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Abstract

The precise pathogenesis of Kawasaki disease remains unknown. In an attempt to elucidate the pathogenesis of KD through the analysis of
acquired immunity, we comprehensively examined the immunophenotypic changes in immune cells such as lymphocytes and monocytes
along with various cytokines, focusing on differences between pre- and post- treatment samples. We found high levels of CXCL9 and CXCL10
chemokines that decreased with treatment, which coincided with a post-treatment expansion of Th1 cells expressing CXCR3. Our results show
that the CXCL10-CXCR3 axis plays an important role in the pathogenesis of KD.
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regulatory T cell.

Introduction

Kawasaki disease (KD) is an acute vasculitis in children that is
accompanied by signs of systemic inflammation such as fever
and erythema [1]. Despite extensive research, the cause or
precise pathogenesis of KD remains unknown. Many studies
have depicted elevated levels of inflammatory cytokines such
as TNF-a and IL-6 [1, 2], and other studies have found that
innate immune cells, such as neutrophils and monocytes, play
a central role in the pathogenesis of KD [3, 4]. However, sev-
eral studies have depicted the changes in acquired immunity
during the course of KD, such as an expansion of certain
subsets of follicular helper T cells (Tfh) [5] and an increase
in regulatory T cells (Treg) after treatment [6]. In an attempt
to elucidate the pathogenesis of KD through the analysis
of acquired immunity, we comprehensively examined the
immunophenotypic changes in immune cells such as lympho-
cytes and monocytes along with various cytokines, focusing
on differences between pre- and post- treatment. We found
that elevated CXCL10 levels decreased with time and coin-
cided with an increase in CXCR3-positive cells, suggesting an
important role of the CXCL10-CXCR3 axis in the pathogen-
esis of KD.

Material and Methods

Subjects

Patients newly diagnosed with KD based on established
criteria [7] were enrolled after obtaining informed consent
from their guardians. Patients were treated according to the
physician’s choice, which mainly involved aspirin and intra-
venous immunoglobulin therapy (IVIG) with or without
glucocorticoid steroids [8] (Table 1). Clinical features were
collected from medical records. Coronary artery lesions
(CAL) were defined as having an internal diameter Z-score
of > 2.5, measured by echocardiography. Whole blood was
collected in ethylenediamine tetra-acetic acid (EDTA) Na2-
coated tubes, and 0.5 ml was used for flow-cytometric ana-
lysis after red blood cell lysis, while plasma was obtained
from the remaining 1.5 ml by centrifugation and stored at
-80°C for cytokine analysis.

Blood samples were obtained at several time points; the
acute phase prior to first-line treatment (TP1), the convales-
cent phase, generally 2-3 days after treatment (TP2), and the
recovery phase, generally 1 week after treatment (TP3).

This study was approved by the institutional review board
of University of Tsukuba Hospital (H29-310).
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Table 1. Characteristics of patients with Kawasaki disease (n = 47)

Age (years, median) 1.79 (range 0.25-6.42)

27120

5 +0.78 (range 3-6)
3.0 £ 1.77 (range 0-8)
5.0 £1.58 (range 2-10)

Sex (male/female)

Number of major symptoms (median = SD)
RAISE score (median = SD)

Duration of fever at treatment (days, me-

dian = SD)
Patients treated with aspirin 45
Patients treated with IVIG 43
Patients treated with PSL 2
Refractory to 1st line treatment 7
Patients with CAL 4

CAL = coronary artery lesions, IVIG = intravenous immunoglobulin,
PSL = prednisolone, RAISE = Randomized controlled trial to Assess
Immunoglobulin plus Steroid Efficacy for Kawasaki disease.

Cytokine analysis

Plasma cytokines (IL-1pB, IL-6, TNFa, MCP-1, IL-4, IL-10,
IL-2, IL-12p70, IFNy, MIG (CXCL9), IP10 (CXCL10), and
eotaxin (CCL11)) were measured using the Cytometric Beads
Assay (Becton Dickinson, Franklin Lakes, NJ, USA). Samples
were processed according to the manufacturer’s instructions,
acquired with a BD LSR Fortessa flow cytometer (Becton
Dickinson), and analyzed using FCAP array software (Becton
Dickinson).

Flow cytometric analysis

Whole blood samples were stained with a panel of antibodies
described separately (Table S1). After staining for 15 min in
room temperature, the samples were lysed and fixed using
the TQ-Prep Workstation (Beckman Coulter Inc, Tokyo,
Japan). After washing twice, cells were acquired using a BD
LSR Fortessa flow cytometer, and data were analyzed using
Flow]o software version 10.6.2, (Becton Dickinson). The ab-
solute number of each leukocyte subset was calculated by
multiplying the percentages of the designated subsets and the
leukocyte or lymphocyte count obtained from medical re-
cords. The normal values for each cell population are previ-
ously described [9, 10].

T-cell receptor repertoire analysis

T cell receptor (TCR) VB repertoire analysis was performed
using the IOTest Beta Mark kit (Beckman Coulter Inc., South
Kraemer Boulevard, CA, USA) which contains 24 monoclonal
antibodies identifying ~70% of the TCR repertoire (Table
S1). Whole blood samples were additionally stained with
antibodies for surface antigens to analyze the TCR repertoire
among specific T-cell subtypes. All samples were processed
using the TQ-prep Workstation, acquired with a BD LSR
Fortessa flow cytometer, and analyzed with Flow]Jo software.

Statistical analysis

Data were analyzed statistically using the Mann—Whitney
U-test, or the Student’s #-test when indicated. Calculations
were performed using SPSS software ver 28.0 (IBM Inc, N,
USA) or GraphPad Prism software ver 8.0 (SanDiego, CA,
USA).
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Results

Clinical features of patients

Forty-seven patients diagnosed with KD were enrolled in the
study. The median age for all patients was 1.7 years, and the
male/female ratio showed a slight predominance in males. For
first-line treatment, 43 patients were treated with IVIG, of
which 2 patients were treated with additional prednisolone.
Seven patients were refractory to first-line treatment and 4
patients developed CAL (Table 1). TP1 samples were avail-
able for 40 patients, TP 2 samples were available for 43 pa-
tients, and TP3 samples were available for 36 patients. The
median interval between TP1 and TP2 was 2 days, and the
interval between TP1 and TP3 was 5 days (Table S1).

High levels of plasma chemokines which decreased
with treatment

Cytokine levels were compared between TP1, TP2, and TP3
using the cytometric beads assay method. Pro-inflammatory
cytokines such as IL-6 and MCP-1 were elevated at the acute
phase (TP1), and decreased after treatment (TP2 and TP3).
This trend was also true for Th1-cytokines (IL-12p70, IFNYy)
and CXCR3-ligand chemokines (MIG (CXCL9) and IP10
(CXCL10)). As for Th2 cytokines, a similar trend was ob-
served for eotaxin (CCL11) but not for IL-4 (Figure 1).

Flow cytometric analysis revealed expansion of
circulating CXCR3-positiveT cells

Multiple leukocyte subsets were evaluated by flow cytometry,
and statistically analyzed by comparing values from post-
treatment samples (TP2, TP3) versus pre-treatment samples
(TP1) (Table 2). Five separate panels of antibodies were used.

Panel PBMC focuses on the major leukocyte subsets, such
as lymphocytes, monocytes, CD3* T cells, CD19* B cells, and
CD56* NK cells. When comparing TP3 with baseline (TP1),
a significant recovery of total lymphocytes was observed,
but this increase was observed across all lymphocyte subsets
without any difference in the ratio of T/B/NK (Table S3). On
the contrary, monocytes decreased right after treatment but re-
covered at TP3. When focusing on monocyte subpopulations
after treatment, there was a decrease in CD14*CD16* inter-
mediate and CD149"CD16* non-classical monocytes, while
there was no significant change in CD14*CD16- classical
monocytes.

Panel T1 focuses on T-cell subsets, such as CD4* helper
T (Th) cells, CD8* cytotoxic T (T¢) cells, and more detailed
subpopulations. There were no significant findings in Th/T¢c
ratio, naive/memory T-cell ratio, or TCRaf*/TCR¥d* T-cell
ratio at baseline (TP1). No expansion of activated Th or Tc
cells was observed at baseline. No differences associated with
treatment were observed in the rate of naive/memory T cells,
TCRofB/TCR¥d* T cells, or CD38*HLA-DR*-activated T
cells, with the exception of a slight recovery of activated Tc
cells, double-negative T cells, and effector Th cells at TP3.

Panel T2 focuses on memory Th-cell subpopulations,
such as CD25*CD127" regulatory T (Treg) cells, type 1
helper T (Th1) cells, type 2 helper T (Th2) cells, and type
17 helper T (Th17) cells, each designated as CXCR3*CCR6
CD45RO* Th cells, CXCR3-‘CCR6°CD45RO* Th cells, and
CXCR3'CCR6*CD45RO" Th cells, respectively. A signifi-
cant expansion of Tregs was observed after treatment at
TP3, although there was no change in the composition of
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Figure 1. Results of representative plasma cytokines assessed by the cytometric beads assay. The values were compared between each time point.
All measurements are in picagram per milliliter. Note that the value ranges differ greatly for each cytokine. The results for all cytokines are shown in

Supplementary Table S2. *P < 0.05.

type 1-, type 2-, or type 17-Tregs (Supplementary Table
S3). Although the proportion of naive/memory T cells
did not change with treatment, within the memory T-cell
population, there was a significant expansion of Thl
cells after treatment, along with an expansion of type 1
(CXCR3*CCR67) Tc cells, cells both positive for CXCR3
which is a chemokine receptor that binds to CXCL9 and
CXCL10 (Figure 2).

Panel B focuses on various B-cell subpopulations. There
were no major findings in B-cell subpopulations, with the
exception of a slight expansion of IgD* memory B cells and
naive B cells after treatment.

Panel MDSC focuses on myeloid-derived suppressor cells
(CD11b*CD33*HLA-DR-lin-CD45+ cells), which are known
to have an immunosuppressive role in various tumors or in-
flammatory conditions. The number of MDSCs at baseline
was comparable to previously published normal controls
[11]. There was a decrease in the number of MDSCs at TP2
compared to TP1, but no significant difference was observed
at TP3 (Table 2).

No expansion of specificT-cell receptor
subpopulation observed by repertoire analysis.
Flow cytometry-based TCR V beta repertoire analysis was
available for seven TP1 samples. No TCR repertoire skewing
was observed in Th cells, and there was no significant expan-
sion of any specific V beta subpopulation compared to previ-
ously published controls [12]. The same trend was observed
for repertoire analysis within other Th subpopulations, such
as CD45RO* memory Th cells and Th1 cells (Figure 3).

Discussion

Kawasaki disease is a form of systemic vasculitis charac-
terized by highly elevated levels of inflammatory cytokines,
such as TNF-q, IL-6, and MCP-1. The detailed pathogenesis
of KD still remains to be revealed, but the mainstream theory
is a hyper-inflammatory response evoked by non-specific en-
vironmental triggers, attenuated by underlying host factors.
Extensive research into the pathogenesis of KD has iden-
tified innate cells such as neutrophils and monocytes to
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Table 2. Results of flow cytometric analysis
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TP1 TP2 P-value (vs TP1) TP3 P-value (vs TP1)
Panel PBMC  Lymphocytes (/pl) 3078.6 2790.2 0.872 4641.0 0.002
Monocytes (/pl) 392.5 201.0 <0.001 275.9 0.053
CDS56* cells (/pl) 166.0 117.6 0.333 236.1 0.029
CD3* cells (/pl) 1668.7 1870.8 0.375 2559.3 0.013
CD19* cells (/nl) 930.2 799.6 0.554 1319.9 0.025
Classical monocytes (/pl) 118.9 85.5 0.11 138.3 0.857
Intermediate monocytes (/ul) 25.2 12.3 0.008 13.3 0.149
Nonclassical monocytes (/ul) 14.3 51 0.004 4.5 0.002
Panel T1 CD4* CD3*(Th) cells (/ul) 982.0 1271.6 0.564 1493.1 0.258
CD8*CD3*(T¢) cells (/nl) 479.5 411.4 0.902 545.3 0.081
CD38*HLADR?* (activated Th) cells (/nl) 15.8 13.9 0.731 20.5 0.153
Recent thymic emmigrants (CD31*CD45RA*Th) (/pl)  692.1 954.3 0.334 1044.8 0.278
CD38*HLADR" (activated Tc) cells (/ul) 7.0 8.2 0.141 18.2 0.007
TCRaf* cells (/pl) 1643.2 1750.0 0.771 2033.0 0.157
TCR¥6* cells (/ul) 62.1 65.5 0.693 98.0 0.131
CD4CD8 TCRaf*cells (double-negative cells) (/ul) 18.5 17.5 0.683 28.7 0.022
Central memory Th cells (/pl) 93.2 79.6 0.128 94.7 0.322
Effector Th cells (/pl) 72.6 82.9 0.202 153.9 0.017
effector memory Th cells (/pl) 84.7 96.4 0.655 141.8 0.019
Naive Th cells (/pl) 610.8 799.9 0.771 1398.9 0.018
Central memory Tc cells (/pl) 10.8 11.7 0.609 14.7 0.172
Effector Tc cells (/pl) 50.6 41.4 0.851 61.7 0.271
Effector memory Tc cells (/pl) 31.0 17.7 0.573 43.1 0.096
Naive Tc cells (/ul) 271.9 280.6 0.861 350.3 0.198
Panel T2 CD25*CD127% (Treg) cells (/ul) 44.6 70.5 0.079 80.0 0.012
CD45RO" (naive Th) cells (/ul) 711.4 986.1 0.166 1147.7 0.062
CD45RO* (memory Th) cells (/ul) 142.2 185.7 0.964 206.9 0.098
CXCR3*CCR6-CD45RO*(Th1) cells (/ul) 28.4 51.0 0.088 68.1 <0.001
CXCR3'CCR6-CD45RO*(Th2) cells (/ul) 103.5 106.5 0.228 113.0 0.955
CXCR3'CCR6*CD45RO*(Th17) cells (/ul) 11.5 14.2 0.406 19.3 0.003
CXCRS5*CD45RO*(Tfh) cells (/ul) 45.2 441 0.881 53.1 0.427
PD1+ Tth cells (/ul) 25.1 26.9 0.708 24.8 0.649
CXCR3*CCR6(type 1) Tc cells (/ul) 40.5 116.7 0.073 232.4 <0.001
CXCR3CCR6(type 2) Te cells (/pl) 8.4 7.3 0.053 13.1 0.443
CXCR3-CCR6*(type 17) Tc cells (/pl) 279.0 228.6 0.214 247.7 0.804
Naive Tc (/ul) 249.2 335.9 0.908 445.9 0.35
Memory Tc (/pl) 64.2 51.8 0.386 95.5 0.006
Panel B IgD*CD27* (IgD memory) cells (/pl) 22.4 26.7 0.139 46.2 <0.001
IgD"CD27* (switched memory) cells (/pl) 39.1 27.6 0.083 49.4 0.238
IgD*CD27- (naive B) cells (/pl) 695.7 573.7 0.591 997.8 0.009
CD38+*CD10* (transitional B) cells (/ul) 34.6 43.8 0.946 71.0 0.049
CD21"(T1) cells (/pl) 22.2 23.2 0.819 41.6 0.154
CD21% (T2) cells (/ul) 7.1 10.4 0.727 18.4 0.015
CD38MCD27+ (plasmablasts) (/pl) 2.6 33 0.361 5.0 0.032
IgM*IgD*CD27* (IgM memory) cells (/nl) 5.3 4.9 0.909 5.9 0.3
CD38-CD21P cells (/pl) 24.3 13.6 0.058 35.3 0.355
Panel MDSC  CD11b*CD33*HLA-DR-lin- cells (MDSC) (/pl) 125.355 28.4229 <0.001 62.241 0.059

All measurements are in median.

play a central role in KD [1, 13], while the role of acquired
immunity remains unknown. Past studies have proposed the
role of certain T-cell subsets such as activated Tc cells [14] or
Tregs [6], but a comprehensive view including vast immune
cell subtypes and cytokines/chemokines remains in need.
Thus, in order to elucidate the role of acquired immunity
in KD, we performed a comprehensive analysis of various

immune cells and cytokines using pre- and post-treatment
samples.
A previous study showed that CXCL10, a chemokine

which binds to CXCR3 was elevated in patients with KD
and could be used to discriminate patients from other febrile
conditions with high accuracy [15]. However, in the study
by Ko et al., the expression of CXCR3 on circulating CD3*
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Figure 2. A representative plot for flow cytometric analysis of CXCR3*CCR6-Th1 cells and CXCR3* Tc cells from a patient analyzed at TP1, TP2, and
TP3. On the upper row, cells are gated on CD45RO*CD4+*CD3* memory Th cells, and on the bottom row, cells are gated on CD3*CD4- Tc cells.

cells was paradoxically downregulated, which was discussed
as recruitment of CXCR3* cells to the site of inflammation.
Our results strongly support this theory, since we observed a
large treatment-induced decrease in CXCL10 along with an
increase in CXCR3 + cells in post-treatment samples. Another
study by Xu et al. observed an increase in Th1-type follicular
T cells (Tfh1) and a decrease in Th2-type follicular T cells
(Tfh2) after treatment in patients with KD [5]. Although
the authors focused on different populations within the Tfh
subset, we have reason to believe that their results reflect the
changes in overall Th1/Th2 populations, since their definition
of Th1/Th2 phenotype was the same as ours. However, we do
not have enough pathological evidence to prove that the ob-
served increase in circulating CXCR3* cells lead to the devel-
opment of coronary arteritis, and it is important to note that
the majority of cells infiltrating the perivascular area in KD
are macrophages and neutrophils, with only a few lympho-
cytes [16]. Furthermore, oxidized LDLs, which are associated
with coronary lesions in KD [17, 18], are known to dampen
Th1 responses [19]. Therefore, further studies are needed to
clarify the accumulation of CXCR3* cells in the perivascular
area and their role using KD models.

In our study, we defined Th1 cells as CXCR3*CCR6" memory
T cells on the basis of surface markers [20], and not the trad-
itional definition of IFNY positivity by intracellular staining.
We observed an increase of Th1 cells from TP1 to TP2 and
TP3, along with a decrease in CXCL10 and CXCL9. These
cytokines are ligands for CXCR3 and are secreted by several
cell types including monocytes, fibroblasts, dendritic cells,

and endothelial cells. These kinetics support the theory that
the CXCL10-CXCR3 axis plays an important role in KD and
that after treatment with IVIG, the decrease in cytokine levels
lead to a return of CXCR3* cells into the circulation (Figure
4). However, it is also possible that the CXCL10-CXCR3 axis
functions primarily in endothelial cells rather than circulating
lymphocytes, since the CXCR3-B isoform is primarily ex-
pressed by endothelial cells in humans and is known for its
antiangiogenic properties [21], which may lead to endothelial
cell apoptosis and ultimately, coronary artery aneurysms. The
notion that chemokines attract certain effector cells, such as
Th1 cells and pulls them out of the circulation may explain
the paradoxical phenomenon in which Th1 cells contribute to
the pathogenesis of a disease, but are decreased in peripheral
blood. For example, circulating Th1 cells are decreased in pa-
tients with Multisystem Inflammatory Syndrome in Children
(MIS-C) [9, 22], although Th1 immunity is thought to play a
central role in their pathogenesis [22, 23]. It is interesting to
observe that CXCL9 and CXCL10 are also elevated in MIS-C
[24], which may serve as a clue to why KD and MIS-C display
overlapping symptoms.

Regulatory T cells (Treg) are known to increase in the
circulation after IVIG treatment in patients with KD [6],
although the mechanism is poorly understood. From our
results, we initially speculated that the increased frac-
tion of Tregs would be Th1-type CXCR3*Tregs. However,
we did not observe any difference in the proportion of
CXCR3*CCR6°Tregs between TP1 and TP2 or TP3 (Table
S3), suggesting that the increase in Tregs is mediated by
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Figure 3. Flow cytometry-based TCR repertoire analysis for Th cells (A), memory Th cells (B), and Th1 cells (C), all from TP1 samples (n = 7). For each
T-cell population, the mean values for each TCR subtype were compared to previously published control Th cells [12] (D, n = 46) using the t-test. There

were no significantly expanded TCR subtypes compared to controls.

- KD trigger : : .

Perivascular
space

Monocyte/
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£ Dendritic
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CXCR3
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Type 1
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Type 1
(CXCR3")
cytotoxic T
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Figure 4. A schematic illustration of the proposed mechanism of the CXCL10-CXCR3 axis in KD. (A) During the acute phase, an unknown environmental
trigger stimulates innate cells such as monocytes/macrophages, dendritic cells, and endothelial cells (not shown) to produce CXCL10 and other CXCR3
cytokines, possibly attracting CXCR3-positive Th1 cells and type 1 Tc cells into the perivascular area. (B) After treatment with IVIG with or without
steroids, cytokine production decreases and thus the CXCR3-positive cells are released into the circulation.

a CXCR3-independent
miRNAs [25].

MDSCs are myeloid cells with immunosuppressive poten-
tial, and are receiving attention in the field of various patho-
logical conditions such as cancer or infections. Although
this was the first study focusing on MDSCs in the setting of
KD, we could not find a significant role, since the number

mechanism, perhaps involving

of MDSC:s at baseline were comparable with previously pub-
lished normal controls.

Although previous studies have confirmed that there are
no specific TCR subtypes that are expanded in KD [26], we
initially speculated that we may observe skewing in TCR
repertoires if we focused on T-cell subpopulations that may
play a central role in KD. However, when focusing on Th
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cells, CD45RO* memory Th cells and Th1 cells, we could
not detect any TCR subtype that was significantly expanded
compared to previously published controls [12]. These re-
sults are in line with previous reports denying the role of
superantigens or any specific single antigen in the pathogen-
esis of KD.

In summary, we performed a comprehensive analysis of
plasma cytokines and immune cells in KD pre- and post-
treatment samples. We found high levels of CXCL9 and
CXCL10 chemokines that decreased with treatment, which
coincided with a post-treatment expansion of CXCR3* cells
such as Th1 and type 1 Tc cells. Our results show that the
CXCL10-CXCR3 axis plays an important role in the patho-
genesis of KD. Further analysis of CXCR3* cells in coronary
artery samples using KD models are warranted.

Supplementary data

Supplementary data is available at Clinical and Experimental
Immunology online.
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