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1 | INTRODUCTION

| Ankur Jindal?

| Raman Krishna Kumar®

Abstract

Kawasaki disease (KD) is an acute self-limiting systemic vasculitis of unknown etiology
affecting predominantly the coronary arteries. The role of circulating immune com-
plexes (ICs) in the pathogenesis of KD has been studied using the sera of patients with
KD. It has been proposed that ICs are triggered by single or multiple unknown causa-
tive agents as well as vasculitis. The outbreak of severe acute respiratory syndrome
coronavirus 2 infections caused similar pathophysiology in producing vasculitis, and
the RNA virus may have triggered signs and symptoms similar to KD. For clinicians and
researchers alike, detecting the causative agents of KD remains a challenge. According
to studies in animal models, type Ill hypersensitivity reactions caused by serum sick-
ness are a prototype for IC vasculitis. The signs and symptoms of coronary artery
dilation in swine are similar to those of KD. These models may be used to evaluate
new pharmacological agents for KD. The pathogenesis of KD is complex and remains
inadequately understood at present. However, circulating ICs may play a key role in
the pathophysiology of KD and coronary artery vasculitis. Various therapeutic agents
are being explored in the management of KD and these agents act at various stages
of the production of pro-inflammatory cytokines and chemokines. In this review, we
discuss recent developments in the pathogenesis of KD and provide insights into the
innate immune response and mechanisms behind coronary artery damage in KD. We

specifically explore the potential role of ICs in the pathogenesis of KD.
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cause of acquired heart disease in young people.r® KD-like sick-

In 1967, Dr. Tomisaku Kawasakiwrote astudy titled “Mucocutaneous
lymph node syndrome”, which is today referred to as Kawasaki dis-
ease (KD).! KD is a childhood-onset, systemic, inflammatory illness
that has a tendency to impact the coronary arteries. The cause of

KD is still unknown. In high-income nations, KD is the most typical

ness was described in patients who had coronavirus disease 2019
(COVID-19) during the most recent pandemic. The pandemic has
shown that an infectious agent may be crucial in causing KD, pri-
marily through the production of immunological complexes (ICs).#
Despite the fact that the cause of KD is unknown, a double hit the-

ory posits a viral trigger in a genetically predisposed individual.>¢
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The clinical and epidemiological features of KD strongly suggest
an infectious etiology, including the occurrence of epidemics, sea-
sonal variation in incidence, and clustering of cases.” Unlike most
infections, however, there are significant differences in racial pre-
disposition that suggest a strong genetic influence. There is a pos-
sibility of triggering ICs by various infectious and non-infectious
agents in the pathogenesis of KD. In the present review, we update
on various studies that have shown the role of circulating ICs in the

pathogenesis of KD.

2 | CIRCULATING IMMUNE COMPLEX

Antigen-antibody complexes are formed when antibodies are pro-
duced against a circulating or tissue antigen. The antigen may be
exogenous from an infectious agent, toxin, or drug, or it may be en-
dogenous, as occurs in autoimmune disorders. ICs are formed during
many infectious and inflammatory diseases, and may play an impor-
tant role in the immunopathogenesis of infectious and inflammatory
processes. They are normally taken up by inflammatory cells through
binding of the heavy chain constant region to immunoglobulin Fc
Receptors (FcRs). Binding of immunoglobulin to some classes of FcRs
(FcgRI, FcgRIIA, FcgRIIC, FcgRIIIA, FcgRIIIB) may lead to activation
of inflammatory cells while binding to FcgRIIB results in suppression
of inflammation. ICs may bind to FcRs and activate several inflamma-
tory cells including monocytes, basophils, eosinophils, lymphocytes,
and neutrophils.8 Circulating ICs may have a definite role in under-
standing the immunopathogenic pathways that cause the symptoms

and signs of vasculitis in KD.”*

3 | PHYSIOLOGICAL AND PATHOLOGICAL
ASPECTS OF CIRCULATING IMMUNE
COMPLEXES

Immune complex production, in response to interaction of foreign
substances with specific antibodies, constitutes an essential part of
normal human immune defense mechanisms. This reaction is gen-
erally followed by one or more secondary reactions, all of which
enable the body to neutralize and clear microorganisms and non-
self-molecules (in the form of ICs after antibody binding) that have
penetrated the various body barriers. Inactivation and elimination
of these “invaders” prevents their deposition (localization) where
they might multiply (in the case of microorganisms) or induce spe-
cific damage (toxins or enzymes).14 IC formation followed by these
secondary reactions (such as complement fixation) enhances mac-
rophage system clearance mechanisms and prevents interaction
with specific sites in the body that could be damaged by deposition.
ICs do not normally accumulate in blood or organs, however, there
are circumstances under which potentially pathogenic IC might form
in the circulation and not be cleared properly. Factors that could
influence this phenomenon and the manifestations of specific dis-
ease activity include the nature and quantity of the antigen and

the antibody response, and the state of the systems involved in IC
clearance.!* There are a multitude of potential antigens (from whole
organisms to small peptides), and the antibody response may vary
with respect to class, subclass, affinity, etc. As a result, character-
istics of ICs will be variable, and analysis of one IC system may not
be applicable to other systems as well. For example, a patient with
a monoclonal antibody against flavin became “yellow” because of
the ubiquitous accumulation of flavin. Apparently, the antibody/fla-
vin IC was cleared from the circulation at a much slower rate than
flavin alone; the small IC (one antibody per IC) was too small to be
cleared by the mononuclear phagocyte system, yet clearance of
the flavin was apparently blocked by the antibody. The presence
of autoantibodies to enzymes such as amylase, prostatic acid phos-
phatase, or creatine kinase can also block the clearance by a similar
mechanism.®

At the opposite end of the spectrum are patients with mixed
essential cryoglobulinemia. Large quantities of precipitating ICs
(containing 1gG and/or I1gM, and specific antigens) are deposited
at sites throughout the body, including the glomeruli.*® These ICs
can fix complement and cause local damage at their sites of depo-
sition. The balance between rapid and safe clearance and tissue
localization will then be influenced by factors that have been de-
scribed in part in experimental studies but that have yet to be well
defined in humans. These include the potential affinity of anti-
body or antigen for specific tissue (such as, DNA for glomerular
basement membrane), and the hemodynamic and inflammatory
status of the individual.'” The specific immunochemical proper-
ties of the ICs, and in particular their potential to interact with
FcRs and to fix complement, and react with complement receptors
will fundamentally influence their ultimate fate and rate of clear-
ance from the circulation.®®*® |C formation and clearance cannot
be a steady-state process; even during chronic serum sickness the
concentrations of antigen, antibody, and IC formation may vary
continuously.’®%17 Hence, ICs could form and deposit in a brief
period of time. For example, patients with essential mixed cryo-
globulinemia have sudden episodes of purpura over their legs and
arms, and then their vasculitis subsides despite the presence of

measurable 1Cs.%¢

4 | CIRCULATING IMMUNE COMPLEXES
TRIGGERED BY INFECTIOUS AGENTS IN
PATIENTS WITH KAWASAKI DISEASE

Circulating 1ICs, triggered by infectious agents, such as bacte-
ria, viruses, or other unknown agents, have been detected in the
early phase of patients with KD and, might be involved in the im-
munopathological mechanisms of development of vasculitis in
these patients.”® Although many pathogens have been implicated
via superantigen toxins, such as staphylococcal and streptococ-
cal toxic shock syndromes, other studies have failed to confirm
these ﬁndings.”’20 Several bacteria, including Yersinia pseudotu-
berculosis,?* Propionibacterium acnes,??> Mycoplasma pneumoniae,®
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Chlamydia pneumoniae,24 Rickettsia species,25 and Coxiella burnetii,?

27

and Pseudomonas;~’ viruses such as Epstein-Barr virus,28 retrovi-

ruses,29 adenovirus,30 and measles virus;31 and fungal agents such
as Candida sp.32 have been reported to be associated with KD. The
novel coronavirus severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) responsible for COVID-19, is known to induce a sys-
temic inflammatory response affecting multiple organs, with lungs
being the most commonly and severely affected. Some of the ex-
trapulmonary manifestations include involvement of the systemic
vasculature, similar to KD. Several case reports have shown that
SARS-COV-2 stimulates an immune reaction mimicking KD.® Singh
et al. reported an association of KD with influenza.®® Nakamura
et al. reported that the pattern of KD was affected in 2009 after
the epidemic of influenza A/HIN1 in Japan.®* (The subtype H1N1
is distinguished by a mutation of hemagglutinin [H1] that affects the
ability of the virus to infect cells, and a mutation of a neuraminidase
[N1].) They observed a documented source of infection, both bacte-
rial and viral, in one-third of patients with typical KD. Furthermore,
Rowley et al. showed the presence of cytoplasmic inclusion bodies,
which are compatible with viral protein aggregations and nucleic
acid, in ciliated bronchial epithelium of patients with KD in the acute
phase.®> Considering the infectious cause for KD, a case-control
study by Esper et al. suggested an association between human
coronavirus—specifically New Haven (HCoV-NH)—infection and
KD.%¢ None of these reported viruses or bacteria have been convinc-
ingly replicated. The detection of circulating ICs in the sera of KD

patients by different methods has been studied by various authors,
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and findings suggest definite triggering agents are behind the circu-

lating ICs causing vasculitis.3”38

5 | HORSE-SERUM-INDUCED IMMUNE
COMPLEX VASCULITIS IN SWINE

An attempt was made to produce IC vasculitis in swine, in the hope
of producing an ideal experimental coronary artery disease animal
model by administering a foreign protein, such as horse serum.%”%?
Philip et al. studied 21 pure-bred male piglets of 1.5, 2, and 3months
of age with normal saline and horse serum, and the results of clinical
observations, hematoserology, echocardiography, and histopathol-
ogy were very much similar to those in patients with KD. Two-
dimensional echocardiogram of coronary arteries of piglets who
received horse serum showed coronary intimal irregularities and
aneurysmal dilatation (Figure 1A, B, D, E). Pericardial thickening as
evidence of pericarditis was also observed (Figure 1C). A type Il hy-
persensitive reaction was induced by antigen-antibody complexes
that produced tissue damage through their capacity to activate
a variety of serum mediators, principally the complement system.
The localization of circulating IC in experimental serum sickness
and the correlation of a possible IC mechanism in KD had already
been studied by Knicker and Cochrane,*® Fossard and Thompson,**
and Cochrane.*? Hence the clinical and histopathological findings of
a systemic type lll hypersensitivity reaction may mimic KD, and a

possible similar mechanism may be involved in the pathogenesis of
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FIGURE 1 (A, B, D, E) Two-dimensional echocardiograms showing dilatation and intimal irregularities of proximal LAD in piglet that
received HS on day 4. (C) Pericardial thickening and (F) hematoxylin & eosin staining of proximal LAD showing intimal and inner third of
intima-medial proliferation with edematous changes at 14 days. Abbreviations: HS, horse serum; LAD, left anterior descending artery.
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coronary arteritis in KD.3”%? Possible mechanisms of ICs triggered
by infectious and non-infectious agents damaging vascular endothe-
lial cells are shown in Figure 2.

The pathology of KD has been studied in detail and ICs may play
an important role in the pathogenesis of its vasculitis in swine.”:
Histopathology results after 14-60days of horse serum infusion
showed signs of subacute to chronic phases of arteritis, such as in-
timal proliferation, necrosis, vacuolization, and smooth muscle cell
proliferation (Figures 1F and 3A-H).

Histopathology of specimens in the horse serum group revealed
peri-arteritis, and pan-venulitis in the acute phase, including cellu-
lar infiltrations within myocardium (Figure 3D-F). Autopsy after 28h
showed more infiltrations than the 48-h specimen (Figure 3F). In con-
trast, the group given saline had normal coronary vessels (Figure 3A-C).

Albumin, which acted as an exogenous foreign protein antigen
in the horse serum group, produces antigen-antibody complexes
leading to a systemic hypersensitivity reaction. Onouchi et al. also
reported that horse-serum-induced IC vasculitis in rabbit was very
similar to the pathophysiology of coronary artery disease in KD.*3

In all piglets, the changes were most significant in the tunica media,
likewise the initial changes of the coronary arteries in KD, occurring
in the tunica media at approximately 7-9 days after the onset of the
disease, as reported by Naoe.** Vascular endothelial growth factor
(VEGF) is one of the most important growth and survival factors for
endothelium. It induces angiogenesis and endothelial cell proliferation
and plays an important role in regulating vasculogenesis by increasing
vascular permeability and vasodilation, partly through stimulation of
nitric oxide synthase in endothelial cells.*>*¢ VEGF can also stimulate
cell migration and inhibit apoptosis. In humans, VEGF was significantly
elevated during the acute phase of KD.*® The presence of VEGF an-
tigen that we observed in the tunica media and intimal regions of the
coronary arteries in piglets is indirect evidence of vasculitis produced
by horse serum infusion®? (Figure 4). Immune complex vasculitis
changes observed in the horse serum infusion study may serve as an
ideal experimental animal model for coronary vasculitis mimicking KD,
especially for testing the efficacy of pharmacological agents in the
prevention of coronary artery aneurysms. ICs were also identified in
the autopsy specimens of KD, suggesting that ICs might have played
a role in producing the coronary artery changes in KD patients.‘m'47
Inflammatory markers such as interleukin-6 (IL-6) and VEGFs are re-
leased by cells of the innate immune system such as monocytes, mac-
rophages, and dendritic cells, leading to inflammation of vessels. It has
been suggested that an autoantigen located in the walls of coronary
arteries may serve as a target for these inflammatory cells and cyto-
kines and lead to the development of coronary artery aneurysms in

patients with KD.#*8 However, this hypothesis is yet to be proven.

6 | INFECTIOUS TRIGGER IN THE
PATHOGENESIS OF KAWASAKI DISEASE

Most cases of KD are self-limiting and have an uncomplicated
course. Although the etiology of KD remains unknown, a double hit

hypothesis involving an infectious trigger in a genetically predis-
posed individual is proposed.®4° Many viruses have been isolated
from patients with KD, including adenovirus, Epstein-Barr virus,
human immunodeficiency virus, and parvoviruses. Viruses are
known to trigger a cascade of immune pathways in patients, such
as activation of the cyclic guanosine monophosphate-adenosine
monophosphate (cGAMP) synthase (cGAS) pathway. cGAMP is one
of the DNA sensors in the body that helps to identify foreign viral
DNA material within cells. Once foreign DNA is detected, cGAS
produces cGAMP that triggers the activation of stimulator of inter-
feron genes (STING) within the endoplasmic reticulum, resulting in
the release of cytokines and inflammatory molecules such as type
1 interferons (IFN) as part of the immune response towards the
foreign infective agent. STING also acts on retinoic acid inducible
gene-1 (RIG-1), an RNA sensor and mitochondrial antiviral signal-
ing protein to detect viral RNA and trigger an immune response,
indicating a role of the STING pathway in protecting against RNA
viruses as well. The STING pathway has been found to be activated
in KD and increased IFNs, neutrophils, and cytotoxic T cells have
been reported in the histology of coronary artery tissue from pa-
tients with KD.

Apart from inducing inflammation, neutrophils, macrophages,
and dendritic cells have also been found to invade the artery
walls, causing damage because of their cytotoxic activity. There
also appears to be an excessive activation of cytotoxic CD8* T
cells, further supporting the possibility of an infectious agent as
a trigger for the immune activation seen in KD.®> Immune com-
plexes have been reported in plasma and serum of patients with
KD since 1977. They are seen within the first week of illness,
gradually increase in number, and then wane after 3-4weeks.
This may suggest that ICs are formed in response to a foreign an-
tigen to enhance the targeted action of other inflammatory cells
and stimulate phagocytosis of the antigen to remove it from the
circulation. Although this is an interesting finding, there has been
no significant correlation between ICs and the severity of illness
in KD patients, probably because of incomplete data collection
and difficulties in identifying the phases of illness during which
test samples were collected. More recent studies are needed to
investigate the role of ICs in the pathogenesis of KD.*® Excessive
immune system activation may occur in KD, causing macrophage
activation syndrome, a rare complication that can occur at any
stage of KD and lead to increased cardiac complications and high
mortality, highlighting the importance of timely diagnosis and
management.49

Studies have shown that this immune response is strongest
during the first few weeks of infection with many inflammatory
molecules such as cytokines and C-reactive protein being released
into the bloodstream. This could be related to the increased ex-
pression of cytokines such as IL-1, IL-6, and IL-8.%8 Tumor necrosis
factor-a (TNF-a) levels are raised more significantly in patients
with KD who develop coronary artery aneurysms compared
with those without. This could be related to TNF-a triggering
the release of chemokines by endothelial cells, increasing the
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FIGURE 2 (A-D) Induction of IC vessel wall injury. (A) Three sequential phases in induction of systemic type Il sensitive reaction by
horse serum. (B) Composite of drawing depicts mechanism of IC vessel wall injury. Antigen possibly enters through the respiratory tract as
an unknown infectious or non-infectious agent producing specific antibodies from plasmablast. Further formation of IC leads to a cascade
of platelet aggregation, release of lysosomal enzymes from the neutrophils, complement fixation, and damage to the endothelium. (C, D)
Histopathological changes occurring in proximal left anterior descending artery show (hematoxylin & eosin stain) intimal proliferation (C)
and intimal and inner third medial proliferation induced by horse serum-mediated IC coronary changes. Abbreviations: Ag:Ab, antigen to
antibody; IC, immune complex.

FIGURE 3 (A-H) Histopathology of coronary arteries (H&E staining) of HS-induced coronary vasculitis in the saline and HS groups of
swine. (A-C) Normal coronary arterial walls after three doses of normal saline infusions in the saline group. (A) Left coronary artery (400x)
at day 41 showing normal intima (I), internal elastic membrane (IM), tunica media (M), and adventitia (A); (B) left coronary artery (40x) at
40days; (C) left anterior descending artery (40x) at day 24 appeared normal. (D-H) H&E staining of coronary arterial walls of piglets in the
HS group. (D, E; 2-4days) Perivenular cellular infiltrates of the coronary vein and vasa vasorum (<) (200x) and diffuse cellular infiltrates

in the tunica media (400x) at day 3. (F) Cellular infiltrates in the tunica media (200x) of the ascending aorta at day 2. (G) Diffuse cellular
infiltrates in the myocardium (400x) and (H) in the distal tubular areas of the right kidney (200x) at day 2. Abbreviations: H&E, hematoxylin
& eosin; HS, horse serum.

permeability of the endothelial lining to other inflammatory cells the release of immune mediators IL-6, TNF-a, and transforming
such as neutrophils and causing more severe damage to the af- growth factor-p. Identification of CD8" T lymphocyte, IgA plasma
fected arteries. Superantigen binds to T-cell receptor, inducing cells, and macrophages in the coronary arteries suggest a viral
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FIGURE 4 Avidin-biotin peroxidase staining for VEGF. Left main
coronary artery at day 24 after three HS infusions in piglet showing
positive immunoreactivity for VEGF (brownish aggregates and
spots) diffusely in intimal regions and tunica media. Magnification:
x200. Abbreviations: HS, horse serum; VEGF, vascular endothelial
growth factor.

etiology.***® Hence both infections and immune component ac-
tively take part in the pathogenesis of KD.

7 | KAWASAKI DISEASE-LIKE ILLNESS IN
SARS-CoV-2 INFECTIONS

A small proportion of children exposed to SARS-CoV-2 develop
principal KD symptoms that fulfil the diagnostic criteria for KD in
Europe and the USA.?°7>2 This is the first virus to be consistently
and reproducibly associated with the development of principal KD
symptoms in multiple areas even with low rates. Systemic inflam-
mation is the most striking finding in some patients SARS-CoV-2
infection, which causes a viral disease with inflammation and infec-
tion of endothelial cells.

There are several hypotheses on how the virus might induce
inflammation. Pyroptosis, related to viral infection and replication
in airway epithelial cells, leads to cytokine release and consequent
vascular leakage. As expected, IL-1f, released during pyroptosis,
results in elevated cytokine during SARS-CoV-2 infection. Viral
infection of monocytes and macrophages can also result in ab-
errant cytokine production. These pro-inflammatory cytokines
and chemokines, including IL-6 and IFN-y, play an important
role in inducing and modulating an array of immune responses;
monocyte chemoattractant protein-1 and IFN-y-induced protein
10kDa attract immune cells, notably monocytes and T lympho-
cytes, but not neutrophils. SARS-CoV-2-infected patients also
exhibit high levels of IFN-y and IL-18, which are key players in
the cytokine storm syndrome. It has been suggested that the in-
duction of apoptosis and pyroptosis (representing a form of cell
death that is triggered by pro-inflammatory signals and associated

with inflammation) might have an important role in endothelial
cell damage in patients with SARS-CoV-2.°37>°> Massive produc-
tion of damage-associated molecular patterns from cell death and
oxidative stress in the circulating blood exert pleiotropic effects
on platelets, monocytes, neutrophils, endothelial cells, and vas-
cular smooth muscle cells through receptor-mediated (e.g. the
lectin-like oxidized low-density lipoprotein [LDL] receptor-1) and
receptor-independent mechanisms. Inflammation and oxidative
stress mutually amplify each other, possibly leading to the induc-
tion of KD. Both KD and a subset of multisystem inflammatory
syndrome in children (MIS-C) fulfilling the diagnostic criteria for
KD show some common but distinct pathophysiological features.
Further study will be necessary to find out whether the strategy
for the diagnosis and treatment of KD may be useful in the man-
agement of a subset of MIS-C fulfilling the diagnostic criteria for
KD.>® SARS-CoV-2 can be a trigger for IC mechanism initiation
and produces KD-like illness.

8 | CIRCULATING PLATELET-
NEUTROPHIL AGGREGATES PLAY A
SIGNIFICANT ROLE IN KD

Platelet activation at the site of inflamed endothelium contributes
to vascular inflammation and vascular wall remodeling. Released
chemokines from activated platelets, such as platelet factor 4,
CXCL7, and p-thromboglobulin, have important effects on vascular
inflammation. Vascular injury may lead to increased platelet activa-
tion with neutrophil and monocyte infiltration, as well as increased
platelet adhesion and aggregation through the release of inflam-
matory cytokines. Circulating platelet-neutrophil aggregates am-
plify acute inflammation and exhibit a hyper-reactive response that
could promote the development of thrombotic and inflammatory
disease, obstruct the flow of coronary micro-vessels, and contrib-
ute to vascular inflammation and tissue injury. Likewise, activated
platelets and neutrophils have been demonstrated during the acute
phase of KD-associated inflammation and may contribute to the
occurrence of coronary artery aneurysm.57'58 Therapeutic inhibi-
tion of platelet-neutrophil aggregates reduces neutrophil recruit-
ment and permeability and may help to attenuate organ damage
and mitigate the inflammatory process. Corticosteroids may cause
inhibition of platelet adhesion, spreading, aggregation, thrombus
formation, and the interaction of platelets with monocytes through
regulation of P2Y12 receptor signaling, which is the main platelet
receptor responsible for ADP-induced platelet activation. Hence,
prednisolone has a role in helping to control vascular and throm-
botic diseases.

The use of corticosteroids as part of a combination treatment
may have a beneficial effect on terminating the inflammatory pro-
cess through its anti-inflammatory properties, which suppress im-
mune cell activation, proliferation, and cytokine production, as well
as through its ability to decrease endothelial expression of cellular
adhesion molecules in the acute phase of KD. However, previous
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studies have suggested that the use of corticosteroids for patients vascular remodeling. The main benefit of corticosteroid combination
with KD should be limited because such treatment may be linked treatment is considered to be early suppression of the vasculitis that
to a higher incidence of coronary artery abnormalities and impaired precedes vascular remodeling.57
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9 | PATHWAYS FOR NUCLEAR FACTOR-xB
SIGNALING IN THE CYTOPLASM AND THE
MITOCHONDRION

Macrophages play a key role in the inflammatory process.
Angiotensin Il in turn releases nicotinamide adenine dinucleotide
phosphate (NADPH), a required cofactor for CYP-mediated bio-
transformation, and oxygen serves as a substrate. Singlet oxygen re-
leases from the NADPH oxidase and singlet oxygen converts LDL to
oxidized LDL, which in turn releases the transcription factor nuclear
factor-xB (NF-xB), regulates multiple aspects of innate and adaptive
immune functions, and serves as a pivotal mediator of inflammatory
responses (Figures 5 and 6).

The NF-xB tri-subunit complex exists in an inactive state in
the cytoplasm. NF-kB activation is initiated by TNF-a binding to
TNF receptors. Intrinsic apoptotic pathway stimulation by NF-
kB activation in mitochondria leads to cytochrome c release,
thus triggering caspase cascades and programmed cell death.
NF-kB induces the expression of various pro-inflammatory
genes, including those encoding cytokines and chemokines,
and also participates in inflammasome regulation.59 In addition,
NF-kB plays a critical role in regulating the survival, activation,
and differentiation of innate immune cells and inflammatory T

cells. Consequently, deregulated NF-kB activation contributes
to the pathogenic processes of various inflammatory diseases
(Figure 6).6°

10 | ROLE OF ANTIOXIDANTS IN
MITIGATION OF VASCULITIS

The goal of initial management in KD is to reduce inflammation; in-
travenous y-globulin and aspirin form the standard regimen, and a
multicenter randomized controlled trial in the USA demonstrated
the effectiveness of this combination in lowering coronary artery
lesions in KD. Antioxidants can reverse endothelial dysfunction
induced by methionine and restore the endothelial function in
hyperlipidaemia, and they can also slow down the thickening of
arteries. A trial of antioxidants in the prevention of coronary ar-
tery disease in horse serum-mediated vasculitis in a swine model
showed the potential relevance of early treatment in mitigation of
coronary arteritis in KD.* The role of antioxidants in protection
against cardiovascular disease prevents endothelial dysfunction in
humans by regulating endothelial nitric oxide (NO) levels as well
as by inhibiting cardiovascular inflammation, lipid peroxidation,
platelet aggregation, and LDL oxidation.®?> Unpublished data of

TABLE 1 Interventionin coronary artery disease by various therapeutic agents and its possible mechanisms, acting at different stages in

the production of pro inflammatory cytokines and chemokines.

Intravenous
immunoglobulin

Neutralization of bacterial super-antigens and other infectious agents, and pathogenic autoantibodies. Inhibition of
production of TNF-a. Suppression of production of pro-inflammatory cytokines. Modulation of cytokine production.

Neutralization of toxins. Enhancement of regulatory T cells. Inhibition of differentiation of Th17 cells Antioxidative
effects (reduction of NO production by neutrophils)

Infliximab

TNF-a receptor antagonists. Infliximab is a chimeric monoclonal I1gG antibody that targets transmembrane TNF-a. Inhibition

of TNF-a in turn prevents NF-xB, so that various mechanisms at molecular level such as proliferation, inflammatory
responses, angiogenesis, pro-inflammatory cytokines/chemokines, and apoptosis can be prevented

Etanercept

Etanercept is a soluble fusion protein receptor that works more broadly on TNF (both TNF-a and lymphotoxin), and binds to

only circulating TNF-a, not at the transmembrane TNF-«, thereby avoiding the adverse effects seen in infliximab

Antioxidants

Vitamins A, C, and E can scavenge singlet oxygen, inhibition of LDL to oxidized LDL and in turn to NF-kB can be prevented.

Vitamin C can prevent eNOS to peroxynitrate with the help of 02~

expressed in KD. Inositol triphosphate 3-kinase C acts as a negative regulator of T-cell activation and activated T cells

activity derived from TNF-a-stimulated vascular smooth muscle cells. Hence, doxycycline can mitigate TNF-a-induced

Statins Prevention of LDL to oxidized LDL, and angiotensin Il to NADPH oxidase

Aspirin Important anti-inflammatory activity (at high doses) and antiplatelet activity (at low doses)

Ulinastatin Urinary trypsin inhibitor and has a property to inhibit neutrophil elastase

Methotrexate A folic acid antagonist suppresses lymphocyte proliferation and has a role in modulating cytokines, especially IL-6, highly
may play a pivotal role in pathogenesis of KD

Cyclosporin Suppresses the activity of T cells

Doxycycline Inhibits T-cell activation and TNF-a production in peripheral immune cells and also inhibits directly MMP-9 enzymatic
MMP-9-mediated coronary elastin breakdown and improve coronary outcome

Methyl

prednisolone

Acts in various ways to decrease the inflammatory cycle including: dampening the inflammatory cytokine cascade, inhibiting
the activation of T cells, decreasing the extravasation of immune cells into the central nervous system, facilitating the

apoptosis of activated immune cells, and indirectly decreasing the cytotoxic effects of nitric oxide and TNF-«

Anakinra

It acts by blocking both IL-1a and IL-1p. It is an IL-1 receptor antagonist that blocks the biological activity of natural IL-1 by

competitively inhibiting the binding of IL-1 to IL-1 type receptor

Abbreviations: eNOS, endothelial nitric oxide synthase; IL, interleukin; KD, Kawasaki disease; LDL, low-density lipoprotein; MMP-9, matrix
metalloproteinase-9; NADPH, nicotinamide adenine dinucleotide phosphate; NF-kB, nuclear factor-«B; NO, nitric oxide; Th17; T helper type 17; TNF-

o, tumor necrosis factor-a.
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antioxidant trials include the vitamin E, A, and C trial in patients
with KD, which was found to be quite successful in mitigating vas-
culitis in both signs and symptoms.

Reactive oxygen species generated by activated polymorpho-
neutrophils are directly toxic to endothelial cells and are a potent
cause of endothelial cell damage. The role of antioxidants in pro-
tection against cardiovascular disease prevents endothelial dys-
function in humans by regulating endothelial NO levels as well
as by inhibiting cardiovascular inflammation, lipid peroxidation,
platelet aggregation, and LDL oxidation.%® Chain-breaking antioxi-
dants such as vitamins C and E are powerful reductants that scav-
enge free radical species to prevent further oxidation. Phagocytic
cells, including neutrophils and macrophages, generate NO via
NO synthase, which is inducible by immunological stimuli such as
endotoxin (lipopolysaccharides) and various cytokines.“’64 The
broader role of NO in the inflammatory response is not well estab-
lished, although the reactivity of NO or its potential conversion
product, peroxynitrite anion, with sulfhydryl groups indicates the
possibility of cellular biochemical targets, the alteration of which
would put tissue at risk. The protective effects of NO synthase in
IC-induced vasculitis were also studied by Mulligan et al.* There
is increasing evidence that lipoprotein oxidation plays an import-
ant role in vascular endothelial damage and atherosclerosis.®* LDL
to oxidized LDL can be reduced by administration of vitamin C, E,
statin, and peroxisome proliferator-activated receptor (PPAR) ag-
onists. They are used for the treatment of symptoms of the meta-
bolic syndrome, mainly for lowering triglycerides and blood sugar).
In the same way, NF-kB and NADPH oxidase can be reduced by
giving statin and PPAR agonist. Vitamin C and statin have a role
in reducing the release of singlet oxygen from endothelial NO
(Figure 5). TNF-a and NF-xB inhibitors can stop apoptosis or cel-
lular damage in the coronary endothelium (Figure 6). Inflammation
and oxidative stress mutually amplify each other, and possibly lead
to the induction of KD. In order to suppress procytokines, and
stop further inflammation at different points along the pathways
of KD coronary artery disease, new therapeutic medicines must
be developed. As shown in Table 1, various treatment drugs and
their potential mechanisms act at various points along the path-
ways that lead to the generation of pro-inflammatory cytokines

and chemokines.

11 | CONCLUSIONS

The specific etiology remains inadequately understood in KD.
However, circulating ICs triggered by various etiological agents play
a key role in the pathogenesis of coronary vasculitis in KD. Horse-
serum-induced type Il hypersensitivity reaction in swine indicates
that serum sickness is a prototype of IC vasculitis, and the signs
and symptoms of coronary artery dilation in swine resemble those
of KD. Therefore, interrupting IC formation through treatment tri-
als either in isolation or in combination, targeting various steps in

the pathogenesis of coronary artery lesions, such as the production

Rheumatic Diseases

of inflammatory cytokines, chemokines, TNF-a, NO, bacterial supe-
rantigens, and specific pathogenic autoantibodies, will give hope for

mitigating coronary artery lesions in KD.
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