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Introduction

Summary

Kawasaki disease (KD) is an acute pediatric vasculitis of unknown etiol-
ogy that can cause coronary artery aneurysms, and is the leading cause
of acquired heart disease in children. We studied aspects of the innate
and adaptive immune response in 17 acute KD children prior to treatment
with intravenous immunoglobulin. Distinct patterns within the innate im-
mune response correlated with specific clinical features. Proinflammatory
myeloid dendritic cells (mDC) were abundant in four of 17 (23-5%) subjects
who were older and manifested severe inflammation with clinical myo-
carditis and elevated hepatobiliary enzyme levels. Of the nine subjects
with low levels of anti-inflammatory, tolerogenic mDC, six had enlarged
cervical lymph nodes at diagnosis. In contrast, the adaptive immune rep-
ertoire varied greatly with no discernible patterns or associations with
clinical features. Two subjects with aneurysms had numerous circulating
CD8" T cells. Ten subjects showed low CD4* T cell numbers and seven
subjects had CD4* T cells in the normal range. CD4* T cells expressed
interleukin-7 receptor (IL-7R), suggesting repeated antigenic stimulation.
Thymic-derived regulatory T cells (nT,,) and peripherally induced regula-
tory T cells (iT,,) were also enumerated, with the majority having the
nT, . phenotype. Natural killer (NK) and NK T cell numbers were similar
across all subjects. Taken together, the results of the immune monitoring
suggest that KD may have multiple triggers that stimulate different arms
of the innate and adaptive compartment in KD patients. Thus, it is pos-
sible that diverse antigens may participate in the pathogenesis of KD.

Keywords: acute pediatric vasculitis, antigenic triggers, immune monitoring

differences represent responses to different triggers? To address
this question, we characterized the repertoire of circulating

During the five decades since the original description of
Kawasaki disease (KD), numerous etiological agents have
been proposed and discarded [1,2]. Although the diagnosis
of KD is based on a defined set of clinical features, there
can be variations in the clinical pattern at the time of pres-
entation. For example, approximately one-third of KD patients
present with high serum levels of hepatobiliary enzymes,
while another third present with only fever and enlarged
cervical lymph nodes (node-first presentation) that are fol-
lowed later by the other classic mucocutaneous signs [3,4].
Do these subtle variations in clinical presentation represent
variations in the host genetic response, or could these

immune cells and correlated these patterns with clinical and
laboratory findings prior to administration of intravenous
immunoglobulin (IVIG). Differences in patterns of the mono-
nuclear innate immune response correlated with differences
in features of the clinical presentation. In contrast, T cell
enumeration was diverse, and no obvious response pattern
emerged among the study population besides numerous cir-
culating CD8* T cells in two patients, who developed arterial
complications. Perhaps the search for the etiological agent
has been thwarted by the failure to recognize clinical sub-
phenotypes and immune response patterns that raise the
possibility of different triggers for KD.
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Methods

Study population

Whole blood samples were collected in heparinized tubes
from 17 acute, unselected KD subjects (12 males and five
females aged 3 months to 11-8 years) prior to IVIG admin-
istration. Many of these children had abnormal Z-scores
on their initial echocardiogram and received infliximab
for intensification of initial therapy, which is our standard
protocol. Thus, the determination of response to IVIG
alone was not possible, because these patients had already
received additional anti-inflammatory therapy (Table 1I).
Clinical features and laboratory data were prospectively
recorded. Subjects were categorized by echocardiography
on the basis of coronary artery Z-scores [internal diameter
of the right coronary artery (RCA) or left anterior descend-
ing artery (LAD) normalized for body surface area] as
having normal (Z < 2-0) or aneurysmal CA (Z > 2.5).
Z-worst was defined as the maximum Z-score for the RCA
or LAD during the first 6 weeks after fever onset.

We enrolled as controls six healthy children, two males
(aged 3 and 8-5 years) and four females (aged 2.5, 4, 4.7
and 5-5 years), three Hispanic, one Caucasian and two
with mixed ethnicity.

The protocol was reviewed by the Institutional Review
Board at the University of California San Diego and parent
consent and patient assent were obtained as appropriate.

Characterization of innate cells

Myeloid dendritic cells (mDC) and macrophage popula-
tions and their maturation stage were defined by binding
of the following monoclonal antibodies (mAb) to cell
surface markers and analyzed by flow cytometry: anti-
human CD11c allophycocyanin (APC), mouse immuno-
globulin (Ig)Glx, clone B-ly6, anti-human CD11b APC/
cyanin 7 (Cy7), mouse IgGlxk, clone ICRF44, anti-human
CD14 phycoerythrin (PE)/Cy7, mouse IgG2ax, clone M5E2,
anti-human CD86 fluorescein isothiocyanate (FITC), mouse
IgG1x, clone 2331 (FuN-1), anti-human CD4 AF700 mouse
IgGlk, clone RPA-T4, anti-human ILT-4 peridinin chlo-
rophyll (PerCp)/eF710 and mouse IgG2bk, clone 42D1
from eBioscience (San Diego, CA, USA). Data for all
immunophenotyping were acquired with fluorescence acti-
vated cell sorter (FACS) ARIA II and analyzed using
FACSDiva (BD Biosciences, San Jose, CA, USA) software.
Normal pediatric ranges for mDC and tolerogenic mDC
(tmDC) were previously determined by our group [5,6].

Characterization of T cells

CD4" and CD8" T cells were enumerated by labeling
with anti-human CD4 PerCp/Cy5-5, mouse IgGlk, clone
RPA-T4 from eBioscience and anti-human CD8 AF700,
mouse IgGlk, clone RPA-T8 from BD Bioscience. The

activation state was defined by staining with anti-human
human leukocyte antigen D-related (HLA-DR) APC/H7,
mouse IgG2ak, clone G46-6 and anti-human IL-7R FITC
and mouse IgGlx, clone eBioRDR5 from BD Bioscience.
Regulatory T cells were enumerated and their functional
phenotype determined by labeling with the following mAbs:
CD25 BV421, mouse IgGlk and clone M-A251 from BD
Bioscience, and anti-human CD4 PerCp/Cy5.5, mouse
IgGlxk, clone RPA-T4, anti-human IL-7R FITC, mouse
IgGlk, clone eBioRDRS5, anti-human HLA-DR APC/H7
clone G46-6, mouse IgG2ak from eBioscience.

Natural killer (NK) and NK T cells

NK cells were defined by the expression of CD56 using
anti-human CD56 PE/Cy7, mouse IgGlk, clone CMSSB
from BD Bioscience. NK T cells were defined by the dual
expression of CD56 and CD4: anti-human CD56 PE/Cy7,
mouse IgGlxk, clone CMSSB from BD Bioscience, and
anti-human CD4 PerCp/Cy5-5, mouse IgGlk, clone RPA-
T4 from eBioscience.

Plasma cytokine levels

IL-6 and tumor necrosis factor (TNF-a) levels in plasma
[ethylenediamine tetraacetic acid (EDTA)] were measured
in a subset of six subjects using the Mesoscale Discovery
multiplex V-PLEX human cytokine 4-plex kit (Mesoscale
Discovery, Rockville, MD, USA) according to the manu-
facturer’s instructions.

Results

We characterized selected aspects of the innate and adap-
tive immune cell repertoire in our acute KD cohort. Healthy
children served as controls in these experiments. The
analysis of innate immune cells included dendritic cell
(DC) populations that can be divided into proinflamma-
tory (mDC) and anti-inflammatory, tolerogenic (tmDC)
subpopulations based on cell surface markers [6-8]. The
circulating repertoire of DC in children differs markedly
from adults with large numbers of tmDC, the anti-inflam-
matory phenotype [6]. We characterized both DC popula-
tions as well as macrophages in our study cohort.

Subjects with high numbers of activated mDC

Mature, proinflammatory mDC were defined by the expres-
sion of CD11c and CD11b and the absence of CD14, a
marker expressed on monocytes, immature myeloid den-
dritic cells, other myeloid populations with a tolerogenic
phenotype and macrophages [8,9]. In four subjects (sub-
jects 1-4, Table 1), mDC were abundant [> 10% of total
peripheral blood mononuclear cells (PBMC)] and rep-
resented the largest innate mononuclear cell population
in circulation (Fig. 1). Of interest, the four patients with
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Fig. 1. Myeloid dendritic cells (mDC) in acute Kawasaki disease (KD) subjects. CD11¢*CD11b*CD14™ mDC were enumerated by flow cytometry.
mDC > 10% of total peripheral blood mononuclear cells (PBMC) were considered to be above the normal range. (a) Fluorescence activated cell sorter
(FACS) plots showing CD11¢*CD11b*CD14™ mDC from subjects 1-4 (Table 1) with high mDC. (b) Percentage of CD11¢*CD11b"CD14™ mDC in
total PBMC from the 17 KD subjects. The data are shown as a scatter-plot with median and interquartile range. Subject numbers (Table 1) are shown
with the percentage of PBMC in parentheses. Open circle = KD subjects with normal mDC; filled circle = KD subjects with high mDC.

the highest percentage of mDC were older KD subjects
who manifested severe inflammation with elevated eryth-
rocyte sedimentation rates (ESR), disseminated intravas-
cular coagulation (subject 3), elevated hepatobiliary
enzymes (subjects 1, 2 and 4) and myocarditis, as mani-
fested by low left ventricular ejection fraction (subjects
3 and 4) (Table 1).

Subjects 3 and 4 also had very few tmDC in circula-
tion, suggesting an even greater proinflammatory profile
(Fig. 2).

Subjects with low numbers of tmDC

tmDC are an important subpopulation of mDC that are
abundant in children, and play an important role in immune
regulation [6]. These cells are defined by the expression
of two specific markers on CD11¢*CD11b*CD14* myeloid
cells: the immunoglobulin-like transcript-4 (ILT-4)
(CD85d) and the T cell co-receptor CD4. tmDC secrete
large amounts of the suppressive lymphokine IL-10. tmDC
were reduced in numbers (< 6%) in nine subjects (subjects
3-11), of whom five shared the ‘lymph node first’ pres-
entation of KD with prominent cervical lymph nodes and
fever as the first manifestations of their illness (subjects
4,5, 6,8 and 9) [3,4]. Subject 4, with severe myocarditis
and very high proinflammatory mDC, was also lacking
circulating tmDC (Table 1, Figs. 1 and 2).

266

Coronary artery aneurysms are a complication of the
acute vasculitis of KD, and eight of the nine subjects
with low tmDC had small aneurysms with a Z-worst > 2.5.
Infants aged < 1 year are known to be at higher risk for
aneurysms, and we studied four infant subjects. Subjects
5 and 6 had the largest aneurysms (Z worst: 4.0 and 4-6,
respectively), low tmDC and very high CD4* and CD8*
T cells. In contrast, the two remaining infants had normal
numbers of tmDC, low levels of CD8" T cells and no
aneurysms. Although histological evidence of myocarditis
is a universal feature of KD, clinically apparent myocarditis
is less common. Of the nine subjects with low tmDC,
four had left ventricular ejection fractions < 60% with
recovery to > 65% in the subacute phase (data not shown).
Subjects with normal or high numbers of circulating tmDC
had normal ejection fractions throughout their clinical
course.

The cell characterization by flow cytometry of a rep-
resentative patient with normal and low numbers of tmDC
is shown in Fig. 2a. We gated on CD11c*CD11b*CD14*
cells and looked at the co-expression of ILT-4 and CDA4.
Of note, the majority of tmDC were mature and activated,
as evidenced by their expression of CD86 (Supporting
information, Fig. S1). These tolerogenic innate cells, unique
in pediatric subjects, control the activation of proinflam-
matory mDC, which may explain why their deficiency in

© 2020 The Authors. Clinical & Experimental Imnmunology published by John Wiley & Sons Ltd on behalf of British Society for
Immunology, Clinical and Experimental Inmunology, 202: 263-272
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Fig. 2. Tolerogenic myeloid dendritic cells (tmDC) in acute Kawasaki disease (KD) subjects. To study innate immune regulation in KD subjects,
CD11¢*CD11b*CD14*CD4" immunoglobulin-like transcript-4 (ILT-4)* tmDC) were enumerated by flow cytometry. tmDC < 6% of total peripheral
blood mononuclear cells (PBMC) were considered to be below the normal range. (a) Representative fluorescence activated cell sorter (FACS) plots and
gating strategies of KD subject 15 with normal tmDC and KD subject 10 with low tmDC. Percentage of CD11c¢*CD11b* population in total PBMC is
shown on the left panel. Next, CD14 expression was determined on gated double-positive CD11c*CD11b* populations (middle panel) followed by
CD4*ILT-4" expression gated on CD11c*CD11b*CD14" cells (right panel). (b) Percentage of CD11¢*CD11b*CD14*CD4*ILT-4* tmDC in total
PBMC from 17 KD subjects. The data are shown as a scatter-plot with median and interquartile range. Subject numbers (Table 1) are shown with the
percentage of PBMC in parentheses. White circle = KD subjects with normal tmDGC; black circle = KD subjects with low tmDC; grey circle = KD

subjects with low tmDC showed lymph node first’ presentations.
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(Fig. 4c). The mean fluorescence intensity (MFI) of IL-7R
on CD4'IL-7* suggested comparable IL-7R expression at
a single-cell level (Fig. 4c). Of note, among the patients
with numerous CD4'IL-7R* T cells, only subjects 5 and
6, who developed aneurysms, showed higher numbers of
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Fig. 3. Macrophages in acute Kawasaki disease (KD) subjects. The
percentage of CD11¢"CD11b*CD14* macrophages in total peripheral
blood mononuclear cells (PBMC) is shown as a scatter-plot with
median and interquartile range. Subject numbers (Table 1) are shown
with the percentage of PBMC in parentheses.
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Fig. 4. CD4* and CD8" T cells and their expression of interleukin-7 receptor (IL-7R) in acute Kawasaki disease (KD) subjects. The percentages of
helper CD4* T cells (a) and cytotoxic CD8* T cells (b) in total peripheral blood mononuclear cells (PBMC) are shown as scatter-plots with median

and interquartile range. Subject numbers (Table 1) are shown with the percentage of PBMC in parentheses. We also measured the expression of the

IL-7R on CD4* and CD8" populations to explore possible continuous stimulation by antigens. Correlations of the percentage of IL-7R* (left panel) or
the expression level of IL-7R [right panel, shown as mean fluorescence intensity (MFI)] with CD4" (c) and CD8* T cells (d) are shown.

CD8* cytotoxic T cells in circulation (Fig. 4b). These two
patients developed aneurysms and were IVIG-resistant
(Table 1). The serum levels of IL-6 were high compared
to others in the cohort (Supporting information, Fig. S3).
As an example of the very diverse T cell response, subject
3 had fewer than 6% of CD8" T cells, in sharp contrast
to CD4" T cells, that were 34-9% of PBMC and rapidly
expanding. This patient was older, had clinically apparent
myocarditis and had high numbers of mDC and low
numbers of tmDC in circulation. The only subject with
very high CD8* T cells (subject 10) had very few tmDC
in circulation (Figs. 2 and 4). Of interest, the percentage
of CD8" T cells that expressed the IL-7R was fewer than
CD4" T cells (Fig. 4b). The MFI suggested modest increas-
ing of IL-7R expression at single cell level on CD8" T
cells (Fig. 4d).

Lymphopenia involving CD4* and CD8" T cells was
very pronounced in subjects 4, 8 and 14 (Table 1, Fig.
4). Subject 4 was an older patient with high mDC, low
tmDC and clinically significant myocarditis. The enu-
meration of recently activated DR* T cells was similar
in all the subjects studied, regardless of their circulating
T cell numbers or phenotype (Supporting information,
Fig. S4).

Regulatory T cells (T,,) in circulation are
predominantly natural thymic-derived T,

T, were defined as peripherally induced (iT,,,) or natural
T, (nT,,) by the presence (iT,,) or absence (nT,) of the
IL-7R [11-13] (Fig. 5). We enumerated CD4*CD25"8" T,
in circulation and found a scattered distribution ranging
from 0-01 to 1-5% of total PBMC, which was similar to
healthy pediatric controls (Fig. 5b, Supporting information,
Fig. S2C). Only subject 2, with elevated hepatobiliary enzymes
and high mDC, had a large expansion of nT,, in circula-
tion. The IL-7R was not expressed on the majority of T,
which confirms an nT,,, phenotype (Fig. 5b). These results
are consistent with our previously published data that the
majority of T, in circulation in acute KD are nT,.

Enumeration of NK cells and NK T cells

NK cells defined by the expression of CD56 were present
within the normal range for children (< 15% of PBMC)
in 15 of 17 subjects. Two subjects (3 and 10) had high
numbers of NK in circulation (Fig. 6). Both subjects had
low left ventricular ejection fractions and low tmDC. The
NK T cells (CD4"CD56%) were present within normal
ranges from 0-1 to 12% of PBMC (Fig. 6).
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Fig. 5. Thymic-derived and peripherally induced CD4*CD25"8h regulatory T cells (T, in acute Kawasaki disease (KD) subjects. To study regulation

by the adaptive immune system in KD subjects, we measured CD4*CD25"sh T, in total peripheral blood mononuclear cells (PBMC) and the

expression of interleukin-17 receptor (IL-7R) to identify thymic-derived (IL-7R") and peripherally induced (IL-7R*) T

(a) Representative

reg*

fluorescence activated cell sorter (FACS) plots of thymic-derived and peripherally induced T, , from KD subject 10. Percentage of CD4*CD25high T
in total PBMC and IL-7R expression is shown. (b) Percentage of CD4*CD25"sh T, in total PBMC from the 17 KD subjects. Subject numbers
(Table 1) are shown with the percentage of of PBMC or T, in parentheses. (c) Percentage of CD4*CD25"sh T, expressing IL-7R (peripherally

induced T,,). The data are shown as scatter-plots with median and interquartile range.

Discussion

We report here the characterization of the innate and
adaptive immune response in acute KD patients with the
goal of defining patterns of host response. Surprisingly,
the patterns varied greatly across the cohort, but certain
innate response motifs were identified that corresponded
to clinical subphenotypes. Although KD is often concep-
tualized as a monomorphic disease, it may be more accurate
to characterize it as a syndrome with subtle variation
among clinical subgroups. No single immune response
pattern emerged, and there was no obvious association
with age, sex, race or illness day in our small cohort.
This led us to consider whether these disparate patterns
of immune response reflected exposure to different anti-
genic stimuli.

The innate immune monitoring included the enumera-
tion of mDC that play an important role in human vascular
inflammation [14] and tmDC, a pediatric DC population
with potent immune regulatory functions [6]. These two

© 2020 The Authors. Clinical & Experimental Inmunology published by John Wiley & Sons Ltd on behalf of British Society
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innate populations were more clearly linked with clinical
subgroups, in contrast to the T cell populations that showed
no specific pattern. Only older children showed high num-
bers of mature mDC in circulation, and this hallmark
correlated with a severe inflammatory phenotype.
Conversely, tmDC deficiency was strongly associated with
enlarged cervical lymph nodes at presentation, which sup-
ports the important role of tmDC in the regulation of
other innate cells in secondary lymphoid organs. These
different clinical phenotypes may suggest different antigenic
exposures, which is supported by the lack of correlation
between the mDC and T cell patterns. In particular, dif-
ferent T cell lineages were circulating in different percent-
ages in the cohort. T cells play an important role in KD
pathogenesis, in particular CD8" cytotoxic T cells, docu-
mented by histological examination of KD autopsy tissue
in the arterial wall [15-17]. Similar findings have been
replicated in the Lactobacillus caseii murine model of KD
[18]. We enumerated CD4" and CD8" T cell populations
and looked for evidence of continuous or repeated antigenic
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(Table 1) are shown with the percentage of PBMC in parentheses.

stimulations by measuring the expression of the IL-7R on
the cell surface. IL-7 maintains the survival and homeostasis
of naive T cells and the development of T cell memory
under repeated TCR stimulation [10]. CD4* T cells were
in the normal and low range. Surprisingly, only three patients
showed a significant CD8" lymphocytosis, and two of these
were the patients with the largest coronary artery aneu-
rysms. CD4'IL-7R* T cells were numerous, but not
CDS8'IL-7R* T cells, which suggested that the antigenic
stimulus for the CD4" T cell population was still present
at the time of diagnosis. The lack of IL-7R expression on
CD8" T cells could be related to the fact that CD8" T
cells undergo apoptosis after TCR engagement, suggested
by the expression of the activation marker DR and killing
of their targets. CD8" T cells could, in fact, have been
stimulated prior to the acute symptoms. T cell numbers
and phenotype showed no specific patterns in relation to
the innate immune cell populations. Three subjects were
profoundly lymphopenic, possibly suggesting a viral expo-
sure, but there was no obvious clinical pattern that linked
these three subjects. None had associated symptoms sug-
gestive of a viral gastrointestinal or upper respiratory tract
infection, but formal viral testing was not performed.

Only one subject (subject 2) had high circulating num-
bers of nT,,. This patient had high numbers of mDC
and presented with elevated hepatobiliary enzyme levels.
nT,, play an important role in the resolution of acute
inflammation in KD, and this population expands dra-
matically after treatment with IVIG [19,20].

Natural killer cells were high in two subjects: one with
clinical myocarditis, high mDC and very low CD8* T cells
in circulation and one with very high numbers of CD8*
T cells in circulation and low tmDC. Once again, these

results point to the possibility that there are diverse antigenic
stimuli that activate different efferent arms of the immune
response. Much attention has been given to NK T cells in
vascular inflammation [21]. They are a unique subset of T
cells whose function is more aligned with the innate immune
response. They secrete both proinflammatory and regulatory
lymphokines, and they target lipid antigens [22]. Our analysis
suggests that NK T were not relevant in the response to
antigens during the acute phase of KD.

We recognize both strengths and limitations to our
study. This is the first characterization, to our knowledge,
of aspects of the innate and adaptive immune response
in KD children with detailed phenotyping that reflects
the current understanding of circulating immune cell
subpopulations. These results are relevant, given the pos-
sible role of SARS-CoV-2 as one of many triggers for
the vascular inflammation as seen in acute KD. Although
all subjects shared a diagnosis of KD, we did not perform
molecular testing for concomitant viral respiratory patho-
gens that are common in children during the winter
months. Thus, T cell populations could have been skewed
by response to an antecedent viral infection that preceded
KD but had lasting effects on the T cell repertoire. In
addition, the cohort of patients was small and cytokine
levels were only measured in a subset, which precluded
any robust statistical conclusions. Other cells that clearly
participate in the acute response in KD including neu-
trophils and platelets were not studied.

Conclusion

The diversity of the innate and adaptive immune responses
in acute KD subjects raises the possibility that different
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antigenic triggers lead to expression of the clinical syn-
drome that we recognize as KD.
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Fig. S1. CD86 expression on different myeloid cell popula-
tions. The activation and maturation of different myeloid pop-
ulations was determined by measuring CD86 expression on
CDl1l1c¢* CD11b* CD14- mDC (a), CD11c¢* CD11b* CD14*
CD4* ILT-4" tmDC (b), and CD11¢c- CD11b* CD14" macro-
phages (c). Subject numbers (Table 1) are shown with the %
of CD86" cells in the specific cell populations in parentheses.

Fig. S2. Characterization of innate and adaptive immune
cell repertoire in healthy pediatric controls. (a) Enumeration
of CD11c* CD11b* CD14- mDC out of PBMC (left panel)
and maturation stage measured by CD86 expression (right
panel). (b) Enumeration of CD11c* CD11b* CD14* CD4*
ILT-4* tmDC (left panel) and maturation stage measured by
CD86 expression (right panel). (c) Enumeration of CD4" T

cells, CD8* T cells, and CD4* CD25Mg" Treg in total. The
data are shown as scatter plots with median and interquartile
range.

Fig. S3. Plasma IL-6 and TNFa levels in acute KD sub-
jects. IL-6 and TNFa from six acute KD subjects (subjects
#3, 5, 6, 7, 8, and 15) were measured by multiplex ELISA.
Each bar indicates the data derived from a single subject.
Immunophenotyping results are shown for each patients
below the cytokine levels.

Fig. S4. HLA-DR expression on T cells. Recently activated
CD4* (a) and CD8" (b) T cells were identified by the surface
expression of HLA-DR. The correlation between the expres-
sion levels of HLA-DR (shown as MFI) and the percent of
CD4* and CD8" T cells is shown (right panel).
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