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Kawasaki disease (KD) is an acute febrile childhood inflammatory disease, associated with coronary

artery abnormalities. The disease is believed to result from an aberrant inflammatory response to an

infectious trigger in a genetically predisposed individual. KD is associated with an endothelial cell injury

as a consequence of T cell activation and cytotoxic effects of various proinflammatory cytokines.

Intravenous immunoglobulin (IVIG) infusion and aspirin are the standard treatment of acute KD.

However, 10–20% of patients show resistance to IVIG therapy and present higher risk of coronary

vasculitis. The relative roles of second IVIG infusion, corticosteroids, calcineurin inhibitors, interleukin-

1 antagonists and anti-tumor necrosis factor agents remain uncertain. In this review, we highlight the

predisposing factors, pathogenesis and therapeutic intervention of KD, particularly new therapeutics for

IVIG-resistant patients.
Introduction
Kawasaki disease (KD) is an acute febrile childhood vasculitis,

associated with the development of coronary artery abnormalities

[1]. KD predominantly affects young children aged between 6

months and 4 years, and is the leading cause of acquired heart

disease among children in Japan, European countries and the USA.

However, KD is also reported in adults [2]. KD involves predomi-

nantly small and medium-sized arteries. Patients with complete KD

usually have fever of at least 5 days duration and presence of four

principal features: changes in peripheral extremities, polymor-

phous exanthema, bilateral non-exudative conjunctival injection,

and changes in the oral cavity and cervical lymphadenopathy

(�1.5 cm diameter). KD is believed to be secondary to an aberrant

inflammatory response to an infectious trigger in a genetically

predisposed individual. The three distinct diagnostic vasculopathic
Corresponding author: Bayry, J. (jagadeesh.bayry@crc.jussieu.fr)
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processes observed in severely affected KD patients are necrotizing

arteritis, subacute/chronic vasculitis and luminal myofibroblastic

proliferation; and have the potential to cause life-long cardiovas-

cular sequelae or death [3]. In this review, we focus on the predis-

posing factors, pathogenesis and therapeutic intervention of KD.

Predisposing factors
The etiological basis of the disease is unclear, but it is generally

accepted that KD is due to one or more widely distributed infec-

tious agent(s), evoking an abnormal immunological response in

genetically susceptible individuals [4,5]. Genetic polymorphisms

encoding cytokines, chemokines and enzymes involved in signal

transduction might explain differences in the susceptibility to KD

itself, as well as the response to intravenous immunoglobulin

(IVIG) treatment [6]. Candidate KD susceptibility genes like

B-lymphoid tyrosine kinase (BLK), Cluster of differentiation 40

(CD40), Fcgamma-receptor 2A (FCGR2A), inositol-triphosphate
1359-6446/� 2016 Elsevier Ltd. All rights reserved.
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TABLE 1

Susceptibility genes for KD.

Gene Methods Refs

ITPKC Transmission disequilibrium studies [20,24]

CASP3 Transmission disequilibrium studies [21,25]

BLK GWAS [19,22]

CD40 GWAS [19,22]

FCGR2A GWAS [26]

HLA GWAS [22]

Abbreviations: GWAS, genome-wide association studies; ITPKC, inositol-triphosphate 3-

kinase C; KD, Kawasaki disease.
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3-kinase C (ITPKC) and caspase 3 (CASP3) have been identified by

genome-wide association studies (GWAS) and by linkage analysis

(Table 1). A recent study also pointed out the key role of calcium

mobilization in the immunopathogenesis of KD [7].

Infectious triggers
A number of epidemiologic and clinical observations suggest that

KD is secondary to an infectious agent. First, the clinical picture of

KD overlaps with infectious diseases, such as adenovirus and

scarlet fever. Second, seasonal clustering of KD during winter

and spring is similar to other viral diseases like influenza viruses

and enteroviruses [8]. In fact, temporal clusters of epidemics have

been reported in Japan, the USA, Canada and Finland [9]. Presence

of IgA plasma cells in the trachea of patients who died of acute KD

suggests entry of the KD etiologic agent through the upper respi-

ratory tract, resulting in an IgA immune response with systemic

spread to vascular tissue [10]. Light and electron microscopy

studies have demonstrated the presence of cytoplasmic inclusion

bodies in the inflamed tissues of acute KD [11]. These inclusion

bodies are suggestive of an infectious etiology of KD as a result of

intracellular pathogens, particularly viruses.

Based on the clues obtained from clinical and epidemiological

studies, the investigations into infectious causes of KD were fo-

cused mainly on superantigens, bacterial toxins and viral etiolo-

gies. Superantigens such as staphylococcal enterotoxins and

streptococcal pyrogenic exotoxins do not need classical antigen

processing and presentation by antigen-presenting cells (APCs).

Superantigens cause extensive T cell proliferation and cytokine

secretion following direct binding to major histocompatibility

complex class II proteins on the surface of APCs. However, no

specific bacteria or superantigens were identified in the KD sce-

nario, but the clinical features of KD are similar to those seen in

patients with staphylococcal and streptococcal toxin-mediated

disease. The release of proinflammatory cytokines such as inter-

leukin (IL)-1b, IL-6 and tumor necrosis factor (TNF)-a is directly

related to the clinical picture of fever, mucosal involvement and

desquamation in toxic shock syndrome and KD [12]. The infre-

quent occurrence of KD among young infants might be caused by

passively acquired maternal antibodies to toxic shock syndrome

toxin (TSST)-1 superantigen [13]. As compared to a control group,

patients with KD are more likely to have positive rates of viral PCR

for different viruses including enterovirus, adenovirus, rhinovirus

and coronavirus (50.4% vs 16.4%, P < 0.001) [14].

It was previously proposed that a group of normal microflora in

the oral cavity, gut or skin of the parents or guardians of infants
and young children are etiological agents of KD. Further, environ-

mental factors such as improved public hygiene or western life-

style in industrialized Asian countries might substitute normal

flora with their variants [15]. Also, KD patients in Asian countries

and Hawaii may have more probabilities of exposure and coloni-

zation of KD agents, and the distribution of some normal flora in

parents or guardians of young children in these regions can differ

to Western countries, including France, and developing countries.

This might explain different racial incidences of KD.

Genetic predisposing factors
A genetic basis of susceptibility to KD is indicated by several

observations. Compared with other ethnicities, the incidence rates

of KD are much higher among Japanese individuals (and to a

somewhat lesser degree among Korean and Taiwanese popula-

tions). The siblings and parents of affected patients also show

increased incidence of KD [16–18]. Incidence rates in Asians are up

to 20-times higher than Caucasians. The number of patients and

the incidence rate of KD in Japan are continuing to increase [18].

Further, the genetic basis of susceptibility to KD is complex, and no

single HLA class II haplotype is common to most patients. Also,

genetic factors might not be associated with racial difference of KD

incidence. Table 1 shows candidate KD susceptibility genes that

have recently gained interest [19–23] and genetic study of adaptive

immune cell compartments could further help to detect severely

affected KD patients. Genetic studies have provided new insights

into the pathogenesis and pathophysiology of KD.

Transmission disequilibrium studies. Transmission disequilibrium

studies have demonstrated an association of KD with several single

nucleotide polymorphisms (SNPs) affecting the function of mole-

cules involved in the calcineurin-nuclear factor of activated T cells

(NFAT) pathway, the transforming growth factor (TGF)-b signaling

pathway and Fcg receptor (FcgR) pathway.

ITPKC regulates NOD-like receptor family pyrin domain con-

taining 3 (NLRP3) activation and hence the production of IL-1b via

control of Ca2+ mobilization [7]. Therefore, Ca2+ mobilization

plays a major part in the immunopathogenesis of KD. The poly-

morphism in ITPKC might result in increased IL-1b via activation

of NLRP3. Data from several studies show that a SNP within the

ITPKC gene confers susceptibility to KD as well as an increased risk

of coronary artery aneurysms in Japanese, Taiwanese and Ameri-

can populations [20,24]. ITPKC also acts as a negative regulator of

T cell activation through the Ca2+/NFAT signaling pathway. The

ITPKC polymorphism might result in increased activation of T

cells with an increased expression of IL-2. A SNP within the CASP3

gene has also been associated with susceptibility to KD in cohort

studies of Asian and American patients [21,25]. It was found that G

to A substitution in one commonly associated SNP located in the 50

untranslated region of CASP3 abolished binding of NFAT to the

DNA sequence surrounding the SNP [21].

Genome-wide association studies. Some GWAS in KD have been

published and a number of biologically plausible loci involved in

inflammation, immune responses and cardiovascular status have

been identified. The candidate KD susceptibility genes that were

identified by GWAS include BLK, CD40 and FCGR2A [19,22,26].

BLK encodes B lymphoid tyrosine kinase, a Src family tyrosine

kinase downstream the B cell receptor. CD40L is expressed on the

surface of CD4+ T cells and platelets, and engages with CD40
www.drugdiscoverytoday.com 1851
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expressed on the surface of APCs or endothelial cells. FcgRIIA is a

low affinity activating receptor for IgG and provides activation

signals to innate immune cells. Further, a recent GWAS identified

NEBL and tubulin alpha 3C (TUBA3C) as novel susceptibility

genes associated with formation of coronary artery aneurysm

in KD [27].

Immune deregulation and pathogenesis
KD is characterized by marked immune activation associated with

endothelial cell injury, which could be due to abnormal cytokine

production (particularly TNF-a) and generation of cytotoxic anti-

bodies against endothelial cells. Experimental studies in mice have

indicated a possible role for IL-1b in the pathogenesis of KD

[28,29]. It was also suggested that severely affected KD patients

with giant aneurysms have improper immune and repair systems

against KD agents or injured coronary artery cells [30].

As mentioned earlier, oligoclonal IgA plasma-cell infiltration

has been demonstrated in the arterial wall, the upper respiratory

tract and the pancreas of patients with acute KD. This suggests an

antigen-driven immune response to an etiologic agent with a

respiratory portal of entry [10]. The influx of neutrophils char-

acterizes the early stage of KD. The resultant reactive oxygen

species and other inflammatory mediators contribute to endothe-

lial inflammation [31]. Infiltrating macrophages, T lymphocytes

and cellular components of the arterial wall such as myofibroblasts

are also important in the disease pathogenesis. They secrete a

number of inflammatory mediators, enzymes and other molecules

such as vascular endothelial growth factor (VEGF), which contrib-

ute to vascular leakage and edema.

The presence of circulating cytotoxic antiendothelial cell anti-

bodies reactive with antigens on vascular endothelium has been

reported [32]. Furthermore, IgG and IgM antibodies derived from

acute KD sera were reported to cause lysis of endothelial cells

stimulated with IL-1b or TNF-a [33]. These antibodies could also

activate immune cells upon binding to activating FcgR such as

FcgRIIA, expressed highly on various innate immune cells includ-

ing macrophages, dendritic cells (DCs) and neutrophils. Therefore

stimulation of FcgRIIA results in the activation of these immune

cells leading to expression of activation-associated surface mole-

cules, co-stimulatory molecules and secretion of various inflam-

matory cytokines and chemokines. Of note, a functional

polymorphism in FCGR2A encoding an H131R substitution has

been identified as a susceptibility locus for KD [26]. In addition,

association between genomic hypomethylation of FCGR2A and

susceptibility to KD has been reported recently [34]. These studies

thus provide a pointer that either functional polymorphism or

epigenetic changes lead to enhanced FcgRIIA signaling and con-

tribute to the pathogenesis of KD.

Levels of a variety of inflammatory cytokines such as TNF-a, IL-

1b and IL-6 are increased in the serum during acute KD [35].

Several studies have reported direct correlation between elevated

levels of IL-1b in acute patients and vascular endothelial cell

damage [33,36]. IL-1b is crucially involved in the Lactobacillus

casei cell wall extract mediated coronary arteritis and myocarditis

seen in the mouse model of KD. These lesions could be efficiently

prevented by IL-1 receptor antagonist treatment [28]. The latest

results from the same group indicate that CD11c+ DCs and macro-

phages are absolutely required for the L. casei cell wall extract
1852 www.drugdiscoverytoday.com
induced KD vasculitis model and these macrophages seem to be

the cellular source of IL-1b in the lesions [29].

Analysis of serum Th1 and Th2 cytokine levels in KD patients

revealed that IL-6, IL-10, TNF-a and interferon (IFN)-g levels were

increased significantly before IVIG treatment [37]. In addition,

Th17 cell proportion and expression levels of cytokines associated

with Th17 response (IL-17, IL-6 and IL-23) were also significantly

upregulated in KD. By contrast, the proportions of regulatory T

cells (Tregs), the immunosuppressor cells that are crucial in main-

taining immune tolerance and preventing inflammatory

responses, were significantly downregulated in acute KD patients

[38]. Not only the proportion of Tregs but also expression levels of

Treg transcription factor FoxP3 were significantly downregulated

in these patients [38]. Thus, the current hypothesis is that an

infectious agent activates innate immune cells leading to Ca2+

mobilization and NLRP3 activation leading to IL-1b secretion. IL-

1b enhances naive T cell survival and proliferation, and stimulates

Th1 and Th17 cells (Fig. 1).

Therapeutic intervention
Standard therapy
IVIG. IVIG consists of a pooled preparation of normal human IgG

purified from the plasma of several thousand healthy donors.

Initially used for the replacement therapy of primary and second-

ary immunodeficient patients, high-dose IVIG has been subse-

quently used to treat a large number of autoimmune and

inflammatory disorders. The American Heart Association recom-

mends a single administration of 2 g/kg of IVIG for KD patients

within 5–10 days after onset of fever [39]. IVIG treatment not only

reduces inflammation (fever, clinical signs, acute phase reactant

levels) but also, and more importantly, prevents the development

of coronary artery abnormalities [40–44]. It reduces the risk of

coronary artery lesions from 20–25% to 2–4%. Because coronary

artery lesions begin to occur before the peak of inflammation, it is

important to initiate IVIG therapy within a week of fever onset.

IVIG exerts beneficial effects via several mutually nonexclusive

mechanisms. These mechanisms include: inhibiting activation of

innate cells such as DCs, macrophages, monocytes and neutro-

phils and of inflammatory mediators secretion; modulation of B

cell responses and inhibition of autoantibody production; sup-

pression of pathogenic Th1 and Th17 cells and reciprocal enhance-

ment of Tregs; and inhibition of endothelial cell and complement

activation [45–58]. Although all these mechanisms might not be

applicable to KD, several of them have been demonstrated in KD

patients following IVIG therapy (Table 2). Several studies have

shown that IVIG suppresses innate inflammatory cytokines such

as IL-1 and IL-6 [37,59–61]. IVIG also reduces nitric oxide produc-

tion by neutrophils in KD patients [31]. Analysis of serum Th1, Th2

and Th17 cytokine levels revealed that INF-g, IL-10 and IL-17A

decreased rapidly following IVIG treatment [37,62]. By contrast,

IVIG reciprocally enhanced the expression of Treg transcription

factor FoxP3 [63].

Genomic studies have reported that the expressions of activat-

ing FcgRs: FcgRI and FcgRIII were reduced on monocytes after IVIG

therapy [6]. IVIG inhibited TNF-a-induced NF-kB activation in

monocytes and macrophages, and blocked FcgRIII on their surface

[64]. However, IVIG therapy during the acute stage of KD did not

increase the expression of FcgRIIB on peripheral blood CD14+
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FIGURE 1

Pathogenesis of Kawasaki disease. It was proposed that an infectious trigger activates TLR and induces accumulation of pro-IL-1b. ITPKC controls Ca2+ homeostasis

by phosphorylating IP3 and genome-wide association studies have reported that polymorphisms within the ITPKC gene were associated with susceptibility and

severity of Kawasaki disease. IP3 binds to its receptor IP3R expressed on the endoplasmic reticulum membrane and causes the release of Ca2+ into the cytoplasm.
Ca2+ mobilization mediates NLRP3 activation. Certain PAMPS are also capable of directly activating the NLRP3 inflammasome. Activation of the inflammasome

results in the cleavage of pro-IL-1b into its biologically active form IL-1b, which shapes adaptive immune responses. IL-1b can enhance naive T cell survival and

proliferation, via upregulation of the IL-2 receptor. Additionally, a role for IL-1R signaling in Th17 cell differentiation and homeostasis has been reported.

Abbreviations: ER, endoplasmic reticulum; IL, interleukin; IP3, inositol 1,4,5-triphosphate; IP4, inositol tetrakisphosphate; ITPKC, inositol-triphosphate 3-kinase C;
NLRP3, NOD-like receptor family pyrin domain containing 3; PAMPS, pathogen-associated molecular patterns; PIP2, phosphatidylinositol 4,5-bisphosphate; PLC,

phospholipase C; ROS, reactive oxygen species; TLR, Toll-like receptor.

R
ev
ie
w
s
�
P
O
S
T
S
C
R
E
E
N

monocytes and macrophages [65]. Unfortunately, 10–20% of the

patients display IVIG resistance and are at higher risk of having

coronary vasculitis. The serum levels of IL-1b remained elevated in

refractory patients [36]. The level of TNF-a decreased significantly

after IVIG treatment in KD patients without coronary artery

lesions but increased in IVIG-treated patients with coronary

lesions and IVIG-resistant KD patients [37]. Even when treated

with high-dose IVIG within the first 10 days of illness, 5% of
TABLE 2

Mechanisms of action of intravenous immunoglobulin reported in K

Mechanisms underlying disease 

Production of inflammatory cytokines (TNF-a, IL-1, IL-6, IL-17) 

Neutrophil activation, migration and production of ROS, nitric oxide 

Monocyte and macrophage activation 

Decreased T regulatory cell/FoxP3 expression 

Abbreviations: IL, interleukin; IVIG, intravenous immunoglobulin; ROS, reactive oxygen specie
children with KD develop at least transient coronary artery dilata-

tion and 1% develops giant aneurysms.

To predict resistance to initial IVIG treatment in KD patients,

risk-scoring systems have been developed by taking into account

age, duration of illness at initial treatment and several blood and

biochemical parameters including platelet and neutrophil counts,

alanine aminotransferase, sodium and C-reactive protein (CRP).

Although these scores demonstrated good specificity, their low
awasaki disease.

Mechanisms of IVIG

Reduction in inflammatory cytokine production [37,59,62]

Reduction of nitric oxide production from neutrophils [31]

Reduction of the expression of FcgRI and FcgRIII on monocytes [6]

Increase in regulatory T cells [63]

s; TNF, tumor necrosis factor.

www.drugdiscoverytoday.com 1853
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sensitivity to predict resistance to IVIG therapy in other cohorts,

and particularly in US cohorts, sheds uncertainty on universal

utility of those scoring systems [66]. Because a dysregulated im-

mune system and inflammatory response are the hallmarks of KD,

a number of inflammatory-mediator-based biomarkers such as

damage-associated molecular pattern molecules, granulocyte-col-

ony-stimulating factor, IL-6, IL-1b, TNF-a, polycythemia rubra

vera-1 and matrix metalloproteinase-8 have shown a potential

for predicting response to IVIG therapy [40]. In resource-limited

countries where IVIG therapy is generally unavailable, high-dose

methylprednisolone could be used instead of IVIG [67].

Aspirin. Despite the lack of evidence to support therapeutic

utility, the use of aspirin in KD continues to be a widely accepted

practice. Even the safety of this treatment used at anti-inflamma-

tory doses has been debated. A Cochrane review in 2006 concluded

that there was insufficient evidence to support aspirin use for KD

[68]. Meta-analysis comparing moderate-dose aspirin (30–50 mg/

kg per day) with high-dose aspirin (80–120 mg/kg per day) com-

bined with IVIG found no significant difference in the incidence of

coronary abnormalities between the groups [69]. Moderate doses

of aspirin are used in the acute phase. A low antiplatelet dose (3–

5 mg/kg/day) is used following defervescence. Low-dose aspirin is

continued for at least the first 8 weeks of illness, during which time

the risk of coronary artery damage is greatest.

Treatments under investigation

Because controlled clinical data are lacking, the relative roles of

repeated doses of IVIG, corticosteroids [70], TNF-a antagonists,

cytotoxic agents such as methotrexate, cyclophosphamide and

cyclosporine A [71], and plasma exchange [72] for patients with

refractory KD remain uncertain. Few data from randomized con-

trolled trials exist to guide the treatment of these patients (Table 3).

In most medical centers, however, a patient who remains febrile or

has persistently elevated serum CRP levels, or both, is treated with a

second dose of IVIG (2 g/kg).

New guidelines have been proposed recently for the manage-

ment of KD in the UK by taking into consideration of severity of

the disease, prior history of IVIG resistance and evolving coronary
TABLE 3

Current reports on the treatment of patients with refractory Kawas

Treatment Refs 

Intravenous prednisolone [75] 

[76] 

[74] 

[77] 

Infliximab [80] 

[82] 

[81] 

[83] 

Cyclosporine A [85] 

[84] 

[79] 

Oral methotrexate [87] 

[86] 

Cyclophosphamide [90] 

Anakinra [92] 

[91] 

[93] 

1854 www.drugdiscoverytoday.com
and/or peripheral aneurysms with ongoing inflammation at the

time of presentation [73]. In all these cases, they recommend

treating patients with corticosteroids and IVIG. If there is no

response to treatment then an anti-TNF-a agent should be consid-

ered.

Prednisolone. There are a few prospective studies and one retro-

spective study about the use of intravenous prednisolone in refrac-

tory KD [74–77]. Ogata et al. have demonstrated that steroid pulse

therapy was useful to reduce fever duration and medical costs for

patients with KD. Steroid pulse therapy and additional IVIG treat-

ment were not significantly different in terms of preventing the

development of coronary artery aneurysm [77]. Miura et al. reported

that, for KD patients unresponsive to initial IVIG treatment, intra-

venous methylprednisolone therapy suppressed cytokine levels

faster, but were subsequently similar to additional IVIG [76]. It

has been shown that addition of prednisolone to the standard

regimen of IVIG improves coronary artery outcomes in patients

with severe KD in Japan [70,78]. However, another trial in North

American patients of mixed ethnicity was unable to demonstrate a

benefit of primary steroid treatment with prospective classification

of patients in high versus low risk for IVIG resistance [66].

Anti-TNF therapies. Infliximab is a monoclonal antibody against

TNF-a and suppresses cytokine-mediated inflammation. A Phase

III, randomized, double-blind, placebo-controlled trial explored

the use of infliximab as a primary treatment for KD along with

IVIG [79]. However, the addition of infliximab to primary treat-

ment in acute KD did not reduce treatment resistance.

Few studies have explored the utility of infliximab in refractory

KD [80–82]. In a prospective trial, Burns et al. have shown that

infliximab and a second IVIG infusion were safe and well-tolerated

in subjects with KD who were resistant to standard IVIG treatment

[80]. Another retrospective study has demonstrated that patients

with IVIG-resistant KD, whose first retreatment was with inflix-

imab, had faster resolution of fever and fewer days of hospitaliza-

tion compared with those treated only with IVIG. Coronary artery

outcomes and adverse events were similar in both groups [82].

A prospective study has demonstrated that treatment of
aki disease.

Study design Cessation of fever

Prospective study NA/9

Prospective study 7/7

Retrospective study 34/44

Prospective study 13/13

Prospective study 11/12

Retrospective study 17/20

Case series 18/20

Prospective study 10/11

Retrospective study 22/28

Retrospective study 14/19

Case series 6/9

Retrospective study 17/17
Case series 4/4

Retrospective study 2/2

Case report 1/1

Case report 1/1

Case report 1/1
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IVIG-resistant patients with infliximab leads to shorter duration of

fever and fewer days of hospitalization than patients retreated with

IVIG. However, no differences were observed with coronary out-

comes and adverse events [83]. A Phase III trial for the assessment

of safety and efficacy of infliximab in IVIG-resistant KD has just

been completed (clinicaltrials.gov NCT02298062).

Currently, a placebo-controlled double-blinded randomized

study is ongoing to determine if etanercept (0.8 mg/kg subcutane-

ously) given three times at weekly intervals starting at initial

diagnosis is safe and a successful adjunct therapy with IVIG in

reducing the incidence of persistent or recurrent fever in KD

(clinicaltrials.gov NCT00841789).

Cyclosporine. There is a potential role for calcineurin inhibitors

in the management of KD. Two retrospective studies and one case

series explored the potential use of cyclosporine in refractory KD

[71,84,85]. Tremoulet et al. demonstrated that cyclosporine was a

safe and effective approach that achieved rapid control of inflam-

mation and clinical improvement [71]. Flow-cytometry-based

analysis of the T cell phenotype in two subjects displayed a

reduction in the circulating activated CD8+ and CD4+ effector

memory T cells following cyclosporine treatment. However, sup-

pression of Tregs was not observed [71].

Oral methotrexate. One retrospective study and one case series

examined the use of oral methotrexate in refractory KD [86,87].

Lee et al. treated 17 patients who were resistant to one infusion of

IVIG with low-dose oral methotrexate (10 mg/m2) once weekly

[87]. Administration of methotrexate was continued until CRP

levels were normalized. The patients experienced fast resolution of

fever and rapid improvement of inflammation markers without

adverse effects. However this treatment is now very rarely used.

Atorvastatin. Atorvastatin is a selective competitive inhibitor of

3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase.

In addition to cholesterol-lowering effects, statins exert improve-

ment in endothelial function and reduction in proinflammatory

cytokines and chemokines [88,89]. An open-label, noncompara-

tive Phase II trial is ongoing to evaluate the effect of atorvastatin

on the persistent coronary arterial aneurysm in children with KD

(clinicaltrials.gov NCT02114099).

Cyclophosphamide. Wallace et al. treated with success two KD

patients refractory to two cures of IVIG and intravenous methyl-

prednisolone with intravenous cyclophosphamide at 2 mg/kg/day

[90]. Progression of coronary aneurysms was not observed in these

patients.

IL-1 receptor antagonists. Only three case reports explored the

efficacy of IL-1-targeting drugs in KD [91–93]. Two patients also

had a macrophage activation syndrome along with KD. Anakinra,

a recombinant IL-1 receptor antagonist, was used at 1, 2 and 9 mg/

kg/day with success. KD mice with atherosclerosis after L.-casei-

induced coronary arteritis were treated with anakinra [94]. It was

found that daily injections of anakinra prevented the acceleration

of atherosclerosis.
Currently, two clinical trials are ongoing for exploring the

efficacy of anakinra in KD. A Phase IIa multicenter trial is aimed

at assessing the efficacy and safety of anakinra in patients with KD

who failed to respond to standard treatment (i.e., one infusion of

2 g/kg of IVIG) (clinicaltrials.gov NCT02390596). Another Phase II

trial is intended to assess the safety and activity of anakinra in

infants and children <2 years old with coronary artery abnormali-

ties (clinicaltrials.gov NCT02179853) [95].

Plasma exchange. Mori et al. reported the effectiveness of plasma

exchange in KD patients refractory to IVIG. A comparison of the

outcomes in 46 children given plasma exchange treatment with 59

who did not receive it indicated that plasma exchange significant-

ly reduced the frequency of acute-phase coronary lesions by 17.4%

versus 40.7% (P = 0.0012) [96]. In another study, 125 patients with

refractory KD were treated with plasma exchange. The outcomes

were favorable and the effectiveness was excellent, particularly if it

was initiated before coronary artery lesions arise [72].

Concluding remarks and future perspectives
About 10–20% of patients with KD are refractory to IVIG therapy.

Biomarkers that predict IVIG resistance and responsiveness are

needed to reduce the morbidity and treatment costs and to initiate

alternative therapy for resistant patients promptly [40]. However,

alternative therapies that were explored for resistant patients lack

data from randomized, controlled studies, which makes the treat-

ment of refractory KD difficult. Therefore, results from the ran-

domized clinical trials of IL-1b and TNF-a inhibitors are much

awaited and are expected to provide more options for the man-

agement of resistant patients.

Improved options for the treatment of KD could be derived from

the data of pathogenetic mechanisms of the disease. Recent evi-

dence shows that Ca2+ mobilization plays a major part in the

pathogenesis of KD by mediating NLRP3 inflammasome activa-

tion. NLRP3 converts pro-caspase-1 to active caspase-1, which

cleaves pro-IL-1b into its biologically active form IL-1b.

MCC950, a potent, selective, small molecule inhibitor of NLRP3,

and VX-765, a potent, selective, small molecule inhibitor of cas-

pase-1, have shown promise in various experimental models of

autoimmune and inflammatory diseases [97,98]. Combination of

IVIG and NLRP3 inflammasome or caspase-1 inhibitors might be

examined in refractory patients.
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