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Abstract

Purpose of the Review Kawasaki disease (KD) is a childhood systemic vasculitis of unknown etiology that causes coronary
artery aneurysms (CAA), and if left undiagnosed can result in long-term cardiovascular complications and adult cardiac disease.
Up to 20% of KD children fail to respond to IVIG, the mainstay of therapy, highlighting the need for novel therapeutic strategies.
Here we review the latest findings in the field regarding specific etiology, genetic associations, and advancements in treatment
strategies to prevent coronary aneurysms.

Recent Findings Recent discoveries using the Lactobacillus casei cell wall extract (LCWE)-induced KD vasculitis mouse model
have accelerated the study of KD pathophysiology and have advanced treatment strategies including clinical trials for IL-1R
antagonist, Anakinra.

Summary KD remains an elusive pediatric vasculitis syndrome and is the leading cause of acquired heart disease among children
in the USA and developed countries. Advancements in combination treatment for refractory KD with further understanding of
novel genetic risk factors serve as a solid foundation for future research endeavors in the field.

Keywords Kawasaki disease - Coronary artery aneurysms - Myocarditis - Intravenous immunoglobulins - Interleukin-1 -
Anakinra

Introduction

Dr. Tomisaku Kawasaki, a Japanese pediatrician, was the first
to publish a report of 50 patients with a peculiar constellation
of symptoms including fever, several specific clinical find-
ings, and cardiac complications in 1967 [1]. He received skep-
ticism from other pediatricians at the time, who suggested that
this Kawasaki disease (KD) was a self-limiting illness with no
sequelae. Their tune quickly changed after 1970 when the first
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Japanese national survey of KD documented 10 autopsy cases
of sudden cardiac death after KD [2]. By 1974, the link be-
tween KD and coronary artery vasculitis development was
well established and accepted [3]. In this review, we will sur-
vey the current knowledge in KD pathophysiology, epidemi-
ology, genetics, and advancement in treatment therapeutics.

KD Pathophysiology

KD is an acute febrile illness and systemic vasculitis of un-
known etiology that predominantly afflicts children less than
5 years of age [4-9]. It often causes acute coronary as well as
systemic arteritis, with coronary artery aneurysms (CAA) oc-
curring in up to 30% of untreated patients, and can lead to
ischemic heart disease, myocardial infarction, and even death,
making it the leading cause of acquired heart disease in the
USA [2, 10-12]. Once considered an acute self-limiting dis-
ease, KD now known to result in long-term complications of
ongoing vascular remodeling and myocardial fibrosis [13].
While intravenous IgG (IVIG) treatment within the first
10 days of illness resolves inflammation and reduces the
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occurrence of coronary abnormalities like CAA from 25-30%
down to 5-7% [14-16], up to a quarter of KD patients are
IVIG-resistant and at higher risk for developing CAA [14].
Therefore, discovery of more effective treatments for KD is
one of the highest priorities in pediatric research [17].
Coronary artery abnormalities in KD children are character-
ized histologically by inflammatory cell infiltration and focal
destruction of the arterial media, especially elastic tissue in the
media, with resultant CAA formation. Subsequent thrombosis
or, less commonly, rupture of diseased coronary and other
systemic vessels may occasionally be fatal. KD not only
causes vessel inflammation in small and medium size arteries,
but is also associated with myocarditis [18—22], which has
been significantly under-investigated. Biopsy studies have
documented that almost all KD patients develop myocarditis,
which is associated with fatal arrhythmias and may lead to
fibrosis [2, 10-13, 19, 23]. One study found that myocarditis
was responsible for 13.6% of the total deaths in KD patients
[24]. KD vasculitis is also now recognized to induce long-
term vascular changes and remodeling such as luminal
myofibroblast proliferation (LMP), leading to coronary artery
stenosis with both cardiovascular and myocardial complica-
tions [13].

Epidemiology

KD has occurs globally; however, several ethnicities are noted
to have a higher incidence [25¢¢]. In North America, KD in-
cidence is approximately 17 per 100,000 children, with the
highest rates within the Pacific Islander and Asian populations
at 30 per 100,000 [10] and lowest rates within the Caucasian
populations at 9 per 100,000 children [26]. In Europe, the rate
of KD is 5-10 per 100,000 in children under 5 years of age
[27]. Higher prevalence of KD development has been reported
in Asian countries, notably Japan, Korea, China, and Taiwan.
In Japan, data from 2012 suggests incidence rates of 264.8 per
100,000 children younger than 5 years [28]. Higher rates in
these populations, and in Asian children who live in the USA,
suggest a genetic susceptibility that predicts a particular host
response to the etiologic agent [29]. With regard to seasonal-
ity, there seems to be a winter-spring uptake in incidence of
KD [10].

KD also tends to affect younger children, particularly those
<5 years of age with a median age of onset around 9-—
11 months of life. Current thought suggests that passive ma-
ternal antibodies, which wane around 6-9 months after birth,
may be protective, explaining why KD typically does not
develop in children less than 3 months of age [27]. With re-
gard to sex, KD is notably more common in males than fe-
males by a ratio of 1.5 to 1 [30]. Lastly, since no yearly fluc-
tuations in KD incidence are observed, it is likely that the KD
etiological triggering agent(s) is transmitted among household
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contacts and only triggers disease in genetically susceptible
hosts [31].

Etiology and Pathophysiology

The etiology of KD remains unknown despite 40 years of
intensive study. Several environmental factors that have been
explored with regard to the etiology, including fine particulate
air pollution and wind currents, although there is no clear
evidence to show these factors affect disease pathogenesis
[32, 33]. Indeed, it seems unlikely that environmental factors
could be the sole reason for such a pervasive disease that
occurs at all times of the year in virtually every country on
the planet. More likely, KD is triggered by an infectious agent,
although it is currently unidentified. Several overlaps exist
between KD presentation and other infectious diseases, such
as streptococcal and staphylococcal infections, and viral infec-
tions like adenovirus, measles, and glandular fever caused by
Epstein-Barr virus (EBV) [34]. An infectious etiology is also
evidenced by the seasonal prevalence of KD, which peaks in
incidence during the winter and spring throughout many geo-
graphical areas [35]. Particularly in Japan, there is a notable,
consistent uptick in cases with a bimodal peak in January and
June/July, with a nadir in October [36]. In Japan, siblings of
KD children are at increased risk for developing the disease
[37]. Current dogma is that KD is triggered by an infectious
agent entering through the mucosal surfaces, specifically the
respiratory tract. The presence of oligoclonal IgA plasma cells
in the inflamed tissues and coronary artery of KD patients, and
the identification of an antigen-driven IgA response directed
at intracytoplasmic inclusion bodies within the ciliated bron-
chial epithelium of KD patients, led to the hypothesis that KD
infectious etiologic agent may be a RNA virus [38—40].
Recently, a protein with epitopes similar to hepacivirus C
was detected in the intracytoplasmic inclusion bodies of KD
patients, suggesting that a newer human virus similar to the
single-stranded RNA hepaciviruses entering through the re-
spiratory tract could be etiologically linked to KD [41].

Genetics

There are several risk factors that point toward heritability of
risk for KD. In particular, increased KD incidence has been
reported in first degree relatives [42]. Monozygotic twins have
a 13% risk factor of developing KD when one of the twins
acquires disease [43, 44]. Furthermore, retrospective reviews
show that 1% of children admitted with KD have a family
history of KD [45]. Single nucleotide polymorphisms
(SNPs) in multiple genes, such as ITPKC [46], CASP3 [47,
48], FCGR2A [49], BLK [8], and CD40 [50] are associated
with increased susceptibility for KD and CAA development,
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as comprehensively discussed in a recent review [51¢]. The
key SNPs are summarized in Table 1. Additionally, interleukin
13 (IL-1), a cytokine linked to the development of many in-
flammatory diseases [52], is implicated in human KD patho-
genesis [53-55]. ITPKC acts upstream of IL-1 and NLRP3
inflammasome activation, and increased expression of ITPKC
protein is associated with higher levels of intracellular calcium
and increased production of IL-13 and IL-18 [56].

Clinical and Laboratory Diagnosis

Unlike many other diseases, diagnosis of KD is made
based on the observation of clinical findings alone. An
early diagnosis of KD is key for adequate treatment; how-
ever in the absence of a specific detection test, KD diag-
nosis is often overlooked and delayed. Diagnosis of com-
plete or classic KD is based on a persistent fever lasting
more than 5 days combined with four of the five major
clinical criteria: (1) polymorphous rash or exanthem, (2)
changes in the mucous membranes including cracked lips
and strawberry tongue, (3) changes in the extremities (in-
creased swelling of hands/feet and desquamation in the
subacute phase), (4) cervical lymphadenopathy (typically
unilateral), and (5) non-purulent conjunctival injection bi-
laterally with limbic sparing [28]. With regard to an “in-
complete” KD diagnosis, patients must demonstrate <3
clinical criteria in the presence of fever for >5 days.
Diagnostic KD criteria are shown in Table 2. The
American Heart Association (AHA) issued new recom-
mendations on diagnosis, treatment, and long-term man-
agement guidelines of KD, as well as an algorithm for
incomplete KD diagnosis in 2017, including presence of

CA abnormalities on echocardiogram and/or several labo-
ratory abnormalities [28]. European consensus-based rec-
ommendations for the diagnosis and treatment of KD vas-
culitis (the SHARE initiative) were also recently published
[57e¢]. It is important to highlight that KD symptoms often
present one-by-one over time, rather than simultaneously.
This combined with clinical findings that are common for
other infectious febrile syndromes in childhood makes KD
an often difficult diagnosis when presented to an inexperi-
enced physician.

Prognostic Factors

Besides epidemiological and ethnic risk factors, it is well
established that developing KD at a younger age (< 1 year)
results in higher severity of coronary artery dilation com-
pared with older children. One retrospective study showed
that in infants <6 months of age, there is up to a 68%
incidence of coronary ancurysms [58]. It is also notable
that children younger than 6 months have a higher preva-
lence of incomplete KD, which poses even more of a di-
agnostic challenge for clinicians as there is often delayed
treatment, which further worsens the risk of CAA [59].
Even in young infants <6 months of age where timely
diagnosis and IVIG administration within the first 10 days
of symptom onset is accomplished, nearly 20% had an
aneurysm or giant aneurysm compared to 5% of cases that
were in the > 6-month age group [59]. Furthermore, serial
echocardiogram monitoring is of utmost importance in this
age group specifically, as an alarming 25% of infants <
6 months with an initial normal echocardiogram do end

Table 1 Genes implicated in susceptibility to Kawasaki disease
Genes SNPs Genetic methods Potential significance RAF (OR) Reference
ITPKC 1s28493229  Linkage analysis TDT Negative regulator of calcineurin-NFAT signaling European 0.12 (2.62)* Onouchi et al.,
pathway; risk allege increases signaling Japanese 0.15 (1.74) 2008 [46]
CASP3 rs113420705 Linkage analysis Mediates apoptosis in immune cells and cardiomyocytes; European 0.74 (1.54) Onouchi et al.,
Candidate gene study Risk allele decreases gene transcription Japanese 0.38 (1.40) 2010 [48]
FCGR2A 51801274  GWAS Low-affinity receptor for Fc fragment of IgG; risk European 0.49 (1.40) Khor et al.,
allele has lower binding affinity Japanese 0.81 (1.30) 2011 [49]
BLK 1s2254546  GWAS B cell receptor signal transduction European 0.84 (0.25) Onouchi et al.,
Japanese 0.72 (1.85) 2012 [8]
CD40 rs4813003  GWAS Risk alleles associated with increased translation European 0.86 (1.05) Onouchi et al.,
Japanese 0.63 (1.41) 2012 [8]
HILA class Il 1s2857151 GWAS Activation marker for immune cells; Japanese 0.82 (1.47)  Onouchi et al.,
antigen presentation 2012 [8]

Table adapted from [51]

SNPs single nucleotide polymorphism, RAF risk allele frequency, OR odds ratio, BLK B cell lymphoid kinase, CASP3 caspase 3, FCGR Fcy receptor,
ITPKC inositol 1,4,5-triphosphate kinase C, 7DT transmission disequilibrium test, GWAS genome-wide association study

#Unpublished data
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Table 2 Criteria to diagnose —
Kawasaki disease Criterion

Description

1. Changes of lips or oral mucosa
2. Conjunctivitis

3. Rash

4. Changes to extremities

5. Lymphadenopathy

Erythema or oral and pharyngeal mucosa and/or erythema
and cracking of the lips, characteristic “strawberry tongue”

Bilateral bulbar conjunctival injection without exudate,
typically “limbic sparing”
Diffuse erythroderma, maculopapular, or erythema-multiforme like

Erythema and edema of hands and feet in acute phase
and/or periungual desquamation in subacute phase

Typically cervical lymphadenopathy (size > 1.5 cm), often unilateral

Ofnote: Classic KD requires diagnosis in the presence of fever for at least 5 consecutive days taken together with
the presence of at least 4 of the 5 following main clinical criteria. Table adapted from [25¢¢]

up developing dilated or aneurysmal coronary artery, usu-
ally within 2 weeks of treatment [59].

The natural history of CAA after KD diagnosis and treat-
ment with IVIG is not well established. Many patients have
regression of CAA to normal internal lumen diameter second-
ary to LMP and layering of thrombus in larger CAA [60]. In
fact, in a study that followed KD patients for more than
30 years, CAA regression occurred in 75% of patients [61].
However, even in those in whom the lumen diameter returned
to normal, the vascular wall may still be damaged, as there can
be impaired dilation when the patient experiences increased
cardiovascular demand [62].

Cardiac Complications and Long-Term
Follow-up

KD is the leading cause of acquired heart disease among chil-
dren in the USA and developed countries. KD-related cardiac
complications can lead to significant morbidity and mortality.
These only encompass CAA but can also include issues with
myocardial contractility and in turn heart failure as well as
other complications such as myocardial infarction, arrhyth-
mias, and peripheral arterial occlusion. Although CAA re-
ceives most of the attention with regard to cardiac complica-
tions of KD, KD-related myocarditis is far more common
from a histological perspective [23]. The majority of KD pa-
tients in the acute phase exhibit sub-clinical myocarditis,
which presents with subtle electrocardiographic changes or
mild clinical symptoms. In one clinical series, it was noted
that an audible gallop was auscultated in 13% of patients
within the first 20 days of illness. Other common clinical
findings include tachycardia out of proportion to fever,
hyperdynamic precordium, and gallop rhythm [63]. Though
resolution of myocarditis after acute phase typically occurs,
the long-term effects of the initial insult have been implicated
in some of the long-term myocardial pathology, including
fibrosis and myocyte drop. These changes that are notably
independent of coronary artery abnormalities are still not fully
delineated [28]. Several studies have also suggested that in a
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small subset of KD patients, diffuse myocarditis followed by
myocardial fibrosis may lead to long-term systolic or diastolic
dysfunction. This complication requires additional study, be-
cause most focus of previous research has been placed on
coronary artery aneurysm complications [64].

Adult Complications of Childhood KD
and Long-Term Follow-up

If no new therapeutic interventions are established, the es-
timated number of young adults with history of KD and
coronary artery abnormalities is expected to grow by 1400
individuals per year [18]. Recently, a study looking at KD
prevalence found that > 5% of all young adults (<40 years
of age) who undergo cardiac catheterization for suspected
myocardial ischemia have aneurysms consistent with prior
KD [65]. It is becoming increasingly important that adult
cardiologists be comfortable and familiar with the signs
and symptoms of acute KD to allow proper discussion with
patients or parents regarding a previous KD-compatible
illness that was not properly diagnosed. The complex in-
flammatory response associated with KD has the potential
to affect multiple components of the cardiovascular sys-
tem. In particular, vascular lesions observed in atheroscle-
rosis differ from the coronary artery aneurysms that could
progress to calcification and stenosis in the future [18].
Furthermore, in addition to causing aneurysms and steno-
ses, KD has been shown to create damaging effects on
coronary artery function years after the acute presentation.
Alarmingly, studies have demonstrated abnormal coronary
flow reserve in patients with transiently dilated coronary
arteries as well as in patients with evidence of inducible
ischemia but normal-appearing coronary arteries via angi-
ography [66]. The damage to the coronary arteries there-
fore likely extends beyond the scope of what is observed
via angiography. In addition, cardiomyocyte drop and dif-
fuse fibrosis noted in areas outside the watershed distribu-
tion of the epicardial coronary arteries have been docu-
mented in autopsies of adults late after KD [67]. Many
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deaths have also been noted secondary to presumptive ven-
tricular arrhythmias secondary to left ventricular dysfunc-
tion in adults from Japan with history of prior KD [68].
Given these complications, adults with history of anteced-
ent KD with regressed aneurysms should be followed reg-
ularly with functional and structural cardiovascular studies
to delineate need for future interventions [18]. More sys-
temic studies following adults with history of KD in child-
hood is necessary to further explore the natural history of
this complex illness.

Experimental Mouse Model of KD
and Acceleration of Discovery

While IVIG reduces the rate of CAA, morbidity and mor-
tality associated with KD, lack of a specific etiologic agent,
and incomplete understanding of the molecular mecha-
nisms mediating KD cardiovascular pathology have ham-
pered development of targeted and more effective treat-
ment options. In addition, limited availability of human
tissue samples has significantly impeded progress in our
understanding of the etiology and pathology of KD, mak-
ing the availability of a relevant animal model extremely
valuable.

The well-described and well-accepted Lactobacillus casei
cell wall extract (LCWE)-induced murine model of KD vas-
culitis and coronary arteritis closely mimics the important his-
tological as well as immune-pathological features of the car-
diovascular lesions (i.e., coronary arteritis, aortitis, myocardi-
tis, aneurysms, including abdominal aorta aneurysms (AAA)
seen in human KD) [69—-72]. A single intraperitoneal injection
of cell wall extract from LCWE reproducibly induces aortitis
and proximal coronary arteritis (including epicardial coronary
artery) that are histopathologically very similar to the coronary
arteritis observed in human KD [69]. This KD murine model
also allows the study of KD myocarditis as well as systemic
arterial aneurysm formation, areas that have been neglected
[73]. As seen in clinical KD, the LCWE-induced murine mod-
el of KD vasculitis is associated with systemic inflammation,
increased body temperature, and pyrogens such as IL-13 and
PGE2 [74, 75]. This mouse model also predicts therapeutic
efficacy in children with KD [70, 72]. Indeed, currently used
treatments in humans such as IVIG and anti-TNFa Ab were
first shown to be beneficial in preventing CAA in the LCWE-
induced KD vasculitis mouse model [70, 72]. This LCWE-
induced murine model of KD vasculitis is highly dependent
on IL-1{3 signaling and activation of the NLRP3
inflammasome, and treatment with the IL-13 antagonist
Anakinra has beneficial effects [76—78], prompting clinical
trials to test Anakinra in IVIG-resistant KD patients
(NCTO02179853) [79].

Treatment

Current expert consensus from the AHA recommends initial
therapy with intravenous immune globulin (IVIG) at 2 g/kg
administered over 1012 h as soon as the diagnosis of KD can
be made or within 10 days of presentation [28]. The mecha-
nism of action of high dose IVIG is not fully understood, but is
thought to be related to neutralization of the etiological agent
and overall reduction of cytokine production [27, 80]. It
should be given concurrently with moderate to high-dose
(30-100 mg/kg/day) aspirin until the patient is afebrile [28].
Once the acute stage has resolved and the patient becomes
afebrile and other inflammatory signs have resolved, it is pru-
dent to transition to low-dose aspirin (3—5 mg/kg/day), until a
repeat echocardiogram at 2 and 6-8 weeks after illness are
documented within normal limits. There is always concern
that patients may develop Reye syndrome while on low-
dose aspirin; however, this risk is very low. In patients who
develop influenza or varicella during low-dose aspirin course,
it is recommended to transition to clopidogrel (Plavix®) brief-
ly [60].

Of note, a sizable proportion (10-20%) of patients with KD
can have an IVIG-refractory course [ 14, 81-83]. This subset is
also more prone to developing CAA. Because of this, identi-
fying patients who are at high risk of refractory course may be
a beneficial treatment strategy. Multiple risk scores system,
such as Kobayashi, Egami, and Sano scoring systems, has
been developed based on clinical, laboratory, and demograph-
ic data obtained from Japanese KD patients in the goal to
predict risk of IVIG resistance [84]. The Egami score, which
takes into account the age of the patient, the number of days
ill, and the levels of CRP and alanine aminotransferase to
design a cutoff score of >3 for high risk of treatment resis-
tance, has a 72% sensitivity and 76% specificity for IVIG
resistance prediction in Japanese KD patients [85]. However,
the Egami risk score has been shown unreliable for a multi-
ethnic American population [14]. With the Kobayashi system,
KD patients are classified into either low or high risk of de-
veloping IVIG resistance based on levels of sodium, aspartate
aminotransferase, CRP, percentages of neutrophils, platelet
counts, and patient age [86]. We know now that in non-
Japanese children, a coronary artery Z-score of >3 or age <
6 months will have higher initial risk of CAA. In addition, a
Kobayashi score of > 5 in Japanese children indicates higher
risk for development of IVIG-failure and eventual CAA de-
velopment and may warrant more aggressive initial treatment
plan [86]. There lies some controversy in use of Kobayashi
score in non-Asian populations. One retrospective population-
based cohort study in Germany assessed the prognostic valid-
ity of Kobayashi and Egami scoring systems for refractory
KD, and found that while the relative risk for those with pos-
itive scores ranged between 2.32 and 3.73, the prognostic
properties were low (likelihood ratio positive: 1.83—4.57;
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sensitivity range of 0.28-0.53) [87]. None of these scoring
systems proved to be appropriate predictors of CAA 1 year
after active illness in high-risk Caucasian children with KD
[87].

IVIG-Non-response and Use of Anti-TNFa
Monoclonal Antibody (Infliximab)

For patients who do develop true refractory KD, defined as
resurgence of fever (> 100.4 °F) within 36-72 h after IVIG
completion, the current recommendation is to give a second
dose of IVIG at the same concentration and rate. Alternatively,
Infliximab, an anti-TNFx monoclonal antibody, can be used
in place of the second dose of IVIG, as in a retrospective trial a
single dose of IV Infliximab given at 5 mg/kg IV over 2 h
showed improvement in fever curve as well as decreased hos-
pital days, but longer term coronary artery outcomes and ad-
verse events were similar to the round two IVIG group [88].
TNF« is a pro-inflammatory cytokine that is elevated in the
acute phase of illness. Infliximab has also been explored as a
primary therapeutic alternative in conjunction with IVIG. In
one study, combination of these interventions resulted in few-
er days of fever, rapid drop in CRP, and faster reduction of CA
Z-score of LAD compared to IVIG alone within the first
2 weeks of administration [89]. However, at the 5-week mark,
none of the laboratory values differed significantly between
the groups compared to baseline. Though the addition of
infliximab to IVIG as primary treatment did not decrease the
IVIG resistance, it did prove to be safe and well-tolerated in
children less than 1 year of age [89]. The KIDCARE trial (The
Kawasaki Disease Comparative Effectiveness Trial) is a 30
site, phase 3, randomized trial for a second dose of IVIG
versus infliximab for resistant KD with the caveat that a higher
dose of 10 mg/kg infusion will be studied. This dosing adjust-
ment would be double that of prior studies [90].

The Role of Corticosteroids

Corticosteroid was initially used as mainstay of KD treatment
before efficacy of IVIG was established [91]. However, a ran-
domized control trial for treatment for acute KD with intrave-
nous methylprednisolone versus a placebo prior to conven-
tional therapy with IVIG did not support addition of pulsed
IV steroids, and showed no difference among groups regard-
ing change in CAA Z-score, number of hospital days, or ad-
verse events [82]. The current paradigm supports use of cor-
ticosteroids in patients who are at high risk of KD-related
complications after conventional IVIG is given. Dosing is
usually prednisolone 2 mg/kg/day IV divided every 8 h until
afebrile, sometimes with a tapered steroid regimen to follow in
addition to a second round of IVIG [28]. An open-label,
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randomized, blinded endpoint study (the RAISE study) where
KD Japanese patients predicted as IVIG non-responder with
the Kobayashi score were treated with prednisolone and stan-
dard IVIG therapy for 4-5 weeks or until normalized C-
reactive protein levels demonstrated that IVIG and predniso-
lone combinational treatment decreased days of fever and lead
to a greater reduction in coronary artery Z-scores [92].
Importantly, scoring systems used to predict IVIG resistance
risk are highly sensitive and specific for the Japanese popula-
tion, yet they perform poorly in a multiethnic North American
population [14], which may be one limitation of the RAISE
study.

Adjunctive Therapies

Anakinra The pathogenic role of IL-13 pathway has been
well-demonstrated in the LCWE murine model of KD
[76-78]. Recently, work in this model linked elevated IL-1[3
serum concentrations with increased intestinal permeability
and mucosal barrier dysfunction [93]. Those findings suggest
that IL-1[3 activation lies upstream of disrupted intestinal bar-
rier function, leading to subsequent IgA vasculitis and cardiac
inflammation [93]. This provides the background for a possi-
ble future role of treatments targeting the IL-13 pathway, in-
cluding Anakinra, an IL-1 receptor antagonist. Upregulation
of the IL-1 pathway in KD has been well established [53, 56],
including validation of key genes in the IL-1 pathway in an
independent cohort of 20 KD patients and 10 healthy controls
[94].

Anakinra competitively inhibits both IL-1cc and IL-1§3
from binding to IL-1 type 1 receptor, with rapid onset with a
safe profile in infants and children [95]. It is currently utilized
in several inflammatory conditions in infants and children
including systemic juvenile idiopathic arthritis as well as other
less common autoinflammatory conditions such as cryopyrin-
associated periodic syndromes (CAPS) and tumor necrosis
factor receptor-associated periodic syndrome (TRAPS)
[96-98]. Anakinra has also been used to treat severe, refrac-
tory KD in patients with treatment failure to IVIG and steroids
[99]. Most recently, several case reports using Anakinra have
successfully treated complicated cases in patients with refrac-
tory KD [100-103] as well as in macrophage activation syn-
drome caused by refractory KD [104].

A study to determine the safety, pharmacokinetics, and
activity of Anakinra in acute KD patients is currently under-
way in two national study sites. The phase I/Ila trial,
ANAKID, will evaluate children greater than 8 months of
age with a CA Z-score of at least >3.0 in the right coronary
artery (RCA) and/or left anterior descending (LAD) artery.
This dose escalation study will monitor primary outcome
measures of Anakinra safety at a 2- or 6-week course [79].
Another phase II clinical study investigating the role of
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Anakinra in IVIG-resistant KD patients has been successfully
conducted in France, and the results have been submitted for
publication (Personal communication from Isabelle Kone-
Paut).

Etanercept While infliximab, a monoclonal antibody against
TNF«, has no impact on IVIG resistance, a similar but slightly
different drug, etanercept, has recently been evaluated for its
role in KD [105]. Etanercept is a soluble TNF receptor fusion
protein that antagonizes endogenous TNF. It is administered
subcutaneously weekly, compared to infliximab which can be
given less frequently. One potential disadvantage of
infliximab is the possibility of antidrug antibodies developing
during treatment; however, etanercept is less immunogenic
and does not have this problem [106]. Still, a recent phase 3,
multicenter, placebo-controlled, double blind randomized tri-
al, EATAK (Etanercept as Adjunctive Treatment for Acute
Kawasaki Disease), found no significant benefit to use of
etanercept in IVIG resistance [105]. In patients that were >
1 year of age however, there was some benefit. Etanercept was
well tolerated however and showed no difference in safety in
comparison to placebo. Future studies further stratifying pa-
tients by high-risk genotypes or demographics would be valu-
able with regard to clinical implementation of this therapeutic
option [105].

Cyclosporine Cyclosporine is in theory an ideal drug to
prevent progression of inflammation in the arterial wall
given that it is a specific T cell inhibitor that blocks the
calcium-driven calcineurin-NFAT pathway leading to the
transcription and release of key pathogenic pro-
inflammatory cytokines that are pivotal for KD develop-
ment [107]. Studies have shown that CD8*T cells infil-
trate the arterial wall after initial arrival of neutrophils and
macrophages in KD CAA [108, 109]. The use of cyclo-
sporine combined with IVIG in refractory KD patients
was examined in a recently published Japanese phase 111
randomized control trial [110]. Cyclosporine was overall
well tolerated and showed improvement in CAA at the 4-
week mark in patients with a coronary artery Z-sore of
greater than 3.0 or larger more efficiently than conven-
tional treatment with IVIG and high-dose aspirin [110].
These findings however must be taken with caution, as
the risk scoring system used in this trial had adequate
specificity (87%) but poor sensitivity (33%) for prediction
of IVIG non-responders in European populations [110]. In
a recent comment on this study, it was proposed that a
better design for a similar clinical trial for non-Japanese
populations should enroll patients with initial coronary
artery Z-sores of >2.5, as about 80% of patients that
progress to develop CAAs have a Z-score above this
threshold on initial electrocardiogram [111]. Additional
studies should be conducted to determine which specific

populations of KD patients would benefit most from this
combination therapy as initial treatment.

Atorvastatin Most recently, in search of novel treatments for
CAA inflammation in KD patients, research has turned to
exploring anti-inflammatory and antioxidant effects of stat-
in drugs. HMG-co-A reductase inhibitors are notable for
promoting healing of the endothelium with significant risk
reduction in adults with cardiovascular risks [112]. Statin
drugs have been shown to induce autophagy and
mitophagy, thus stopping NLRP3 inflammasome pathway
from activating additional inflammatory cytokines like IL-
13 which is closely linked to KD pathogenesis [113].
Recently a new phase I/Ila study to measure the safety
and tolerability in patients with KD after having received
standard IVIG, aspirin, and infliximab prior to study entry
was completed [114]. This was the first dose-escalation
pharmacokinetic (PK) study with statin use in children with
acute cardiovascular inflammation and the first study to
demonstrate the safety of atorvastatin (FDA approved for
children >8 years of age). Though the sample size was
smaller, and the age range of patients only included chil-
dren with KD and CAA involvement greater than age 2, it
demonstrated that atorvastatin was safe and well tolerated.
Future phase III efficacy trials should be conducted to fur-
ther delineate the immunomodulatory and anti-
inflammatory effects of statins in children with KD [115].
This two-center study was based partially on the rationale
that IVIG reduces inflammation by increasing expression
of IL-10 and thus increasing regulatory T cells. Atorvastatin
has been shown to also increase the pool of TREG cells in
adults that have rheumatoid arthritis, thus reducing disease
[116].

Timing of Immunizations After IVIG
in Pediatric Populations

After standard treatment of IVIG in KD pediatric patients,
it is important to note that there is ongoing concern of the
use of high dose IVIG and its interference of serological
responses to active immunization [117]. Current guide-
lines from the Advisory Committee on Immunization
Practices and the American Academy of Pediatrics advise
giving the measles vaccine after an interval of 11 months
or more post-IVIG. This is based on data from a study
which showed that an intramuscular dose of immunoglob-
ulin at 80 mg/kg, much less than that recommended for
KD, inhibited serological response to measles for up to
5 months [117]. Though this is recommended, there is still
no clear consensus regarding the appropriate time interval.
In Japan for example, common practice is to give MMR
vaccine at least 6—7 months after administration of IVIG.
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This is based on a study that also measured similar anti-
bodies of measles from IVIG [118]. In one recent retro-
spective study, evaluating geometric mean concentrations
(GMC) in 58 patients vaccinated after [IVIG administra-
tion, patients had reduced effectiveness of mumps and
rubella vaccination for up to 6 months, and this was ex-
tended to 9 months for measles. Therefore, vaccinations,
particularly the MMR vaccine, should be deferred at least
9 months after IVIG administration and there should be
more awareness for these post-KD issues [119].

With regard to inactivated vaccines and live oral vaccines
(rotavirus, typhoid, and polio, in countries where it is still
administrated, live intranasal vaccine, BCG vaccine, and yel-
low fever vaccine), all of these can be administered at any time
after high dose IVIG administration in treatment of KD. Of
note, inactivated influenza vaccine should be administered to
all patients with history of KD on aspirin therapy given con-
cerns and risk of Reye syndrome if the patient develops infec-
tion with influenza. There is a small theoretical risk of Reye
syndrome being induced by the attenuated VZ virus of the
vaccine; therefore, this vaccine should be given at least 2 days
after temporary stop of aspirin dosing, which should then be
replaced by clopidogrel (Plavix) for 6 weeks after varicella
vaccine administration [120].

Conclusions

At present, our complete understanding of KD is limited by
our lack of an identified etiologic agent. However, many
advancements have been made over the decades with re-
gard to understanding of natural course of this entity with
the aid of mouse models and human studies alike. Many
studies have aided in our understanding of management of
complicated cases of KD, and several therapeutic options
are becoming more widely available for use in high-risk
patients. As we enter a new decade of research, many of
the children with previous KD are entering adulthood, and
long-term follow-up to address possible cardiac complica-
tions is now becoming increasingly relevant for practi-
tioners worldwide.
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