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Abstract
Kawasaki disease (KD) is a pediatric self-limited vasculitis characterized by immune-mediated
destruction of the arterial wall and myocardium. Neither the trigger that incites the inflammation nor
the switch that turns it off is known. To further our understanding of KD pathogenesis and the role
of regulatory T-cells in modulating the inflammatory response, we studied circulating effector
memory T-cells (CCR7− and IL-15+ Tem) and central memory T-cells (CCR7+ and IL-15+ Tcm) in
six KD subjects. In two of the subjects, we cloned the remaining T-cell population by limiting
dilution. TaqMan analysis of Tem studied in two KD subjects suggested that Tem are pro-
inflammatory CD4+ T-helper 1 cells and CD8+ cytotoxic T-cells. Following memory T-cells over
time, we defined that circulating Tem and Tcm are detectable during the acute phase in some KD
subjects before treatment with intravenous immunoglobulin. Both Tem and Tcm expand rapidly within
2 weeks of treatment. The circulating Tem pool contracts, while Tcm further proliferate in the
convalescent phase. Following depletion of memory T-cells, numerous T-cell clones were derived
from two acute KD subjects. The large majority of these T-cells displayed the functional phenotype
of peripherally induced regulatory T-cells (Treg). These findings provide insight into the nature and
kinetics of the adaptive immune response in KD.
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Introduction
Kawasaki disease (KD) is a pediatric vasculitis that is the most frequent cause of acquired heart
disease in children in the United States and Japan [1]. Its etiology is unknown and many details
of the immune response have not been characterized, although all arms of the immune system
are involved [2]. Genetic association and linkage studies have identified polymorphisms that
influence susceptibility to disease and outcome [3–5]. Among these is a functional
polymorphism in the inositol 1,4,5-triphosphate 3-kinase (ITPK) C gene that influences T-cell
activation and IL-2 production through the calcineurin–NFAT pathway [6]. This and other
studies suggest that genetic variation in immune response pathways is important in the
pathogenesis of KD.
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Few functional studies have addressed the role of different T-cell populations in acute KD.
With respect to adaptive immunity, pro-inflammatory T lymphocytes including CD8+
cytotoxic T-cells (CTL) and CD4+ T-helper 1 (Th1) cells clearly participate in the transmural
infiltration of the coronary arterial wall based on autopsy studies of children dying during the
acute phase [7]. However, functional T-cell studies cannot be performed on these fixed tissues
and no previous work has addressed the function of peripheral T-cell clones in these patients.

The self-limited nature of KD suggests that regulatory T-cells (Tregs) 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.

Tregs limit the expansion and mitigate the deleterious effects of pro-inflammatory T-cells by
restoring immune tolerance to self-antigens and alloantigens in a variety of immune-mediated
conditions, including autoimmune diseases and allograft rejection [8,9]. Two Treg populations
have been recently described. One is derived from the thymus during fetal life and is termed
natural Tregs [10–13]. A second Treg population, peripherally induced Tregs, arises from naïve
T-cells under appropriate conditions (i.e. transforming grow factor (TGF)-β) [14,15] and
repeated antigenic stimulation [16]. The relative importance of these two Treg subsets in
controlling pediatric inflammatory conditions is unknown and has not been studied in KD.

To address the role and the origin of circulating Tregs in KD, we defined the phenotype and
function of peripheral T-cell clones in two acute KD subjects studied before administration of
intravenous immunoglobulin (IVIG).

There are several challenges to study the immune response in KD patients. First, because the
cause of KD remains unknown [1], there is no antigen-specific system with which to study T-
cell function in these patients. Second, tissue-infiltrating T-cells (TIL) in the arterial wall are
not accessible for study.

Due to these limitations, we analyzed circulating effector memory T-cells (Tem) and central
memory T-cells (Tcm) [17–19] by flow cytometry to capture the pathogenic T-cell population
heading toward tissues responding to the pathogenic trigger(s) and then cloned the remaining
T-cells by limiting dilution to characterize their phenotype and function. Tem and Tcm were
followed over time in acute, subacute, and convalescent KD subjects. These studies have
provided new insights into the immunologic response and its downregulation in KD.

Methods
Subjects

All subjects met four of the five standard clinical criteria for the diagnosis of KD according to
American Heart Association guidelines [20]. The protocol for this study was approved by the
institutional review board, and parents of all subjects gave written informed consent.
Characteristics of the subjects are shown in Table I.

Isolation of peripheral blood mononuclear cells
Peripheral blood mononuclear cells (PBMC) were isolated by density gradient centrifugation
(Hystopaque-1119, Sigma Aldrich, St Louis, MO, USA) from 2 ml of blood collected in sterile
heparinized tubes.

PBMC were counted and plated in 24-well plates (Falcon, Lincoln Park, NJ, USA) in complete
RPMI 1640 (Gibco, Invitrogen Inc., Grand Island, NY, USA) with 5% human AB serum
(Mediatech, Manassas, VA, USA) containing 30 U/ml recombinant IL-2 (Peprotech, Rocky
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Hill, NJ, USA) for 2–3 days. Approximately, 1–2 × 106 PBMC were initially isolated from
each subject.

Characterization of Tem and Tcm by flow cytometry
Cultures were harvested at 48–72 h, washed and T-cells separated by density gradient
centrifugation (Ficoll) before staining with monoclonal antibodies (MoAbs, used at 100 ng/
ml) and analyzed by flow cytometry to characterize the Tem, CCR7−, IL-15 receptor (IL-15r)
+, and the Tcm CCR7+ and IL-15+ populations [17]. MoAbs for the studies were as follows:
anti-CCR7 (rat Ig2a,k clone 3D12), anti-IL-15r (mouse IgG2b clone eBioJM74A), anti-CD4
(mouse IgG1k clone RPA-T4), and anti-CD8 (mouse IgG1k clone RPA-T8; eBioscience, San
Diego, CA, USA).

FACS staining and sorting of the memory T-cell populations were performed with four-color
staining (anti-CCR7 PE, anti-CD4 PerCP-Cy5, anti-CD8 APC, and anti-IL-15r FITC) with
gating on the CCR7− and CCR7+ T-cell populations. PE rat IG2a,k, FITC mouse IG2b, PerCP-
Cy5.5 mouse IG1k, and APC mouse IG1k were used as isotype controls in these experiments.

T-cell cloning
T-cells remaining after the positive selection of Tem and Tem were washed, counted, and cloned
by limiting dilution (0.5 cells/w) in 96-well U-bottom plates (Falcon) in the presence of 0.1
μg/ml phytohemagglutinin (PHA; Sigma L-4144) and allogeneic, irradiated feeder cells (1 ×
105/well).

PCR analysis
Tem cells and PHA-expanded T-cell clones were washed, counted, and plated for 6 h (Tem) or
24 h (T-cell clones) with an agonist anti-CD3 MoAb (clone UCHT1, mouse IGg1k, BD
Bioscience, Franklin Lakes, NJ, USA) before harvest of the cells for PCR analysis. RNA was
extracted using Trizol (Invitrogen) according to the manufacturer’s instructions. cDNA was
synthesized using oligo (dT) 20 (Invitrogen) and superscript III (Invitrogen). mRNA levels of
interferon (IFN)-γ, IL-17, TGF-β, IL-10, IL-4, and the transcription factor forkhead box P3
(FoxP3) were measured using TaqMan 5′-nuclease gene expression assays (Applied
Biosystems, Foster City, CA, USA; Hs 00174143-ml IFNγ, Hs 00174383-ml IL-17, Hs
171257-ml TGF-β, Hs 00961622 IL-10, Hs 00929862 IL-4, and Hs 00203958-ml FoxP3) and
cDNA derived from 25 ng of total RNA. Results were normalized to the housekeeping gene
TAF1B (Applied Biosystems; Hs 01057259) and expressed as relative expression units.

For genotype, DNA was extracted as previously described [4] and PCR was performed for
polymorphism (rs28493229; Applied Biosystems, C_25932098_10) with 20 ng of DNA.

Cytokine quantitation
T-cell clones were harvested at days 10–12 after PHA stimulation of the cultures, washed and
plated at a concentration of 1 × 105 cells/well (200 μl total volume/well) in 96-well, U-bottom
plates (Falcon) in the presence of 0.1 μg/ml anti-CD3 MoAb as an agonist (clone UCHT1
mouse IGg1k BD Bioscience). T-cells were cultured for 24 h at 37°C with 5% CO2. Cytokine
levels in culture supernatants were determined using ELISA assays according to the
manufacturer’s instructions (BD Bioscience for IL4, IL10, and IFN-γ and eBioscience for TGF-
β).
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Results
Isolation and characterization of circulating Tem in acute KD

To determine if there were circulating Tem during the acute phase of KD, we sorted PBMC
that had been cultured 48–72 h in IL-2 using anti-CCR7 and anti-IL-15r antibodies. We
obtained CCR7− CD4+ IL-15r+ and CCR7− CD8+ IL-15r+ T-cells from both KD subjects
studied (Figure 1(A), upper and lower panels).

To functionally characterize these circulating T-cells and to determine if Tem represented the
T-cell population heading to tissues, we measured mRNA expression of cytokines and FoxP3
that define their functional phenotype.

Expression levels of TGF-β, IL-4, IL-10, and FoxP3 were low or undetectable in the CD4+
and CD8+ Tem derived from both KD subjects (Figure 1(B)), indicating the absence of
regulatory T-cells in the Tem compartment. In contrast, IFN-γ mRNA transcript levels were
high in both CD4+ and CD8+ Tem derived from both KD subjects (Figure 1(B)), indicating
that the CD4+ T-cells were Th-1 cells and that the CD8+ cells were conventional CTL (Figure
1(B)).

No IL-17 transcript was detectable in the Tem population, suggesting that Th-17+ cells,
described in the initial stage of many inflammatory conditions [21,22], are not circulating at
this time point in acute KD patients (Figure 1(B)).

Analysis of the memory T-cell compartments in acute and convalescent KD subjects
To further define the role of T-cell memory and its evolution over time in KD, we studied four
KD subjects during the acute phase before IVIG treatment, subacute phase (2 weeks later), and
convalescent phase (1–3 months).

The results indicate that Tem (CCR7− and IL-15+) peak in the circulation during the subacute
phase, but taper in number in the convalescent stage (Figure 2(A)). However, the Tcm (CCR7
+ and IL-15+) compartment expands with the Tem population in the subacute phase and
continues to expand in the convalescent phase (Figure 2, panel B).

Subject 6, who was heterozygous for a functional polymorphism in the ITPKC gene that
influences T-cell activation and IL-2 production through the calcineurin–NFAT pathway [6],
differed from the other subjects studied by having a larger number of memory T-cells,
numerous population of circulating IL-15+ T-cells, and some double positive CD4+ CD8+ T-
cells (Figure 2(A),(B), lower panels).

T-cell clonal repertoire in acute KD
To study circulating T-cells in acute KD, we cloned the remaining cells by limiting dilution.
A total of 7 T-cell clones were obtained from subject 1 and 15 from subject 2. FACS staining
for the expression of CD4 and CD8 co-receptors with specific MoAbs demonstrated that all
the 7 T-cell clones from subject 1 were CD4+, while 13 of the 15 T-cell clones from subject
2 were CD4+ and 2 were CD8+.

The functional phenotype of these T-cells was characterized by measuring FoxP3 transcript
levels and levels of TGF-β, IL-10, IL-4, and IFN-γ in culture supernatants by ELISA. Overall,
3 of the 7 CD4+ T-cell clones from subject 1, and 5 of the 13 CD4+ T-cell clones from subject
2, produced high levels of suppressive lymphokines TGF-β and IL-10 and variable amounts
of IL-4 (Figure 3).
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One clone (L3) from subject 2 produced IL-10 and IL-4 and lower levels of TGF-β. All of the
T-cell clones tested expressed detectable FoxP3 (Figure 3(D)). In summary, CD4+ T-cell
clones with a regulatory phenotype comprised 42 and 40% of the clones for subjects 1 and 2,
respectively. One CD4+ T-cell clone derived from subject 1 co-secreted high levels of TGF-
β and IFN-γ in the presence of abundant expression of FoxP3 (Figure 4).

Conventional Th-1 T-cell clones (IFN-γ > 5 ng/ml) and Th-2 T-cell clones (production of IL-4
and IL-10 in the absence of IFN-γ) were identified from subject 2 and represented 23% (3 of
13) and 8% (1 of 13) of the CD4+ T-cell clonal repertoire (data not shown). Th-0 clones were
defined as CD4+ T-cells secreting measurable amounts of IFN-γ and IL-4. Th-0 clones
represented 43% (3 of 7) and 31% (3 of 13) of the T-cell clonal repertoire in subjects 1 and 2,
respectively (data not shown).

CD8+ Treg clones in the acute phase of KD
Two CD8+ T-cell clones derived from subject 2 secreted low levels of IFN-γ in conjunction
with high levels of TGF-β and did not secrete detectable amounts of IL-10 or IL-4 (Figure 5
(A)). FoxP3 expression was also detected in these T-cell clones (Figure 5, panel B), suggesting
a peripherally induced regulatory CD8+ phenotype [15,16].

Frequency of Tregs in PBMC from acute KD subjects
The high frequency of Treg clones isolated from the two acute KD subjects is in agreement
with the elevated FoxP3, IL-10, and TGF-β transcript levels measured in unsorted PBMC ex
vivo from the same subjects during the acute phase (Figure 6). FoxP3 and IL-10 transcript
levels were lower in PBMC from four age-matched control subjects (data not shown).

Discussion
Characterization of peripheral T-cells from subjects with acute KD demonstrated that Tregs
are present in the circulating T-cell pool during the acute phase of the disease. Our studies on
the two memory T-cell compartments in KD suggest that the antigenic exposure that triggers
the immune response may have occurred days to weeks before the onset of fever and the clinical
syndrome. This conclusion is supported by the detection of circulating Tem cells with a pro-
inflammatory functional phenotype in the acute phase (Figures 1 and 2(A)) that rapidly expand
within 2 weeks (Figure 2(A)) [17,23]. The circulating Tcm population also expanded during
the subacute phase of the illness (Figure 2(B)), further supporting the idea of an earlier antigenic
exposure. In the convalescent phase (1–3 months from disease onset), the circulating effector
memory T-cell population contracted (Figure 2(A)), while the central memory T-cell
population expanded (Figure 2(B)).

It is intriguing that subject 6 who was heterozygous for a functional polymorphism in the
ITPKC gene [6] differed from the other subjects by having numerous circulating IL-15r+ T-
cells in the acute phase and a broader expansion of both Tem and Tcm memory T-cell
compartments in the subacute phase (Figure 2(A),(B), lower panels). It has been demonstrated
in vitro that the C allele at this locus leads to reduced transcript abundance for ITPKC, which
catalyzes the conversion of IP3 to IP4. This, in turn, leads to higher levels of IL-2 secretion in
Jurkat cells studied in vitro [6]. Additional subjects of known genotype at this locus should be
studied to further characterize the impact of this polymorphism on the peripheral T-cell
repertoire.

The characterization of the T-cell clonal repertoire revealed that many of the CD4+ and CD8
+ circulating T-cells were functionally Tregs. The Treg clones studied in our two KD subjects
have the lymphokine profile and the ability to proliferate in culture consistent with peripherally
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induced Tregs (TR1 and CTR1). The presence of these T-cells in the circulation suggests
antecedent repeated antigenic stimulation [24].

Other threads of evidence, such as the unexplained normocytic, normochromic, and non-
regenerative anemia in these patients, are also consistent with an inflammatory process that
predates the onset of fever and clinical signs [25]. Failure to find the etiologic agent of KD
despite intense efforts further suggests that the agent(s) that triggers the immunologic response
may have come and gone by the time the patient is diagnosed with clinical signs and symptoms
of KD [26,27].

Our findings, if confirmed through study of additional subjects, would suggest that the self-
limited nature of KD results from the development of T-cell regulation. Current paradigms
divide Tregs into naturally occurring Tregs (CD25high) that do not expand in vitro upon
antigenic stimulation [10–13] and peripherally induced Tregs (CD25low) that are defined by
their lymphokine profile and the ability to expand in vitro under appropriate stimulation
conditions [14,15,24]. Based on these characteristics, all the Treg clones found in our subjects,
including CD8+ T-cell clones, were peripherally induced.

A previous study measured thymic-derived natural Tregs (CD4+ CD25high+ PBMC) in 54
acute and convalescent KD patients before and after therapy with IVIG [28]. The authors
concluded that the thymic-derived natural CD4+ CD25high+ Treg population was low in acute
KD compared to healthy control children and children with different viral infections,
contributing to the persistence of inflammation in these patients. These low levels of natural
Tregs may contribute to KD susceptibility. In our T-cell clonal study, we found peripherally
induced Tregs as the largest circulating T-cell population in acute KD, suggesting that this
population may be responsible for the self-limited nature of KD.

Furthermore, evidence to support that the Treg clones in KD were peripherally differentiated
is the finding of a CD4+ T-cell clone that produced IFN-γ (Th-1) and also IL-10 and TGF-β.
Such ‘self-controlled’ Th-1 cells suggest peripheral differentiation of effector T-cells into
Tregs [29,30]. Th-1 T-cells that acquire a Treg phenotype have been described in murine
experimental infections [31–33] but have not been previously described as part of the in vivo
human T-cell repertoire.

We recognize several limitations to our study. First, the results are drawn from only six subjects
and the generalizability of the findings must be approached with caution. Additional subjects
should be studied and the addition of age-matched controls suffering from viral illnesses would
provide an informative comparator group. Another limitation is that, in the absence of being
able to study TIL, studies on the T-cell repertoire in KD patients must be confined to the
circulating compartment. Without an antigen-specific system, further mechanistic studies with
the T-cell clones are not possible.

In summary, these preliminary studies on the T-cell repertoire in acute KD subjects raise
questions about the nature and timing of the antigenic stimulus that sets the inflammatory
process in motion. Our findings, suggest that an antigenic stimulus may occur days or weeks
before the onset of fever and the self-limited nature of the vasculitis is due to the expansion of
peripherally derived Tregs.

The study of T-cell memory over time is novel in a clinical setting. Our results support the idea
that KD is pathogen induced: the rapid expansion of circulating Tem and Tcm in subacute
subjects and the contraction of the Tem population in convalescent subjects may correlate with
the elimination of the pathogen itself. As a future extension of this work, the ability to establish
T-cell clones from acute KD patients is a prerequisite for T-cell recognition studies, which
provides another tool for the investigation of candidate antigens that may trigger the disease.
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Figure 1.
Tem isolation and characterization in two acute KD subjects. (A) CCR7-negative cells were
FACS sorted to obtain CD4+ and CD8+ IL-15r+ T-cells. (B) mRNA levels of TGF-β, IL-4,
IL-10, FoxP3, IFN-γ, and IL-17 measured after 6 h stimulation with anti-CD3 using TaqMan
5′-nuclease gene expression assays.
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Figure 2.
Tem and Tcm in four acute, subacute, and convalescent KD subjects. (A) Analysis of the IL-15
+ T-cells within the CCR7− population. (B) Analysis of IL-15+ T-cells within the CCR7+
population.
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Figure 3.
Characterization of Treg clones in acute KD. Lymphokine profile and FoxP3 mRNA transcript
levels of three CD4+ T-cell clones derived from subject 1 and six CD4+ T-cell clones derived
from subject 2 demonstrating a Treg phenotype. Cytokine levels (TGF-β, IL-10, and IL-4) in
culture supernatants were determined using ELISA and are shown in (A), (B), and (C). FoxP3
mRNA transcript levels are shown in (D).
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Figure 4.
TGF-β secretion by a Th-1 clone derived from subject 1. Lymphokine profiles measured by
ELISA and FoxP3 RNA transcript levels of a CD4+ T-cell clone derived from subject 1 on
day 4 of illness which produced both TGF-β and IFN-γ.
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Figure 5.
Functional characterization of two CD8+ Treg clones derived from subject 2. Lymphokine
profiles measured by ELISA (panel A) and FoxP3 RNA transcript levels (B) of two CD8+ T-
cell clones, derived from subject 2 on day 8 of illness which produced IFN-γ and TGF-β.
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Figure 6.
Ex vivo Treg frequency in bulk PBMC. TGF-β, IL-10, and FoxP3 RNA transcript levels have
been measured in bulk PBMC derived from subject 1 and subject 1 before T-cell cloning.
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