value Score
WBC (1000/uL) 2.993 (2.304-3.888) <0.001 - 0.130 -
Platelets >280 (1000/pL) 3.506 (2.741-4.484) <0.001 1.835 (1.363-2.470) <0.001 2
Eosinophil >1.5% 6.673 (5.252-8.478) <0.001 6.744 (5.040-9.023) <0.001 7
ALT >30 (U/L) 7.299 (5.748-9.268) <0.001 5.776 (4.325-7.712) <0.001 6
CRP >25 (mg/L) 5.277 (4.048-6.881) <0.001 5.878 (4.305-8.026) <0.001 6
RBC <4.5 (million/pL) 1.905 (1.494-2.429) <0.001 - 0.508 -
Hemoglobin <12 (g/dL) 3.138 (2.418-4.072) <0.001 1.499 (1.090-2.060) 0.013 1
MCH <27 (pg/cell) 2.116 (1.663-2.692) <0.001 1.794 (1.328-2.424) <0.001 2
MCHC <33 (gHb/dL) 2.614 (2.028-3.368) <0.001 1.547 (1.104-2.168) 0.011 2
Monocyte <7 (%) 4.569 (3.568-5.850) <0.001 4.163 (3.125-5.545) <0.001 4
Total score 30

Reproduced with permission from [25]

notransferase, C-reactive protein, hemoglobin,
mean corpuscular hemoglobin, mean corpuscular
hemoglobin concentration, and monocytes) were
identified, and the top three scores were found
to be eosinophil >1.5% (score: 7), alanine ami-
notransferase >30 U/L (score: 6), and C-reactive
protein>25 mg/L (score: 6). A score of 14 (total
score 30) represents the best sensitivity value plus
specificity prediction rate for KD (as showed in
Table 1). The sensitivity, specificity, and accuracy
were 0.824, 0.839, and 0.838, respectively. The
verification test of the two independent cohorts of
KD patients (N = 103 and 170) from two differ-
ent institutes had a sensitivity of 0.780 (213/273).
This study only used the routine laboratory data
of CBC/DC, CRP, and GOT/GPT (without using
age, gender, clinical symptoms, or urine routine)
to distinguish KD from fever illness. This study
also demonstrated the importance of eosinophils
in KD.

From other previous reports, increased eosin-
ophils were found in KD prior to IVIG treatment,
and the eosinophils were even higher following
IVIG treatment [19, 20]. KD patients had higher
eosinophil levels both before and after IVIG
therapy than the enterovirus patients (treated
with IVIG 1 g/kg), which indicated a T helper 2
immune response more predominant in KD [26].
According to previous reports, eosinophils are a
heterogeneous cell population and have different
characteristics based on the site in which they are
located. Altogether, the role of anti-inflammatory

eosinophils as protective cells may play a more
important role in KD than inflammatory eosino-
phils. Eosinophils may play a very important role
in KD, and a novel scoring system that includes
eosinophils can help first-line physicians pre-
cisely identify and treat KD.

Neutrophil-to-Lymphocyte Ratio
in Kawasaki Disease

Chang et al. [27] reported that male, IVIG resis-
tance, anemia, hypoalbuminemia, elevated CRP
levels, elevated neutrophil counts, elevated neu-
trophil/lymphocyte ratio (NLR), and elevated
ALT levels are all risk factors for KD patients who
developed CAL. After multivariate logistic regres-
sion analysis, male, IVIG resistance, NLR > 3.5,
CRP > 103 mg/L and other characteristics are inde-
pendent risk factors for predicting the formation of
CAL. Then a scoring model was developed. At the
cut-off point pf 2 points, the sensitivity was 60.8%,
the specificity was 70.6%, and the AUC was 0.696.

CAL is the most serious complication of KD,
but high-dose IVIG treatment can reduce the
rate of coronary artery disease. However, 3-5%
of patients still have coronary artery disease,
which requires long-term follow-up and medi-
cation. Early classification of high-risk patients
can remind clinicians to follow up frequently or
try different anti-inflammatory treatment options,
such as steroids [28].
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Many scoring systems have been proposed
for early detection of IVIG resistance in NLR
[29-31], but few scoring systems are used to
predict the formation of CAL in NLR. Nakano
et al. revealed that age of onset, CRP, and plate-
let count can be used to predict patients at high
risk of CAL [32]. Beiser et al. constructed a risk
classification tool based on baseline hemoglo-
bin level, neutrophil count, platelet count, and
body temperature [33]. Kim et al. discovered that
incomplete KD manifestations, IVIG resistance,
longer duration of fever, and rs7604693 genetic
variants in the PELI1 gene are all risk factors for
the development of CAL [34]. Previous studies
have shown that the body’s immune system’s
response to systemic inflammation includes
significant neutropenia and lymphopenia [35].
Neutrophils represent active nonspecific inflam-
mation, while lymphocytes represent the regu-
latory pathway of the immune system. NLR
stands for the balance between inflammation and
immune regulation. Amano et al. demonstrated
that the systemic inflammation that occurs in KD
affects the formation of CAL [36]. Therefore,
NLR may help indicate systemic inflammation
and immune system responses in patients with
KD. In addition, Ha et al. indicated that NLR can
predict CAL formation and IVIG resistance in
patients with KD [37]. Takeshita et al. revealed
that the combination of NLR > 3.83 and plate-
let/lymphocyte ratio (PLR) > 150 is used to pre-
dict IVIG resistance in KD with high sensitivity
(72%) and specificity (67%) [38]. NLR can be a
reliable predictor of IVIG resistance, so this may
be related to the increased risk of CAL formation
in KD [39]. NLR is an independent risk factor
for the formation of CAL. A higher level of NLR
may indicate a higher level of inflammation and
is related to coronary artery damage in KD.

Prognostic Nutrition Index (PNI)
in Kawasaki Disease

Prognostic nutrition index (PNI) has been used
to predict and evaluate post-operative status in
patients with cancers for decades, ever since it
was first announced in 1983 [40]. PNI has also

been used to predict mortality in ST-segment ele-
vation myocardial infarction (STEMI) patients
[41]. Currently, PNI is determined by albumin
(ALB) and total lymphocyte count (TLC), with
albumin the consistent parameter in the PNI for-
mula since various studies have shown its cor-
relation with nutrition and immune status. By
definition, higher albumin levels or lymphocyte
counts contribute to higher PNI values, which
indicate better self-healing ability due to a nutri-
tion and immune capacity that is sufficient to pre-
vent opportunistic infectious pathogen invasions.

In a study of 284 children with KD, Tai et al.
[42] reported that 158 had CAL including tran-
sient dilatation and 126 did not during a 6-month
follow-up period. Univariable analysis identified
five laboratory variables (white blood cell, abso-
lute neutrophil count, absolute monocyte count,
platelet count, and PNI) as significant predic-
tors of CAL formation (p < 0.05). Multivariate
logistic regression model revealed that PNI and
platelet count were significant predictors of
CAL presence with their 95% confidence inter-
val estimators 2.532 (1.394-4.599) and 1.004
(1.002-1.006), respectively. Using PNI to predict
CAL presence gave an area under the receiver
operating characteristic curve of 0.596 and the
PNI cutoff point of 55.24, with 0.509 sensitivity
and 0.678 specificity. Nutrition status resulting
from the intake, absorption, and use of nutrients
is particularly influenced by physiological and
pathological status. PNI, a current long-term
predictor of cancer, is a useful index for predict-
ing CAL formation with high specificity prior to
initial IVIG therapy and can thus alert clinicians
in advance to adopt an aggressive therapeutic
strategy.

C-Reactive Protein-to-Albumin
Ratio (CRP/Alb) in Kawasaki Disease

The ratio of C-reactive protein (CRP) to albu-
min (CRP/AIb) is a new marker of inflammation.
Recently, it has been recognized as a more use-
ful sepsis indicator than CRP or albumin alone
[43]. Studies have also shown that the CRP/
Alb ratio can be used as a biomarker of disease
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activity in patients with autoimmune diseases
[44, 45] and Takayasu arteritis [46]. Since KD
is also a systemic vasculitis involving small
and medium blood vessels, especially coronary
arteries, plasma CRP and/or albumin levels have
been proposed as predictors of CAL formation
or IVIG treatment response in children with KD
[30, 47—-49]. In a study of 410 patients with KD
(143 KD with CAL and 267 KD without CAL),
Tsai et al. [50] reported that KD children with
CAL have a higher CRP/Alb ratio than chil-
dren without CAL (3.14 = 3.17 vs. 2.12 £ 2.04,
p <0.001). Multivariate logistic regression analy-
sis showed that males (OR = 3.222, p < 0.001),
incomplete KD (OR = 1.968, p = 0.031), more
platelet counts (OR = 1.004, p < 0.001), higher
CRP (OR = 0.982, p = 0.048) and higher CRP/
Alb ratio (OR = 1.994, p = 0.016) are indepen-
dent risk factors that predict the formation of
CAL in KD. The incidence of CAL and IVIG
resistance in KD children with a high CRP/Alb
ratio (22.94) is higher than that of children with
a low CRP/AIb ratio (<2.94) (49.6 vs. 28.7%,
p <0.001 and 11.6 vs. 3.5%, p = 0.001, respec-
tively). Therefore, the CRP/AIb ratio can be used
as a predictive marker of CAL formation and
IVIG resistance in KD.
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Abstract

Kawasaki disease (KD) is a leading cause of
acquired heart disease in children; however,
the etiology of this disease is still unclear.
Several genome-wide association studies
(GWASSs) indicated that genetic variations
contribute to KD susceptibility and intrave-
nous immunoglobulin (IVIG) responses.
Application genetic risk score is another
example of pharmacogenomics research for
predicting IVIG unresponsiveness. High-
throughput DNA sequencing technology has
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been developed on an unprecedented scale,
and more and more genomic information will
be available to understand the etiology and
treatment of KD.
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Introduction

Kawasaki disease (KD) is an acute disease that
frequently affects children under five years of age,
and the number of patients increases annually.
Family history has been considered one of the
important risk factors for KD [1]. KD incidence in
northeastern Asian countries, including Japan,
Korea, and Taiwan, is higher than in North
America, Australia, and Europe. The etiology of
this disease is still unclear. Genetic susceptibility
has been proposed to interact with several envi-
ronmental and immunological variables [2].
Infections such as bacterial [3] or viral infections,
including enterovirus, adenovirus, human rhino-
virus, and coronavirus [4], were reported to cause
immune dysfunction and KD. For the treatment of
KD, initial therapy with high-dose intravenous
immunoglobulin (IVIG) and acetylsalicylic acid
(ASA) is recommended as early as possible to
reduce the risk of coronary artery abnormalities
(CAAs). However, up to 20% of patients are
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IVIG-unresponsive patients who show persistent
fever 36~48 h after an initial IVIG infusion [5].
The mechanism of IVIG resistance is still
unknown. Genetic polymorphisms play an impor-
tant role in determining an inter-individual differ-
ence in the susceptibility of diseases and
therapeutic outcomes. This chapter highlights the
genetic factors that are becoming accepted as crit-
ical to KD susceptibility.

Genetics and KD

Recently, many studies reported functional roles
of genetic polymorphisms in KD susceptibility
and the responses to IVIG treatment using either
family-based, candidate gene approaches, or
genome-wide association studies (GWASs). KD
susceptibility genes such as ITPKC [6-10],
FCGR2A [8, 11-13], BLK [10, 11, 13-16], and
CD40 [10, 11, 13, 14, 17] have been widely
reported in different populations. Moreover,
genes such as SAMDOYL [18], IL16 [19], and
P2RY12 [20] were involved in pharmacological
responses to IVIG treatment. This chapter pro-
poses an overview of genes that have been identi-
fied to be related to KD susceptibility and IVIG
responses, as summarized in Table 1.

B Lymphoid Tyrosine Kinase (BLK)

The BLK gene encodes an Src-family protein
tyrosine kinase, which has important role in reg-
ulating of proinflammatory cytokine [34].
Previous genetic studies proved that rs2254546
(the G allele or GG genotype) [11, 13, 14, 21],
rs2736340 [15], and rs6993775 [16] on the BLK
gene were associated with the risk of KD.
Furthermore, the single-nucleotide polymor-
phism (SNP), rs2254546, was validated for KD
susceptibility in Taiwanese population. However,
there was no evidence of any association with
coronary arterial lesions (CALs) [14]. The
rs2254546 SNP is located in an intergenic region
between the family with sequence similarity 167
member A (FAM167A) and BLK on chromosome
8. However, the biological function of FAM167A,
which is predominantly expressed in the human
lungs, is still unclear [35]. Several SNPs on the

BLK gene are known to be related to immune
diseases, such as systemic lupus erythematosus
(SLE) [36] and rheumatoid arthritis [37].

Caspase-3 (CASP3)

CASP3, located at 4q35.1, as one of effector cas-
pases contributes to the cell apoptosis process.
Activation of effector caspases (caspase-3, cas-
pase-6, and caspase-7) cleaves certain targets
leading to cell death [38]. Besides the apoptosis
process, other cellular processes in which CASP3
is involved include regulating B cell homeostasis
[39]. Furthermore, the role of CASP3 in KD fol-
lows the nuclear factor of activated T cells
(NFAT) c2 pathway in response to signals from T
cell receptor [40]. CASP3 is known to cleave
NFATc2 and influence transcriptional activity
[41]. Not only CASP3, but also ITPKC acts as a
regulator of the NFAT pathway in response to
calcium signals. Decreasing activities of CASP3
and ITPKC are related to hyperactivation of the
immune system [9]. CASP3 polymorphisms are
genetic susceptibilities for cancer development,
such as squamous cell carcinoma of the head and
neck (SCCHN) [42] and endometrial cancer [43].
rs113420705 (G/A) of CASP3 is related to KD
susceptibility, CAL formation, and response to
IVIG in Japanese and Han Chinese populations
[9, 11]. However, a replication study in a
Taiwanese population showed different results
for IVIG response either with rs113420705 or a
two-locus model (rs113420705 and rs28493229)
[44]. In addition, rs72689236 was associated
with aneurysm formation in Taiwanese KD chil-
dren [45] and increased KD risk based on a meta-
analysis study [22]. However, there was no
significant association between rs72689236 and
the IVIG response or CAL formation [45].

Cluster of Differentiation 40 (CD40)
and CD40 Ligand (CD40L)

CDA40, a costimulatory receptor, is a type-I trans-
membrane protein expressed by antigen-
presenting cells, such as B cells. At the same
time the CD40L is a type II transmembrane pro-
tein expressed by activated T cells. Interactions
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between CD40 and the CD40L are essential for
activation of the immune system, such as turning
on signaling pathways including nuclear factor

(NF)-kB-signaling pathways
necrosis

factor

(TNF)

receptor

through tumor

(TNFR)-

associated factor

(TRAF)

proteins

[46].

Moreover, ligation of CD40 and the CD40L
enhances endothelial cell activation and medi-
ates vascular remodeling and neovessel forma-
tion in KD. Expression of the CD40L is known

Table 1 Gene polymorphisms associated with Kawasaki disease (KD) susceptibility and the response to intravenous
immunoglobulin (IVIG)

Chromosome | Representative
Gene location variants Study design | Populations Results Reference
Genes related to susceptibility to Kawasaki disease
BLK 8p23-22 1s2254546 Case-control | China OR =1.443, Yan et al.
study and CI=1.154 ~ 1.805 (2013)
meta- [11]
analysis
GWAS and | Japan p=82x10"% Onouchi
replication et al.
study (2012)
[13]
Case-control | China OR =1.55, Wang
study and Cl=142~1.70 et al.
meta- (2014)
analysis [21]
Case-control | Taiwan p=10x107 Chen
study etal.
(2020)
[14]
1$2736340 Replication | Taiwan, Japan, |Meta-p =4.74 x 107! | Chang
and Korea etal.
meta- (2013)
analysis [15]
Meta- Japan, Korea, Meta-p = 6.6 x 1073 | Johnson
analysis of Taiwan etal.
GWASs (2020)
[10]
16993775 Case-control | Korea p=4.63x10"" Sim et al.
study (2019)
[16]
CASP3 4q34-35 rs113420705 | Cohort Japan p=0.022 Onouchi
study etal.
(2013) [9]
Case-control | China OR =1.33, Yan et al.
study and Cl=1.22~143 (2013)
meta- [11]
analysis
1s2720378 Meta- Japan, Korea, Meta-p = 1.6 x 108 Johnson
analysis of Taiwan etal.
GWASs (2020)
[10]
1s72689236 Meta- China, Japan p <0.001 Ferdosian
analysis etal.
study (2019)
[22]

(continued)
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Table 1 (continued)

Chromosome | Representative
Gene location variants Study design | Populations Results Reference
CD40 20q12-13.2 rs1535045 Case-control | Taiwan p =0.0405 Kuo et al.
study (2012)
[17]
rs4813003 GWAS and | Japan p=48x10"% Onouchi
replication etal.
study (2012)
[13]
Case-control | China OR =1.37, Yan et al.
study and Cl=127~147 (2013)
meta- [11]
analysis
Case-control | Taiwan p=81x10" Chen
study et al.
(2020)
[14]
rs1883832 Meta- Japan, Korea, Meta-p = 1.5 x 10~"* | Johnson
analysis of | Taiwan et al.
GWASs (2020)
[10]
FCGR2A | 1923 rs1801274 Case-control | China OR =1.331, Yan et al.
study and CI=1.094~1.619 (2013)
meta- [11]
analysis
GWAS and | Europe, the US, | Meta-p =7.35 x 10" | Khor et al.
replication Taiwan, Korea, (2011) [8]
study Hong Kong,
and China
Family- Europe, Asia p=0.001 Shrestha
based et al.
genetic (2012)
study [12]
GWAS and | Japan p=16x10"° Onouchi
replication etal.
study (2012)
[13]
Meta- China, Japan, p <0.001 Ferdosian
analysis Taiwan, Hong etal.
study Kong, Korea, (2019)
the [22]
Netherlands,
Greece
HCP5 6 rs6938467 GWAS and | Korea p=524x%x107% Kim et al.
replication (2017)
study [23]
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Table 1 (continued)
Chromosome | Representative
Gene location variants Study design | Populations Results Reference
HILA- 6p21.3 1s2857151 Case-control | China OR =141, Yan et al.
DQB2- study and CI=1.27~1.57 (2013)
HILA- meta- [11]
DOB analysis
GWAS and | Japan p=46x107" Onouchi
replication et al.
study (2012)
[13]
HLA-E 152844724 Case-control | Taiwan p<107 Lin et al.
study (2009)
[24]
IGHV3— 14q33.32 rsd774175 Meta- Japan, Korea, Meta-p =3.4 x 10°° Johnson
66 analysis of Taiwan etal.
GWASs (2020)
[10]
1s6423677 Meta- Japan, Korea, Meta-p = 6.8 x 1071 | Johnson
analysis of | Taiwan etal.
GWASs (2020)
[10]
114 5q31.1 NS Family- Peombined = 0.002 Burns
based et al.
genetic (2005)
study [25]
-590 1$2243250 Case-control | Iran p=0.00 Assari
study et al.
(2018)
[26]
-33 rs2070874 Case-control | Iran p =0.00 Assari
study etal.
(2018)
[26]
ITPKC 19q13.2 rs28493229 | Case-control | Japan p =0.000081 Onouchi
study etal.
(2008) [6]
Case-control | Taiwan OR =1.36, CI Kuo et al.
study and 1.12 ~ 1.66 (2011) [7]
meta-
analysis
GWAS and | Europe, the US, | Meta-p = 1.68 x 102 | Khor et al.
replication Taiwan, Korea, (2011) [8]
study Hong Kong,
and China
Cohort Japan p=71x%x10"° Onouchi
study etal.
(2013) [9]
Meta- Japan, Korea, Meta-p = 1.1 x 10~ Johnson
analysis of Taiwan etal.
GWASs (2020)
[10]

(continued)
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Table 1 (continued)

Chromosome | Representative
Gene location variants Study design | Populations Results Reference
MRP4 13g32.1 rs7320375 Family Europe p=388x107 Khor et al.
rs7329490 linkage and p=58x10"* (2011)
case-control [27]
study
rs7986087 Case-control | China p=0.0197 Che et al.
study (2018)
[28]
Family Europe p=3.0x10"* Khor et al.
linkage and (2011)
case-control [27]
study
NMNAT2 | 1q25.3 rs2078087 GWAS and | Korea p=115%x10"° Kim et al.
replication (2017)
study [23]
SMAD3 15 rs4776338 Case-control | Europe p =0.00002 Shimizu
study etal.
(2011)
[29]
rs1438386 Case-control | Taiwan p=0.001 Kuo et al.
study (2011)
[30]
Genes related to the response of IVIG treatment
CASP3 4q34-35 rs113420705 | Cohort Japan p=0.031 Onouchi
study etal.
(2013) [9]
HMGBI1 rs1412125 Case-control | Korea p=0.027 Ahn et al.
study (2019)
[31]
1L4R 16p12.1 rs563535954 | Case-control | Japan p=0.0337 Amano
study etal.
(2019)
(32]
ILI16 p-Asnl147Lys |rs11556218 GWAS and | Korea p=0.0078 Kim et al.
replication (2020)
study [19]
ITPKC 19q13.2 1528493229 Cohort Japan p=0.0099 Onouchi
study etal.
(2013) [9]
MRP4 rs1751034 Case-control | China p=0.023 Wang
study etal.
(2021)
[33]
P2RYI12 3q25.1 rs6809699 Case-control | China p=0.011 Wang
study etal.
(2020)
[20]
SAMDIL |7 1528662 Meta- Korea, Japan Meta-p =5.3 x 107° Kim et al.
analysis of (2020)
GWASs [18]

GWAS genome-wide association study, OR odds ratio, CI confidence interval
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to be higher in platelets of KD patients compared
to febrile patients [47] and controls [48], and it
then decreases 3 days after IVIG administration
[47]. Results imply a potential role of CD40/
CD40L in the immunopathogenesis of
KD. Notably, a GWAS in a Japanese population
reported that the CD40 region at 20ql3,
rs4813003 was associated with KD [13]. This
finding was confirmed using meta-analysis data
[11] and replication study in different population
[14]. Furthermore, a significant correlation was
also found between rs1535045 of CD40 and KD
susceptibility within a dominant model in a
Taiwanese population [17].

Fc Fragment of IgG Receptor lla
(FCGR2A)

The FCGR2A gene encodes a family member of
immunoglobulin  Fc  receptors  (FcyRIIA/
CD32A). Polymorphisms of FCGR2A were asso-
ciated with KD susceptibility [8, 12, 49] and
other autoimmune diseases such as ulcerative
collitis [50]. Results from a GWAS and meta-
analysis study in various ethnic groups showed
that FCGR2A on chromosome 1 (rs1801274,
coding for His131) was associated with KD sus-
ceptibility [8, 22]. Consistent with GWAS results,
studies in Asian and Caucasian populations dem-
onstrated that an FcyRIIA-131H variant was
associated with KD regardless in combination or
subgroup populations [12]. The methylation sta-
tus of the promoter regions of FCGR2A was also
related to susceptibility to KD in CpG sites of G,
H, and J as corresponding loci to NF-xB and
Myc-Max [49]. Furthermore, specific findings
related to gender (Korean and Japanese popula-
tions) showed that rs1801274 (p.His167Arg) in
FCGR2A was correlated with KD susceptibility
in males but not in females [51].

In addition, patients receiving IVIG, but not
acute KD patients or controls, showed significant
alterations in DNA methylation [52], while DNA
methylation is important in regulating gene
expressions. Furthermore, the methylation status
of the promoter of FCGR2A is associated with
IVIG treatment outcomes in the CpG sites of B,

E, F, H, and J. The level of methylation was sig-
nificantly higher in the group nonresponsive to
IVIG [49]. Higher FCGR2A messenger (m)RNA
expression was observed in IVIG-resistant KD
patients than in IVIG-sensitive patients [53].

HLA Complex 5 (HCP5)

HCPS5 is a gene mapped within the HLA class I
region, between the MICA and MICB genes,
and thought to play an essential role in immunity
to retroviral infections [54]. Previous studies
reported associations of HCP5 in psoriatic dis-
ease [55] and Sjogren’s syndrome [56]. A GWAS
study in a Korean population showed that HCP5
was associated with the pathogenesis of KD.
HCP5 (rs6938467) is linked to other genes
(rs9380242, rs9378199, and rs9266669) within
the HLA class I region. Due to the complex
genetic structure of the HLA class I region, fur-
ther research is necessary to confirm the true sig-
nals within this region [23].

Human Leukocyte Antigen (HLA)

HLA, which is located on chromosome 6, is one
of the critical factors that is highly related to
immunity and autoimmune diseases. The HLA is
divided into three regions, which are class I
(containing the classical HLA-A, HLA-B, HLA-
C, HLA-E, HLA-F, and HLA-G genes), class II
(containing the A and B genes, including HLA-
DPAI, HLA-DPBI, HLA-DQAI, HLA-DQA?2,
HLA-DQBI, HLA-DQB2, HLA-DRA, HLA-
DRBI1, HLA-DRB2, HLA-DRB3, HLA-DRB4,
and HLA-DRBS), and class III (containing non-
HILA genes). HLA class I molecules can present
peptides to CD8* T cells regardless of whether
HLA class II binds to CD4* T cells. This binding
is responsible for defense against pathogens
[57]. Polymorphisms at HLA loci have widely
been identified. Previous studies in Japanese and
Han Chinese populations demonstrated that
rs2857151 (in a genomic region between HLA-
DQB?2 and HLA-DOB) has a significant associa-
tion with KD [11, 13]. In contrast, different
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results from a validation study in a Taiwanese
population showed that rs2857151 exhibited no
difference between KD patients and controls
[14]. Other significant HLA loci were identified,
including HLA-B (HLA-B35 [58], -B75 [58],
and -B54 [59]), HLA-C (HLA-Cw09 [58]), and
HLA-E (rs2844724 [24]). However, studies indi-
cated no significant association between HLA-
DRBI and KD in Korean [58] or Taiwanese [60]
populations.

Immunoglobulin Heavy Chain (IGH)
Variable (IGHV)

The IGH locus on chromosome 14 is a complex
gene family that is important in providing pri-
mary components to the adaptive immune sys-
tem. One group of IGH genes, IGHV, encodes
components of immunoglobulin that are essen-
tial for recognizing and binding to particular
antigens. IGHV has mostly been identified to be
associated with chronic lymphocytic leukemia
(CLL) [61], rheumatic heart disease [62], and
other immune-related diseases [63]. A previous
GWAS in Taiwan identified six SNPs
(rs17113284, rs8005468, rs10129255,
rs2007467, rs10150241, and rs12590667) in the
IGHYV region that are known as KD markers
[64]. Furthermore, rs4774175 and rs6423677 in
the IGHV3-66 region were also related to KD
pathogenesis [10].

Interleukin (IL)-4 and the IL-4
Receptor (IL-4R)

IL-4, which is mainly secreted by activated T
cells, is a cytokine that plays a role in type 2
immune responses. Higher levels of IL-4 in
plasma were found in acute KD patients than
those in the convalescent phase or a control group
[65]; however, levels showed no significant dif-
ferences compared to KD shock syndrome [66].
The role of /L-4 in the pathogenesis of KD was
proven in several genetic association studies. A
family-based study, which found 95 polymor-

phisms in 58 genes, showed that the C(—589)T
variant in /L-4 was correlated with susceptibility
to KD, but not coronary artery aneurysms [25].
Strengthening previous findings, other positions
of IL-4 were also detected for KD. Frequencies
of the major C allele and CC genotype at posi-
tions -590 (rs2243250) and -33 (rs2070874) of
the IL-4 gene were higher in Iranian KD patients
than that in a control group [26].

In addition to the pathogenesis of KD, variants
related to IVIG responses were also identified in
the IL4R locus. For example, a study in a Japanese
population indicated a significant association
between the minor allele of rs563535954 and
patients who were unresponsive to IVIG. In that
study, IVIG-unresponsive patients presented with
a fever (with an axial temperature of >37.5 °C)
for more than 24 h after the first and second IVIG
treatments [32].

Inositol-Triphosphate 3-Kinase C
(ITPKC)

ITPKC, located on chromosome 19ql13.2, is
known as a negative regulator of T cells through
Ca?*-dependent NFAT signaling pathways [6].
The NFAT has important roles in the immune
system, as it is associated with vascular stability,
angiogenesis, and inflammation in endothelial
cells [67-69]. Moreover, vascular endothelial
cells (VECs) are involved in the pathogenesis of
coronary artery injury in KD. One study showed
that damage to endothelial cells increased levels
of NFATcl1, NFATc3, and inflammatory mole-
cules [69]. ITPKC is able to regulate activation of
the NLRP3 inflammasome through Ca®* mobili-
zation. The NLRP3 inflammasome is a sensor of
the innate immune system responsive to harmful
stimuli, such as pathogens, dead cells, and envi-
ronmental irritants [70, 71]. Triggers required to
activate the NLRP3 inflammasome include
HMGB I/RAGE/cathepsin B signaling, K* efflux,
and Ca?* signaling [72, 73]. Activation of the
NLRP3 inflammasome is associated with eleva-
tion of circulating protein levels of IL-1B and
IL-18 in children with KD [73].
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A variant of ITPKC with rs28493229 (C
allele) was proven to have a significant associ-
ation with KD susceptibility and CAL forma-
tion in Japanese and Taiwanese KD patients [6,
7, 9]. Although there was no association
between rs28493229 and the response to IVIG
treatment in a Taiwanese population [7, 44],
the C allele of rs28493229 was found to be sig-
nificantly higher in unresponsive IVIG patients
compared to responsive patients in a Japanese
population [9]. Furthermore, variants of
rs7251246 exhibited significant correlations
with CAL formation after multiple testing cor-
rections [74].

Multidrug Resistance Protein 4
(MRP4)

MRP4, also known as ATP-binding cassette,
sub-family C member 4 (ABCC4), is a member
of the MRP family involved in multidrug resis-
tance. As a molecular transporter, MRP4 can
transport endogenous and exogenous compo-
nents such as cGMP, bile acid, and urate, and is
also involved in the distribution and excretion of
some drugs such as antivirals (adefovir and teno-
fovir), antibiotics (cefazolin and cefotaxime),
and others [75, 76]. Due to its role in pumping
out endogenous and xenobiotic agents, overex-
pression of MRP4 could contribute to multidrug
resistance. Doxorubicin in osteosarcomas [77],
antiviral ganciclovir [78], and docetaxel in pros-
tate cancer [79] are examples of drugs that it
affects.

Associations of the MRP4 gene with KD sus-
ceptibility were investigated in a European pop-
ulation based on family linkage studies. The
genetic  susceptibilities of three = SNPs
(rs7320375, rs7329490, and rs7986087) for KD
were reported [27]. Furthermore, rs7986087 (T
variant) was successfully replicated in a Chinese
population [28]. In addition to KD susceptibil-
ity, the MRP4 gene was reported to be involved
in IVIG resistance in a Chinese population.
Carriers of the C allele at rs1751034 of the
MRP4 gene were associated with a risk of IVIG
resistance [33].

Nicotinamide Mononucleotide
Adenylyl Transferase 2 (NMNAT2)

NMNAT is an enzyme that catalyzes an important
step in the nicotinamide adenine dinucleotide
(NAD") biosynthetic pathway. The NAD* pathway
plays a critical role in immune modulation by
affecting macrophage-driven inflammation [80].
Some studies related to the role of NAD* or
NMNAT primarily focused on cancer or aging dis-
orders, and not on KD [81, 82]. NMNAT?2 is one
of the isoforms of NMNAT enzymes that showed
higher expression in colorectal cancer tissues [83].
However, a GWAS study in a Korean population
identified rs2078087 in the NMNAT?2 locus to be
associated with the pathogenesis of KD [23].
Further studies in other populations are needed to
validate this gene.

SMAD3

SMAD3, a gene encodes SMAD family protein,
plays a key role in the transforming growth factor
(TGF)-p signaling pathway. As a multifunctional
cytokine, activation of TGF-f can mediate growth
control of cells of the immune system, regulate
T-cell function, and induce cytostatic and apop-
totic programs [84]. Functional roles of the
TGF-p pathway in KD pathogenesis are related
to immune responses and inflammatory processes
[85]. Five genetic variations on the SMAD3 gene
for KD were found in people of European
descent, including rs4776338 (A/G), rs7162912,
rs12901071, rs1438386, and rs6494633 [29].
Moreover, a replication study in a Taiwanese
population further confirmed the role of
rs1438386 in KD [30].

High-Mobility Group Box 1 (HMGB1)

HMGBI1 is a nonhistone DNA-binding protein
that contributes to inflammatory processes.
HMGBI levels were higher in acute KD adoles-
cent patients [86] and patients with autoimmune
diseases [87]. However, its expression signifi-
cantly decreased in the convalescent phase [88].
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HMGBI1 requires binding to the receptor for
advanced glycation end products (RAGE) before
activating various signaling pathways, such as
NF-xB. Expressions of HMGB1, RAGE, and
NF-xB were higher in acute KD patients and CAL
patients. Findings indicated that HMGB1 might
be associated with inflammatory processes during
coronary artery injury in KD [89]. Indeed, the
rs1412125 polymorphism of HMGBI in a Korean
population was reported in CALs (in a recessive
model) and IVIG resistance (in both recessive and
allelic models). Still, it showed no association
with KD susceptibility [31].

Interleukin (IL)-16

IL-16 is responsible for T cell activation and
immune-mediated inflammatory disorders, such
as SLE [90]. The relationship between /L-16 and
KD susceptibility is unclear; however, this gene
was identified to be associated with response to
IVIG treatment. A study in a Korean population
indicated that a new coding variant, rs11556218
(p-Asnl1147Lys), in the IL-16 gene was associ-
ated with IVIG resistance. Further analysis indi-
cated a strong effect from combining two risk
variants (SAMD9L and IL16) for IVIG resistance
[19].

Purinergic Receptor P2Y12 (P2RY12)

P2RY12 is one of eight subtypes of P2Y
G-protein coupled receptors that have broad
functions, including systemic immune responses
[91]. P2Y12 is also known to be involved in
platelet activation [92]. P2Y 12 inhibitors, such as
clopidogrel and prasugrel, were previously used
as treatments for coronary artery disease [93]. No
evidence clearly indicates an association between
P2RYI12 variants and KD susceptibility. One
study in China showed no significant association
between variants of P2RY12 and KD susceptibil-
ity; however, that study presented the relation-
ship between a polymorphism of P2RY12 (TT
genotype of rs7637803) with CAA risk in KD

patients [94]. Furthermore, one of five variants of
the P2RYI2 gene (rs6809699 A > C) was also
verified to be involved in IVIG resistance in eth-
nic Han Chinese individuals [20].

Sterile Alpha Motif Domain-
Containing Protein 9-Like (SAMD9L)

SAMDO9L, located on chromosome 7, is a gene
that encodes a cytoplasmic protein. A muta-
tion of SAMD9Y9L was shown to contribute
to cytopenia that may predispose persons to
myelodysplastic syndrome (MDS) [95] and
ataxia—pancytopenia (AP) syndrome [96].
Although evidence related to SAMD9L vari-
ants and susceptibility of KD has not yet been
reported, there is evidence supporting the role
of SAMDOYL in response to IVIG treatment.
A GWAS and replication study performed in a
Korean population demonstrated that SAMD9IL
(rs28662) was involved in IVIG treatment
responses. Those results were replicated in a
Japanese cohort, and a stronger association was
revealed in meta-analysis data [18].

Prediction of Intravenous
Immunoglobulin Resistance Using
a Genetic Risk Score (GSC)

A GSC was developed to estimate the contribu-
tions of genetic factors in specific individuals.
The first study, which used a combination-
weighted GSC (wGSC) algorithm of GWAS
data for KD, was published by Chang’s lab
[97]. The lab integrated the additive effect of 11
SNPs to establish a predictive model for IVIG
responsiveness in KD patients. The predictive
model provided good performance with a spec-
ificity of 88.9% and sensitivity of 79.2% [97].
In light of the fact that genomic profiles are
very important and have been linked to thera-
peutic outcomes of KD, data from the wGSC
algorithm indicated the significance as a rea-
sonable early detection method to reduce clini-
cal risks in IVIG-resistant KD patients [97].
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Conclusions

Nowadays, many genetic variations associated
with KD pathogenesis or IVIG responses have
been reported. Genomic approaches are able to
provide excellent opportunities for personalized
medicine and healthcare. Furthermore, they can
help determine how to improve the specificity
and sensitivity for predicting risks of KD and
IVIG responses. Therefore, we wish to raise
awareness about the value of genomic research
and pharmacogenomics studies of KD.
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Epigenetics in Kawasaki Disease

Kuang-Den Chen

Abstract

Purpose of this chapter: The purpose of this
review is to discuss recent evidence of epigen-
etic alterations and their contribution related
to the complicated pathogenesis of Kawasaki
disease.

There have been new observations of epi-
genetic alterations and their potential role in
disease pathogenesis of Kawasaki disease. In
recent years, there has been increasing evi-
dence of epigenetic alterations and their poten-
tial role in disease pathogenesis of Kawasaki
disease. Recent work has focused on clinical
application of DNA methylation and miRNA
biomarkers in progression of Kawasaki dis-
ease and how these epigenetic alterations play
a key role in various aspects of the related
gene expression. Changes in both DNA meth-
ylation and microRNA expression are fertile
ground for investigation relating to clinical
diagnosis and therapeutic targets in Kawasaki
disease. However, current knowledge has
relied on small cohorts that more large-scale
studies are needed in the future for valida-
tion and to understand their target specificity
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and the efficacy in therapeutic applications of
Kawasaki disease.
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Kawasaki disease (KD) is an acute-onset sys-
temic vasculitis, which largely affects young chil-
dren before 5 years of age presenting as fever of
unknown origin. While KD’s etiology is largely
unknown, a growing body of research suggests
the fetal origin of KD pathogenesis is mediated by
epigenetic changes. Even if epigenetic alterations
can be inherited, which modulate the efficiency
of gene transcription and can impact on health
due to the presence of environmental stressors,
some of those remarkably stable changes at least
partially reversible. Some studies proposed that
children with KD might be triggered by infec-
tious agents that have a strong genetic suscepti-
bility but does not confer actual predisposition to
an infectious disease. Geographic Confounding
in genome-wide association studies of Kawasaki
disease contributes to abound conflicting results,
whereas only loci within the CD40 and BLK
genes reporting to be consistent between Japan
and Taiwan [1, 2]. Genome-wide studies in recent
years have indicated that epigenetic factors may

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 n7
H.-C. Kuo (ed.), Kawasaki Disease, https://doi.org/10.1007/978-981-19-2944-1_12


mailto:dennis8857@cgmh.org.tw
https://doi.org/10.1007/978-981-19-2944-1_12

118

K.-D. Chen

play a vital role in KD pathogenesis. Therefore,
a deeper knowledge of the epigenetic modifica-
tions in the susceptibility and pathogenesis of
KD may constitute promising new targets and
therapeutics in acute KD.

Methylation in KD

For the first time, DNA methylation was exam-
ined in KD by Dr. Kuo HC’s group and revealed
a role of hypomethylation of FCGR2A in its
susceptibility and poor response (resistance) to
intravenous immunoglobulin (IVIG) treatment
[3]. A significant association among methyla-
tion of FCGR2A promoter, susceptibility of KD
and the responsiveness of IVIG treatment was
also reported [4]. Another genome-wide study
demonstrated that hypomethylation alterations
in peripheral blood cells of KD patients were
enriched in genes functionally associated with
the immune inflammatory response including
the primarily identified FCGR2A [5]. This study
found the significant impact of IVIG administra-
tion on methylation patterns, and such impact
was conducted mainly by hypermethylating
CpG markers, suppressing expression levels of
the corresponding genes including FCGR2A
to represses excessive inflammatory responses.
Furthermore, Dr. Kuo’s team illustrated a series of
Toll-like receptor (TLR) genes encoding TLRI,
TLR2, TLR4, TLR6, TLR8, and TLRY were
hypomethylated in KD patients and their mRNA
expression levels were remarkably increased
compared with the controls [6]. The methylation
levels and mRNA expression of these TLR genes
can be reverted within 3-week IVIG treatment.
TLRs are pattern recognition receptors (PRRs)
that serve as the sensor of innate immune sys-
tem. The results are among the first to prove an
infectious immune response may be crucial in
triggering KD. We further demonstrated site-
specific hypomethylation of matrix metallopro-
teinase 9 (MMPY) and negative correlation of its
increased transcript in KD patients who had diag-
nosed coronary arterial lesions [7]. A significant
hypomethylation of hepcidin (HAMP) promoter,
the negatively correlated HAMP expression and

its reversibility after receiving IVIG therapy was
reported [8]. This report also demonstrated the
reliability and robustness of an in-house devel-
oped classification model that accurately serves
as a KD predictor with high sensitivity and
specificity. The epigenetic hypomethylation and
upregulation of NLRC4 and NLRP12, which are
members in the inflammasome sensors of NOD-
like receptor (NLR) family, were observed in
KD patients compared to the controls [9]. The
negatively correlated upregulation of NLRC4,
NLRPI12, and IL-1p in KD patients were also
demonstrated. Taken together, the cumulated evi-
dence of hypomethylated alteration by Dr. Kuo’s
group suggested a global DNA hypomethylation
was occurred in KD patients and may be critical
in its pathogenesis as well as disease progression.

The global DNA hypomethylation in periph-
eral blood cells of KD patients was demonstrated
for the first time that revealed a total of 97%
hypomethylation in these epigenetic changes
[10] (Fig. 1).

In this study, an enriched gene regulatory
network in the corresponding genes of hyper-
methylated alteration in KD was examined, and
the hypermethylated changes in the region of
B-catenin (CTNNB1), its decreased mRNA lev-
els and correlation with coronary artery lesions in
KD were demonstrated. This study is the first that
proved site-specific regulation in the few hyper-
methylated alteration may also be critical in KD
pathogenesis.

MicroRNA Alteration in KD

The deficiency of regulatory T cells (Treg)
with a reduction in Foxp3 expression has been
implicated in association with skewed proin-
flammatory response of Th17 cells in acute KD
patients [11]. The effects of microRNAs miR-
31 and miR-155 were primarily investigated in
children with KD, and the results showed that
Foxp3 mRNA levels were affected by the miR-
155/SOCS1 and the miR-31 in acute KD [12].
The decreased expression of miR-155, leading
to aberrant SOCS1/STATS signaling and overex-
pression of miR-31 in acute KD were partially
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Fig. 1 Differential DNA methylation of individual CpG
loci in peripheral blood cells. Unsupervised two-way hier-
archical clustering and heat map of genomic regions that
include CpG dinucleotides with a methylation difference

reverted after IVIG treatment. Furthermore,
proinflammatory microRNAs miR-200c and
miR-371-5p, which potentially modulate TGF-3
signaling, are involved in KD pathogenesis [13].
Both miR-200c and -371-5p were remarkably
higher in serum of acute KD patients compared
to the controls and shown to effectively distin-
guish between KD with IVIG-responsive and the
nonresponsive patients indicating their ability
as the useful diagnostic biomarkers and thera-
peutic targets [14]. Another proinflammatory
microRNA miR-92a-3p, which has known to
stimulate secretion of IL-6, was identified as a
potential biomarker for diagnosis of KD and KD

of >20% found between Kawasaki disease patients (KD)
and normal control subjects (NC) (reproduced with per-
mission from [10])

with coronary artery lesions [15]. Additionally,
the role of blood-circulating microRNAs miR-
223, miR-125a-5p, and miR-186 in KD and
KD-induced injuries in vascular endothelial cells
was illustrated [16—18].

Exosomes are cell-derived vesicles that inter-
act with and are taken up by target cells and medi-
ate cell—cell communication through transporting
microRNAs [19, 20]. Endothelial microparticles
(EMPs) are exosomes that are released from
endothelial cells and can be found circulating
in the blood. Recent studies have demonstrated
that endothelial dysfunction is associated with
later coronary damage events, where inflam-
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mation occurs on the vascular endothelial cells,
EMPs are released from the activated endothelial
cells [21, 22]. It has been primarily demonstrated
that exosome-shuttled microRNA miR-145 was
increased in whole blood of acute KD children
[23]. Several recent reports also demonstrated
the contribution of microRNAs encapsulated in
exosomes to the endothelial dysfunction progres-
sion in acute KD. Nakaoka et al. identified two
microRNAsmiR-145-5p and miR-320a in KD
patients with coronary artery lesions that were
found to increase inflammatory cytokines in vitro
and suggested to be involved in the pathogene-
sis of vasculitis in acute KD [24]. Zhang et al.
screened serum exosomal microRNAs for the
early diagnosis of KD by analyzing microarray
data [25]. They identified miR-328, miR-575,
miR-134, and miR-671-5p as potential biomark-
ers and their target genes that may be associated
with inflammation and the prediction of out-
comes of IVIG therapy.

In conclusion, growing evidence from in vivo
and in vitro experiments have demonstrated
promising diagnostic significance of circulating
and exosomal microRNAs in KD, especially for
distinguishing KD from other febrile diseases.
However, these studies generally relied upon
small phenotypically varied cohorts of patient
and the controls. More studies are needed in
the future for validation and to understand their
target specificity and the efficacy in therapeutic
applications.
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Abstract

Transcriptomics is the high-throughput char-
acterization of RNA. It has played an important
role in defining the pathogenic characteristics
of Kawasaki disease. It has aided in clarifying
Kawasaki disease etiology and identifying its
key mediators, which will further help to com-
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pensate for the limitations of existing intrave-
nous immunoglobulin treatments. In addition,
transcriptomics is being used for immune
monitoring, diagnostic and prognostic bio-
marker identification. These features can be
applied in stratifying patients, monitoring
molecular changes related to disease severity,
defining personalized treatment strategies, as
well as providing clinical evidence. This chap-
ter discusses the progress of transcriptomics
in determining Kawasaki disease etiology and
pathogenesis and developing diagnostic and
predictive biomarkers. We also explore some
analytical methods for extracting valuable
information from high-dimensional datasets
to improve our biological knowledge. Lastly,
we discuss the emerging technology of tran-
scriptomics in the study of the diversity of
expression quantitative trait loci, B-cell and
T-cell receptor repertoires, and assessment of
Kawasaki disease heterogeneity using high-
throughput single-cell sequencing.

Keywords

CD177 - Immune receptor repertoire -
Intravenous immunoglobulin - Kawasaki
disease - Next-generation sequencing -
Neutrophil - RNA - Single-cell analysis -
Transcriptomics
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Introduction

Kawasaki disease (KD) is a systemic vasculitis
affecting children aged <5 years. It is the most
common cause of childhood acquired heart
disease, causing inflammation primarily in the
coronary arteries. If left untreated, as many as
25% of children develop coronary artery aneu-
rysms (CAAs) [1, 2]. Incomplete recovery may
also lead to death from myocardial infarction;
hence, long-term health monitoring may be
required in some cases [3].

One of the most serious complications of KD
is coronary aneurysm, a swelling in the wall of
the coronary artery. The standard treatment for
KD is aspirin and intravenous immunoglobulin
(IVIG) administration. IVIG can prevent the
development of CAAs. Treatment is adminis-
tered within 10 days of disease onset. As men-
tioned before, approximately 25% of untreated
cases develop CAA; IVIG treatment can reduce
this risk to 5-10%, restricting the occurrence to
IVIG-resistant KD cases [3].

A large-scale transcriptomic analysis has been
performed to determine the etiology and patho-
genesis of KD. However, more similar studies are
needed to verify these findings. Similarly, highly
specific and sensitive biomarkers for KD have
not yet been established, and further research on
their molecular basis is required.

In the last two decades, transcriptomics has
enabled the use of high-throughput technologies
(such as whole-genome DNA microarrays) for the
simultaneous measurement of thousands of RNA
transcripts in blood, urine, saliva, and biopsy spec-
imens, replacing techniques such as PCR. Previous
studies on leukocytes and tissues have demon-
strated that microarrays can be used to character-
ize molecular networks related to cancer,
autoimmunity, infection, and vaccination [4-6].
The recently developed next-generation sequenc-
ing (NGS) technology can comprehensively char-
acterize noncoding RNAs, including micro and
long noncoding RNAs, and perform qualitative
and quantitative measurement and sequencing of
isoforms through long-read sequencing. Currently,
the transcriptome is routinely evaluated in combi-
nation with whole-genome or whole-exome
sequencing for expression quantitative trait loci

(eQTL) analysis; chromatin accessibility has been
used in combination to further define genetic and
epigenetic transcriptional regulators. Targeted
sequencing can characterize T and B cell receptor
repertoires. High-throughput single-cell sequenc-
ing is advancing the analysis of heterogeneous cell
compartments and identifying new cell
subpopulations.

In the following section, we discuss how tran-
scriptomics has helped in the understanding of
KD pathogenesis. We mention emerging applica-
tions of this technology in conducting research
such as immune receptor repertoire diversity, and
single-cell analysis. We also discuss the potential
application of transcriptomics to solve the clini-
cal problems surrounding KD and summarize
some lessons learned from the transcriptomics of
KD monitoring.

Transcriptomics to Unravel
Mechanisms of KD

Following cancer research, the analysis of the
transcription profile of pediatric patients began in
the early twenty-first century. Thus far, these
studies have provided important clues that may
aid in the identification and characterization of
new targets in different pediatric diseases and
expansion of the new field of interferon-
associated diseases. Gene expression profiling
has identified therapeutic targets for KD that is
susceptible to innate immune activation and IL-1
blockade. Although NGS has taken gene expres-
sion profiling to a new level, the research sum-
marized in this section has mainly used
hybridization-based platforms.

mRNA Transcripts in Patients’ Blood

In terms of transcripts, IVIG treatment has a
greater impact on which cell populations in the
peripheral circulation becomes dysregulated. For
this reason, when the acute symptoms of most
patients have been relieved, many research
groups checked the gene expression in PBMC or
whole blood obtained from KD patients before
and after IVIG treatment.
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Using cDNA microarray (Affymetrix Human
Genome U133A array), monocyte-derived tran-
scripts, such as secreted peptides (adrenomedullin,
S100A8, S100A9, S100A12, and TNF superfam-
ily) have been determined in Japanese patients;
results suggested that IVIG inhibits activated
monocytes and macrophages in patients with KD
[7]. Another study using human FL GeneChip
probe arrays also confirmed that adrenomedullin
transcript levels are significantly higher in the
acute phase than in the recovery phase of KD [8].
By analyzing the whole transcriptome (approxi-
mately 18,000 unique human genes) of peripheral
whole blood obtained from patients during the
acute, subacute, and convalescent phases of ill-
ness, the dynamic and variable nature of the acute
phase of the disease as well as the involvement of
neutrophils in KD have been determined [6].
Additionally, higher CEACAM1 transcript levels
have been found to be associated with subsequent
nonresponse to IVIG treatment [6]. Compared
with the control group, higher expression levels of
B cell activation-related genes have been observed
in patients with KD [9]. Using cDNA microarray
(Affymetrix Human Genome U133 Plus 2.0
array), a set of transcripts related to late-differenti-
ated granulocytes has been found to be signifi-
cantly increased in Japanese patients. The
neutrophil PRV-1 protein (CD177) and G-CSF
levels of nonresponding patients were significantly
higher than those of responding patients. These
findings indicate that G-CSF stimulation of granu-
locytes may be an important risk factor for KD
onset [10]. cDNA microarray (Agilent G4112F
Human Whole Genome Oligo Arrays) analysis in
US patients demonstrated that high transcript lev-
els of MMP-8, S100 family, and CEACAM]1 to be
associated with IVIG resistance [5]. Moreover, it
has been revealed that the IL-1 signaling pathway
is important in KD development [5, 11].
KD-associated long noncoding RNAs (IncRNAs)
transcripts have been identified in Taiwanese
patients by employing a new version of the Agilent
array [4]. Based on mRNA profiling, CD177 tran-
scripts were found to be more abundant in the
acute KD stage and IVIG-resistant individuals
than in IVIG-susceptible individuals [4]. The fol-
lowing studies also support the role of CD177 in

KD by combining data from epigenetic (Illumina
HumanMethylation450 BeadChip) and mRNA
profiling [Affymetrix GeneChip(R) Human
Transcriptome Array 2.0] [12]. These two studies
validate the roles of CD177 in two independent
Taiwanese cohort studies [10]. Regarding IncRNA
profiling, interestingly, XLOC_006277 was found
to be significantly associated with CAA. When
XLOC_006277 is knocked down, the expression
of matrix metalloproteins MMP-8 and MMP-9,
related to tissue remodeling and coronary artery
disease, is also suppressed [4].

mRNA Transcripts in KD Patients’
Heart Tissues

The findings on activated immune pathways in
coronary artery target tissues are valuable for
investigating the pathogenesis of KD, especially
the molecular insights of coronary arteritis. Blood
transcriptome studies have limitations on investi-
gating the molecular events on the heart tissue
from patients with KD. Therefore, using transcrip-
tomics profiling to investigate the coronary artery
tissues of KD can provide previously unknown
information and may have therapeutic implica-
tions. A previous study of deep sequencing of
heart tissues obtained from patients with KD has
revealed that T lymphocyte activation, production
of immunoglobulin, and responses of type I inter-
feron were the major upregulated molecular path-
ways in KD arteritis [13]. These findings are
compatible with genetic polymorphisms that lead
to a reduction in the negative regulation of T lym-
phocyte responses, in turn associated with the
abnormal development of KD and CAAs. Of note,
there are several type I interferon-induced proteins
(i.e., CXCL9 or CXCL10) that have been indi-
cated as potential KD biomarkers [14, 15].

mRNA Transcripts in KD-Like Mouse
Models

The lack of identification of disease-causing fac-
tors and detailed molecular mechanisms involved
in Kawasaki disease has become a challenge for
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the development of targeted and effective treat-
ment options. The etiology of KD remains
unclear, and the pathogenesis of KD requires
studies that are conducted in a KD-symptom-like
mouse model. Pathological features that are simi-
lar to that of KD vasculitis can be induced in
mice by injecting the cell wall components of
Lactobacillus casei [16-18] and Candida albi-
cans [19-21]. Gene expression profiling has been
performed in the Lactobacillus casei cell wall
extract (LCWE)-induced Kawasaki disease
mouse model [22, 23] to investigate the detailed
pathogenic mechanism of KD. The study identi-
fied that the activation of caspase 1, IL-1a, and
IL-1p was crucial for the development of coro-
nary arteritis, aneurysm, myocarditis, and
abdominal aortic aneurysm. IL-1 has the ability
to promote the differentiation of activated CD8*
T cells, and increases the frequency of CD4* and
CDS8* T cells in blood from patients with KD
[24]. Infiltration of antigen-stimulated cytotoxic
CDS8* T cells and activated dendritic cells in the
arterial layer of coronary aneurysms has also
been reported [25]. Recent studies have also
pointed out that KD might be caused by a variety
of pathogenic sources [26] therefore, it is impera-
tive to understand the changes in the shared
downstream mechanism following antigen stim-
ulation. Recent animal experiments have also
successively explored the relevant mechanisms
of LCWE-induced T-cell activation [27].

Noncoding Transcripts Biosignatures
in KD

In addition to mRNA, other types of transcrip-
tomic signatures such as miRNA (a class of small
noncoding RNAs that regulate mRNA expression)
have also been reported in patients with KD. A
variety of miRNAs are differentially expressed in
the blood of patients with KD, indicating abnor-
mal changes in the regulatory network. In addi-
tion, miRNAs are stable molecules and can be
noninvasively accessed from peripheral blood,
therefore, they possess the potential to be used as a
biomarker for diagnosis. Several miRNAs were
found to be related to acute Kawasaki disease from
serum exosomes or coronary artery tissues. These

miRNAs include miR-19a-3p, miR-23a, miR-27b,
miR-143, miR-145, miR-184, miR-210-3p, and
miR-223 [28-33]. These miRNAs may provide
clues to the molecular mechanisms underlying the
development of cardiovascular disease related to
Kawasaki disease.

Emerging Applications
of Transcriptomics in Kawasaki
Disease

Immune Receptor Repertoire

The adaptive immune system is composed of a
large number of lymphocytes, including B and T
cells. These cells have unique antigen specificity
and can provide long-term protection against a
variety of pathogens. Through these mechanisms,
lymphocytes maintain a very high number of
unique receptors to deal with multiple pathogens
in the environment. In KD, the characterization
of this enormous immune receptor repertoire is
critical in the investigation of the pathogenesis of
the disease. Targeted high-throughput sequenc-
ing of the variable regions of B-cell and T-cell
receptors can be performed to precisely investi-
gate clonal expansion in various immune states.
B cells have been hypothesized to play a role
in KD. The identification of the association
between SNPs clustered in IGHV (encoding
immunoglobulin heavy chain variable region)
and KD risk indicates the possibility of the
involvement of B cells in KD [34]. In addition,
large-scale genetics studies (genome-wide asso-
ciation studies) of two races uncovered potential
pathogenic roles of B cells in KD as the BLK
(encoding B lymphatic tyrosine kinase) that is
selectively expressed in B cells is most closely
related to the KD genetic locus [35, 36]. A com-
prehensive full-length immunoglobulin sequenc-
ing analysis of the transcripts in KD has revealed
that the immune system of patients with KD
exhibits an infection-like pattern [37]. The sup-
porting evidence indicated that the diversity
index of acute IgM clonotypes was extremely
low and possessed certain dominant IgM clono-
types. In addition, most dominant IgM clono-
types completely disappeared from the peripheral
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blood. Another independent cohort study also
confirmed the infection patterns through
multiplex-PCR-based B-cell receptor (BCR)
analysis. Therefore, functional validation of these
dominant immunoglobulin clonotypes and their
potential clinical applications need to be investi-
gated in future studies.

Neutrophil-Associated Genes
as Potential Targets in Kawasaki
Disease

It is worth noting that distinguishing KD from
other high fever and pediatric infectious diseases
with similar symptoms, such as staphylococcal
and streptococcal toxic shock syndrome, mea-
sles, and other viral and inflammatory diseases,
is difficult. Therefore, establishing reliable
markers for the differential diagnosis of KD is
important for the accurate diagnosis and early
therapeutic intervention. Previously, many
potential targets such as IL-1, CD177, and
CXCL10 demonstrated key roles of neutrophils
in KD [4, 6, 10, 12, 14]. Neutrophils have been
shown to play a crucial role in aneurysm forma-
tion by migrating to coronary artery endothe-
lium. The roles of neutrophils in KD
were supported by CD177 findings in KD [4, 10,
12] and a hypothesized working mechanism can
be generated. In KD, neutrophil migration is
possibly mediated by binding of CD177 to 2
integrin (CD11b/CD18) receptor [38]; neutro-
phils then adhere to endothelial cells through
ICAM-1 surface ligands, thereby driving trans-
port. During this process, CXCL10 (IP-10)
secreted by endothelial cells might be strongly
upregulated and released to patients’ plasma
[14], leading to the downregulation of CXCR3 in
T cells of patients with acute KD; thus, it has
been recently identified as a diagnostic marker
for KD [14]. Concurrently, IL-6 derived from B
cells induces macrophages to produce CXCLI10,
mediated by STAT3 phosphorylation [39].
Additionally, B cells also undergo autocrine pro-
duction of IL-6 that is amplified by CXCL10 and
maintain STAT3 signal, a necessary condition
for driving B cells to differentiate into IgA-

secreting plasma cells and penetrate the site of
inflamed tissues to produce plasma cells.
Simultaneously, macrophages exhibit active toll-
like receptor (TLR) signaling, which can be used
as an early chemotactic signal to trigger the
release of chemokines that attract neutrophils,
including CXCLS, the most effective neutrophil
attractant. CXCR3 receptors are highly expressed
on activated T cells in plasma. CXCL10 and
CXCL9, endogenous ligands of CXCR3, are
involved in cardiovascular problems and aneu-
rysms (Fig. 1) [4, 5, 10, 12, 14, 38, 40, 41].

Perspective of Transcriptomics
in Kawasaki Disease

While children lose loses the antibodies trans-
ferred from their mothers, the exposure to new
infections and antigens can stimulate generation
of new antibodies. In addition, the microbiota
changes over time, which may cause significant
changes in immune homeostasis [42]. However,
the assessment of the altered immune status of
children and the heterogeneity of immune cells
have become research challenges. This is espe-
cially true for KD. In vitro and in vivo research
platforms lack ideal disease simulation tools, and
several mechanisms of cell heterogeneity cannot
be further explored and remain obscure owing to
insufficient analysis.

In the past decade, many RNA-sequencing
(RNA-seq) technologies and microarrays have
been widely used to study gene expression patterns
at the population level. The emergence of single-
cell RNA sequencing (scRNA-seq) provides an
unprecedented opportunity to explore the gene
expression profiles at the single-cell level. At pres-
ent, scRNA-seq has become an ideal choice for
studying the key biological issues associated with
cell heterogeneity. Recent vigorous developments
of microfluidics and combinatorial indexing strate-
gies, coupled with lower sequencing costs, provide
a strong support for the robustness of single-cell
sequencing technology. Over thousands of cells
analyzed in each run of single-cell experiment con-
stitute a data revolution in single-cell biology, and
this has resulted in the identification of unique data
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Fig. 1 KD-associated transcripts and involvement of neu-
trophils in KD. A diagram showing a monolayer of rectan-
gular endothelial cells, at the bottom, with ICAM-1
surface expression. The circular T cell, macrophage, and
oval plasma cells are presented with their potential tar-

science problems. To date, single-cell gene expres-
sion analysis in mammalian tissues has revealed
profound stage-specific molecular regulation phe-
nomena. It is expected to improve our understand-
ing of disease-associated cell subpopulations and
signaling molecular mechanisms that are essential
for determining lineage, morphogenesis, and
growth. Therefore, several critical issues are
expected to be investigated based on a single-cell
analysis platform, by overcoming the heterogene-
ity of immune cells and the underlying biology of
damaged heart tissues in KD.

Conclusion

Transcriptomics is essential for revealing the
pathogenesis of KD. It is being increasingly
used to monitor disease progression and treat-
ment response and develop diagnostic and pre-
dictive biomarkers. Combined with genetic
data, it has aided into the pathogenesis of KD
using genome-wide association studies. It has
provided a wealth of information about noncod-

gets. We illustrate a neutrophil expressing beta 2 integrin
CDI11b/CD18 and CD177 close to an endothelial cell and
another neutrophil undergoing diapedesis to penetrate the
endothelium

ing RNAs and their potential roles as biomark-
ers and/or in pathogenesis of these diseases.
Rapidly improving sequencing technologies,
including long-standing platforms such as sin-
gle molecule real-time and droplet-based
sequencing, are enabling researchers to quickly
and economically characterize the application
of isoforms in diseases. Thousands of single
cells can be sequenced at a time, and even sin-
gle-cell transcriptomes can be analyzed under
in vivo conditions. There is no doubt that the
application of NGS in characterizing the micro-
biome has produced basic information related to
the development of KD. These studies will be
the subject of further research. Despite these
advances, relatively few studies have been per-
formed on predictive biomarker detection owing
to the lack of adequate design and functionality
and, therefore, cannot be directly applied in
clinical practice. In conclusion, the new meth-
ods for detecting, measuring, and combining
various biomedical information will undoubt-
edly help in improving biomedical information,
including molecular, genomic, cellular, and
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clinical disease-associated factors. It is possible
to understand and develop reasonable treatment
methods not only for adult diseases but also for
pediatric diseases, such as KD.
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Disease
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Abstract

Kawasaki disease (KD) is a febrile vasculi-
tis associated with mucocutaneous lesions,
lymphadenopathy and cardiovascular events.
Typical KD mostly occurs in children less
than 5 years of age but atypical KD compli-
cated with macrophage activation syndrome
(MAS) or KD shock syndrome (KDSS) occurs
in relatively older children, even adults. The
etiology of KD remains unclear; however, the
immune response is known to mediate by an
autoinflammatory innate immune response
associated with an imbalance of adaptive
immunity showing augmented T helper 17
(Th17)/Th1 responses with higher IL-6,
IL-10, IP-10, and IL-17 levels and reduced
Th2/Treg responses with lower IL-4, IL-5,
FoxP3, and TGFp expression. This acute
autoinflammatory vasculitis may be induced
by an exogenous antigen derived from patho-
gen-associated molecular pattern (PAMP) or
an endogenous antigen derived from damage-
associated molecular pattern (DAMP). The
altered immunity would manifest typical
or atypical KD under genetic and environ-

mental backgrounds. Some patients of KD
(3-5%) are complicated with KDSS associ-
ated with over-production of nitric oxide,
coagulopathy and shock symptom, and few
patients (1-2%) are complicated with MAS,
showing hemophagocytosis, thrombocytope-
nia, and hyperferritinemia. KD patients with
these variant complications usually manifest
intravenous immunoglobulin (IVIG) resis-
tance and require additional anti-inflamma-
tory medication. The immune reaction of KD
reveals a kinetic progression for early admin-
istration of IVIG within 4 days of the illness
did not provide a better outcome, and early
administration of corticosteroids alone exac-
erbated the prognosis, but a combination of
corticosteroids with IVIG provided the best
treatment response. Further studies are pro-
posed to identify the immunopathogenesis of
IVIG-resistance, MAS and KDSS, to protect
hosts from antigen exposure, and genetic sus-
ceptibility, and to combat MAS and/or KDSS
by blockade of mechanistic biomarkers, anti-
signal transduction, manipulations of host
milieu, hit the brakes for immunosuppression
and anti-hemophagocytosis.
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Immunoglobulin (IVIG) resistance - Th17/
Treg imbalance - Immunotherapy

A Postinfectious Autoimmune
Disease of Kawasaki Disease

Kawasaki disease (KD) is a febrile medium-sized
vasculitis in children with at least 4 out of the
5 clinical features: (1) dysmorphic skin rashes,
(2) bilateral nonpurulent conjunctivitis, (3) oral
mucosal changes: dry fissured lips, injected lips,
and/or strawberry tongue, (4) peripheral extremi-
ties changes: indurative angioedema of the hands
and feet followed by skin desquamation, and (5)
cervical lymphadenopathy (at least 1.5 cm in
diameter) [1-4]. Pathogens such as S. aureus,
streptococci, chlamydia, rhinovirus, coronavirus,
enterovirus, or Epstein—Barr (EB) virus had been
associated with KD [2-5]. An infectious disease
is usually contagious, but it is not contagious
transmission of KD in day care centers or hospi-
tal household staff. Siblings of KD patients reveal
6 to 10 times more chance to have KD than those
without a KD history [6, 7]. Moreover, there is no
any sequence readout of DNA and RNA viruses
in sera from KD [8], suggesting a postinfectious
disorder or an autoimmune disease. In East Asia,
where Bacillus Calmette—Guérin (BCG) vaccina-
tion is applied to infants, 40% of KD patients have
reactive skin erythema and/or scaling at the BCG
inoculation site [2], suggesting the reactivation
of BCG inoculation is related to cross-reaction
of BCG antigen or bystander of hyperinflamma-
tory reaction of KD. Taken together, KD may
be caused by a common infectious agent which
causes an asymptomatic infection but causes a
postinfectious autoimmune vasculitis in children.
It remains controversial if KD is a postinfectious
hyperinflammation, autoinflammatory, or auto-
immune disorder [9-11]. It is speculated that
inflammation-inducing substances, such as those
originating from pathogens and pathogen-asso-
ciated molecular patterns (PAMPs), including
toxins (superantigens), and others from injured
or damaged-host cells called damage-associated
molecular patterns (DAMPs) may cause hyperin-
flammatory response of KD [12].

A human coronavirus New Haven (HCoVNH)
had been associated with an outbreak of KD in
New Haven, showing RT-PCR detection of the
positivity at 73% (8/11) versus 5% (1/22) in a
case-control study [5]. The association of KD
with HCoVNH was not replicated in Taiwan
where a study showed undetectable virus RNA
of HCoVNH or HCoV-NL63 in nasopharyngeal
secretions using 53 consecutive KD patients [13].
However, the Taiwan study did not measure anti-
bodies against HCoVNH or HCoV-NL63 in the
serum. Recently, more than 1000 cases of KD-like
multisystem inflammatory syndrome in children
(MIS-C) which presented typical or atypical KD
had been reported [14]. In patients with MIS-
C, 80-100% patients had detectable anti-spike
antibodies in blood but only 0-30% of patients
had detectable RNA of SARS-CoV-2 in upper
respiratory tract [14—19]. The algorithm for diag-
nosis and treatment of KD in children has been
resorted to early recognition and treatment of the
KD-like vasculitis in MIS-C for the immunother-
apy with IVIG and corticosteroids. Interestingly,
the MIS-C cases were mostly reported from Italy,
France, the UK, and the USA [14-19], but not
in China, Japan, and Korea, where the KD inci-
dence is 10 times more than that in Western coun-
tries [1-4]. These studies suggest that children in
Western countries are susceptible to coronavirus-
related MIS-C, but not non—coronavirus-related
KD. In contrast, children in Asian countries are
susceptible to non—coronavirus-related KD vas-
culitis. It is a great concern that the Covid-19
associated MIS-C or cardiovascular events may
occur after the mass Covid-19 vaccination in
Western countries, where certain vaccine anti-
gens with and without (w/wo) adjuvant may
increase the risk of KD-like MIS-C [4].

Kinetic Progress
on the Immunopathogenesis
of Kawasaki Disease

Patients with KD or KD-like vasculitis reveal aug-
mented immune reactions associated with hyper-
cytokinemia and increases of C-reactive protein
and procalcitonin levels [4]. This addressed the
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hyperinflammatory responses on altered innate
immunity. The augmented innate immunity is sup-
ported by our experimental mice model of KD
showing higher TLR2 expression and monocyto-
sis [20]. As shown in Fig. la, the initial immune
response of KD may be mediated by a pathogen
or an antigen derived from PAMP which ligates
a pattern recognition receptor (PRR) such as toll-
like receptors (TLRs) or C-type lectin receptors
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Fig. 1 Immunopathogenesis of KD without and with
complication. (a) Innate immunity: The immune response
is presumably triggered by an antigen (pathogen) derived
from pathogen associated molecular pattern (PAMP)
(pink circle) or from damage associated molecular pattern
(DAMP) ((blue circle) which binds to a pattern recogni-
tion receptor (PRR) such as toll-like receptor (TLR, e.g.,
TLR2) or C-type lectin receptor (CLR), and induces sig-
nal transduction of MyD88 (Myeloid differentiation pri-
mary response 88) or TRIF (Toll/interleukin-1 receptor
containing adapter-inducing interferon-p) for inflamma-
tory responses, resulting in augmented production of IL-1,
IL-6, TNFa, and so on. (b) Adaptive immunity: The adap-
tive response is mediated by antigen presentation to T
cells through TCR (T cell receptor) and HLA (human leu-
kocyte antigen) by which resting T cells (Tho) are ampli-
fied to proliferate and differentiate into T helper type 1
(Th1) cells, Th2 cells, Th17 cells and/or T regulatory
(Treg) cells which provide cell immunity, antibody pro-
duction (Abs), autoimmune reaction and/or immunoregu-

I1, inhibitory

; 7) T >

(CLRs) resulting in signal transduction of MyD88
(Myeloid differentiation primary response 88)
and/or TRIF (Toll/interleukin-1 receptor contain-
ing adapter-inducing interferon-f) for augmented
production of IL-1, IL-6, TNFa, and so on. These
innate immune reactions are associated with early
neutrophilia, and a thrombocytosis in the disease
progression into convalescent stage [2, 11, 21, 22].
In addition to induction of innate immunity, the
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lation, respectively. In a balanced adaptive immunity, the
Thl and Th2 cells will help clean and/or neutralize the
antigen (pathogen), and the Treg cells or Abs that mediate
FcRII (type II FcgR) inhibitory signal (ITIM, immunore-
ceptor tyrosine-based inhibitory motif) will inhibit the
overt cell cytotoxicity or hypercytokinemia. (c)
Autoimmunity: In case of imbalanced T cell response, the
Th17 and Thl mediators are augmented, and Treg and
Th2 mediators are depressed, resulting in hypercytokin-
emia of IL-6, IL-17, IP-10, IL-23, and IFNy, which medi-
ate intractable fever and vasculitis. In certain conditions,
for example, a Th17 mediator, such as IL-6, compromises
NK cell cytotoxicity and promotes anti-apoptosis result-
ing in overloading of macrophage activation associated
with phagocytosis of platelets or blood cells, called MAS
(macrophage activation syndrome), and overproduction of
nitric oxide for hypotension, called KDSS (Kawasaki dis-
ease shock syndrome), which are augmented by a Thl
mediator, such as IFNy
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internalized antigen by antigen presenting cells
can be presented to T cells through recognition of
TCR (T cell receptor) and HLA (human leukocyte
antigen) by which resting T cells (Tho) are ampli-
fied to proliferate and differentiate into T helper
type 1 (Thl) cells, Th2 cells, Th17 cells, and/or T
regulatory (Treg) cells which provide an adaptive
immunity associated with cell immunity, antibody
production (Abs), autoimmune reaction, and/or
immunoregulation, respectively. In a balanced
adaptive immunity, the Th1 and Th2 cells will help
clean and/or neutralize the antigen (pathogen) by
cell immunity and/or antibody neutralization, and
the Treg cells or the antibodies that mediate FcyRII
(type II FcyR) inhibitory signal (ITIM, immunore-
ceptor tyrosine-based inhibitory motif) can inhibit
the overt cell cytotoxicity or macrophage activa-
tion (Fig. 1b).

In case of imbalanced T cell response, the
Th17 and Th1 mediators are augmented and Treg
and Th2 mediators are depressed, resulting in
autoimmunity associated with hypercytokinemia
of IL-6, IL-17, IP-10, IL-23, and IFNy, which
mediate intractable fever and mid-sized vasculi-
tis including coronary arterial lesion (CAL) [22,
23]. In certain conditions, for example, a Th17
mediator, such as IL-6, compromises NK cell
cytotoxicity and promotes anti-apoptosis result-
ing in overloading of macrophage activation
called macrophage activation syndrome (MAS),
which is augmented by Thl mediators, such as
IFNy and IP-10, resulting in hemophagocytosis
of platelets or blood cells, associated with throm-
bocytopenia and hyperferritinemia [24]. In terms
of KDSS, the hypotension may be derived from
over induction of IFNy, IL-10, and nitric oxide
(NO) [25-27], which could be mediated through
activation of STAT-1 and/or STAT3 (Fig. 1c).

The facts that early administration of IVIG
within 4 days of the illness did not provide a bet-
ter outcome [28], that early administration of cor-
ticosteroids alone exacerbated the outcomes of
KD [29], and that late administration of cortico-
steroids in combination with IVIG significantly
reduced the IVIG resistance and less progression
of CAL [30] suggest a progressive immuno-
pathogenesis of KD. It is, however, controversial
that patients who were initially treated with IVIG

only or IVIG and infliximab more often required
an additional therapy for the IVIG resistance than
those with IVIG and corticosteroids (21% vs
14% vs 0%, P = 0.03), but additional treatments
for CAL more frequently occurred to patients
initially received IVIG and corticosteroids than
those received IVIG only or IVIG and infliximab
(57% vs 21% vs 19%, P = 0.001) [31]. This sug-
gests that anti-inflammatory therapies on differ-
ent combinations comprising corticosteroids at
right time and/or right dose may be needed for
KD patients with variant immune aberrations. We
have first demonstrated that the CD40L activa-
tion marker is highly expressed on T cells and
platelets in children with KD [32], and over-
expression of inducible nitric oxide synthase
(iNOS) is associated with augmented nitric oxide
(NO) production in KD patients before IVIG
therapy [26]. The augmented immune reactions
are reduced after IVIG therapy [26, 32]. In con-
trast, a T cell differentiation toward Th2 response
is correlated to a better outcome of IVIG therapy
since a higher eosinophil count associated with
higher IL-5 level is a biomarker for success of
IVIG treatment [33]; on the contrary, fewer
eosinophil counts and lower IL-4 and IL-5 lev-
els are associated with IVIG resistance [33, 34].
We also found that KD patients had a prominent
Th17 expression but lower Treg FoxP3 expres-
sion before IVIG treatment [35]. This is related
to altered Treg response on polymorphisms of
TGFp-signaling pathway genes such as TGFfp2
and SMAD3, which are associated with the sus-
ceptibility of KD [35], and related to depression
of Treg immune responses [23]. Moreover, some
of the KD patients associated with macrophage
activation syndrome (MAS) presented with over-
production of IFN-gamma and its downstream
mediators: IP-10 and TNFa [24]. These stud-
ies indicate that KD patients revealed a kinetic
immune response showing early augmented
innate immunity followed by late imbalance
between Th17-Thl and Th2-Treg responses,
comparative to a kinetic immunopathology in a
series of autopsy findings found in early necrotiz-
ing vasculitis with innate macrophage activation
followed by a remodeling of coronary thrombosis
with lymphocyte infiltration and aneurysm for-
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mation [36, 37]. This also suggests that different
immunotherapies may be required to modify the
kinetic immunopathology according to disease
stages variants of KD.

Immune Responses of Different KD
Variants

Kawasaki disease can be categorized into dif-
ferent endotype and phenotypes in terms of age,
gender, hemophagocytosis, hyperferritinemia,
platelets, D-dimers, cytokines, IVIG resistance,
and shock syndromes. Typical KD reveals a sys-
temic vasculitis with fever more than 5 days,
associated with at least 4 out of the 5 clinical fea-
tures of KD described above. Patients with the
typical KD criteria but fever fewer than 5 days
can be diagnosed when coronary artery aneu-
rysm (CAA) or lesion (CAL) is recognized. KD
patients with prolong fever but fewer than four
of the 5 characteristic KD symptoms are named
atypical (incomplete) KD which usually occurs
to patients with extreme ages, younger than
6 months of age or older than 5 years of age. Some
other variants of KD present additional immune
aberrations such as macrophage activation syn-
drome (MAS) or shock syndrome called KDSS
are regarded as variants of KD [24, 27]. The vari-

ant of KD with MAS likely occurs to male with
older age, atypical KD, intravenous immuno-
globulin (IVIG) resistance, and persistent fever
greater than 10 days with hemophagocytosis and
thrombocytopenia. Another variant of KD pre-
senting KDSS is frequently found in older age
of female children with Hispanic origin [38—40].

As shown in Table 1, typical KD occurs to
small children with age of 6 months to 5 years
of age and a higher male to female ratio at 1.5.
The KD patients complicated with MAS at 1-2%
occur to a wider range of age distribution with
a similar male to female ratio at 1.5. By con-
trast, the KD patients complicated with shock
syndrome (KDSS) at 3-5% (1.4-7.0%) occur to
older children with female predominance, par-
ticularly in Hispanics. A recent review reported
that 14.8% KD patients developed KDSS [41],
compared with those between 1.5 and 7%
of KDSS reported in the literature [38—40].
Characteristically, KD patients complicated with
MAS tend to have elevated IFNy, splenomegaly,
and thrombocytopenia associated with the high-
est levels of pro-BNP, ferritin, and triglycerides
(Table 1). In contrast, patients with KDSS tend
to have a shock syndrome with variable platelet
counts due to thrombosis or coagulopathy, and
significantly higher D-dimer (>1000-4000 ng/
ml) levels and hypofibrinogenemia [25, 38—40].

Table 1 Immune responses in variant phenotypes of Kawasaki disease

Phenotypes KD MAS KDSS
Occurrence 95% 1-2% 1.4-7.0%

Age 0.5~5.0(2.0) 0.5~ 14 (>5.0) 2~12(3.5)

Race Asian All races Hispanic

Sex (male/female) 1.5 1.5 0.5

Cytokines IL6, IL-10, IP-10 IL-6, INFy, IL-18 IL-6, INFy, IL-10
Pro-BNP (pg/ml) >100 >1000 >1000

Ferritin (ng/ml) 100-200 >1000 >500
Splenomegaly Rare 90-100% Some

Platelets >350,000/pl Low High or low
Coagulopathy No Some Often

D-dimer (ng/ml) <1000 <1000 >1000
Myocarditis 5% 46% 60%

IVIG resistant 15% >50% >50%
Mechanism Th17 > Treg Macrophage activation Shock/coagulopathy
Fatality 0.1% 0-25% 0-6.8% (2%)

Abbreviations: KD Kawasaki disease, MAS macrophage activation syndrome, KDSS Kawasaki disease shock syn-
drome, /VIG intravenous immunoglobulin
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Cytokine storm among KD without and with
MAS or KDSS, showing augmented hypercyto-
kinemia in IL-6, IL-10, IL-17, IP-10 (CXCL10),
and MCP-1 (CCL2) are somehow different,
especially higher IL-6, IL-18, and IFNy levels in
MAS, and higher IL-6, IL-10, and IFNy levels in
KDSS [25, 41]. The wide differences on sex ratio,
race and age among KD with and MAS or KDSS
suggest varied genetic background and environ-
mental factors contributing to the susceptibility
of different phenotypes. In KD with MAS, it is
postulated that defects in the NK cell cytolytic
function of KD patients result in an inability to
lyse the infected macrophages, which causes
a prolong macrophage activation and cytokine
storm [42]. Heterozygous mutations in many
genes such as PRF1, LYST, RAB27A, UNCI13D,
STXBP2, and/or STX11 have been found in 40%
of patients with MAS, whose mutations could
compromise cytolytic functions of NK cells and
CD8 T cells [43]. Mice carrying heterozygous
mutations in more than one of the genes involved
in hemophagocytic lymphohistiocytosis (HLH)
carry a significantly higher risk to develop MAS
after viral infection [44]. Patients with systemic
juvenile rheumatoid arthritis (JRA) tend to have
a high rate of MAS, in which the combination
of a genetic predisposition with underlying
inflammatory state may contribute to the hyper-
inflammatory abnormalities seen in MAS [45,
46]. Patients with KDSS showed higher IVIG-
resistant, higher neutrophil-lymphocyte ratio
(NLR), and multisystemic presentations such as
abdominal manifestations, hypoalbuminemia,
and neurological manifestations in addition to
presence of CAL [38-41]. Patients with KDSS
are usually complicated with coagulopathy,
embolism, and thrombosis, which may require
certain antithrombotic and inotropic medications
in addition to IVIG and/or corticosteroids. The
cause of KDSS is unclear but may be related to
genetic and milieu backgrounds which attribute
to induction of hyperinflammation, nitric oxide
production, and/or coagulopathy [26, 38—41], or
an autoantibody-mediated thrombosis and throm-
bocytopenia, as seen in anti-PF4 autoimmune
coagulopathy [47]. It is also not excluded that
neutrophil activation and NET formation, which

contributes to thrombosis as seen in heparin-
induced thrombocytopenia [48], may be involved
in the thrombosis found in KDSS. An important
differential diagnosis of KDSS is toxic shock
syndrome (TSS), which is caused by superanti-
gen of enterotoxin derived from Staphylococcus
aureus infections in skin or in women with tam-
pon use [49]. The shock syndrome in KDSS is
more frequently associated with pulmonary com-
plications, acute kidney injury (AKI), pancreati-
tis, cholestasis, and neurological disorders [40].
The first line of treatment for KDSS includes
IVIG and corticosteroids in pulses, and in severe
cases refractory to the IVIG and corticosteroids,
inotropic agents, anti-thrombotic agents, and
anti-inflammatory treatments such as infliximab,
anakinra, cyclosporin, or plasmapheresis may be
needed as alternative treatment options. Typical
KD usually has low mortality (<0.1%), but KD
with KDSS or MAS tends to a higher mortality
with a wide range between 0 and 25%, at average
of 2% (Table 1).

Genetic and Epigenetic
Immunoregulation of KD
with and Without Complications

Kawasaki disease is prevalent in East Asia such
as Japan, Korea, Mainland China, and Taiwan [2—
4, 12, 50]. Several KD susceptibility genes (e.g.,
ITPKC, CASP3, CD40, and ORAI1) and human
leukocyte antigens (HLAs) have been linked to
KD [51]. In systemic JRA patients with MAS,
over 40% of the patients had one or more hetero-
zygous mutations of the PRF1, UNC13d, STX11,
STXBP2, and RAB27a genes [52], suggesting a
genetic background contributes to the compli-
cation of MAS. It is not clear whether this phe-
nomenon also occurs to KD with MAS. Fourteen
SNPs of 10 genes: PPIE, CD247, ACVR2B,
FLT4, CULI1, IL2RA, MAP 2 K1, MAPKI1,
LBP, and CD24 are significantly associated with
IVIG resistance of KD [53]. This study, however,
demonstrates that a combination of 9 SNPs and
6 clinical features such as ESR, BNP, anemia,
hypoalbuminemia, and so on predicts the IVIG
resistance the best. This suggests a gene—environ-
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ment interaction is involved in the susceptibility
and complications of the KD variants.

We have therefore studied whether epigenetic
regulation on CpG methylation of immune genes
is associated with KD [54-57]. We have found
that DNA hypomethylation on the promoter CpG
islands of many immune activation genes was
significantly higher DNA hypomethylation than
hypermethylation in leukocytes before IVIG
treatment [54-57]. We have found that the CpG
methylation changes greater than 20% in acute
stage of KD were prominently hypomethylated
(97%) genes but only 3% hypermethylated genes
[57]. The hypomethylated genes were correlated
to enhanced gene (MRNA) expression, especially
the toll-like receptors (TLRs). The TLRI, 2, 4,
5, 8, and 9 receptor genes were significantly
hypomethylated and associated with augmented
mRNA expression [55]. Other innate immunity
genes such as FcgammaR2A, IL-10, and SI00A8
were also significantly hypomethylated before
IVIG treatment [55, 57]. The hypomethylated
loci and augmented mRNA expression recip-
rocally reversed. In addition to DNA methyla-
tion changes, miRNA expression is also a good
biomarker for KD, which differentiated KD
from other febrile diseases by a set of 4 miRNA
expression at Cr(miR-1246)-Cy (miR-4436b-5p)
and Cr (miR-197-3p)-Cy (miR-671-5p) [58].
Moreover, the miRNA regulation of Treg expres-
sion has been characterized in KD patients [59].
The epigenetic control of Treg has been demon-
strated mainly via FoxP3 expression [60, 61].
These epigenetic profiles and functional mark-
ers of various Treg populations (tTreg, iTreg and
pTreg) can be regulated by inherited variants of
T cell receptors and environmental factors mak-
ing monitor of specific Treg populations suitable
for prediction and prevention of Thl7-mediated
autoimmunity [61, 62]. Based on the immuno-
pathogenesis of KD involved in an augmentation
of Th17 response together with depressed T reg-
ulatory response which is regulated by epigen-
etic and genetic modifications s [23, 61-63], the
development and differentiation of Treg popula-
tions regulated by genetic and epigenetic changes
can be recognized as biomarkers and potentially
therapeutic targets of KD with IVIG resistance.

Immunotherapies Based
on Immune Response of KD

Before institution of IVIG for the treatment of
KD, aspirin was considered a medication bet-
ter than antibiotics or corticosteroids in 1970s
[1, 29]. After institution of IVIG treatment in
1980s, the standard treatment has been evolved
to a combined therapy of aspirin and IVIG since
1990s [64, 65]. The aspirin therapy, with high
(80-100 mg/kg) or low (30-60 mg/kg) dose,
does not appear to lower the rate of CAL [65,
66]. Different dosing of IVIG for KD has been
clarified the best at single high dose 2 g/kg, which
is better than 1 g/kg/day for 2 days, or 400 mg/
kg/day for 5 days [65, 67]. However, 15% of KD
patients are refractory to initial IVIG therapy and
require additional doses of IVIG therapy or other
anti-inflammatory therapies including pulse corti-
costeroids, anti-TNFa, anti-IL-1, and cyclosporin
A. Some complications of KD such as shock syn-
drome (KDSS), macrophage activation syndrome
(MAS) or coronary artery aneurysm (CAA) are
frequently associated with IVIG resistance, sug-
gesting different immune phenotypes may have
fundamental immunopathogenesis but different
genetic and epigenetic backgrounds which medi-
ate variant phenotypes. Several scoring systems
had been used to predict an intensified therapy
needed [68-71]. A scoring system for predict-
ing IVIG resistance (Kobayashi Score), which
was useful for prediction and prevention of CAL
after the combined IVIG and corticosteroids treat-
ment in Japan [68, 69], but poor sensitivity and
specificity was found in Western countries [70].
Intensification of the combination therapy for
KD patients predicted to develop CAA based on
observations of Z scores >2.5 for the CAL on the
first echocardiogram is suggested as a universal
indicator [71]. Taken together, KD patients in
different countries or ethnicities may require var-
ied criteria to predict complications and/or IVIG
resistance and guide to an early intensified treat-
ment. A new scoring system should include clini-
cal symptoms/signs, immune parameters, genetic
and epigenetic biomarkers to predict IVIG resis-
tance and to prevent complications by a combined
anti-inflammatory therapy.
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Based on the immunopathogenesis of KD w/
wo IVIG resistance described above, we suggest
a stepwise guide in Fig. 2 to prevent or rescue
IVIG-resistance and complications below:

1. Identification of autoimmune antigens, PAMP
and/or DAMP. The pathogenesis of KD is
likely derived from a postinfectious autoim-
munity. Although the trigger factor for KD
is not known, it is postulated that exogenous
antigen (PAMP) or endogenous damaged
substance (DAMP) may be involved. To

STAT3/STAT1 .

(NO; Hemo®)

Fig. 2 Immunotherapies for KD refractory to conven-
tional treatment. (1) Avoidance of autoimmune trigger
factor: Although the trigger factor for KD is not known, it
is postulated that exogenous antigen (PAMP) or endoge-
nous damaged substance (DAMP) may be involved. To
avoid exposure of trigger factors (antigens) may prevent
KD with complications. (2) Screening of genetic suscepti-
bility: To screen specific gene polymorphisms susceptible
to IVIG resistance, CAA, MAS, and/or KDSS can guide
an early prevention and precision treatment of life-
threatening complications. (3) Blockade of mechanistic
biomarkers: Anti-TNFa and anti-IL-1 have been used to
rescue IVIG resistance. In addition, other Th17 and Thl
cytokines are also candidates for the target therapies. (4)
Targeting of signal transductions: Overactivation of
mitogen-activated protein kinases (MAPK) including p38
phosphorylation has been described in KD, and strategies

avoid exposure of trigger factors (antigens)
may prevent KD with complications. For
instance, children with Covid-19 are usually
mild or subclinical but some are susceptible
to the occurrence of MIS-C 3 to 6 weeks
after exposure to Covid-19 [4]. Children with
MIS-C may be undetectable for viral RNA of
Covid-19 but 80-100% detectable antibodies
against spike protein [15-17]. This indicates
that searching autoantibodies directed against
exogenous or endogenous antigens may be
needed in order to avoid autoimmune trig-

1. Avoid PAMP, DAMP

2. Screen genetic susceptibility

3. Block mechanistic mediators

4. Target signal transductions

Treg,
Vitamin D,
Microbiota

5. Milieu therapies

6. Hit the brake(s)

7.Target immunopathology

to target the MAPK pathway for the treatment of cytokine
storm has been postulated. (5) Milieu manipulations of
immunoregulation: Certain internal and exogenous milieu
that could provide a better homeostasis of Treg enhance-
ment with polarizing FoxP3 expression may benefit KD
patients with hyperinflammatory responses. (6) Hit the
brakes on the immunoregulation by immunoreceptor
tyrosine-based inhibitory motif (ITIM) for inhibiting
cytokine production. A ligation of immunosuppressing
receptors has been shown to shut down hyperinflamma-
tory responses of leukocytes, which may be useful for KD
patients refractory to IVIG therapy. (7) Anti-
hemophagocytosis can be made by targeting nitric oxide
(NO) production or hemophagocytosis mediate by IFNy
and TNF« inhibition or downexpression of their down-
stream STAT-1 (Signal transducer and activator of tran-
scription 1) activation
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ger factors for KD although high-throughput
sequencing of viral genomes in blood from
KD patients has not been done.

. Screening of genetic variants. KD has been
associated with certain polymorphisms of
immune genes and HLA variants in regard to
disease susceptibility and severity [51, 72—
75]. We have also found that DNA polymor-
phisms of Treg pathway genes such as TGF[2
and SMAD3 are associated with the KD sus-
ceptibility [35], and the gene expression of
TLRI1, 2, 4, 5, 8, and 9 receptors is involved
in the immunopathogenesis of KD with and
without complications [55]. These results sug-
gest that identifying the risk genetic variants
for severity and/or autoimmunity of KD could
help develop genetic screening tests for pre-
dicting and preventing KD with and without
complications. To screen specific gene poly-
morphisms susceptible to IVIG resistance,
CAA, MAS and/or KDSS may guide an early
precision treatment to prevent life-threatening
complications.

. Blockade of mechanistic  biomarkers:
Hypercytokinemia, such as augmented TNF-
alpha and IL-6 expression, has been found in
KD patients with IVIG resistance [76, 77].
Therefore, some studies have shown that anti-
TNF-alpha (infliximab) or anti-IL-1 (anakinra)
could rescue the resistance of IVIG treatment
for KD [77-79]. However, another study
showed that two of the four KD patients with
IVIG resistance who were responsive to anti-
IL-6 treatment developed CAA [80]. These
studies suggest that a single target directed
against one cytokine action may be ineffec-
tive, and a combined strategy or a sequential
targeting could be required for eliminating the
cytokine storm mediated by a couple of hyper-
inflammatory cytokinemia found in IVIG
resistance, MAS or KDSS. Given the fact
that Th17 and Thl mediators: I1-6, IL-17A,
TNF-alpha, and IP-10 are more prominently
increased in KD [65, 76, 80, 81], targeting IL-
17A and anti-TNF-alpha might be considered
in KD patients with IVIG resistance. Some
patients with KD could have acute kidney
injury, particularly those with KDSS asso-

ciated with hypercytokinemia may require
continuous renal replacement therapy and/or
plasma exchange [49]. Occasionally, extra-
corporeal membrane oxygenation (ECMO) is
required for KD patients with life-threatening
cardiac dysfunction or KDSS who are refrac-
tory to the treatment of IVIG and pulsed cor-
ticosteroids [82, 83].

. Targeting signal transduction. Employing

phosphorylated proteomic analyses have
recently demonstrated that activation of
mitogen-activated kinase proteins (MAPK)
signal transduction is involved in the patho-
genesis of KD [84, 85]. A synthetic lipid-
modified sialoglycopeptide which could
insert into cell membranes and mediate a
cis-binding to Siglec-9 has been shown to
inhibit the MAPK activation for therapeutic
effects on experimental autoimmune inflam-
mation [86]. As a result, a specific inhibition
of MAPK by an antibody or a modified sialo-
glycan to ligate Siglec-9 may provide anti-
inflammatory response for the treatment of
KD refractory to IVIG treatment.

. Milieu regulation of Treg immunity. Epigenetic

changes in DNA methylation and/or miRNA
expressing profiles in the Treg pathways have
been found in KD patients [33-35, 55]. It is
known that Treg cell development and induc-
tion are significantly affected by endogenous
milieu such as vitamins and metabolites from
microbiota [87-91]. Vitamin D deficiency has
been correlated to KD with IVIG resistance
[90, 92]. In addition to vitamin D, microbiota
in coordination with mesenchymal stem cells
has recently been shown to combat experi-
mental autoimmune diseases [93]. Moreover,
MSCs or the exosomes derived from MSCs,
which are useful in treating inflammatory dis-
eases [94-96] may be also useful for immu-
noregulation of cytokine storm in KD with
IVIG resistance. Since T cell regulatory func-
tions can be influenced by epigenetic modu-
lations of FoxP3 [59-63], and MSC or their
exosomes could provide homeostasis of Treg
immune responses [94-97], MSCs or their
exosomes may be used to modulate the Th17/
Treg imbalance in patients with hyperinflam-
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matory response in KD patients with IVIG
resistance or complications.

Hit the brakes on enhancement of immuno-
inhibitory receptors: Inhibition of hyper-
inflammation is known to mediate via
immunoreceptor tyrosine-based inhibition
motif (ITIM) through its cytoplasmic tail.
The ITIM-containing receptors belong to
the immunoglobulin receptor superfam-
ily possessing a consensus sequence of I/V/
LxYxxL/V (where X represents any amino
acid) for docking SH2 domain, contain-
ing protein-tyrosine phosphatases including
SHIP-1, Shpl, and Shp2 [98]. The inhibitory
FcgR2B of IgG has been shown to mediate
immunomodulation through inhibitory ITIM
[98, 99]. In KD patients, polymorphisms of
FcgR2B have been implicated in the IVIG
resistance in Caucasians [100]. Besides,
certain studies have shown that the Fc frag-
ments of IgG play a pivotal role on immu-
nosuppression of autoimmune disorders [98,
100-102]. The Fc portions of all IgG isotypes
are glycosylated with an N-glycan at aspara-
gine-297 residue in which 30 N-glycans have
been identified and implicated in varied effec-
tor functions [103—-105]. The N-glycans of
Fc domain with a galactosylated glycans are
associated with pro-inflammatory diseases,
and higher levels of sialogalactosylation on
the N-glycans of Fc domains are associated
with higher anti-inflammatory activity in dif-
ferent Fc antibody preparations [104]. An Fc
domain fusion to a sialoglycoprotein, CD24,
called CD24Fc protects virus-mediated respi-
ratory inflammation in an animal study [106],
and has been used in a phase 3 clinical trial for
nonantiviral immunomodulation in Covid-19
treatment [107]. The highly sialylated CD24
could induce immunosuppression by ligation
of sialoglycan to sialic acid immunoglobulin-
like lectin-10 (Siglec 10) [108-110], medi-
ate a driving force to cancer [108], damp
tissue damage induced inflammation [109],
and induce immune tolerance of pregnancy
[110]. A synthetic membrane insertable
lipid-modified sialoglycan has been shown
to induce cis-binding to Siglec-9 for immu-

nomodulation and inhibit in vitro neutrophil
overactivation of neutrophil extracellular traps
(NETosis), associated with Covid-19 infec-
tion, mediated by ITIM-associated SHP-1
[111]. These glycan immunomodulators may
be replicated to treat KD patients with IVIG
resistance.

7. Anti-hemophagocytosis. KD patients with
MAS [24, 25, 27] or KDSS [11, 112] may
have IVIG resistance associated with pro-
long fever, anemia, hyperferritinemia, and
hypertriglyceridemia, compatible with sec-
ondary hemophagocytic lymphohistiocyto-
sis (sHLH) [113]. Macrophage activation is
usually associated with elevated circulating
sCD163 and Th1l mediators, such as IL-18,
IFN-gamma, and TNF-alpha, which induce
Stat-1 and NFkB activation resulting in
coagulopathy, hemophagocytosis, and induc-
tion of nitric oxide (NO) for vascular insults
[112-114]. The autoimmune-induced MAS
can be found in patients with rheumatic dis-
eases including JRA, systemic lupus erythe-
matosus, and KD [24, 112, 115, 116]. In this
situation, a combination of IVIG with pulse
corticosteroids, cyclosporin-A, anti-IL-1,
and/or anti-TNFa administration may be
required [24, 78, 116, 117].

In summary, the autoimmune vasculitis of
KD with and without complications is mediated
by an altered hyperinflammation toward aug-
mented Th17/Th1 mediators: IL-6, IL-10, IP-10,
IFN-gamma, and IL17A, and downexpression
of Treg-signal transduction of FoxP3 and TGF-
B, presumably through genetic variants of HLA,
FcgR2A and/or epigenetic dysregulation for
vasculitis. To clarify the immunopathogenesis
among KD w/wo IVIG resistance, CAA, MAS,
and/or KDSS can make early prediction, protec-
tion, prevention and precision treatment of the
KD with life-threatening complications possible.
Standard immunotherapies for KD have evolved
to a combination of IVIG and aspirin therapy
with and without additional pulse therapy of
corticosteroids. While KD patients are resistant
to these therapies, additional anti-inflammatory
therapies based on the immunopathogenesis
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described above might be provided to reverse the
hyperinflammation of KD with IVIG resistance,
CAA, MAS, or/and KDSS.
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Anemia in Kawasaki Disease

Ying-Hsien Huang and Ho-Chang Kuo

Abstract

Kawasaki disease (KD) is the most com-
mon acute coronary vasculitis syndrome that
mainly affects genetically susceptible kids
under 5 years of age. Aside from the standard
diagnostic five criteria, patients with KD may
also experience a variety of nonspecific clini-
cal symptoms and signs. Anemia is the most
common clinical feature in KD patients. In
2001, the scientists have the discovery of a
liver-derived peptide hormone named as hep-
cidin began revolutionizing the understanding
of anemia’s relation to a number of inflam-
matory diseases, including KD. This chapter
focuses on hepcidin-induced iron deficiency’s
relation to transient hyposideremia, anemia,
and disease outcomes in KD patients, and goes
on to suggest possible routes of KD study.
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Kawasaki Disease Is the Most
Common Vasculitis of the Coronary
Arteries in Children

Kawasaki disease (KD) is an acute multisystem
vasculitis syndrome that mainly affects geneti-
cally susceptible infants and kids under 5 years
of age. Although the cause of KD is not clearly
known, it is temporarily defined as an infection—
immune—genetic pathogenesis for this mysteri-
ous disease [1]. Tomisaku Kawasaki is the first
doctor to publish 50 cases of KD in English in
1974 [2]. KD shows signs and symptoms such
as high fever for several days, conjunctivitis, dif-
fuse mucosal inflammation, polymorphous skin
rashes, peeling of the skin on the hands and feet
(especially on their tips), and nonsuppurative
lymphadenopathy [1]. Inflammation in small-
and medium-sized blood vessels, particularly the
coronary arteries, may be also manifested in KD
patients. The most serious complication in KD is
coronary artery lesions (CAL), including myo-
cardial infarction and coronary artery aneurysm.
If left untreated, 20% of the affected kids may
suffer from a sequelae of vasculitis with coro-
nary aneurysms [3]. Currently, a single dose of
2 mg/Kg intravenous immunoglobulin (IVIG)
is the main treatment for coronary artery lesions
(CAL) in KD patients [4]. The global prevalence
of KD among children is the highest in Japan
(218/10°) and the lowest (4.7/105) in kids of
European descent, while the incidence in Taiwan
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is 66/10° [1]. During our recent study period, the
incidence of KD in Taiwan more than doubled
from 28.58 to 60.08 per 100,000 [5]. Therefore,
the prevalence of KD in Asia is nearly 10 times
higher than in Europe and the USA. However, for
clinicians in the pediatric emergency department,
the biggest challenge is to identify KD itself in
the early stage, because KD shares many of the
same clinical signs with other childhood diseases
with high fever [6]. Even worse, 20-30% of KD
patients do not fully meet the diagnostic criteria
and are considered to suffer an incomplete KD,
making the diagnosis even more challenging for
inexperienced pediatricians [7, 8].

Anemia in Patients with Kawasaki
Disease

Aside from the standard diagnostic criteria,
patients with KD may also experience a vari-
ety of nonspecific clinical symptoms, such as
uveitis, aseptic meningitis, abdominal pain,
hydrocystic gallbladder, skin rash at the site of
BCG-Carinella inoculation, impaired liver func-
tion, hypoalbuminemia, and anemia [9-12].
Among them, anemia is the most common clini-
cal feature in KD patients and is considered to
have a longer duration of active inflammation
[13-16]. A study involving 783 people includ-
ing 441 KD patients and 342 febrile controls
showed that hemoglobin level is one of the seven
variables with the largest absolute value of the
diagnostic coefficient [17]. In addition, Lin et al.
observed that hemoglobin is a useful marker for
telling KD shock syndrome from toxic shock
syndrome in pediatric intensive care units [18].
Although severe hemolytic anemia that requires
blood transfusion is rare, it may be related to
IVIG infusion [14, 15, 19]. The main cause of
hemolysis is usually related to anti-A and anti-B
IgM antibodies and anti-Rh IgG antibodies [20].
In fact, the IVIG products used today are gener-
ally safe and effective. They consist of at least
98% IgG and very low anti-A (1:8) and anti-B
(1:4) IgM antibodies, but no anti-D IgG antibod-
ies [22, 31]. In addition, Rh-negative blood types
are much less common in the Asian populations
(0.3%) than in the Caucasian populations (15%).

The phenomena and literature concerning hemo-
lysis after IVIG in KD patients may thus be more
commonly reported in European ancestry than
Asian ancestry. We also found that there were no
significant differences in total bilirubin and hap-
toglobin levels between KD patients before and
after IVIG treatment [11]. Therefore, we believe
that the key etiological link can explain the rela-
tionship between KD and anemia.

Anemia associated with inflammation rep-
resents a serious, highly common clinical prob-
lem [21]. Anemia of chronic disease is usually
observed in various inflammatory states, such as
infections, inflammatory diseases, and certain can-
cers [22-25]. In 2000, Krause et al. described a
peptide that was first called liver-expressed anti-
microbial peptide-1 or LEAP-1 but later named
“hepcidin” due to its liver expression and antibac-
terial activity [26]. It is understood that hepcidin
plays a vital role in preventing the subsequent
iron influx into the plasma: duodenal absorption,
macrophage release, mobilization of iron stored
in liver cells, and inflammatory anemia [21, 27].
In anemia associated with inflammatory diseases
such as infections [39, 40], autoimmune diseases
[41, 42], severe diseases [43, 44], obesity [28], and
acute myocardial infarction [29], abnormally ele-
vated levels of hepcidin have also been observed.

Hepcidin Expression Is Associated
with the Prognosis of Kawasaki
Disease

We have previously reported that before receiv-
ing IVIG treatment, the plasma hepcidin and IL-6
levels of KD patients were higher than those of
febrile controls [30]. After IVIG treatment, the
levels of hepcidin and IL-6 decreased signifi-
cantly. Interestingly, changes in hepcidin levels
are related to the resistance to IVIG treatment
and the formation of CAL, which supports the
theory that inflammation markers and increased
IVIG anergy may be related to the development
of CAL in KD patients [30].

It is proven that IVIG can effectively reduce
the incidence of CAL [4], but it is still unclear
what role aspirin plays and how much aspirin
should be administered on KD patients. In the
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past few decades, even before IVIG was used,
aspirin-related practices have been administered
in KD treatment [3]. Moreover, anemia and sig-
nificant bleeding are associated with the use of
aspirin [31]. In a study of 851 patients with KD,
we have reported that high-dose aspirin in acute-
phase KD does not benefit the disease outcomes
but may be harmful in reducing disease inflam-
mation [32]. In addition, this is the first study to
show that high-dose aspirin can lower hemoglo-
bin levels and hinder the ability to lower hepcidin
levels after IVIG treatment. Therefore, high-dose
aspirin may not be an essential part of acute-
phase KD treatment. Nevertheless, more ran-
domized placebo-controlled studies are needed
to clarify the function of high-dose aspirin in KD.

Iron Deficiency Caused by
Hepcidin Is Related to Transient
Hypoferremia and Anemia in KD
Patients

Hepcidin is essential in coordinating iron
metabolism and the pathogenesis of inflamma-
tory anemia [33, 34]. After hepcidin interacts

with ferroportin, the ferroportin is internal-
ized and degraded, which ultimately leads to
a decrease in iron chelation and iron absorp-
tion in the cells [35]. Currently, ferroportin is
the only known exporter of mammalian iron
and is essential for transporting iron from one
cell type to another [35]. Hepcidin not only
controls the absorption of iron, but also has a
direct inhibitory effect on erythropoiesis [36].
Moreover, it is also proved that hepcidin can
directly affect the proliferation and survival of
erythroid precursors, because the formation of
erythrocyte colony [37] is consistent with the
observation of transient erythrocytopenia in
bone marrow aspiration in patients with KD
[38]. In our previous study, hemoglobin lev-
els kept on decreasing significantly after IVIG
treatment, showing that myelosuppression in
KD patients does not quickly reverse after IVIG
treatment. In our age-matched 27 health con-
trols and 117 KD patients, the hemoglobin level
increased 3 weeks after IVIG treatment, and the
hemoglobin level was completely restored dur-
ing the 6-month follow-up (Fig. 1). Thus, we
recommend that patients with KD do not need
to supplement iron.

Fig. 1 Comparison of
hemoglobin levels in
age-matched healthy
controls (N = 27) with
Kawasaki disease (KD)
(N = 117) patients
before and after
receiving intravenous
immunoglobulin
therapy. The data are
expressed as

mean * standard error.
* indicates p < 0.05
between groups
(reproduced with
permission from https://
encyclopedia.pub/3623)
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HAMP Promoter Hypomethylation
and Elevated Hepcidin Levels Are
Biomarkers of Kawasaki Disease

The genome-wide DNA methylation method
shows that DNA methylation occurs in the epi-
genetic regulation mechanism, which is used for
the transcriptional inhibition of HAMP in alcohol-
related hepatocellular carcinoma [39]. In our pre-
vious study, univariate analysis showed that the
methylation status of the HAMP promoter was
significantly and negatively correlated with plasma
hepcidin levels in KD patients and controls [40].
Since DNA methylation is the most famous con-
trol mechanism of gene expression, our in vitro
research results also show that promoter DNA
methylation under epigenetic regulation can be
used as a regulatory mechanism for the transcrip-
tion regulation of HAMP genes. In addition, these
findings highlight the epigenetic hypomethylation
of the HAMP promoter and the upregulation of
hepcidin expression. These results establish a new
significance for the epigenetic hypomethylation
of HAMP in KD patients and indicate that a sig-
nificant increase in the level of hepcidin can be
used as a biomarker for KD. In 2021, we further
demonstrated a novel scoring system, which has
good ability to distinguish children with Kawasaki
disease from other kids with high fever and high-
lights the importance of eosinophils in Kawasaki
disease. Using this novel scoring system to evalu-
ate factors, including hemoglobin, average red
blood cell hemoglobin, and average red blood cell
hemoglobin concentration level, can help first-line
doctors diagnose and treat Kawasaki disease as
soon as possible [41].

Other Studies on Hepcidin
in Kawasaki Disease

Macrophages play a vital role in regulating
iron homeostasis, which is closely related to

polarization during innate immunity. The iron
homeostasis of macrophages is related to the
functional polarization and plasticity of these
cells and plays an extreme role in the pro-
cess of inflammation, immune regulation, and
inflammation regression [42]. According to
the Mosser and Edwards model, macrophages
are grouped by their functional characteristics
into three populations, including host defense
(M1), wound healing (M2a), and immune regu-
lation (M2b/c). Under a conceptual framework
these three basic macrophage populations can
be blended into a large number of different
macrophage subpopulations [43]. Polarization
characteristics usually refer to the cytokine
profile that has been extensively studied in
KD patients. However, no studies have yet
been made to resolve the exact macrophage
polarization in KD. Since iron is an essential
growth factor for most bacteria and parasites,
they have developed various mechanisms to
separate iron from the host. Doing so makes
MI-macrophages a major iron storage site
under inflammatory conditions [42]. In con-
trast, M2-macrophages increase ferroportin to
promote iron release [44]. However, little is
known about whether iron homeostasis affects
the ability of the macrophage polarization pro-
gram and molecular mechanisms involved in
the KD disease process.

Conclusion

Inflammation-induced hepcidin can bring about
transient hypoironemia, anemia, and disease
outcomes in acute-phase KD (Fig. 2, published
Int J Mol Sci. 2017 Apr 12; 18 (4): 820. doi:
10.3390/ijms 18040820, https://www.ncbi.nlm.
nih.gov/pmc/articles/PMC5412404/). However,
further research is needed to better clarify the
role of hepcidin in the pathogenesis of KD.
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Fig.2 Proposed mechanism of transient anemia and cor-
onary artery lesions caused by hepcidin in patients with
Kawasaki disease. Although the exact cause of Kawasaki
disease (KD) is still uncertain, we have reported that KD
stimulates the abnormal upregulation of most TLRs, and
these TLR arteries upregulate the expression of Hepcidin.
After hepcidin interacts with ferroportin, the ferroportin is
internalized and degraded, which ultimately leads to the
reduction of intracellular iron chelation and duodenal iron
absorption. Hepcidin not only controls the absorption of
iron, but also has a direct inhibitory effect on erythropoi-
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Psychological or Mental Issues
in Kawasaki Disease
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Abstract

Kawasaki disease (KD) is characterized by
multisystem vasculitis, which may affect blood
perfusion and cause inflammatory changes in
the brain. This chapter aims to systematically
review the research on KD psychology or psy-
chological problems. A comprehensive search
of studies published before April 5, 2021
was conducted on MEDLINE through the
PubMed database to identify relevant articles.
Both current clinical data and population-
based cohorts indicate that patients with KD
have no increased risk of mental/psychologi-
cal sequelae, including intellectual disability,
attention deficit/hyperactivity disorder, or
autism. The results indicate that KD seems to
have no effect on developmental milestones
or cognitive function later in life. However,
caregivers of KD patients with coronary artery
lesion (CAL) may be stressed that CAL can
cause unpredictable sequelae to their children.
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Such caregivers may need support to per-
form their parenting duties. Future research
is necessary to clarify the subtle effects of
KD-related systemic vasculitis on the central
nervous system.
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Background

Kawasaki disease (KD) is a disease that mainly
affects children under 5 years of age and involves
multisystem vasculitis of unknown etiology [1,
2]. Although it occurs all over the world, the
incidence of KD is particularly high in East Asia,
especially Japan, South Korea, and Taiwan [3, 4].
The main clinical features of KD include persis-
tent fever, diffuse mucosal inflammation, bilateral
non-suppurative conjunctivitis, non-suppurative
cervical lymphadenopathy, rigid angioedema
of the hands and feet, and pleomorphic rash
[5-7]. Although its etiology is not yet clear, both
genetic and environmental factors are related to
the occurrence of KD [8, 9]. Intravenous immu-
noglobulin (IVIG) infusion is the standard treat-
ment for acute KD, but 10-20% of patients show
resistance to IVIG treatment and are at risk of
complications [10], the most serious of which is
cardiovascular complications (such as coronary
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aneurysm) [11]. However, KD is also character-
ized by multisystem vasculitis, which may affect
blood perfusion and cause inflammatory changes
in the brain [12, 13]. A study has shown that
1-30% of KD patients will experience central
nervous system (CNS) symptoms [14].

KD and Cognition

KD patients with central nervous system involve-
ment may show a variety of symptoms and signs,
including irritability, lethargy, aseptic meningi-
tis, cranial nerve palsy [15], and prolonged par-
tial seizures with bilateral subdural effusion [16].
Endothelial cell dysfunction in patients with KD
may not be limited to coronary vessels. Previous
studies have shown that migraine and Raynaud’s
phenomenon may be the consequences of KD
[17]. In addition, coma and white matter damage
on brain magnetic resonance imaging (MRI) have
been observed in KD patients [12]. However, few
studies have focused on whether KD is related
to the sequelae of cognitive impairment [18, 19].
A study conducted in Ottawa, Ontario recruited
32 KD patients aged between 4 and 18 and their
siblings as control subjects. Compared with the
control group, KD patients were found to show
no differences in cognition or academic perfor-
mance, but a KD deficit was found to be related
to internalization and attention behavior [18].
In another clinical study conducted in northern
India, 20 KD patients between 5 and 10 years
old were recruited together with 20 patients with
mild intermittent asthma as comparison subjects
[19]. The researchers found that there were no
significant differences between the two groups in
terms of social adaptation, cognitive function, or
behavioral function.

The case of a 7-year-old boy with KD com-
plicated with cerebrovascular inflammation and
encephalitis was observed. After a single dose
of immunoglobulin, pulse methylprednisolone
therapy was started, which resulted in a grad-
ual improvement in consciousness, an eventual
complete recovery of motor and cognitive func-
tions, and the regression of brain magnetic reso-
nance lesions [20]. A prospective study (clinical

cohort) reported the neurological sequelae of 115
KD patients [21]. Even within a few months of
the acute phase of the disease, KD may have a
variety of complications, eventually leading to
permanent sequelae. Behavior changes during
rehabilitation were observed in approximately
20% of children with KD [21].

A previous study conducted in Taiwan
included a clinical cohort (168 KD patients and
81 healthy controls) and a national cohort (4286
KD patients and 50,038 controls) retrieved from
the Taiwan National Health Insurance Research
Database. Clinical data and population-based
cohorts consistently indicate that KD does not
increase the risk of future cognitive impairment in
children [22]. Another retrospective cohort study
of 612 KD patients recruited in Taiwan showed
that the prevalence of neurodevelopmental disor-
ders, especially epilepsy and Tourette syndrome
(TS), in children with KD is higher than that in
the general pediatric population in Taiwan. There
is no significant difference in the prevalence of
intellectual disability (ID) and developmental
language impairment between KD patients in
Taiwan or worldwide [23].

KD and ADHD

Attention deficit/hyperactivity disorder (ADHD)
is a common neuropsychiatric disease in children
and adolescents. According to reports, the preva-
lence of school-age children worldwide is about
3-10% [24], and that in Taiwan is 7.5% [25]. The
core symptoms of ADHD are inattention, hyper-
activity, and impulsivity, which have a significant
negative impact on the overall aspects of academic
performance, interpersonal relationships, and fam-
ily function [26, 27]. The underlying pathophysi-
ological mechanism of ADHD is complex and
multidimensional. The risk factors for ADHD are
generally categorized as prenatal, perinatal, and
postnatal [28, 29]. Among the postnatal factors,
several childhood diseases have been identified
as increasing the risk of ADHD, including head
injuries, meningitis, encephalitis, epilepsy, and
exposure to toxins or drugs [30]. A recent study
based on the national population showed an asso-
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ciation between ADHD and allergic/autoimmune
diseases [31]. The release of inflammatory cyto-
kines caused by allergic/autoimmune diseases
may interfere with the neurotransmitter system
and brain maturation involved in the pathophysiol-
ogy of ADHD [32]. However, there are currently
no studies investigating whether physiological
abnormalities in KD (cerebral hypoperfusion and
inflammation) are related to subsequent develop-
ment of symptoms of ADHD.

A previous population-based study conducted
in Taiwan recruited 651 KD patients and 3255 con-
trols, indicating that KD patients may not increase
the risk of ADHD [33]. Another retrospective
cohort study of 612 KD patients recruited in
Taiwan showed that the prevalence of neurodevel-
opmental disorders in children with KD is higher
than the general pediatric population in Taiwan,
especially epilepsy and Tourette syndrome (TS).
Nevertheless, the prevalence of ADHD was not
significantly different between KD patients and
those in Taiwan or worldwide [23].

KD and Autism Spectrum Disorders

Autism Spectrum Disorder (ASD) is a neurode-
velopmental disorder that affects up to 1.1% of
children in the United States [34] and 0.3% of
children in Taiwan [35]. Children with autism
show characteristic impairments in mutual social
interaction, delayed and abnormal communica-
tion skills, and a restricted repertoire of activi-
ties and interests [36]. Recent studies have shown
that some patients with ASD have decreased
cerebral perfusion, evidence of neuroinflamma-
tion, and increased oxidative stress markers [37].
A number of independent SPECT and positron
emission tomography (PET) studies have shown
that there is insufficient perfusion in several areas
of the autistic brain, the most notable being the
temporal regions and areas particularly related
to language understanding and auditory process-
ing. Several studies have shown that reduced
blood flow to these areas correlates with many
clinical features associated with ASD, includ-
ing repetitive, self-stimulatory, and stereotypical
behaviors, as well as barriers to communica-

tion, sensory perception, and social interaction.
Hyperbaric oxygen therapy (HBOT) has achieved
clinical success in a variety of cerebral hypoper-
fusion syndromes, including cerebral palsy, fetal
alcohol syndrome, closed head injury, and stroke
[37]. It has been reported that HBOT is beneficial
to many individuals with ASD who have certain
physiological abnormalities, including cerebral
hypoperfusion, inflammation, mitochondrial
dysfunction, and oxidative stress [38]. A previ-
ous population-based retrospective cohort study
showed that patients with KD have no increased
risk of ASD [39].

KD and Caregiver Pressure

Intravenous immunoglobulin (IVIG) has been
the standard treatment for acute KD [10].
However, 10-20% of patients still show resis-
tance to IVIG treatment and have a high risk
of coronary complications [40]. Among them,
CAL is the most serious [11]. Current research
shows that 20-24% of children with KD still suf-
fer from CAL even if they receive IVIG treat-
ment [41, 42]. Moreover, KD patients, as well
as their caregivers, may consistently worry about
patients’ potential risk of cardiac event-related
death [43]. However, our data show that care-
givers of patients with CAL are under greater
parenting pressure than caregivers of patients
without CAL. Children with persistent CAL
may develop complications [44], so caregivers
may worry, feel stressed, and feel helpless in the
face of the uncertainty of the child’s risk of myo-
cardial infarction and the possibility of sudden
death. This finding indicates that parental stress
or mental health of caregivers of patients with
CAL require particular assistance.

Conclusion

Both current clinical data and population-based
cohorts indicate that patients with KD have no
increased risk of mental/psychological sequelae,
including intellectual disability, hyperactivity, or
autism (summarized in Table 1). The results are
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good news for caregivers and KD patients, reas-
suring them that KD seems to have no effect on
developmental milestones or cognitive function
later in life. However, future research is neces-
sary to clarify the subtle effects of KD-related
systemic vasculitis on the central nervous system.
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Infection or not in Kawasaki

Disease

Nan-Chang Chiu

Abstract

Kawasaki disease (KD) is considered to be
related to an infection by its clinical pre-
sentations, epidemiological studies, and
laboratory findings. Many factors, e.g., age
distribution, seasonality, cluster phenomenon,
show the compatibility of KD with infection.
Superantigen-produced bacteria, i.e., strepto-
cocci and staphylococci, have been suspected
to be the causative agents, but no consistent
evidence. Several viruses, e.g., enteroviruses,
adenovirus, Epstein—Barr virus, reveal asso-
ciation with KD in some studies. Though
indirect evidences of many infectious agents
were reported, no definite pathogens can be
identified. KD-like children were noted in
COVID-19 pandemic. It is named as multi-
system inflammatory syndrome in children
or pediatric multisystem inflammatory syn-
drome later and considered to be distinct from
KD. Infection is more likely to be a trigger for
a special subsequently immune reaction that
causes vasculitis in the genetic predisposing
children who present as KD.
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What Is Infection?

Infection is an organism’s body tissues been
invaded by disease-causing agents, their multipli-
cation, and the immune reaction of host tissues
to the infectious agents and the toxins they pro-
duce. A wide range of pathogens can cause infec-
tions, bacteria and viruses are the most prominent
agents but also other unusual types, i.e., fungi,
parasites, prions. The immune system of the host
reacts to infections with an innate response, often
involving inflammation, followed by an adap-
tive response. Infectious diseases can be passed
from person to person through body secretions,
insects, or other means and also known as trans-
missible diseases or communicable diseases.

An infection usually has clinical presentation,
such as fever or other inflammatory symptoms/
signs, but can also be subclinical, silent, or occult.
Colonization is another situation. The presence
of a microorganism on/in a host, with growth and
multiplication of the microorganism, but without
interaction between host and microorganism is
called colonization instead of true infection.

Robert Koch proposed the Koch’s postulates
to define infection or not in 1884, which require
that first, the infectious agent is identifiable only
in patients who have the disease, and not in
healthy controls, and second, patients who con-
tract the infectious agent also develop the disease.
However, it can’t be applied to all the infectious
diseases in modern practice for ethical reasons
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and new scientific evidence. Epidemiological
study of who, why and where disease occurs,
and what determines whether various popula-
tions have a disease, is another important tool
used to understand infectious diseases. When a
patient reveals inflammatory symptoms and/or
signs, infection will be considered as the possible
reason. Other information regarding the possi-
bility of transmissible characters, i.e., contact or
cluster with other similar presentation patients,
travel or occupational history related to a spe-
cific endemic community, needs to be collected.
Next, it requires to find the possible causing
agent via isolation of the agent in culture, micro-
scopic visualization or molecular detection of the
pathogen in tissue lesions, and/or detection of a
specific host immune response to the microor-
ganism. If a special microorganism is found and
further studies reveal similar correlation, it can be
regarded as an infectious disease caused by that
microorganism.

Fever is the key symptom for the diagnosis
of Kawasaki disease (KD). With other inflam-
matory symptoms/signs of the diagnostic crite-
ria, infection by some kinds of pathogens have
been considered as a very possible reason. Some
epidemiological data also support the linkage
to infectious origin. Unfortunately, there are no
special bacterial or viral causes proved to be the
pathogen of KD. Besides, KD isn’t contagious;
it doesn’t transmit from one person to another,
at least not so significantly. Therefore, KD is
unlikely caused by a pathogen alone. At present,
KD is widely thought to be triggered by an infec-
tion or an abnormal immune response to infec-
tion in some genetic susceptible children.

Clinical and Epidemiological
Evidence

Clinical Presentation of Vasculitis

KD presents symptoms and signs of vasculitis.
Many idiopathic vasculitides have been suggested
to be induced and/or reactivated by infections
[1]. In large vessel vasculitis, Mycobacterium
tuberculosis in Takayasu arteritis and Chlamydia
pneumoniae, parvovirus B19, and human her-

pes viruses in giant cell arteritis are thought to
have some association [2, 3]. Hepatitis B and C
viruses have been linked to polyarteritis nodosa,
which involved medium size vessels [4, 5]. KD
affects the coronary arteries, one of the medium
size vessels, but clinical presentation is different
from polyarteritis nodosa. Other infectious agents
suspected to have linkage with vasculitis include
human immunodeficiency virus, cytomegalovi-
rus, varicella zoster virus, Staphylococcus aureus,
Treponema pallidum, Borrelia burgdorferi, rick-
ettsiaceae, etc. Although many observations
suggest a link between infections and the devel-
opment of vasculitis, no direct proof exists [6, 7].

Age Distribution

The predominant age of KD is less than 5 years,
with peak incidence at 9-11 months of age and
a relatively low incidence in the first 6 months
[8]. It is compatible with the typical peak age for
common childhood infections, especially similar
to many pediatric respiratory transmitted viral
infections [9—11]. The age distribution corre-
sponds with the timing of a significant decrease
in passive immunity from mothers and progres-
sively increasing reaction of immune system to
different infectious agents contacted throughout
childhood [12]. KD rarely occurs in adults, sug-
gesting that virtually all adults may have related
symptomatic or subclinical infections during
their childhood and already developed a protec-
tive immune response.

Gender

KD occurs more commonly in the male gender
with an approximate 1.5:1 male to female ratio [13,
14]. The reason of male preponderance is unclear
but similar to many pediatric infectious diseases.

Seasonality
Several countries have distinct seasonality in KD

[15]. The peak months of KD in Taiwan are dur-
ing the summer season [14, 15]. Two seasonal
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peaks, winter and late spring were found in Japan
and Korea [9, 16-18]. Winter-early spring is the
predominant time in the USA, Canada, Europe,
and many other temperate areas [19]. Though
the seasonality is different in variable areas, it
is highly suggestive of a viral etiology in these
areas. However, there is variable or no evidence
of seasonal variation in some areas, such as
China and Australia [20, 21]. A global study of
the seasonality of KD found a winter peak and
summer/autumn nadir in non-tropical regions of
the northern hemisphere, but less clear seasonal-
ity in the southern hemisphere [22].

Tropospheric Wind

Tropospheric wind currents from the northern
Pacific have been stated to have an apparent asso-
ciation with KD incidence of Hawaii, southern
California and Japan [23]. A northern desert wind
has also been reported from Chile [24]. Westerly
winds were found to be associated with increased
fungal particles in the atmosphere and increased
incidence of KD over the Greater Toronto Area
of Canada [25]. A hypothesis is that an airborne
agent originating in central Asia may trigger
KD. This putative trigger is blown to various
geographical regions of the world in the tropo-
sphere, where found to have a high density of
fungal spores, and by entering the upper respira-
tory tract results in KD. Data relating incidence
to wind patterns from other regions of the world
are still needed to confirm the relevance to KD.

Intra-Family Transmission

A strong association with infection was suggested
in a household study from Taiwan. Around two-
thirds of their KD cases had positive contact with
ill household members prior to the disease onset
and more than ninety percent of families had
clusters of infectious illness [26]. A Japanese epi-
demiologic study found that in KD patients when
the fertility rate was higher, the adjusted mean
patient age was lower. It suggests that sibling-to-
sibling transmission is likely [27]. Simultaneous

or sequential cases in siblings, twins, or other
contacts were reported in Japanese outbreaks,
and twins occurred more frequently than non-
twins siblings [28]. Nonetheless, when a new KD
patient was diagnosed, only rare sequential KD
patients occurred within their family in general
[29]. Outside family like daycare setting, trans-
mission isn’t found. An explanation for the pos-
sibility is that an agent that generally causes an
asymptomatic infection through close contact,
but will only lead to KD in children with under-
lying genetic predisposition.

Recurrence

Recurrent KD occurs in about 1% or fewer in
western countries, and in 2—4% of those of Asian
ethnicity [15, 30, 31]. Patients with incomplete
clinical KD signs, more serious initial presen-
tation, and less than 3 years of age have higher
recurrence rate [32-34]. The relatively low recur-
rence rate suggests that KD is more likely due to
an infectious process rather than an autoimmune
disease.

Cluster Phenomenon

Epidemics and clusters of KD have been noted
in countries throughout the world [35-38].
Exposure to some environmental triggers, e.g.,
an infectious agent or by regional weather condi-
tions, may be a factor. Though cluster may indi-
cate an infectious illness, the phenomenon is not
as significant as caused by a highly transmissible
infectious agent. An unfound microorganism
with mostly silent transmission but causing ill-
ness in children with specific genes is therefore
postulated.

Laboratory Evidence
Pathological Discovery

Pathological study in KD patients found per-
sistent inflammation in various organs such as
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lung, spleen, salivary glands, and lymph nodes
even 6-8 weeks after the acute phase [39]. A
persistent infectious agent may be involved. KD
antigen localized to homogeneous intracytoplas-
mic inclusion bodies was observed. It resem-
bles inclusion bodies formed by viral protein
and nucleic acid aggregates [40]. Upregulated
interferon-stimulated genes in both KD lung and
coronary artery tissues were identified [41]. All
these provide additional support for the hypoth-
esis of a viral etiology. An observation of single
synthetic KD monoclonal antibody, derived from
IgA plasma cell receptor sequences in KD arte-
rial tissue, binding to ciliated bronchial epithe-
lium in the majority of KD patients, suggests a
specific etiologic agent and against the diverse
etiologic agent hypothesis [42]. Unfortunately,
no specific infectious cause can be confirmed by
pathological method till now.

Bacterial Infections
and Superantigens

Concomitant infections are common at diagnosis
of KD. In a Canada’s study, one-third of children
with typical KD had one or more confirmed infec-
tions at the time of KD diagnosis [43]. In a Spain
nationwide pediatric network study, around one-
sixth children with KD had positive microbiologi-
cal findings being found and in another one-sixth
have a previous recent infection during the 4 weeks
preceding KD diagnosis [44]. More than half of the
identified organisms were bacteria. Whether these
isolated microorganisms are true pathogens or only
colonization, or even just coincident is uncertain.
KD has similar clinical features of fever,
desquamation rash, and mucous membrane
erythema to toxic shock syndrome (TSS) and
streptococcal toxic shock syndrome (STSS).
While major complication of KD is coronary
artery involvement, hypotension is a central
symptom of TSS and STSS. The three diseases
are speculated to share a superantigen-mediated
etiology [45]. Patients with both KD and TSS
at the same time have been reported [46, 47].
A superantigen-mediated disease demonstrates

a disproportionate number of T cells express-
ing T-cell receptor VP families that have been
stimulated by the superantigen; a ‘“skewed”
T-cell receptor repertoire [48]. A skewed T-cell
receptor repertoire may stimulate Vf families
T-cell receptor [49, 50]. Though some KD
patients were found to have a skewed T-cell
receptor repertoire but not all have Vf change
[51]. The reason might be that superantigens
induced T-cell repertoire changes can only be
detected in peripheral blood during a short
period. Superantigen-secreting S. aureus in
patients complicated by coronary artery dis-
ease was noted initially [52]. However, sub-
sequent multicentre study in the United States
and Japan did not find significant differences
between KD patients and controls with regard
to overall isolation rates of superantigen pro-
ducing bacteria [53, 54]. A significantly higher
IgM titer to multiple superantigens in patients
with KD than controls has been demonstrated
[55]. In contrast, some studies provided no evi-
dence of the involvement of superantigens in
KD [56, 57]. These incongruent findings sug-
gest that KD may be a response to one or many
of a variety of superantigens in genetically sus-
ceptible individuals.

Some other bacteria may have association
with KD. Strong association with Bordetella
pertussis was demonstrated by epidemiological
data [58]. KD-specific serum possesses molec-
ular structures similar to microbe-associated
molecular patterns (MAMPs) from Bacillus
cereus, Bacillus subtilis, Yersinia pseudotubercu-
losis, and S. aureus. KD-specific MAMPs may
induce vascular inflammation, leading to the
occurrence of KD [59]. Reactivation of Bacillus
Calmette-Guérin (BCG) scar has been regarded
as an important clinical manifestation in KD,
suggesting that Mycobacteria might be involved
in KD. Though BCG vaccination associated
with KD has been reported [60], the relationship
remains uncertain. Other association between
KD and bacterial infections include Mycoplasma
pneumoniae and Chlamydia pneumoniae [61,
62]. The relationship between KD and bacterial
infection remains controversial.



Infection or not in Kawasaki Disease

165

Viral Infections

Viruses are speculated as the most possible
infectious agents that cause or trigger the illness
of KD. A group of viruses or a single unrecog-
nized virus may be the etiology. In a Taiwan’s
study, viruses were isolated in 7.5% and detected
by polymerase chain reaction in 50.4% of KD
patients. Various viruses were found to be sig-
nificantly more in KD patients than in controls,
including enterovirus, adenovirus, human rhino-
virus, and coronavirus [63].

The cumulative incidence of KD was found to
be significantly higher in the enterovirus-infected
cohort than in the non-enterovirus-infected cohort
by Taiwan National Health Insurance Research
Database. A high association exists between KD
and previous enterovirus infection in Taiwanese
children according to the results [64]. Also from
the same database, a significantly higher cumula-
tive incidence of KD in the adenovirus-infected
cohort than that in the control was found [65].
Detection of adenovirus by polymerase chain
reaction in patients with suspected KD is not
uncommon in one US study [66]. However, other
investigation found no evidence to suggest a link
between KD and adenovirus in Japan [67].

Epstein—Barr virus (EBV) is another sus-
pected virus. EBV DNA sequence was detected
in high ratio of KD patients [68]. Coronary
artery involvement may be related to deoxyuri-
dine 5’-triphosphate nucleotidohydrolase, an
EBV-encoded protein; it stimulates monocyte-
derived macrophages through Toll-like recep-
tor 2-dependent signaling [69]. But in Japanese
children, the EBV seropositivity rates were not
significantly different between the less than
11 months old KD patients and controls. The rate
in 1 to 6 years old children with KD was even
significantly lower than those in corresponding
age controls [70].

Several other viruses have been implicated
as potential causes of KD, including parvovirus
B19, herpesvirus type 6, influenza virus, parain-
fluenza type 3 virus, human immunodeficiency
virus, measles, rotavirus, dengue virus, varicella,
cytomegalovirus, etc. None of them has emerged
to be a proved agent [71-79]. However, we still

cannot deny the possibility of an unfound viral
pathogen for KD.

A new human coronavirus (HCoV) NL-63
was found and suspected to have association with
KD in 2005 [80]. Subsequent studies could not
have similar correlation and it is clear now that
the elusive etiologic agent of KD is not HCoV
NL-63 [81-83]. During coronavirus disease 2019
(COVID-19) pandemic, finding of the Kawasaki-
like manifestation patients let the linkage of KD
and coronavirus become one important issue
again [84].

SARS-CoV-2 Infection

COVID-19 is caused by severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2).
Compared with adults, it is less frequent in chil-
dren, with a milder course [85]. However, an
increase in the number of SARS-CoV-2 infected
children presenting with a phenotype resem-
bling KD was noted by scattered case reports
and then observational cohort studies at Italy,
United Kingdom, and France [86—89]. These
KD-like patients suggest that SAR-CoV-2 could
be a trigger for KD and indicate the potential
timing of an increase in incidence of the disease
in COVID-19 epidemics [90]. Though severe
SARS-CoV-2 infected children may have similar
clinical manifestations of KD, some differences
exist. Multisystem inflammatory syndrome in
children (MIS-C) named by the US Centers for
Disease Control and Prevention and the World
Health Organization, or pediatric multisystem
inflammatory syndrome (PMIS) named by the
National Health Service in United Kingdom are
defined for critically COVID-19 infected chil-
dren with overlapping features of toxic shock
syndrome, atypical KD, and other severe clini-
cal findings [91-93]. Overlapping portions with
KD include rash, conjunctivitis, lymphadenopa-
thy, extremity edema, fissured lips, and cardiac
involvement. MIS-C/PMIS patients are different
from KD or KD shock syndrome as older age of
presentation, more profound form of inflamma-
tion, more gastrointestinal manifestation, higher
propensity towards left ventricle dysfunction and
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shock, and unalike laboratory findings including
lymphopenia, thrombocytopenia, elevated tro-
ponin, elevated NT-proBNP, elevated D-dimer,
and elevated ferritin [94]. The difference in
race/ethnicity is also noted between KD and
MIS-C/PMIS. MIS-C/PMIS seems to have less
propensity towards children of east Asian and
Pacific Islander descent, but is more common in
Hispanic/Latino and black ethnic groups [95—
97]. In Japan, the highest KD incidence country,
there is no dramatic increase in KD incidence or
changes in its clinical features observed during
the local COVID-19 epidemic [98]. Italian sur-
vey found that SARS-CoV-2 infections might
determine KD and MIS-C/PIMS as two distinct
inflammatory diseases in children [99]. SARS-
CoV-2 seems not the etiology of typical KD.

Conclusion

Infection must play an important role in KD, but
it is not the whole story. From the available data,
there isn’t any pathogen identified as the single
agent to cause KD. Several infectious microor-
ganisms have been found to have an association
with KD. How they work to proceeding to the
clinical presentation of KD is not fully explained
and/or proved. The most acceptable theory at
present may be that one or several infectious
agents may trigger a special immunological pro-
cess in some genetic predisposing patients and
lead to KD [100-102].
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Kawasaki Disease Shock Syndrome

and Mild KD

[-Hsin Tai and Yun-Ching Fu

Abstract

Kawasaki disease shock syndrome (KDSS),
although rare, represents the most severe form
of Kawasaki disease on the spectrum and is
often correlated with profound cardiovascular
sequelae. In this chapter, we describe the inci-
dence, pathophysiology, clinical presentation,
and diagnostic clues of KDSS and compare
it with other types of shock that share similar
clinical profiles as well as with hemodynami-
cally stable Kawasaki disease (also called “mild
KD”). We also highlight the importance of early
therapeutic strategy as this results in better clini-
cal outcomes and lower mortality rates.
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Introduction

Among children with Kawasaki disease (KD),
a very small group of patients develop hemo-
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dynamic instability, which requires the utiliza-
tion of volume expanders or inotropic agents. In
1994, Senzaki et al. reported KD complicated
with acute myocarditis and pre-renal azotemia
in two patients, respectively [1]. These cases
provided an important insight into the develop-
ment of ventricular dysfunction and intravascu-
lar fluid depletion in extremely severe cases of
KD. In 2009, Kanegaye et al. introduced the term
“Kawasaki disease shock syndrome” (KDSS) to
distinguish this form of KD from hemodynami-
cally normal KD. KDSS has an even higher possi-
bility of developing intravenous immunoglobulin
(IVIG) resistance or coronary artery aneurysms
[2, 3]. It also appears that Hispanic people have
higher incidence rates of KDSS than Asians or
Caucasians [3].

Definition of KDSS

In the presence of KD, including the complete
or incomplete type, any of the following condi-
tions is an indication to initiate volume expan-
sion, administer vasoactive agents, or transfer
to an intensive care unit: systolic hypotension
for age (infants 0-28 days of age, <60 mm Hg;
infants 1-12 months of age, <70 mm Hg; chil-
dren 1-10 years of age, <70 + [2 x age] mm Hg;
youth >10 years of age, <90 mm Hg), a decrease
in systolic blood pressure from baseline by >20%,
or physical signs of poor end-organ perfusion
(tachycardia, prolonged capillary filling time,
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cool limbs, diminished or bounding pulses, oligu-
ria, or changes in consciousness not accounted for
by other conditions), regardless of the measured
blood pressure. Patients who fulfill the above cri-
teria are considered to have KDSS.

Interracial Incidence

According to a study in Taiwan, which investi-
gated the largest Asian cohort since 2013, the
incidence of KDSS was 1.45 per 100 KD patients
[4], with most cases occurring in winter. Maddox
et al. reported the estimated prevalence and inci-
dence of KD and KDSS in the United States
using the Kids’ inpatient database, national inpa-
tient sample, IBM MarketScan, etc. From 2016
to 2018, the KD-associated hospitalization rates
for children <5 years of age were 19.8 (2016),
19.6 (2017), and 19.3 (2018) per 100,000 [5].
There was no indication of an increase in the
KD rate over time. However, rates of potential
KDSS among children <18 years of age, rang-
ing from 0 to 0.7 per 100,000, demonstrated an
increase; coding indicated potential KDSS among
approximately 2.8-5.3% of KD hospitalizations.
Furthermore, Gadmez-Gonzdlez et al. suggested
that 5% [6, 7] of Hispanic KD patients met the
definition of KDSS.

Etiology (Shock Mechanism)

The underlying etiology and pathogenesis of
KDSS are multifactorial and can be cardiogenic
(hypokinesia or valvular insufficiency) or dis-
tributive, with capillary leakage [8] and cytokine
dysregulation.

Cardiogenic Shock Component
(Hypokinesia)

Takahashi and Matsuura observed positive car-
diac uptake of gallium-67 in 60-80% of patients
with KD [9, 10]. Positive gallium uptake by the
myocardium is generally believed to be medi-
ated by the infiltration of leukocytes. Evidence

derived from numerous biopsies supports the fact
that KD is characterized by medium-sized arte-
ritis and varied degrees of myocarditis [10, 11].
Because myocarditis in most KD patients is very
mild, the subjects’ hemodynamic status remains
stable. It is worth noting that similar cardiogenic
shock has been reported in Kawasaki-like ill-
ness caused by COVID-19 [12], which should be
treated seriously.

Cardiogenic Shock Component
(Valvular Insufficiency)

Valvular insufficiency has been considered a
standard parameter, which should be routinely
evaluated via transthoracic echocardiography
in children with acute Kawasaki disease (KD).
There is a wide variation [13-19] in the infor-
mation on the prevalence of valvular regurgi-
tation after “mild KD,” depending on the time
between KD onset and evaluation, and the
evaluation modalities used. Moreover, a study
by Akagi et al. reported a cohort comprising
65 patients with KD (2 months—6 years) and
113 age-matched normal controls; the cohort
showed a similar percentage of subjects pre-
senting with background valvular insufficiency,
indicating that there was an overestimation of
the population-sizes of valvular insufficiency,
since some investigations may treat physiologi-
cal mitral regurgitation as new-onset pathologi-
cal symptom after KD [16].

In mild KD, the presence of valvulitis, myo-
carditis, or left ventricular dilatation leading to
mitral regurgitation in the acute stage may spon-
taneously improve in the convalescent stage.

With increasing inflammation severity, damag-
ing effects on the endocardium and myocardium
also increased. In acute [13, 20] or convalescent
[21] stage of KD, rupture of the mitral chordae
tendineae may occur due to ischemia of the ven-
tricular posterior wall, and progress to severe
mitral regurgitation, also known as free mitral
regurgitation. The high degree of valvular dys-
function in KD, whether mitral or aortic regurgi-
tation, may also compromise the left ventricular
function and give rise to shock status [21, 22].
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More severe mitral regurgitation is indicative of
poor prognosis in KD, such as coronary aneurysm
formation [19].

Distributive Shock Component

Increased vascular permeability in the acute
phase is a hallmark of KD, contributing to the
hand and foot edema seen in this disease. This
increased vascular permeability is also a factor
in the development of KDSS. In a recent cohort
study in Mexico, all children with KDSS devel-
oped hypoalbuminemia [6], which caused sub-
sequent pleural effusion, pericardial effusion,
and ascites. In extremely critical circumstances,
retropharyngeal edema [23] and tamponade [24]
may lead to mortality. As previously stated, hypo-
albuminemia is an independent predictive factor
of IVIG resistance [25]. This association may
partially explain the high comorbidity of KDSS
and IVIG-resistant KD.

Clinical Manifestations (Database
Limitation Is Addressed in the End
of the Section)

KDSS may present as the complete or incomplete
type of the disease before the onset of shock,
although the incomplete type [26] of KD seems
to be more common according to studies per-

formed in different races [7, 27]. Whether this
type is correlated with a more severe form of KD,
such as KDSS, because of delayed diagnosis and
subsequent IVIG administration, requires further
investigation.

A total of 103 subjects from 42 retrospective
studies or case reports of children with KDSS
were reviewed and summarized by Gamez-
Gonzalez et al [6]. Cardiovascular complications
were summarized for all 103 patients, while non-
cardiovascular organ failure symptoms resulting
from KDSS-related poor perfusion were collected
from 63 patients as follows:

Cardiovascular _manifestations _of KDSS
(Fig. 1) patients included transient coronary dilata-
tion in 72.5% (75/103), coronary artery aneurysm
in 65% (67/103), left ventricular dysfunction,
which was defined as an ejection fraction <50%
via transthoracic echocardiography, in 44.6%
(46/103), and new-onset atrioventricular regurgi-
tation in 27.2% (28/103) patients; the most com-
mon was mitral regurgitation (13.6%). Pericardial
effusion was present in 20.4% (21/103) of the
patients, and giant coronary aneurysms occurred
in 4.8% (5/103) of KDSS patients. Three patients
experienced ischemic heart attacks during the
acute phase of KDSS.

Non-cardiovascular manifestations of KDSS
(summarized in Fig. 2) included neurologic alter-
ations in 53.9% patients; the most common were
aseptic meningitis, encephalopathy, and obnu-
bilation. Pulmonary symptoms were present in

TCD I ———

CAA =
LVF —

AVR I—
PCE .
GCA m
IHD* I
0 10 20 30

40 50 60 70 80

Percentage of acute cardiac complication in KDSS

Fig. 1 #Modified and summarized from Gamez-
Gonzalez et al. [6]. TCD denotes transient coronary dila-
tion; CAA, coronary artery aneurysm; LVF, left ventricular
failure; AVR, acquired valvular regurgitation; PCE, peri-

cardial effusion; GCA, giant coronary aneurysm; IHD,
ischemia heart disease. *All the cardiac complication be
approached by transthoracic echocardiography except for
IHD, which was revealed by electrocardiogram
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Fig.2 *Modified and
summarized from
Gamez-Gonzalez et al.
[5]. V + D denotes
vomiting and diarrhea;
GBH, gallbladder
hydrops
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Percentage of acute Non-cardiac complication in KDSS

31.7% (20/63) of the patients; the most common
symptoms were pleural effusion and pneumonia
[28]. Renal involvement was present in 46% of
the patients. Although acute renal failure was the
most common presentation, there were also two
case reports regarding KDSS-related proteinuria,
and one of renal insufficiency requiring dialysis.
KDSS can have common gastrointestinal symp-
toms including vomiting, diarrhea, hepatitis, and
gallbladder hydrops given the nature of vascu-
lar inflammation. KDSS can also present with
severe manifestations, such as upper gastrointes-
tinal bleeds and bowel perforation presenting as
coffee ground vomitus or tarry stool [7].

Hypoalbuminemia is an independent predic-
tive factor of IVIG resistance. In one case series
composed of 12 KDSS patients [6], all of the
subjects had hypoalbuminemia and consequent
pleural effusion, pericardial effusion, and ascites.
Retropharyngeal edema and tamponade have also
been reported in KDSS patients. Additionally,
an indirect relationship between the severity of
edema and the development of coronary aneu-
rysms has been reported [25].

IVIG Non-Responders: Children with KDSS
have been reported to be more susceptible to
IVIG nonresponse. In a Hispanic cohort study
conducted in 2013 (including 214 KD patients
and 11 KDSS patients), Gamez-Gonzalez et al.
reported that the IVIG-resistance rate was 60%
among KDSS patients. Later in 2015, Chen
et al. from Mackay Memorial Hospital, Taiwan,
revealed that KDSS resembles severe vasculitis,
and 22.2% of the patients need a second IVIG
infusion.

Database Limitation

Appropriate sample size is crucial to the research
investigation and associated with higher reliabil-
ity. Therefore, the investigation has value com-
pared with previous case reports despite of a few
limitations such as the retrospective analysis led
to limited or absent clinical and laboratory data
for some KDSS patients; the possibility of popu-
lation bias, in which patients with shock are not
considered to have KD until coronary abnormali-
ties are identified. Multicenter, well-designed
studies have been undertaken to reflect the com-
plete spectrum of KDSS.

Conditions that Mimic Kawasaki
Disease Shock Syndrome

Toxic Shock Syndrome

Despite the fact that KDSS and nonmenstrual
toxic shock syndrome (TSS) share similar clini-
cal features as well as disease course timelines
and often cause confusion in clinical practice, it
is not difficult to make a correct diagnosis. Early
differentiation of KDSS from TSS is mandatory
because these two shock syndromes require dif-
ferent treatment strategies. Lin and colleagues
at Kaohsiung Chang Gung Memorial Hospital
analyzed the demographic, echocardiographic
imaging, and laboratory test results of dozens of
children with KDSS or TSS who were admitted
to the pediatric intensive care unit (Table 1). The
results showed that KDSS was more common
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Table 1 Demographic, Echocardiography, Laboratory of KDSS & TSS groups®

Variables ' KDSS (n=17) |TSS (n = 16) P value
Demographic, Mean + SD

Age, months 36.8 +41.1 113.3 +55.6 <0.001
Fluid challenge, mL/kg 10.9 £ 18.3 29.7+£32.6 0.048
Maximal dopamine dose, pg/ | 7.3£5.5 123+7.5 0.035
kg/min

Mortality, n(%) 0(0) 2(13) NS
Echocardiography, n(%)

Valvulitis” 9 (52.9) 0(0) 0.022
LV dysfunction 6(35.3) 1(14.3) NS
PE 2(11.8) 0(0) NS
CAA 9(52.9) 0(0) 0.022
Laboratory, median (range)

WBC, 10%/uL 14.6 (0.5-20.6) 17.3(0.45-39.2) NS
Hemoglobin, g/dL 10 (7.9-13.8) 13.7 (8.3-18.4) <0.001
Platelet, 10°%/uL 312 (116-518) 184.5 (31-629) 0.021
CRP, mg/L 164.8 (70-352.2) 135 (0.3-367.1) NS
ESR, mm/h 55 (21-127) 72 (23-111) NS
Creatinine, mg/dL 0.45 (0.3-1.8) 1.53 (0.5-3.89) 0.001
Albumin 2.45 (1.6-3.0) 2.6 (1.7-3.1) NS

#Modified and summarized from Tables by Lin et al. [29]

*Valvulitis was defined by a cut-off grade above “moderate” for tricuspid regurgitation and “mild” for mitral regurgita-

tion, or any degree of aortic valve regurgitation. CAA denotes coronary artery aneurysms

Table 2 Severity comparison between KDSS & septic shock, presenting as median value”

KDSS (N=9) Septic shock (N = 18) P value
Duration of illness pre-admission, 9 3 0.004
days
Length of hospital stay, days 9 28 <0.001
Fluid resuscitation (first aid), mL/ 60 63 0.27
kg
Duration of inotropic, hour 40 26 0.76
platelet counts, 10°/L 140 258 0.02
INR 1.3 14 1.00
#Modified and summarized from Tables by McCrindle et al. [30]
among younger children (mean age 36.8-month-  Septic Shock

old) than TSS. TSS appeared to be more progres-
sive and caused renal failure more often than
KDSS. Hence, additional fluid challenge and
higher target dopamine doses are required when
making an early treatment plan for TSS. Left
ventricular (LV) dysfunction leads to cardiogenic
shock in KDSS, but not in TSS. Moreover, coro-
nary artery aneurysm formation has a definite
value in identifying KDSS.

The clinical profile and illness severity com-
parison (Table 2) between patients with KDSS
and septic shock were first described in 2020
by McCrindle et al. Children with KDSS had a
longer duration of illness pre-admission than
septic shock patients [(9 (7,14) days vs. 3 (1,5)
days; p = 0.004]. Children with KDSS had a
shorter duration of hospital stay than septic
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shock patients [9 (6,14) days vs. 28 (15,37) days;
p < 0.001]. There was no significant difference
in the median fluid resuscitation volume before
ICU admission between KDSS and septic shock
patients [60 (40,80) vs. 63 (60,110), p = 0.27].
Moreover, there was no significant difference in
the inotropic therapy duration between KDSS
and septic shock patients [40 (20,44) h vs. 26
(7,59) h; p =0.76].

Adverse Effect of IVIG

There is concern regarding co-administration of
IVIG and sedatives.

Although IVIG infusions are usually well tol-
erated, adverse reactions can include hypoten-
sion, chills, and, rarely, anaphylactic reactions.
The risk of adverse reactions is correlated with
the dose and rate of IVIG infusion. An echo-
cardiogram is the preferred imaging modality
to detect coronary artery changes in acute KD;
however, the quality of the images can be com-
promised in case of an irritable crying child.
Thus, sedation is often required prior to an echo-
cardiogram in children younger than 3 years of
age. According to the study by Nguyen et al.
[31] from Rady Children’s Hospital, all infu-
sion reactions occurred within 4 h of starting
IVIG. No hypotension reactions occurred after
4 h. Thus, these authors propose that it is safe

to co-administer IVIG with sedatives at least 4 h
after initiation of IVIG infusion.

Treatment

Principle: Early recognition and treatment is
mandatory for better prognosis despite the eti-
ologies of shock itself!! The treatment of KDSS
is combination of high-dose IVIG along with a
standard regimen for cardiogenic/distributive
shock (inotropic agents, vasoactive agents, vol-
ume resuscitation if not contraindicated) which
should be initiated as soon as possible due to the
presence of poor perfusion. Furthermore, con-
sidering that IVIG resistance is not uncommon
in KDSS patients, early aggressive adjunctive
therapy should be considered with first time IVIG
if high-risk IVIG resistance is identified through
specific predictive models (Table 3) as appropri-
ate [32-36]. Although corticosteroid is usually
the first choice, anti-TNF-a monoclonal antibody
or TNF-a inhibitor should be considered before
staphylococcal and streptococcal toxin-mediated
diseases can be excluded. The role of empirical
antibiotics in KDSS treatment remains crucial
because the frequency of microorganism isola-
tion from KDSS patients was 8.7%. Based on
the numerous case reports reviewed [6], vaso-
active agents are required in 66.9% (69/103) of
the patients. However, it is worth noting that not

Table 3 Predictive score for IVIG resistance or coronary artery aneurysm

Score Kobayashi [16] Egami [17] Sano [19] Formosa [20] PNI [18]
Cohort Japan Japan Japan Taiwan Taiwan
Aim IVIG-R IVIG-R IVIG-R IVIG-R IVIG-R, CAA
Year 2006.06 2006.03 2007.03 2015.03 2020.04
Development 546 320 112 181 275
Validation 204 0 0 67 0
Variables 7 5 3 3 2
Statistics Sen 86 Sen 78 Sen 77 Sen 90.9 Sen 70.4

Spe 67 Spe 76 Spe 86 Spe 81.3 Spe 65.7

Summary of five currently available predictive model for IVIG-resistance, PNI score was designed to assist the predic-
tion for coronary aneurysm development. IVIG-R denotes to IVIG resistance; CAA, coronary artery aneurysm; Sen,
sensitivity; Spe, specificity.
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all KDSS patients require vasoactive agents for
clinical improvement.

Mortality

From the same database, the mortality rate of KDSS
was 6.8% according to Gamez-Gonzalez et al. in
2018. The causes of death were myocardial infarc-
tion, brain hemorrhage, bronchopneumonia, and
complications from KD-associated cardiac surgery.
By reviewing other studies involved records of mor-
tality, we found that a retrospective 11-patient cohort
study conducted in France. Although multiple
organ failure occurred in 8 patients and acute kid-
ney injury in 10 patients, all patient survived with-
out sequelae [37]. Huang et al. from Chang Gung
Memorial Hospital, Taiwan analyzed characteristics
of 26 children with KD requiring intensive care from
total 1065 KD patients [38] and found that shock
sydrome noted in 73% (19/26) of the intensive care
patients. No in-hospital mortality was revealed.

Significant Difference between
KDSS and Mild KD

Reviewed data regarding KDSS and mild KD
were summarized as Table 4.

Conclusion (Take Home Message)

1. Evidence showed that KDSS, the extreme
worse form of KD in the spectrum, has inter-
racial incidence (Hispanic > North America >
Asia).
2. The shock type is mainly cardiogenic (inclu-
sive of akinesia- or valvular dysfunction-
related) or distributive.
3. The percentage of hypoalbuminemia, IVIG
non-responder, and giant coronary aneurysm
significantly elevated in KDSS compared with
that of mild KD.
4. How to early differentiate KDSS from TSS:
(1)Age: KDSS < TSS (5-year-old as the
boundary).

(2) Course: TSS progressive faster and invari-
ably required vasoactive agents.

(3) Shock type: cardiogenic shock seldom
observed in TSS.

(4) Coronary aneurysm indicated KDSS.

5. KDSS combined therapies were inclusive of
administration of IVIG, vasoactive agents,
broad spectrum antibiotics, and other adjunc-
tive therapy of KD in acute phase.

6. KDSS basically has low mortality rate.

Table 4 Significant Difference between KDSS and Mild KD

KDSS Mild KD P value
Age, months [2, 4] 23.2(10.4-45.9) 17.78 (9.17-34.78) 0.031
Coronary artery aneurysm, % [4, 7] 15.9 7 <0.001
Giant coronary aneurysm, % [7] 27 0 <0.001
IVIG non-responder, % [7] 60 12 <0.001
Platelet counts, 10%/L [3] 148 (97-302) 410 (331-491) <0.001
Mortality, % [7] 10 0 0.051

The above numbers are expressed as the median (IQR) where appropriate



178

|.-H.Taiand Y.-C. Fu

References

10.

11.

12.

13.

14.

15.

16.

. Kanegaye JT, Wilder MS, Molkara D,

. Senzaki H, Suda M, Noma S, Kawaguchi H,

Sakakihara Y, Hishi T. Acute heart failure and acute
renal failure in Kawasaki disease. Acta Paediatr Jpn.
1994:36(4):443-7.

. Park WY, Lee SY, Kim GB, et al. Clinical aspects

for differential diagnosis of Kawasaki disease shock
syndrome: a case control study. BMC Pediatr.
2021;21(1):25.

et al
Recognition of a Kawasaki disease shock syndrome.
Pediatrics. 2009;123(5):e783-9.

.Lin MT, Fu CM, Huang SK, Huang SC, Wu

MH. Population-based study of Kawasaki disease
shock syndrome in Taiwan. Pediatr Infect Dis J.
2013;32(12):1384-6.

. Maddox RA, Person MK, Kennedy JL, et al. Kawasaki

disease and Kawasaki disease shock syndrome hos-
pitalization rates in the United States, 2006-2018.
Pediatr Infect Dis J. 2021;40(4):284-8.

. Gamez-Gonzalez LB, Moribe-Quintero I, Cisneros-

Castolo M, et al. Kawasaki disease shock syndrome:
unique and severe subtype of Kawasaki disease.
Pediatr Int. 2018;60(9):781-90.

. Gamez-Gonzalez LB, Murata C, Munoz-Ramirez M,

Yamazaki-Nakashimada M. Clinical manifestations
associated with Kawasaki disease shock syndrome in
Mexican children. Eur J Pediatr. 2013;172(3):337-42.

. Natterer J, Perez MH, Di Bernardo S. Capillary leak

leading to shock in Kawasaki disease without myocar-
dial dysfunction. Cardiol Young. 2012;22(3):349-52.

. Matsuura H, Ishikita T, Yamamoto S, et al. Gallium-67

myocardial imaging for the detection of myocarditis
in the acute phase of Kawasaki disease (mucocutane-
ous lymph node syndrome): the usefulness of single
photon emission computed tomography. Br Heart J.
1987;58(4):385-92.

Takahashi M. Myocarditis in Kawasaki syndrome. A
minor villain? Circulation. 1989;79(6):1398-400.
Dahdah N. Not just coronary arteritis, Kawasaki
disease is a myocarditis, too. J Am Coll Cardiol.
2010;55(14):1507; author reply 1507-1508

Belhadjer Z, Meot M, Bajolle F, et al. Acute heart
failure in multisystem inflammatory syndrome in chil-
dren in the context of global SARS-CoV-2 pandemic.
Circulation. 2020;142(5):429-36.

Tsuda E, Yashiro M, Nakamura Y. Cardiac valvu-
lar lesions due to Kawasaki disease: a Japanese
Nationwide survey. J Pediatr. 2020;218(78-84):e72.
Liu FF, Liu HH, Qiu Z, et al. Clinical observation
of noncoronary cardiac abnormalities in Chinese
children with Kawasaki disease. Eur J Clin Investig.
2020;50(4):e13210.

Akagi T, Kato H, Inoue O, Sato N, Imamura K. Valvular
heart disease in Kawasaki syndrome: incidence and
natural history. Am Heart J. 1990;120(2):366-72.
Akagi T, Inoue O, Ohara N, et al. Valvular regurgita-
tion in patients with Kawasaki disease and in healthy

17.

20.

21

22.

23.

24.

25.

26

217.

28.

29.

30.

children: a pulsed doppler echocardiographic study. J
Cardiol. 1989;19(3):787-96.

Suzuki A, Kamiya T, Tsuchiya K, et al. Tricuspid and
mitral regurgitation detected by color flow doppler in
the acute phase of Kawasaki disease. Am J Cardiol.
1988;61(4):386-90.

. Takao A, Niwa K, Kondo C, et al. Mitral regurgi-

tation in Kawasaki disease. Prog Clin Biol Res.
1987;250:311-23.

. Gidding SS, Dufty CE, Pajcic S, Berdusis K, Shulman

ST. Usefulness of echocardiographic evidence of peri-
cardial effusion and mitral regurgitation during the
acute stage in predicting development of coronary
arterial aneurysms in the late stage of Kawasaki dis-
ease. Am J Cardiol. 1987;60(1):76-9.

Shiraishi I, Nishimura K, Sakaguchi H, et al. Acute
rupture of chordae tendineae of the mitral valve in
infants: a nationwide survey in Japan exploring a new
syndrome. Circulation. 2014;130(13):1053-61.

. Tsuda E, Negishi J, Miike H, Kurosaki K. Ruptured

mitral valves chordae tendineae around a convalescent
infant with acute Kawasaki disease. Cardiol Young.
2019;29(1):30-5.

Freij BJ, Gessouroun M, Fixler DE, Fink CW. Aortic
and mitral regurgitation in an infant with Kawasaki
disease. Pediatr Cardiol. 1985;6(2):95-8.

Fang LC, Shyur SD, Peng CC, et al. Unusual mani-
festations of Kawasaki disease with retropharyngeal
edema and shock syndrome in a Taiwanese child. J
Microbiol Immunol Infect. 2014;47(2):152-7.
Vergara A, Monda E, Mautone C, et al. Rare case
of Kawasaki disease with cardiac tamponade and
giant coronary artery aneurysms. Cardiol Young.
2021;31(5):865-6.

Kuo HC, Liang CD, Wang CL, Yu HR, Hwang KP,
Yang KD. Serum albumin level predicts initial intra-
venous immunoglobulin treatment failure in Kawasaki
disease. Acta Paediatr. 2010;99(10):1578-83.

. Thabet F, Bafaqih H, Al-Mohaimeed S, Al-Hilali

M, Al-Sewairi W, Chehab M. Shock: an unusual
presentation of Kawasaki disease. Eur J Pediatr.
2011;170(7):941-3.

Carucci NS, Marseglia L, De Luca FL, et al. Kawasaki
disease shock syndrome presenting as septic shock
in a child with incomplete Kawasaki disease. J Clin
Rheumatol. 2021;27(7):e274-5.

Song Y, Wei W, Liu L, Wang Y, Shi X, Li L. Kawasaki
disease shock syndrome complicated with bilateral
lung consolidation in a child: a case report. Medicine
(Baltimore). 2020;99(29):¢20998.

Lin YJ, Cheng MC, Lo MH, Chien SJ. Early differ-
entiation of Kawasaki disease shock syndrome and
toxic shock syndrome in a pediatric intensive care unit.
Pediatr Infect Dis J. 2015;34(11):1163-7.

Power A, Runeckles K, Manlhiot C, Dragulescu A,
Guerguerian AM, McCrindle BW. Kawasaki disease
shock syndrome versus septic shock: early differenti-
ating features despite overlapping clinical profiles. J
Pediatr. 2021;231:162-7.



Kawasaki Disease Shock Syndrome and Mild KD

179

31

32.

33.

34.

35.

Nguyen E, Hershey D, Romanowski G, Tremoulet
A. Intravenous immunoglobulin infusion reactions in
Kawasaki disease patients who undergo sedation. J
Pediatr Pharmacol Ther. 2020;25(3):251-5.
Kobayashi T, Inoue Y, Takeuchi K, et al. Prediction
of intravenous immunoglobulin unresponsiveness
in patients with Kawasaki disease. Circulation.
2006;113(22):2606-12.

Egami K, Muta H, Ishii M, et al. Prediction of
resistance to intravenous immunoglobulin treat-
ment in patients with Kawasaki disease. J Pediatr.
2006;149(2):237-40.

Tai IH, Wu PL, Guo MM, et al. Prognostic nutrition
index as a predictor of coronary artery aneurysm in
Kawasaki disease. BMC Pediatr. 2020;20(1):203.
Sano T, Kurotobi S, Matsuzaki K, et al. Prediction of
non-responsiveness to standard high-dose gamma-

36.

37.

38.

globulin therapy in patients with acute Kawasaki dis-
ease before starting initial treatment. Eur J Pediatr.
2007;166(2):131-7.

Lin MT, Chang CH, Sun LC, et al. Risk factors
and derived Formosa score for intravenous immu-
noglobulin unresponsiveness in Taiwanese chil-
dren with Kawasaki disease. J Formos Med Assoc.
2016;115(5):350-5.

Gatterre P, Oualha M, Dupic L, et al. Kawasaki dis-
ease: an unexpected etiology of shock and multiple
organ dysfunction syndrome. Intensive Care Med.
2012;38(5):872-8.

Kuo CC, Lee YS, Lin MR, et al. Characteristics of
children with Kawasaki disease requiring intensive
care: 10 years' experience at a tertiary pediatric hospi-
tal. J Microbiol Immunol Infect. 2018;51(2):184-90.



®

Check for
updates

Gut Microbiota in Kawasaki

Disease

Cheng-Hsieh Huang and Yao-Tsung Yeh

Abstract

Although the mechanisms underlining the
onset and development of Kawasaki disease
(KD) remain to be underdetermined, the dis-
ease appears to be a result of multiple inter-
actions between genetic and environmental
susceptibility factors with an infectious trig-
ger, followed by abnormal immune responses
characterized by increased inflammatory
cytokines in acute phase. The gut microbiota,
a microbial community includes more than
1000 different interacting bacterial species
in major and some other eukaryotic fungi,
viruses, and bacteriophages in the gut, and
has now associated with certain diseases such
as immune-related disorders, metabolic dis-
eases, and disorders of the nervous system.
Mounting evidences have demonstrated that
the gut microbiota participated in host immune
system maturation. Intriguingly, gastrointes-
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tinal symptoms and complications are often
observed in KD patients, and antibiotic admin-
istration has linked to the development of KD
by changing the gut microbiota in infants and
young children. Therefore, the gut microbiota
may also play some roles in KD. In this chap-
ter, we will summarize the involvement of the
gut microbiota in childhood immune diseases,
cardiovascular disease, and its relationship to
KD as well as how gut microbiota and their
associated metabolites influence KD onset
and development.

Keywords
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Introduction

Kawasaki disease (KD) was first described by Dr.
Tomisaku Kawasaki on 1967. Data from Japanese
KD nationwide survey reported an increase in
prevalence rate from 218.6 to 100,000 in 2008 to
243.1 and 330.2 in 2011 and 2015, respectively
[1-4]. Incidence rate appears more higher in
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Pacific-Asia region, such as Korea, Japan, China
Mainland, and Taiwan than in America or Europe
[5, 6]. It is now recognized as a systemic vascu-
litis with a specific predilection to develop coro-
nary artery lesions in up to 25% of children with
KD who are not receiving single dose intrave-
nous immunoglobulin (IVIG, 2 g/kg) [7, 8]. IVIG
treatment might block endothelial cells prolifera-
tion and cytokines and chemokines production.
Current studies have increasingly showed that
KD is closely related to infectious agents, includ-
ing viruses, especially DNA virus (e.g., type 2
adenovirus, parvovirus B19, and Epstein—Barr
virus [9]), and “New” RNA viruses [10], but the
mechanisms is still unclear. Moreover, patho-
genic bacteria can modulate mucosal immunity
and activate innate and adaptive immune systems
[11, 12], and some of theses bacteia strains of
normal flora [13, 14]. These observations indi-
cate that Kawasaki disease seems to be a result of
the interaction of genetic (e.g., ITPKC, CASP3,
CD40, and ORAI [15]) and environmental sus-
ceptibility factors (infectious agents, climatic
[16] or fungal particles in atmosphere [17]) with
infectious triggers, followed by a subsequent
abnormal immune response characterized by
elevated levels of inflammatory cytokines and
chemokines during the acute phase. However,
the details of mechanisms underlying KD onset
and development remain largely unknown.
Intriguingly noted, antibiotic administration also
contributes to the development of KD by alter-
ing the gut microbiota of infants and young chil-
dren [18]. It has been clearly demonstrated that
antimicrobial agents are able to cause the dys-
biosis of gut microbiota [19, 20]. In addition,
frequency of antibiotic administration has been
shown to be positively correlated with body mass
index and asthma due to gut dysbiosis [20-22].
It is noted that gut dysbiosis will destroy muco-
sal barrier leading to increased permeability. In
KD patients, secretory immunoglobulin A (sIgA)
would deposit in vascular tissue and facilitate
intestinal permeability in mice, as well as “leaky
gut syndrome” [23]. When mice treated with
Lactobacillus casei cell wall extract (LCWE)
would induce KD-vasculitis and increase
interleukin-1p (IL-1P) production and intestinal
permeability and subsequest IgA vasculitis and

cardic inflammation development [23]. Together,
these studies suggest that gut dysbiosis, intestinal
permeability and its associated or casual immune
response and pathogenesis may play some roles
in the triggering and development of KD and
demand further investigations.

Gut Microbiota in Childhood
Diseases

The microbiota, a microbial community of tril-
lions of microorganisms including more than
1000 different bacterial species, fungi, viruses,
and bacteriophages, plays a critical role in certain
diseases such as immune-related disorders, meta-
bolic diseases, and nervon-related diseases [24,
25]. The intestinal mucosal immune system, such
as gut-associated lymphoid tissues (GALT), is
shaped after colonization with normal flora, sug-
gesting that microbiota and host immune systems
are closely linked and may be co-elevated [26].
Disruption of the mutual balance between micro-
biota and host, known as dysbiosis, is now asso-
ciated with metabolic, gastroenteric, psychiatric,
neurologic, and allergic diseases and even can-
cers. More intriguingly, gut dysbiosis has been
observed in KD patients and juvenile idiopathic
arthritis (JIA) [27, 28]. Streptococcus had been
increased in acute phase of Kawasaki diseases
patients. In JIA, moreover, also been discussed
excessive bad bacteria (i.e., Prevotella copri) or
insufficient good bacteria (i.e., Faecalibacterium
prausnitzii) in children diseases. Although the
mechanisms linking gut dysbiosis to disease
remain unclear, dysbiosis-causing microbes,
overproduction of toxic molecules, microbial
invasion through wakened mucosal barriers, or
homeostatic disruption between the microbiota
and the host’s immune system may be respon-
sible for disease onset [13, 29].

The fetal microbiota composition is according
to the type of delivery, caesarian section or vagi-
nal delivery and breast milk feeding. Vaginally
born infants were shown greater abundance of
Bacteroides and Bifidobacterium spp. than cae-
sarian section ones [30]. In addition, these two
bacteria were significantly increased in breast-
feeding infants. In formula-fed infants, however,
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Streptococcus and Enterococcus spp. were more
abundant than breastfed ones [31]. Nevertheless,
a cesarean delivery delays contact with these spe-
cies, producing a similar-to-skin flora, mainly
Staphylococci [32] and high abundance in
Enterobacteriaceae [33]. Multiple-drug-resistant
Staphylococci  aureus colonized in neonates
might be transmitted from their mothers [34].
The feeding regimens and food supplements
also play roles in modifying the resident flora; a
greater complexity is normally seen in formula-
fed infants, rather than in breastfed babies who
have an “adult-like” structured microbiota with a
population rich with Bifidobacteria, Lactobacilli,
and Bacteroides [32]. These results indicated that
mother’s vaginal flora and breast milk are the
major source of Lactobacillus, Prevotella, and
Bifidobacterium in infants’ microbiota composi-
tion [32].The infant gut microbiota is highly vari-
able and dynamic in composition, especially in
the first year of life, and is influenced by which a
baby happens to be exposed, as shown by the simi-
larity of infant [35]. Thereafter, the infant’s intes-
tinal tract progresses toward an extremely dense
colonization, ending with a mixture of microbes
that is broadly very similar to an adult’s intestine.
It is well-established fecal microbiota to breast
milk, feces, and vaginal samples that early events
of birth, environmental factors during infancy, sex
hormones, diet, body weight, and antibiotics use
can undoubtedly differentiate the composition of
the microbiota [36, 37]. Notably, both prenatal
and postnatal conditions modulate the establish-
ment of gut microbiota in infancy. Maternal fac-
tors such as the maternal gut microbiota, vaginal
infection or periodontitis as well as postnatal fac-
tors such as cesarean delivery, formula feeding,
excessive antibiotic use, host genetics, and the
environment can all influence the initial coloni-
zation of the gut by microbes [38]. Interestingly,
formula feeding [39] and social environment fac-
tors such as higher household income, smaller
family size, and urbanization lead to an increased
incidence of KD, which is accompanied by gut
dysbiosis [40]. The peak age of KD onset rang-
ing from 6 months to 4 years corresponds to the
critical period for establishment of the gut micro-
biota during the first 1000 days of life [41]. These
results document the key player role of dysbiosis

in contributing to KD onset and development,
and the impacts of the prenatal and postnatal fac-
tors on gut microbiota should be seriously taken
into concerns.

Immune-mediated diseases in children,
including KD and JIA, may be associated with
prevalent infections in early childhood [42].
Interestingly, the incidence rate of these two dis-
eases is quite different among populations; the
incidence of KD in East Asian countries such as
Japan and Korea is over 10-20 times higher, and
the incidence of JTA in North European countries
is more than 10 times that of children in East Asian
countries [43]. Population-specific difference in
incidence have been observed in other infection-
related immune-mediated diseases, including
type I diabetes [44], inflammatory bowel disease
[45], and Behcet’s disease [46]. Although genetic
or environmental factors may be responsible for
this finding, it is possible that children living in
higher-prevalence countries may have greater
exposure to KD or JIA pathogens, since the clini-
cal manifestations and immune function of chil-
dren with KD or JIA have been nearly identical
across the populations.

Gut Microbiota and Risk
of Cardiovascular Diseases

Systemic vasculitis with specific coronary artery
lesions has been frequently observed in KD chil-
dren who are not receiving IVIG treatment [7, 8].
In regarding the association of dysbiosis in the gut
with cardiovascular disease (CAD), it is presum-
ably possible that some overlapping microbes of
intestinal dysbiosis in CAD may also contribute
to KD onset or development. When the intestinal
flora is imbalanced (i.e., dysbiosis), the mucosal
barrier is usually destroyed and become leaky,
adversely increasing the risk of CVDs and other
diseases. There is significant differences in the
gut microbiota between healthy individuals and
patients with prehypertension and hypertension.
The flora of the latter two has a marked reduc-
tion of probiotics and excessive abundances of
genera Preto and Klebsiella. Transplanting the
fecal microbiota of hypertensive patients into
sterile mice can increase blood pressure [47].
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Intriguingly, treatment of ST-elevation myocar-
dial infarction with antibiotic attenuated sys-
temic inflammation and myocardial damage in
mice [48]. Post ST-elevation myocardial infarc-
tion, had been found some gut bacteria (i.e.,
Lactobacillus, Bacteroides, and Streptococcus)
would translocated into blood stream. These
results indicated antiobiotic treatment would
attenuated systemic inflammation and mycardial
infarction. In patients with heart failure (HF),
Eubacterium rectale and Dorea longicatena
are present in lower levels in HF patients than
healthy participants [49]. In KD patients, intes-
tinal permeability and circulating secretion of
immunoglobulin A (IgA) are increased [50], sug-
gesting an antigen-driven response to pathogens
with respiratory or gastrointestinal entry. It is
noted that targeted correction of intestinal per-
meability can prevent [gA deposition and allevi-
ate the cardiovascular pathological changes in a
murine model [23].

The gut microbiome can produce hydrogen
peroxide, short chain fatty acids (SCFAs), and
other metabolites to protect the body from poten-
tially harmful, invading pathogens, and modulate
immune responses [51]. SCFAs are mainly pro-
duced by anaerobic gut bacteria in the cecum and
the proximal colon, principally through the fer-
mentation of dietary fibers, and to a lesser extent,
proteins, and peptides [52]. Butyrate, acetate,
and propionate are the major SCFAs [53], which
have local effects as primary energy sources for
gut mucosal cells or distal effects as an impor-
tant source of calorie and energy for the organ-
ism and to act as signaling molecules. Several
lines of evidence suggest a reduction in regulatory
T cells (Tregs) and imbalance between T helper
17 cells (Th17s) and Tregs in acute KD [54-56].
Interestingly, Th17 and Treg differentiation are
found to be regulated by SCFAs, especially butyr-
ate, produced by the gut microbiota [57-59], while
acute KD-associated gut dysbiosis has been charac-
terized by lower abundance of butyrate-producing
bacteria, Roseburia and Faecalibacterium [28, 60,
61]. On this basis, gut dysbiosis and reduced pro-
duction of SCFAs lead to imbalances of Thl7s/
Tregs, which may be related to the etiology of
KD. Simultaneous measurements of Thl7s/
Tregs in peripheral blood and SCFA concentra-
tions in feces will provide valuable information

on the association between dysbiosis and immune
responses dysregulation in KD.

Many studies suggested that SCFAs have ben-
eficial effects on the pathophysiological process
of CVDs. For example, after treating C57BL/6J
mice with antibiotics, SCFAs will be reduced, and
the host immune profiles and repair capacity after
the myocardial infraction will be impaired [62].
Supplementation of dietary SCFAs improved
the physiological state of mice after myocardial
infarction [63]. Fecal microbiota transplantation
being rich in SCFAs alleviates intestinal dys-
biosis and lipid metabolism disorders and can
prevent obesity and ischemic stroke in mice fed
with high-fat diet [64]. It is noteworthy noted
that dietary fiber supplementation may serve as a
therapeutic strategy for CVDs and also KD chil-
dren because supplementation of dietary fiber is
appeared to modulate the production of SCFAs
and further provide benefits to type 2 DM, obe-
sity, and atherosclerosis [65-67].

Proposed Infectious Causes of KD

The current pathogenesis of KD suggested that
the disease may be result of a pathologically
amplified immune response against infectious
agents in a genetically and environmentally
susceptible child [68]. There are some clinical
overlaps between KD and infectious diseases
such as viruses (human Adenovirus (HAdV)
[69], parvovirus B19 [70], or Epstein—Barr virus
(EBV) [71, 72]) and bacteria (Staphylococcus
[73], Streptococcal [71, T4], Mycoplasma [75],
or Chlamydia [76]) infection. Seasonal cluster-
ing of KD in the winter and spring mimics that
of several viral diseases [77]. Moreover, tempo-
ral clusters of epidemics have been reported in
Japan, the USA, Canada, and Finland [5] and
within 6 months in Japan, outbreaks can spread
nationwide [78]. The low incidence of KD in
school-aged children may suggest that most chil-
dren encounter indeterminate common antigens
in early childhood and mount an appropriate
and protective immune response against these
antigens [79]. Notably, the incidence in the first
3 months of life is very low, suggesting at least
partial protection from transplacental antibodies
[80]. However, efforts to find a single unifying
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microbiological cause of KD have so far been
unsuccessful. Furthermore, the microbiological
cause may not be a single microbe but an interac-
tion between multiple microbial populations.

It has long been thought that infection with one
or more widely distributed microorganisms may
trigger a dysregulated immune response in genet-
ically or environmentally susceptible children,
leading to the pathogenesis of KD. Those can-
didate pathogens including Epstein—Barr virus
[81, 82] had been detected in peripheral blood
mononuclear cells (PBMCs) by polymerase
chain reaction (PCR). Human herpes virus [83],
human immunodeficiency virus (HIV) [84],
human adenovirus [85], human coronavirus [86],
retrovirus [87], human parvovirus B19 [88], and
human bocavirus [89], moreover, would elevate
chemokines levels, such as TNF-alpha level, and
develop Kawasaki like syndrome (KLS). SARA-
CoV-2 infection in children with multisystem
inflammation syndrome (MIS-C) would develop
Kawasaki-diseases picture [90]. In constant,
Staphylococcus aureus [91], Streptococcus pyo-
genes [92], Yersinia pseudotuberculosis [93, 94],
Bacillus cereus [95], Mycoplasma pneumoniae
[96], Mycobacterium spp. [97], Bartonella hense-
lae [98], Coxiella burnetii [99], and Candida
spp- [100] would produce bacteria toxin, e.g.,
toxic shock syndrome toxin (TSST), Yersinia
pseudotuberculosis derived mitogen (YPM),
microbe-associated molecular pattern (MAMP),
and streptococcal pyogenic exotoxin (SPE) and
activate Vp?* T cells in KD with heart diseases.
The link of viruses to KD has been demonstrated
by cytoplasmic inclusion bodies containing
viral RNA in the bronchial epithelia [101] and
by intracytoplasmic inclusion bodies containing
viral proteins and nucleic acid aggregates [102,
103]. It is worth noting, however, it is difficult
to distinguish infection caused by adenovirus
from KD due to frequent incidental detection of
adenovirus as well as its increased inflammatory
biomarkers in KD patients [104]. In particular,
adenovirus was detected in 8.8 and 25% of com-
plete and incomplete KD patients, respectively
[69]. About half of patients with KD may have
one or more respiratory viruses detected by poly-
merase chain reaction, a positive respiratory viral
test or present with respiratory symptoms [105].

Hence, those tests or symptoms for respiratory
virus shall not be used to rule out the diagnosis
of KD [105]. Some other studies have suggested
a potential relationship between KD with coro-
naviruses [86, 106], and the links between KD
and coronavirus disease 2019 (COVID-19) are
also of concern [107-110]. Cohorts of children
with KD-like symptoms have been documented
in the UK, the USA, France, and Italy, some of
whom were later confirmed to have COVID-19.
It appears that hyperinflammation associated
with COVID-19 may serve as a primer for the
development of KD in individuals with genetical
or suffering environmental predisposition. The
underlying mechanism demands further investi-
gations [107].

Intriguingly, Staphylococci and Streptococci
can secrete certain exotoxins, e.g., toxic shock
syndrome toxin-1 (TSST-1), known as superan-
tigens that can promote the activation of a large
number of T helper cells (Th) leading to a robust
of immunological reaction [111]. Matsubara
et al. suggests that TSST-1, Streptococcal
Pyogenic Exotoxin A or C (SPEA or SPEC),
and Staphylococcal Enterotoxin A or B (SEA or
SEB) may act as superantigens that can stimu-
late the immune system and subsequently result
in KD [73]. Anti-streptococcal SPEC antibod-
ies are found to be increased in the sera of KD
patients at acute phase [112], and anti-SPEC
and -SPEA IgM are found in the first few weeks
following the illness [73]. Nevertheless, no sig-
nificant differences in superantigen antibody
are found in other serological studies. Candida
albicans (C. albicans) has recently noted that
administration of water-soluble extracellular
polysaccharide from culture supernatants of
C. albicans induces coronary arteritis in mice
similar to KD symptoms [113]. The following
reports further suggest that C. albicans may play
an important role as an infectious trigger of KD
[100, 114, 115]. Furthermore, studies of sys-
temic vasculitis induced by C. albicans extracts
in mice highlighted the relationship between the
development of vasculitis and increased proin-
flammatory cytokines such as TNF-a and IL-6
[116, 117]. Additionally noted, gut dysbiosis has
been also linked to aberrant levels of TNF-a and
IL-6 [118, 119].
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The Complex Relationship Between
Gut Microbiota and Kawasaki
Disease

Gut microbiota is considered as the largest organ
in our body and is involved in immune regulation
[120, 121]. There are several gastrointestinal
symptoms and complications in KD patients
[122]. All KD patients had abdominal pain and
fever presentation, and found there were about
70% with vomiting, 50% with diarrhea, and 43%
with clinical jaundice. These results indicated that
gastrointestinal syndrome should be considered.
In clinic, KD patients frequently have high levels
of lipopolysaccharide (LPS)-binding neutrophils
or plasma protein [123, 124], and of antibody
against mycobacteria heat shock protein (HSP65)
[97]. In convalescent, not acute phase patients
with KD, shown strong antibody reactivity against
in HSP65 in their sera. This results indicated that
HSP65 may be the most potent factor predispos-
ing to Kawasaki disease, and that an autoreactiv-

ity to the epitope of the human HSP65 homolog
may be related to the susceptibility to the disease.
In addition, different pathogens found in KD
patients are involved in secondary infections such
as Streptococcus pyogenes [125], Staphylococcus
aureus [73, 126], Mycoplasma pneumoniae [75,
1271, and Chlamydia pneumoniae [128]. Toshiaki
et al. have previously found Streptococci and
Staphylococci in children with KD [129]. A
paired case-control study also shows that early
administration of antibiotics will promote KD
development in young children [18]. Furthermore,
Ruminococcus, Roseburia, Faecalibacterium,
and Streptococcus are found to be increased in
KD patients [28]. Metagenomic studies were indi-
cated that Ruminococcus spp. was increased in
non-acute phase of KD. Moreover, Streptococcus
spp. was enriched in acute phase of KD. This
study indicated that Streptococcus spp. might be
involved in pathogenesis of KD. These results col-
lectively strengthen that gut microbiota may play
roles in KD onset and development (Table 1).

Table 1 Perturbation in the intestinal microbiota of patients with Kawasaki syndrome

Methods Site No of patients Results References
Culture Throat 21 patients with KD, 20 | No difference Horita et al.
with other febrile [149]
illnesses
Culture Jejunum | 15 patients with KD tStreptococci Yamashiro
biopsy tStaphylococci etal. [129]
Culture Gut 20 patients with KD, 20 | | Lactobacillust Eubacterium? Peptostrept | Takeshita
patients with acute ococcus etal. [139]
febrile diseases, 20
healthy children
Culture Gut 19 patients with KD, 15 | 1Gram-negative producing hsp60, Nagata et al.
patients with food- tGram-positive cocci with superantigenic | [140]
sensitive enteropathy in | properties
remission
Metagenomic Gut 28 KD patients, 28 tRuminococcustRoseburial Faecalibacte | Kinumaki
analysis on samples during acute rium?Streptococcus et al. [28]
feces phase, 28 samples in
non-acute phase
Metagenomic Gut 5 KD patients during 1Fusobacterium,t Neisseria,1 ShigellatSt | Imran Khan
analysis on acute phase and reptococcus etal. [152]
feces receiving IVIG
treatment, 13 healthy
controls
Metagenomic Gut 48 KD patients during lAlpha diversity| Bacteroidetes| Dorea Jie Shen
analysis on acute phase and 46 etal. [153]
feces healthy controls
Metagenomic Gut 30 KD patients during 1 EnterococcustAcinetobacter Jie Chen
analysis on acute phase, and 30 1Helicobacter tLactococcus et al. [154]
feces age-matched control for | 1Staphylococcus 1Butyricimonas
6 months follow-up
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However, all bacteria were identified by culture-
based method in previous studies. With next-
generation sequencing (NGS) development, gut
microbiota analysis is applied in human diseases
research, including gastrointestinal diseases [130,
131], metabolic syndrome [132, 133], and cancers
[134, 135]. It is noted that gut microbiota also
participated in several pathways such as SCFAs
pathway, trimethylamine (TMA)/trimethylamine
N-oxide (TMAO) pathway, phenylacetylgluta-
mine (PAGIn), and primary and secondary bile
acid pathways in cardiovascular diseases progres-
sion [136-138].

Direct association between one or more
pathogens with KD is limited. Even though the
most frequent detected bacteria or viruses in KD
have a higher prevalence in overall pediatric pop-
ulation, only a limited number of children will
develop KD. In addition, the genetic predisposi-
tions and environmental factors associated with
onset or pathogenetic process of KD are similar
to other multifactorial diseases. Thus, the intes-
tinal environment such as gut microbiota shall
be taken into consideration and is supposed to
one of the mechanisms underlying KD onset
and development. Of note, KD patients fre-
quently exhibit gastrointestinal symptoms and
complications [122]. Mounting evidence have
now revealed that the composition of the gut
microbiota in KD patients differs from healthy
subjects. The gut microbiomes of KD patients
are lacking of Lactobacilli during the acute
phase [139], whereas both HSP60-producing
Gram-negative bacteria and Gram-positive cocci
inducing VP2 T cell expansion are isolated from
KD patients [140]. It is importantly noted that
a strong link between KD and allergic diseases
[141-143] in which gut dysbiosis plays a critical
role [144]. These results suggest that distinct gut
microbes may be involved in the pathophysiol-
ogy of KD. The immune system may lose toler-
ance toward a part of the resident intestinal flora
and those environmental factors such as Western
lifestyle or improved public health systems,
may convert the commensal flora into patho-
genic flora, such as in different gastrointestinal
or immune systems seen in different gastroin-
testinal or immunological disorders. However,

because some of these studies were conducted
using culture-based methods, those unculturable
microbes that make up more than half of the gut
microbiome may be overlooked.

Compared with culture-based methods,
metagenomic analysis can reveal more about the
composition of the gut microbiota. Streptococcus
spp., including S. pneumoniae, S. pseudopneu-
moniae, S. mitis, S. oralis, S. gordonii, and S.
sanguinis are found to be more abundant, while
the abundance of Ruminococcus, Roseburia, and
Faecalibacterium are less abundant during the
acute phase of KD [28]. However, one intriguing
limitation must be noted that more than half of
subjects will be treated empirically with antibiot-
ics during the early phase of KD when the fecal
samples are collected [145], because clinical and
laboratory findings often do not fulfill the diag-
nostic criteria of KD but are instead suggestive of
bacterial infections [146]. As antibiotic adminis-
tration rapidly perturbs the gut microbiota [147],
these results may merely reflect the effects of
antibiotic therapy on the gut microbiota but not
dysbiosis associated with KD.

The gastrointestinal tract may be one of the
main sites of entry of bacteria in children with
KD. A perturbation in the gut microbiota has
been increasingly linked to the KD’s pathophysi-
ology. The bacterial species isolated from jejunal
biopsies is characterized by a wider variety of
Gram-positive cocci including 5 kinds of strep-
tococci (Streptococcus salivarius, Streptococcus
mitis, Streptococcus oralis, Streptococcus san-
guinis, and Gemella haemolysans) and 2 kinds
of staphylococci (Staphylococcus capitis and
Staphylococcus hyicus) from KD patients in
the acute phase, suggesting that some antigens
induce a delayed-type hypersensitivity reaction
in the mucosa of small intestine of KD patients
[129]. This speculation is also confirmed in the
study by Nagata et al. [148]. The throat flora
might be another microbial source that triggers
KD. However, the throat flora between KD and
febrile controls even in the mean mitogenic
activity of bacteria isolated did not show sig-
nificant difference [149]. Takeshita et al. show
that the incidence of Lactobacilli isolated from
KD patients is significantly lower than that from
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patients with acute febrile diseases and healthy
children, while the presence of Eubacterium
and Peptostreptococcus is significantly higher
in KD patients than in patients with febrile dis-
eases [139]. The authors collected a total of 56
samples—equal samples each for both acute
and non-acute phases. It was demonstrated
that the genera Ruminococcus, Roseburia, and
Faecalibacterium are mostly predominant during
the non-acute phase, 4—6 months after the onset
of KS, while a higher presence of Streptococcus
spp., including Streptococcus pneumoniae,
pseudopneumoniae, mitis, oralis, gordonii, and
sanguinis, are detected in the fecal specimens
during the acute phase [28]. Intriguingly, these
interpretation of KD can be also shared by other
situations such as liver cirrhosis and Sjogren syn-
drome, in which dominant changes of gut micro-
biota show a higher proportion of Streptococcus
spp. [150, 151]. These findings suggest that many
other immune-mediated disorders are likely to
be linked to an abnormal bacterial colonization
of the intestinal tract potentially through oral or
respiratory route such as Streptococcus spp., and
that alterations in the gut microflora may harvest
systemic and extra-intestinal inflammation niche.
It is that an imbalance of the gut microbiota may

Alpha Diversity
Lactobacillus
Bacteroidetes

directly or indirectly interrupt with the immune
system, or interplay with other genetic or envi-
ronmental factors, mainly infectious agents,
eventually leading to the onset and development
of KD.

Conclusion

Dysbiosis is defined as alterations in gut micro-
biota composition, caused by prenatal and post-
natal factors that are not necessarily infectious
agents, that may contribute to the onset and
development of KD under genetically and envi-
ronmentally determined preferences. As illus-
trated in Fig. 1, the take home messages can
be outlined as follows: (1) various prenatal and
postnatal factors drive gut dysbiosis in infant
and young children; (2) gut dysbiosis results in
aberrant production of associated metabolites
including SCFAs; (3) aberration of SCFAs in the
gut cause an imbalance of Th17s/Tregs or other
immune cells; and (4) individuals with Th17/
Treg imbalances develop hypercytokinemia
triggered by ubiquitous infectious agents(s),
followed by KD (Fig. 1). In summary, gut dys-
biosis may be involved in KD onset and devel-
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Fig. 1 Potential roles of gut dysbiosis in KD may be in relation to reducing SCFAs production and promoting TH17
and Tregs imbalance. Th17/Treg imbalances may trigger hypercytokinemia and subsequent KD development [155]
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opment under genetically and environmentally
determined predilections. Thus, intervention
by supplying prebiotics, probiotics, symbiotic
or postbiotics at birth or during IVIG treatment
may reduce the risk of KD in infancy or improve
the treatment response at acute phase. It is noted
that supplying prebiotics, probiotics, symbiotic,
or postbiotics can reshape gut microbiota and
improve dysbiosis-associated disorders poten-
tially including KD.
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Allergic Diseases and Association
with Kawasaki Disease

Ling-Sai Chang

Abstract

Kawasaki disease (KD) is an acute inflam-
matory disease. Numerous studies over the
last several years have well described that
KD has been related to allergic diseases
such as allergic rhinitis, asthma, and atopic
dermatitis. Aberrant basophils, eosinophils,
and mediators of type 2 inflammation and
immunologic imbalance related to uncertain
pathologic stimulation in KD are associated
with the development of allergic diseases.
KD and allergic diseases, which share com-
mon pathways and interrelate reciprocally,
are a great concern. In the process of inflam-
mation, immunologic changes in combina-
tion with increased permeability may result
in more allergen sensitization. In this chapter,
we reviewed pieces of evidence that suggest
KD is associated with allergic diseases. Early
detection and prevention of allergic diseases
are important for KD patients. Investigation
of atopy including total and specific immuno-
globulin E in patients with KD can facilitate
better care of KD during follow-up.
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The manifestation of allergic diseases is chronic
inflammation and all of allergic diseases have
several sub-forms. Therefore, the importance of
regular follow-up visits is particularly empha-
sized in the treatment guidelines [1]. Childhood-
onset diseases are more often associated with
genetic predisposition. This situation is no excep-
tion in inflammatory diseases [2—4]. In terms of
family history, it was found that 39.8% children
with Kawasaki disease (KD) less than one year
old had a mother with a history of at least one
allergic disease [5]. In a retrospective study lack-
ing a control group, atopic dermatitis and asthma
were the most common allergic diseases in KD
patients after hospitalization [5].

Allergy-Related Biomarkers
in Kawasaki Disease

Patients with KD experience allergic diseases
both before and after KD [6, 7]. Among 512
Japanese patients hospitalized with KD, 37.9%
had at least one allergic disease [5]. The devel-
opment of allergic diseases associated with KD
remains poorly understood. Patients with KD
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undergo type 2 inflammation [6]. In a study using
plasma samples from patients with KD, patients
with KD demonstrated high immunoglobulin (Ig)
E levels from acute phase to convalescent phase to
normal phase [8]. Significantly more intravenous
immunoglobulin (IVIG) resistance was observed
in the low eosinophil (peripheral eosinophils
<4%) group than in the eosinophilia group three
days after IVIG treatment [9]. Higher eosino-
phils, eosinophil-related mediators: interleukin
(IL)-4, IL-5, eotaxin, and eosinophil cationic
protein levels were also found in patients with
KD than controls [10]. In particular, Kuo et al.
observed higher eosinophil and IL-5 levels in
KD patients without CAL group three days after
IVIG. In the process of regulating the cytokine
of allergic inflammation, CD40, which controlled
the activation of T cells, also rose [11]. Patients
with KD also showed that T cells were activated
[12, 13]. Medications including IVIG are also
suspected to increase eosinophils in children with
enterovirus infection after IVIG treatment [14].
The mechanism of the correlation between type
2 inflammation and clinical prognosis warrants
further clarification. Although elevated total IgE
levels in patients with KD were not associated
with clinical outcomes, it is still unclear whether
the occurrence of allergic diseases is related to
the prognosis of KD [8].

Fig. 1 Involvement of
altered gut microbiota
associated with butyrate
in systemic
inflammation of
Kawasaki disease. Reg,
regulatory, T helper type
(Th)17

apoptosis and migration

{

type 2 inflammation

&

Several pilot studies have reported alterations
of gut microbiota and metabolites in KD patients
[15]. Gut microbiota producing short chain fatty
acids, especially butyrate, affect Thl7s/Tregs
balance [16]. A growing body of literature sug-
gests butyrate regulates type 2 inflammation
through epigenetic changes [11, 12]. Butyrate
inhibited eosinophil migration and promoted
eosinophil apoptosis [16]. A pilot study enrolled
four individuals with KD and four healthy chil-
dren, finding significantly reduced butyrate in the
fecal samples of KD patients. Aberrant Th17s/
Tregs balance in patients with KD has been well
studied [17]. The important roles dysbiosis play
would provide valuable information regarding
the strong association between KD and allergic
diseases [18]. Figure 1 showed the effects of
microbiota-associated butyrate on immunopatho-
genesis in KD.

Allergic Diseases and Association
with Kawasaki Disease

Sometimes we may think that after IVIG treat-
ment, KD will be cured and ignore the importance
of clinical follow-up. According to the evidence
provided by the National Health Insurance data-
base in Taiwan and several publications, the three
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Fig. 2 Population-based matched cohort studies revealed subsequent risks of allergic diseases after Kawasaki disease

in Taiwan. HR, adjusted hazard ratio

most common allergic diseases after KD are aller-
gic rhinitis, asthma, and atopic dermatitis [19—
21]. The incidence of KD in Taiwan has almost
doubled significantly [22]. In the year of 2013,
four studies using the Taiwan National Health
Insurance Database were published in interna-
tional journals, all on topics related to research
on allergic diseases and KD [19-21, 23]. As a
research tool, big data provided us with many
research findings for understanding the relation-
ship between KD and other diseases. Population-
based matched cohort studies revealed subsequent
risks of allergic diseases after KD in Taiwan
shown in Fig. 2 [19, 21]. Starting from the age of
one, children with KD begin to have a higher rate
of allergic diseases [20]. Allergic tendency con-
tinues into school age [20]. Between one and five
years of age, male patients have an increased risk
of atopic dermatitis (odds ratio 3.02, 95% con-
fidence interval, CI: 1.22-7.50) [23]. More than
60% of children developed allergic diseases after
KD was diagnosed [23]. Most allergic diseases
occur after the onset of KD [23].

Allergic Diseases Before Kawasaki
Disease

Children with a single allergic disease are at
increased risk of KD, 1.82 times risk in urti-
caria [7], 1.44 times risk (95% CI, 1.23-1.70)

in allergic rhinitis, and 1.22 times risk (95% CI,
1.06—-1.39) in atopic dermatitis. The risk of KD
increases with the number of concurrent allergic
diseases [7]. Children with only one allergic dis-
ease has a 1.61 times risk (95% CI, 1.43-1.82)
of KD. At least two allergic diseases have a 1.71
times risk (95% CI, 1.48-1.98) of KD. Children
who have two or more visits to related allergic
diseases each year also have an increased risk of
KD [7]. As the prevalence of allergic diseases is
significantly increased in the past two decades
so as the increase of KD, whether they cause the
increase in the incidence of KD is also a very
important issue and still needs further investiga-
tion to reach a conclusion [22].

Asthma and Kawasaki Disease

Recent meta-analysis focused on asthma and
KD summarized that asthma before KD did not
increase the incidence of KD, which is consistent
with the Wei’s report by Taiwan Health Insurance
Database [7, 24]. On the contrary, asthma after
KD had an increasing trend [24]. Some investi-
gators considered it was only a temporary mild
asthma, some considered it would increase the
hospitalization rate compared with the control
group [25].

It has been over 60 years after Dr. Kawasaki
discovered the first KD patient in 1961, Dr.
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Kawasaki passed away in 2020, but we have
accumulated more and more experience in treat-
ing and following up KD patients, including
allergic diseases in KD patients. Especially the
increase in asthma, rhinitis, and atopic derma-
titis in KD patients is particularly noteworthy.
Allergic laboratory data and related symptoms
survey may be suggested for the regular followed
up schedule of KD patients.

References

11.

. Bousquet JJ, Schiinemann HJ, Togias A, Erhola M,

Hellings PW, Zuberbier T, et al. Next-generation
ARIA care pathways for rhinitis and asthma: a model
for multimorbid chronic diseases. Clin Transl Allergy.
2019;9:44.

. Yang KD, Chang JC, Chuang H, Liang HM, Kuo HC,

Lee YS, et al. Gene-gene and gene-environment inter-
actions on IgE production in prenatal stage. Allergy.
2010;65(6):731-9.

. Chang JC, Kuo HC, Hsu TY, Ou CY, Liu CA, Chuang

H, et al. Different genetic associations of the IgE pro-
duction among fetus, infancy and childhood. PLoS
One. 2013;8(8):¢70362.

. Xie X, Shi X, Liu M. The roles of genetic fac-

tors in Kawasaki disease: a systematic review and
meta-analysis of genetic association studies. Pediatr
Cardiol. 2018;39(2):207-25.

. Matsubara T, Fujita Y, Sato T, Sasai K, Furukawa

S. The prevalence of allergy in Kawasaki disease.
Allergy. 1998;53(8):815-6.

. Huang PY, Huang YH, Guo MM, Chang LS, Kuo

HC. Kawasaki disease and allergic diseases. Front
Pediatr. 2020;8:614386.

. Wei CC, Lin CL, Kao CH, Liao YH, Shen TC, Tsai JD,

et al. Increased risk of Kawasaki disease in children
with common allergic diseases. Ann Epidemiol.
2014;24(5):340-3.

. Kim JJ, Kim HJ, Yu JJ, Yun SW, Lee KY, Yoon

KL, et al. IgA levels are associated with coronary
artery lesions in Kawasaki disease. Korean Circ J.
2021;51(3):267-78.

. Kuo HC, Yang KD, Liang CD, Bong CN, Yu HR, Wang

L, et al. The relationship of eosinophilia to intrave-
nous immunoglobulin treatment failure in Kawasaki
disease. Pediatr Allergy Immunol. 2007;18(4):354-9.

. Kuo HC, Wang CL, Liang CD, Yu HR, Huang CF,

Wang L, et al. Association of lower eosinophil-
related T helper 2 (Th2) cytokines with coronary
artery lesions in Kawasaki disease. Pediatr Allergy
Immunol. 2009;20(3):266-72.

Lee T, Nair P, Corrigan CJ. Review of monoclonal
antibody therapies in asthma and allergic diseases -
a new paradigm for precision medicine. Asian Pac J
Allergy Immunol. 2020;38(2):78-90.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Lee YC, Kuo HC, Chang JS, Chang LY, Huang LM,
Chen MR, et al. Two new susceptibility loci for
Kawasaki disease identified through genome-wide
association analysis. Nat Genet. 2012;44(5):522-5.
Chang LS, Yan JH, Li JY, Yeter DD, Huang YH, Guo
MM, et al. Blood mercury levels in children with
kawasaki disease and disease outcome. Int J Environ
Res Public Health. 2020;17(10):3726.

Lin LY, Yang TH, Lin YJ, Yu HR, Yang KD, Huang
YC, et al. Comparison of the laboratory data between
Kawasaki disease and enterovirus after intrave-
nous immunoglobulin treatment. Pediatr Cardiol.
2012;33(8):1269-74.

Kaneko K, Akagawa S, Akagawa Y, Kimata T, Tsuji
S. Our evolving understanding of Kawasaki dis-
ease pathogenesis: role of the gut microbiota. Front
Immunol. 2020;11:1616.

Yip W, Hughes MR, Li Y, Cait A, Hirst M, Mohn WW,
et al. Butyrate shapes immune cell fate and function in
allergic asthma. Front Immunol. 2021;12:628453.

Jia S, Li C, Wang G, Yang J, Zu Y. The T helper
type 17/regulatory T cell imbalance in patients
with acute Kawasaki disease. Clin Exp Immunol.
2010;162(1):131-7.

Chen J, Yue Y, Wang L, Deng Z, Yuan Y, Zhao M,
et al. Altered gut microbiota correlated with systemic
inflammation in children with Kawasaki disease. Sci
Rep. 2020;10(1):14525.

Woon PY, Chang WC, Liang CC, Hsu CH, Klahan
S, Huang YH, et al. Increased risk of atopic derma-
titis in preschool children with Kawasaki disease:
a population-based study in Taiwan. Evid Based
Complement Alternat Med. 2013;2013:605123.

Tsai YJ, Lin CH, Fu LS, Fu YC, Lin MC, Jan SL. The
association between Kawasaki disease and allergic
diseases, from infancy to school age. Allergy Asthma
Proc. 2013;34(5):467-72.

Kuo HC, Chang WC, Yang KD, Yu HR, Wang CL, Ho
SC, et al. Kawasaki disease and subsequent risk of
allergic diseases: a population-based matched cohort
study. BMC Pediatr. 2013;13:38.

Huang YH, Lin KM, Ho SC, Yan JH, Lo MH, Kuo
HC. Increased incidence of Kawasaki disease in
Taiwan in recent years: a 15 years Nationwide
population-based cohort study. Front Pediatr.
2019;7:121.

Hwang CY, Hwang YY, Chen YJ, Chen CC, Lin
MW, Chen TJ, et al. Atopic diathesis in patients with
Kawasaki disease. J Pediatr. 2013;163(3):811-5.
Wang Z, Zhang J, Dong L. Is there any association
between asthma and Kawasaki disease? A system-
atic review and meta-analysis. Pediatr Pulmonol.
2021;56(8):2503-11.

Webster RJ, Carter KW, Warrington NM, Loh AM,
Zaloumis S, Kuijpers TW, et al. Hospitalisation
with infection, asthma and allergy in Kawasaki
disease patients and their families: genealogical
analysis using linked population data. PLoS One.
2011;6(11):e28004.



	Contents
	Introduction and History of Kawasaki Disease
	Epidemiology
	Is Kawasaki Disease an Infectious Disease?
	Is Kawasaki Disease a Genetic Disease?
	Is Kawasaki Disease an Immune-Mediated Disease?
	References

	Clinical Symptoms of Kawasaki Disease
	Clinical Symptoms of Classic KD
	Fever
	Extremity Changes
	Skin Rash
	Conjunctivitis
	Oropharyngeal Changes
	Cervical Lymphadenopathy

	Incomplete (Atypical) KD
	Unusual Manifestation of KD
	KD, KDSS (Kawasaki Disease Shock Syndrome), and Multisystem Inflammatory Syndrome in Children (MIS-C)
	References

	Diagnosis of Kawasaki Disease and Development of New Biomarkers
	Clinical Features and Diagnosis of Kawasaki Disease
	Diagnosis of Incomplete (or Atypical) Kawasaki Disease
	Echocardiographic Findings That Aid in the Diagnosis of Kawasaki Disease
	Development of New Biomarkers to Aid in the Diagnosis of Kawasaki Disease
	Conclusion
	References

	Treatment of Kawasaki Disease
	Intravenous Immunoglobulin
	Acetylsalicylic Acid
	Adjuvant Therapy: Corticosteroids
	Adjuvant Therapy: Biologics
	Adjuvant Treatments: Cyclosporin
	Adjuvant Treatments: Clarithromycin
	Second-Line Therapy of Refractory Kawasaki Disease
	References

	Precision Medicine and Big Data Research of Kawasaki Disease
	Big Data and Precision Medicine
	Using Big Data for Kawasaki Disease Incidence Estimation
	The Validity of Claim Data
	Complication Rate Estimation
	Recurrence Rates
	How to Estimate the Incidence Accurately by Big Data

	Head-to-Head Comparison of Different Immunoglobulins from Big Data Research
	Comparing Timing of Immunoglobulin Therapy by Big Data
	Genetic Predisposition to Kawasaki Disease from the Perspective of Big Data
	Future Perspectives for Precision Medicine for Kawasaki Disease
	References

	Complication of Kawasaki Disease
	CAA
	IVIG Resistance
	References

	How to Prevent Complication of KD
	Introduction
	Precise Diagnosis (How to Identify Typical or Atypical Kawasaki Disease)
	Clinical Diagnosis Criteria (Kuo Mnemonic: 1-2-3-4-5 for Rapid Memory)
	Bacillus Calmette–Guerin (BCG) Site Induration
	Consulting a Kawasaki Disease Expert
	AHA Supplemental Criteria
	COVID-19 and Kawasaki Disease

	Treating Kawasaki Disease and IVIG Resistance with Precision Medicine
	IVIG (Intravenous Immunoglobulin or Intravenous Gamma-Globulin)
	Aspirin
	IVIG Resistance (Nonresponsiveness or Failure)

	Preventing Coronary Artery Lesion Formation
	Other Off-Label Treatments
	Potential Role of Molecular Hydrogen Gas (H2) in KD [59]
	Promoting Kawasaki Disease Awareness
	Conclusion
	References

	Imaging of Coronary Artery Abnormalities in Kawasaki Disease with Emphasis on Multimodalities
	Introduction
	Noninvasive Evaluation of Coronary Artery Abnormalities in Kawasaki Disease
	Transthoracic Echocardiography
	FOCUS Methodology
	Measurement of Coronary Lumen Size at Different Cardiac Cycles

	Coronary Computed Tomography Angiography
	Coronary CTA in the Patients with Possible Regression in a Chronic Phase of KD

	Cardiac Magnetic Resonance Imaging

	Invasive Evaluation of Coronary Artery Abnormalities in Kawasaki Disease
	Invasive Selective Coronary Angiography
	Intravascular Ultrasound
	Virtual Histology Intravascular Ultrasound
	Optical Coherence Tomography (OCT)
	Near-Infrared Spectroscopy Intravascular Ultrasound

	Giant Coronary Aneurysm Regression Validated by Transthoracic Echocardiography and Coronary CTA
	Summary (Take Home Message)
	References

	Clinical Research of Kawasaki Disease
	Fever
	Conjunctivitis
	Oral Mucosa Manifestations
	Lymphadenopathy
	Skin Manifestations
	Changes in the Extremities
	Incomplete Kawasaki Disease
	Kawasaki Disease Shock Syndrome
	Refractory Kawasaki Disease
	Infant Kawasaki Disease
	Kawasaki Disease in Adolescents
	Laboratory Tests for KD
	References

	Laboratory Research and Scoring System of Kawasaki Disease
	Laboratory Data for Distinguishing Kawasaki Disease from Fever in Children
	Clinical Features Differentiating Children with Fever Suspected of Kawasaki Disease (Do Not Fit KD Diagnosis Upon Admission, But Fit Diagnosis During Follow-Up) [16]
	Nomogram Model for Predicting Kawasaki Disease
	The Importance of Eosinophils in Kawasaki Disease
	Neutrophil-to-Lymphocyte Ratio in Kawasaki Disease
	Prognostic Nutrition Index (PNI) in Kawasaki Disease
	C-Reactive Protein-to-Albumin Ratio (CRP/Alb) in Kawasaki Disease
	References

	Genetic Study of Kawasaki Disease
	Introduction
	Genetics and KD
	B Lymphoid Tyrosine Kinase (BLK)
	Caspase-3 (CASP3)
	Cluster of Differentiation 40 (CD40) and CD40 Ligand (CD40L)
	Fc Fragment of IgG Receptor IIa (FCGR2A)
	HLA Complex 5 (HCP5)
	Human Leukocyte Antigen (HLA)
	Immunoglobulin Heavy Chain (IGH) Variable (IGHV)
	Interleukin (IL)-4 and the IL-4 Receptor (IL-4R)
	Inositol-Triphosphate 3-Kinase C (ITPKC)
	Multidrug Resistance Protein 4 (MRP4)
	Nicotinamide Mononucleotide Adenylyl Transferase 2 (NMNAT2)
	SMAD3
	High-Mobility Group Box 1 (HMGB1)
	Interleukin (IL)-16
	Purinergic Receptor P2Y12 (P2RY12)
	Sterile Alpha Motif Domain-Containing Protein 9-Like (SAMD9L)

	Prediction of Intravenous Immunoglobulin Resistance Using a Genetic Risk Score (GSC)
	Conclusions
	References

	Epigenetics in Kawasaki Disease
	Methylation in KD
	MicroRNA Alteration in KD
	References

	Transcriptomics in Kawasaki Disease
	Introduction
	Transcriptomics to Unravel Mechanisms of KD
	mRNA Transcripts in Patients’ Blood
	mRNA Transcripts in KD Patients’ Heart Tissues
	mRNA Transcripts in KD-Like Mouse Models
	Noncoding Transcripts Biosignatures in KD

	Emerging Applications of Transcriptomics in Kawasaki Disease
	Immune Receptor Repertoire
	Neutrophil-Associated Genes as Potential Targets in Kawasaki Disease

	Perspective of Transcriptomics in Kawasaki Disease
	Conclusion
	References

	Immune Responses in Kawasaki Disease
	A Postinfectious Autoimmune Disease of Kawasaki Disease
	Kinetic Progress on the Immunopathogenesis of Kawasaki Disease
	Immune Responses of Different KD Variants
	Genetic and Epigenetic Immunoregulation of KD with and Without Complications
	Immunotherapies Based on Immune Response of KD
	References

	Anemia in Kawasaki Disease
	Kawasaki Disease Is the Most Common Vasculitis of the Coronary Arteries in Children
	Anemia in Patients with Kawasaki Disease
	Hepcidin Expression Is Associated with the Prognosis of Kawasaki Disease
	Iron Deficiency Caused by Hepcidin Is Related to Transient Hypoferremia and Anemia in KD Patients
	HAMP Promoter Hypomethylation and Elevated Hepcidin Levels Are Biomarkers of Kawasaki Disease
	Other Studies on Hepcidin in Kawasaki Disease
	Conclusion
	References

	Psychological or Mental Issues in Kawasaki Disease
	Background
	KD and Cognition
	KD and ADHD
	KD and Autism Spectrum Disorders
	KD and Caregiver Pressure
	Conclusion
	References

	Infection or not in Kawasaki Disease
	What Is Infection?
	Clinical and Epidemiological Evidence
	Clinical Presentation of Vasculitis
	Age Distribution
	Gender
	Seasonality
	Tropospheric Wind
	Intra-Family Transmission
	Recurrence
	Cluster Phenomenon

	Laboratory Evidence
	Pathological Discovery
	Bacterial Infections and Superantigens
	Viral Infections
	SARS-CoV-2 Infection

	Conclusion
	References

	Kawasaki Disease Shock Syndrome and Mild KD
	Introduction
	Definition of KDSS
	Interracial Incidence
	Etiology (Shock Mechanism)
	Cardiogenic Shock Component (Hypokinesia)
	Cardiogenic Shock Component (Valvular Insufficiency)
	Distributive Shock Component

	Clinical Manifestations (Database Limitation Is Addressed in the End of the Section)
	Database Limitation

	Conditions that Mimic Kawasaki Disease Shock Syndrome
	Toxic Shock Syndrome
	Septic Shock
	Adverse Effect of IVIG

	Treatment
	Mortality
	Significant Difference between KDSS and Mild KD
	Conclusion (Take Home Message)
	References

	Gut Microbiota in Kawasaki Disease
	Introduction
	Gut Microbiota in Childhood Diseases
	Gut Microbiota and Risk of Cardiovascular Diseases
	Proposed Infectious Causes of KD
	The Complex Relationship Between Gut Microbiota and Kawasaki Disease
	Conclusion
	References

	Allergic Diseases and Association with Kawasaki Disease
	Allergy-Related Biomarkers in Kawasaki Disease
	Allergic Diseases and Association with Kawasaki Disease
	Allergic Diseases Before Kawasaki Disease
	Asthma and Kawasaki Disease
	References

	Untitled

