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Summary

The introduction of intravenous immunoglobulin (IVIG) for modulation of inflammation in acute
Kawasaki disease (KD) was a great therapeutic triumph. However, three decades later, the
mechanisms underlying immune regulation by IVIG are only beginning to be revealed.
Stimulation of an immature myeloid population of dendritic cells (DC) that secretes IL-10 and the
elucidation of Fc-specific, HLA-restricted natural regulatory T cells (Treg) provide insights into
mechanisms of IVIG. Other potential mechanisms include provision of agent-specific neutralizing
antibody, anti-idiotype and anti-cytokine antibodies, blockade of activating Fc+y receptors, and
stimulation of the inhibitory FcyRIIb receptor. New initiatives must seek to understand the
mechanisms of IVIG in order to one day replace it with more affordable and more targeted
therapies.
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Kawasaki disease (KD) is a self-limited vasculitis that is the most common cause of
acquired heart disease in infants and children. The condition is currently diagnosed
according to clinical criteria that rely on a constellation of clinical signs in conjunction with
laboratory data revealing high levels of systemic inflammation [1]. Although KD was
described by Tomisaku Kawasaki in the 1960s in Japan, awareness of the disease in Western
countries began in 1974 with the English language publication of the original series of 50
patients[2]. If untreated, 25% of children will develop aneurysms of the coronary arteries
and the extent to which KD may contribute to the burden of adult cardiovascular disease is
of growing concern [3].
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Historical perspective

In 1981, the landmark paper by Imbach and colleagues described the use of IVIG to treat
idiopathic thrombocytopenic purpura (ITP) in children, and the paper was widely read in
Japan[4]. Reasoning that KD was an acute inflammatory process and that IVIG appeared to
modulate the immune system, Furusho in Japan used IVIG to treat 14 acute KD patients
within the first 10 days after fever onset[5]. Patients were studied by coronary angiography
in the subacute phase and 7 of 40 historical control patients developed coronary artery
aneurysms compared to none of the 14 IVIG-treated patients. On the basis of these
suggestive data, the U.S. Multicenter KD Study Group launched a randomized, open label
trial of IVIG plus aspirin compared to aspirin alone[6]. The trial was stopped prematurely by
the Data Safety Monitoring Board when 18 of 78 children (23%) in the aspirin group, as
compared with 6 of 75 (8%) in the gamma globulin group developed coronary artery
aneurysms at the two week time point (p = 0.01).

The efficacy of IVIG administered in the acute phase of KD is now well-established. A
variety of dose regimens were initially used in Japan and the United States. A meta-analysis
by Durongpisitkul demonstrated that the prevalence of coronary artery abnormalities was
lower among patients who received the high-dose regimen of 2 gm/kg as a single dose as
compared to those receiving lower-dose regimens[7,8]. It remains unknown whether the
presumed higher peak level or its earlier attainment contribute more to the superior efficacy
of the single high-dose regimen.

Mechanisms of action of IVIG in KD

There has been much speculation, but little data, on the mechanism of action of IVIG in
acute KD. It is certainly plausible that IVIG interacts with many different arms of the
immune and vascular systems to achieve the down-regulation of inflammation. The major
goal of IVIG treatment of KD is to prevent coronary artery damage and to reduce tissue
levels of inflammation. However, IVIG also mediates the rapid disappearance of fever, rash,
conjunctival injection, and systemic malaise. Thus, the majority of KD patients, even those
who go on to become IVIG-resistant or develop aneurysms, experience a dramatic clinical
improvement within hours of initiating the IVIG infusion. The effect has been likened to the
disappearance of the rash and clinical signs in scarlet fever patients during administration of
horse anti-streptococcal antiserum in the pre-antibiotic era, raising the possibility that one
mechanism of IVIG action is the neutralization of a toxin. Neutralization of conventional
antigens or superantigens are also potential mechanisms of action, but elucidation of the
causative agent or environmental trigger for KD will likely be necessary before these
mechanisms can be fully understood. While these rapid anti-inflammatory actions of IVIG
certainly benefit the patients, it is important to remember that the most important goal of
therapy is to protect the vascular system and myocardium from immune-mediated damage.

Studies of IVIG action, largely from animal models, have demonstrated effects on pathways
involving Fc receptors, complement, cytokines, and auto-antibodies. Cellular targets include
endothelial cells and cells participating in both innate and adaptive immunity [9,10].
Shortcomings of the body of research on IVIG are that the majority of the work has been
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done in animal models and much of it delineates the phenomenology of IVIG treatment but
fails to provide mechanism. The interactions of IVIG with components of the immune
system are considered below and aspects relevant for KD treatment are noted.

1.

Interaction with macrophage/monocytes: Blockade of Fc receptors on the
reticuloendothelial cell system, most notably the spleen, appears to be a
major mode of action for reducing antibody-mediated platelet destruction
in ITP. Recent studies demonstrate that in a human model, sialylation is
not necessary and that 1gG dimers were most effective in blocking the
FcgRs on monocyte-derived macrophages[11]. Stimulation of the
inhibitory FcgRIIb by sialylated IVIG was demonstrated in the collagen-
induced arthritis model in mice[12]. Although polymorphisms in both the
activating (FcgRIla and FcgRI1I1b-NA1) and inhibitory (FcgRI1Ib) receptors
have been variously reported to influence disease susceptibility, response
to IVIG, and coronary artery outcome in KD, no direct link between IVIG
and either receptor blockade or stimulation has been demonstrated in KD
patients[13-18]. Down-regulation of gene expression of two FCGRs
(FCGRIA, and FCGR3A) on activated monocytes from KD patients
following IVIG infusion has been demonstrated but no mechanistic studies
have expanded on this observation[19].

Interaction with dendritic cells (DC): DC are professional antigen
presenting cells (APC) that prime naive T cells /n vivo. IVIG dose-
dependent DC-mediated expansion of peripherally-induced regulatory T
cells (iTreg) has been reported in human cells and linked to prostaglandin
E2 production[20]. This effect required only the Fab’ portion of the 1gG
molecule and required sialylation. It has been shown that the Fab’
activates follicular T helper cells, T helper 17 and T helper 1 cells that
later become iTreg under appropriate antigen presentation and homing
conditions. Our group recently demonstrated that in acute KD patients, an
immature myeloid DC population is stimulated by the Fc to secrete IL-10
and influence the differentiation of T cells to Treg[21]. These tolerogenic
DC do not decrease after IVIG in the subacute phase of KD as for
canonical mature myeloid DC and further expand in patients treated with
infliximab.

Interaction with antibodies: IVIG can neutralize auto-antibodies by
providing anti-idiotypic IgG and can delay maturation of the germinal
centers[9]. While these mechanisms have been postulated in KD, there is
currently no evidence for a direct pathogenic role for autoantibodies in the
pathogenesis of KD.

Interaction with T cells: Reported effects include modulation of T cell
differentiation and cytokine release, increased T cell regulation, decreased
proliferation of Th17 cells, and reduced cytokine release[22,23]. Both
Fab’ and Fc effects have been described. The suppression of Th17
differentiation from naive human T cells and the blocking of Th17 cell
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proliferation and pro-inflammatory cytokine release were mediated by the
Fab’ through an inhibition of STAT3 phosphorylation. In contrast, effects
on expansion of Treg are mediated by the Fc. In KD patients, direct
evidence for an Fc-mediated mechanism of expansion of natural
regulatory T cells (nTreg) and increased IL-10 production has recently
been described by our group and is further discussed below[24].

5. Interaction with neutrophils: IVIG contains antibodies against siglecs
expressed on the surface of neutrophils and binding to these lectins can
result in cell death[25].

6. Interaction with NK cells: In KD patients, enumeration of circulating NK
cells pre- and post-IVIG demonstrated a rapid increase in the number of
circulating NK cells that presumably represented the influx of
demarginated cells bound to endothelium[26].

Role of regulatory T cells in KD

The self-limited nature of KD and our T cell clonal studies in the acute phase suggest that
Treg play an important role in mitigating the pro-inflammatory effect of pathogenic effector
T cells that participate in the destruction of the media and internal elastic lamina of the
coronary artery [27-30]. Two main Treg lineages have been described [31,32]: 1) natural
(n)Treg are derived from the thymus during fetal life and recognize se/fpeptides [33,34]; 2)
peripherally-induced (i) Treg recognize not-self, arise from naive T cells under appropriate
conditions (i.e. TGFb) [35,36] and repeated antigenic stimulation [37-39]. Treg cells limit
inflammation and restore immune tolerance to se/fand allo-antigens in humans, thus playing
a critical role in allergy, autoimmunity, and transplantation [40-42]. Their most relevant
feature is the secretion of I1L-10, a suppressive cytokine that down-regulates the effector
functions of cells of the innate and adaptive immune system [43,44]. During acute
inflammation, the IL-10-mediated regulation of the innate and adaptive immune response
can determine the balance between health and chronic immune-mediated diseases [45].

Mechanisms of IVIG action in KD

A lengthy catalogue of changes following IVIG administration in KD patients is largely
descriptive and fails to get at mechanisms of action. Reduction in cytokine and chemokine
levels, changes in cell populations including decreased numbers of circulating CD14+
monocyte/macrophages, neutrophils, activated T cells, increased numbers of circulating NK
cells, and changes in lymphocyte subsets have all been noted following administration of
IVIG in KD patients. However, the precise manner in which IVIG brings about these
changes remains unknown.

Clinical trials using an Fc-enriched IVIG preparation showed similar efficacy to intact IVIG
while a pepsin-treated IVIG enriched for Fab’ fragments was not effective in preventing
coronary artery abnormalities [39, 40]. These results suggest that at least some of the
beneficial effects of IVIG are mediated through the Fc. Our laboratory demonstrated that the
function of the Fc following IVIG administration is related to the induction of immune-
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regulation in KD via two mechanisms: 1) stimulation of an immature myeloid population of
dendritic cells (DC) that secretes IL-10 [41], which, in turn, leads to the expansion of iTreg
[41]; and 2) stimulation in an antigen-specific, HLA-restricted nTreg population that
recognize the Fc of 1gG [42]. We found an association between the development of coronary
artery abnormalities (CAA+) in KD patients and failure to expand Fc-specific Treg after
IVIG [42].

Minimal Fc epitopes for Treg recognition

Short Fc-derived peptides (15 amino acids) tailored to fit the T cell receptor (TcR) and to
bind the HLA without antigen processing are recognized by Treg in KD patients following
IVIG treatment (Figure 1). We defined discrete immunodominant regions within the Fc
protein that rapidly expand nTreg /in vitro[46]. Epitope-specific Treg responses were also
documented in KD patients who failed to respond to the whole Fc protein after IVIG. The
same Fc sequences were recognized by healthy controls suggesting that IVIG stimulates the
expansion of a population of nTreg important for preserving vascular homeostasis. These
Fc-specific nTreg were detectable in pediatric patients with a variety of acute infections
associated with fever and inflammation, but were not detectable in acute KD patients prior to
IVIG treatment.

These results suggest that the identification of immunodominant Fc epitopes capable of
binding multiple HLA alleles could lead to the development of a valuable alternative to
IVIG for KD patients. Recently, in a large genome-wide association study, KD susceptibility
in Japanese children was associated with a polymorphism near the HLA-DQAZ2 locus on
6p21.3 [47]. The association of polymorphisms in HLA/DQB2 and HLD/DOB were
recently validated in a study of KD trios of European descent, thus broadening the suspected
importance of HLA in KD susceptibility [17]. The role of the HLA in the Fc-specific Treg
response is currently under study by our laboratory.

IVIG Resistance

Although the majority of patients respond to single dose of IVIG with cessation of fever and
improvement in clinical signs and laboratory markers of inflammation, a minority will have
so- called IVIG resistance defined as persistent or recrudescent fever at 36 hours after the
completion of the initial IVIG infusion. The immunologic basis for IVIG resistance is
unknown and researchers have tried to glean clues from the success or failure of alternative
therapies.

Based on the apparent dose response to 1VIG, administration of a second dose of IVIG to
resistant patients became first-line therapy for these patients and remains so today[9].
Alternative treatments include infliximab (5-10 mg/kg over 2 hours), steroids (prednisone 2
mg/kg/day for extended period), cyclosporine, anakinra, and plasmapheresis[10-14]. In a
two-center, retrospective study of either second IVIG infusion or infliximab as the first re-
treatment, patients with IVIG resistance who were treated with infliximab had more rapid
resolution of fever and inflammatory markers, fewer days in hospital, and lower costs of
care[15]. There was no difference in coronary artery outcomes between groups.
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A different strategy pursued by several investigators has been to select agents that could be
added to the initial IVIG regimen to prevent recrudescent fever. The RAISE study in Japan
used a scoring system that works well in Japanese patients to select those who were likely to
be refractory to initial therapy[16]. These patients were then randomized to receive either 2
mg/kg of prednisolone for 3-5 weeks (based on normalization of C-reactive protein levels)
or placebo in addition to standard therapy. There were significantly fewer patients with
coronary artery abnormalities in the group receiving prednisolone plus IVIG (3% vs. 23%,
Cl 0.12-0.28, p<0.001). Caveats to the adoption of this protocol for other countries is that
the scoring system has been shown to have poor predictive value in mixed ethnic populations
and patients with coronary artery abnormalities on their first echocardiogram at diagnosis
were excluded[17, 18]. In a U.S. population, of the patients who go on to develop
aneurysms, 81% had an abnormal first echocardiogram and would have been excluded from
the RAISE study[19]. Two randomized, controlled trials of intensification of initial therapy
with either high-dose pulse methylprednisolone or infliximab were not successful in
preventing IVIG resistance [20, 21]. In the infliximab trial, 13% of KD patients treated with
either infliximab (5 mg/kg) or placebo followed by standard 2 gm/kg IVIG plus aspirin
within the first 10 days after fever onset were 1\VIG-resistant [21]. The group receiving
infliximab did have more rapid resolution of inflammatory markers, fewer fever days, and
more rapid improvement in Z score of the left anterior descending coronary artery.

Selection of alternative treatments in the setting of IVIG resistance remains confounded by
an incomplete understanding of the mechanisms of action IVIG in acute KD. In a study of
the role of sialylation of both infused and native IVIG in KD patients, no relationship was
seen between 1VIG resistance and level of sialylation of the infused IVIG[22]. However,
patients with IVIG resistance had lower levels of sialylation of their endogenous 1gG and
lower transcript and protein levels of the enzyme, ST6GAL1 that adds sialic acid to the
terminal galactose on the Fc of 1gG. These findings were stable over time suggesting a
genetic basis to this difference in glycosylation patterns. The hypothesis is that patients who
are IVIG-resistant have a genetic difference in the enzyme system (ST6GAL1 and others)
that adds terminal sialic acid to the GalNac structure on the Fc and other proteins. However,
thus far, the small, unreplicated genetic association studies of IVIG resistance in KD patients
have not uncovered determinants affecting sialylation[23]. The largest genetic case:control
study to date of IVIG responsive versus resistant subjects of European descent identified loci
in intergenic regions of several genes that have also been associated with immune pathways
and autoimmune diseases[17]. These results will need to be validated in additional studies,
although small sample size will always be a limiting factor.

Expert commentary

Administration of IVIG in conjunction with aspirin should be the mainstay of therapy for all
KD patients. Few other therapies in pediatrics have accumulated the same wealth of
supporting clinical trial evidence. While the data supporting the clinical use are compelling,
understanding the mechanisms through which IVIG works its magic are sadly lacking.
Investigators have carefully catalogued the changes in cytokines, cell populations, and gene
expression before and after IVIG administration, but few are working with patient samples
and cells to get at the specific mechanisms that are operative in KD. Given the current body
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of information, it seems likely that both the Fc and Fab’ portions of the IgG molecule play a
role. The fact that patients who develop coronary artery abnormalities fail to expand the Fc-
specific nTreg population argues for an important role of nTregs in modulating tissue-level
inflammation. The rapid reduction of clinical signs of inflammation is more likely due to
Fab’-mediated effects by anti-cytokine, anti-idiotype, and possibly anti-toxin or anti-
causative agent antibodies, but the exact mechanisms have not been elucidated.

Five-year view

Important steps forward over the next five years will hopefully include epitope mapping of
the Fc to determine the critical peptide sequences for nTreg recognition and the role of HLA
on antigen presentation to the Fc-specific nTregs. The importance of sialylation and 19G
aggregates must be further studied to understand both host effects and the role of sialic acid
in the binding of IVIG to APCs. We must not lose sight of the fact that KD is a vasculitis
and further studies of the effects of 1VVIG on the endothelium must be pursued. The genetics
of IVIG-resistance must be understood through large cooperative studies to gather sufficient
study subjects for robust genotyping and validation cohorts. The genetics of host sialylation
and its effect on response to therapy and disease outcome should also be a research priority.
Finally, we must remember that the majority of the children in the world who suffer from
KD live in resource-challenged settings where IVIG is neither available nor affordable.
Thus, the motivating factor behind the study of mechanisms of action of 1\VVIG should be its
eventual replacement by more affordable recombinant small molecules, peptides, or
antibodies.
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Key Issues

IVIG likely acts through many different pathways in KD to achieve the
downregulation of systemic and tissue-level inflammation but little is
known about the underlying mechanisms

Mechanisms involving the Fab’ region may include neutralization of
the inciting agent, toxin, or superantigen and neutralization of pro-
inflammatory molecules including cytokines, but there is no specific
experimental data that addresses these possibilities.

T cell regulation appears to be important at the tissue level for the
resolution of inflammation in KD and evidence suggests that a) the Fc
stimulate immature myelogenic DC to secrete IL-10 and lead to the
expansion of Treg and b) Fc peptides are processed and presented by
APCs to a specialized subset of Fc-specific nTregs that proliferate and
secrete IL-10. It is proposed that these mechanisms modulate vascular
inflammation as Fc-specific nTreg from patients who develop
aneurysms fail to expand /n vitro when incubated with purified Fc
fragments but do expand when incubated with recombinant peptides
from specific regions of the Fc.

Preliminary data suggests that enzymes involved in sialylation of native
IgG molecules may play a role in IVIG resistance.

Polymorphisms associated with IVIG resistance have been described
but await validation. These findings suggest that I\VIG resistance may
influenced by host genetics.
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Figure 1. )
CD4+ CD25N9" nTreg rapidly expand when peripheral blood mononuclear cells derived

from a sub-acute KD patient after IVIG are stimulated /n7 vitro for four days with Fc peptide
sequences 121-135 and 126-140. Reproduced with permission from Informa Healthcare
[46].
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