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The etiology of multiple inflammatory syndrome in children (MIS-C) remains poorly understood. As clues to
elucidate the pathogenic condition, several characteristic peripheral immunophenotypes have been reported in
MIS-C. However, no report has demonstrated the time course of the peripheral immunophenotype along with the
clinical course in the same patient. Herein, we clarified the immunological characteristics of a Japanese patient
with MIS-C. There was an initial cytokine storm followed by T-cell activation, especially of CD8" T cells, with the
expansion of T-cell receptor Vp 21.3-expressing cells, which suggests superantigen-mediated T-cell activation. In

addition, we also found an increase in IgG-producing cells (plasmablasts and switched memory B cells), which
were accompanied by elevated serum levels of anti-SARS-CoV-2 spike antigen-specific IgG antibodies. These time
course of peripheral immunophenotypes support that immunological activation against SARS-CoV-2 spike pro-
tein plays a central role in the etiology of MIS-C.

1. Introduction

Multiple inflammatory syndrome in children (MIS-C) occurs 2-5
weeks after severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infection [1]. MIS-C is characterized by fever, signs of general-
ized inflammation including gastrointestinal symptoms, shock with
acute heart failure, and multiple organ dysfunction with cytokine storm
[2,3]. Although MIS-C is considered the consequence of a delayed im-
mune response to SARS-CoV-2 infection [1], its etiology remains poorly
understood.

Several characteristic peripheral immunophenotypes have been re-
ported in MIS-C as clues to the origin of the pathogenic condition.
Analysis of peripheral blood mononuclear cells (PBMCs) from patients
with MIS-C revealed decreased numbers of natural killer (NK) and T
cells, suggesting extravasation of these cells into peripheral tissues [4].
Substantial T-cell dysregulation, particularly that of CD8" T cells, in-
creases in the populations of activated T cells [5]. Moreover, expression

levels of HLA-DR on 8 T cells and CCR7" CD4" T cells are high, and
those of HLA-DR and CD86 on monocytes are low, suggesting impaired
antigen presentation capacity [6]. Additionally, a profound expansion of
T cells expressing the T cell receptor (TCR) p variable 11.2 (TRBV11.2)
gene, which encodes VB 21.3, has been observed in patients with MIS-C
[7,8], suggesting superantigen-mediated T-cell activation as an under-
lying pathophysiological event in MIS-C. A superantigen-like motif near
the S1/S2 cleavage site on the SARS-CoV-2 spike protein is believed to
drive this hyperinflammatory response in MIS-C [9,10], and patients
with MIS-C have significantly higher concentrations of anti-SARS-CoV-2
spike antibody [11].

However, no study has shown the time course of the peripheral
immunophenotype along with the clinical course in the same patient.
Herein, we report the case of a 14-year-old boy with MIS-C and conduct
a detailed analysis of the phenotype of the peripheral blood. This case
provides insights into the pathophysiology of MIS-C, including novel
kinetics of IgG-producing cells and anti-SARS-CoV-2 spike antigen-
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specific IgG antibodies in addition to T-cell activation characterized by
the expansion of Vf§ 21.3-expressing cells.

2. Patient and methods
2.1. The patient

The 14-year-old Japanese patient was admitted and followed at our
center. Immunologic analyses were conducted in the context of a
research project (H29-310) approved by the hospital ethics committee.
Written informed consent was obtained from the patient and patient’s
parents. The day of onset of MIS-C when fever appeared was defined as
day 0.

2.2. Cytokine analysis

Serum was collected from a patient and stored at —80 °C. The con-
centrations of interleukin-1p (IL-1p), IL-2, IL-4, IL-6, IL-8, IL-10, IL-12 /
IL-23p40, IL-17A, tumor necrosis factor (TNF), interferon-o (IFN-a),
IFN-pB, and monocyte chemotactic protein 1 (MCP-1) were measured in
serum samples on day 5, 6, 7, 8, 10, 12, and 24 using a BD LSRfortessa
flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) with BD
Cytometric Bead Array Flex Sets (Becton Dickinson, Franklin Lakes, NJ,
USA) according to the manufacturer instructions.

2.3. Leukocytes immunophenotyping

Immune cells from peripheral blood mononuclear cells (PBMCs)
were phenotyped using four separate flow cytometry panels (Supple-
mentary Table 1), which were created based on the Human Immunology
Project [12].

Whole blood samples were collected from a patient on day 5, 7, 10,
24, and 54. PBMCs were isolated from whole blood by using Lympho-
prep (Axis Shield Diagnostics, Dundee, Scotland, UK) and SepMate
(STEMCELL technologies, Vancouver, BC, Canada) according to the
manufacturer instructions. PBMCs were resuspended in 1 mL RBC Lysis
Buffer (Sony Biotechnology, Champaign, IL, USA) and incubated at
room temperature for 15 min and washed twice. PBMCs (1 x 10° cells
per tube) were resuspended in 100 pL staining each cocktail (Supple-
mentary Table 1) and incubated at 4 °C in the dark for 30 min. For data
acquisition, a BD LSRFortessa flow cytometer (Becton Dickinson,
Franklin Lakes, NJ, USA) was used and analyzed using Flowjo (10.6.2;
Treestar). The gating strategies are outlined in Supplementary Fig. 3,
using a patient sample on day 7. Each lymphocyte subset counts were
obtained by multiplying subset percentages times anchor marker per-
centages of total CD45 lymphocyte population times the absolute
lymphocyte count.

2.4. T-cell receptor repertoire analysis

The phenotypic analysis of TCR V@ repertoire on PBMCs was per-
formed on day 12 and 54 using the IOTest Beta Mark kit (Beckman
Coulter, South Kraemer Boulevard Brea, CA, USA) containing 24
monoclonal antibodies (mAbs) identifying ~70% of the T cell reper-
toire. PBMCs were stained with surface markers in 8 sample tubes
(Supplementary Table 2). All samples were acquired on a BD LSRFor-
tessa flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) and
analyzed using FlowJo (10.6.2; Treestar). Lymphocytes were first gated
according to FSC/SSC parameter, then by selection of
CD3"CD4*CD45RO™, CD3*CD8"CD45RO", CD3*CD4"HLA-DR™, and
CD3"CD8"HLA-DR™ positive cells.

2.5. Anti-SARS-CoV-2 spike IgG antibody analysis

Serum anti-SARS-CoV-2 spike IgG antibody was measured on day 5,
6, 7,10, 12, 24, and 54 using a human SARS-CoV-2 spike IgG ELISA kit
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(Thermo Fisher Scientific, Waltham, MA, USA) according to the manu-
facturer instructions. Serum samples were dilute 1:100 with assay
buffer.

3. Results
3.1. Clinical course

A 14-year-old previously healthy Japanese boy was transferred to
our hospital because of suspected MIS-C. He had been in contact with
patients who had coronavirus disease 2019 (COVID-19) and had a his-
tory of positive SARS-CoV-2 polymerase chain reaction (PCR) results. He
was asymptomatic for 26 days after being tested. Subsequently, the
patient experienced fever, pharyngeal pain, cough, dyspnea, chest pain,
and diarrhea. On day 4 of fever, oliguria and physical disability occurred
and he was taken to an emergency medical center. The electrocardio-
gram (ECG) and echocardiogram results suggested myocardial damage,
and he was transferred to our hospital on day 5. On arrival, the patient
had negative nasopharyngeal SARS-CoV-2 PCR results. He had a fever of
38.8 °C, blood pressure of 99/61 mmHg, and a pulse rate of 110 bpm.
Physical examination revealed bilateral conjunctival congestion and
pharyngeal erythema. No other abnormal findings like rashes were
observed during admission. Blood test results showed thrombocyto-
penia, lymphopenia, and elevated C-reactive protein, fibrinogen,
ferritin, and troponin T levels (Supplementary Fig. 1). Chest radiography
revealed cardiac enlargement (cardiothoracic ratio, 54%). ECG revealed
negative T waves in II, III, aVF, biphasic T waves in V3-4, and flat T
waves in V5-6 leads (Supplementary Fig. 2), but no recognized cardiac
conduction abnormalities such as those previously reported in patients
with MIS-C [13]. The echocardiogram showed impaired systolic func-
tion (ejection fraction, 43%), increased myocardial echogenicity, and
slight pericardial effusion. Valvular regurgitation and coronary artery
dilatation were not observed. The patient was diagnosed with MIS-C
based on both the Centers for Disease Control and Prevention (CDC)
and the World Health Organization (WHO) criteria [14,15]. He did not
meet the diagnostic criteria for Kawasaki disease [16]. Intravenous
immunoglobulin (IVIG) (2 g/kg) and oral aspirin (ASA) (30 mg/kg) were
administered as initial therapy on day 5. Subsequently, the patient
defervesced rapidly and other symptoms and clinical parameters grad-
ually improved. ASA was reduced to 4 mg/kg on day 7. Cardiac mag-
netic resonance imaging was performed on day 9 and no myocardial
edema or gadolinium enhancement [17] was observed during the re-
covery phase. Enalapril was initiated on day 10, and the patient was
discharged on day 13. The echocardiogram and ECG findings normal-
ized on days 24 and 56, respectively.

3.2. Time course of serum cytokines

The acute phase was characterized by increased serum levels of a
broad spectrum of cytokines, including IL-6, IL-8, IL-10, IL-12/1L-23p40,
MCP-1, and IFN-y. The elevated cytokine levels normalized rapidly after
treatment (Fig. 1A), along with convalescence. There was no elevation
in the serum IFN-« levels. These changes are consistent with those pre-
viously reported [4-6,18-20]. However, in our case, there was no in-
crease in TNF, IL-1p, IL-4, or IL-17A levels.

3.3. Time course of peripheral leukocyte subsets

We observed a decrease in number of T (Fig. 1B) and NK cells, a
decrease in HLA-DR expression on monocytes, and an increase in HLA-
DR expression on y8 T cells in the acute phase (data not shown), as
previously reported [4-7]. Additionally, we found characteristic kinetics
in some of the T-cell subsets (Fig. 1B). Although no obvious changes
were observed in the overall CD4" / CD8 ratio in T cells, an increase in
activated T cells (HLA-DR™ CD38™) and memory T cells was observed
immediately after treatment. Notably, the changes in the activation of
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Fig. 1. (A) Time course of serum cytokines. The values of day 5 was measured before treatment. Note that the elevated cytokine levels were normalized rapidly after
treatment, along with the convalescence from the illness. (B) Time course of T-cell subsets. Some T-cell subsets had characteristic kinetics. The dashed lines indicate
the median value of healthy children around the same age as the patient according to reference [28-31]. The total T-cell kinetics were included in each graph as
comparison. (C) Time course of T-cell receptor repertories. The expansion of V3 21.3 in both memory CD4+ and CD8+ T cells was seen on day 12. A similar trend was
seen in HLA-DR+ CD4+ and CD8+ T cells. The peripheral blood from a healthy 11-year-old boy was used as control.

CD8™ T cells were remarkable, and the activation lasted more than 1
month. Moreover, recovery of naive CD8" T cells was poor compared to
that of naive CD4" T cells or recent thymic emigrants. We also observed
an increase in double-negative T cells (TCRocﬁ+ CD4~ CD87) in the acute
phase and an increase in regulatory T cells (CD4" CD25" CD127'°%) in
the recovery phase. In T-helper (Th) subpopulations, Th2 cells (CD4"
CD45RO™ CXCR3~ CCR6") were more abundant than Th1 cells (CD4*
CD45RO" CXCR3" CCR67) before treatment, but these two sub-
populations became balanced immediately after treatment in the acute
phase. Th17 cells (CD4" CD45RO™ CXCR3~ CCR6™) were depleted over
time. No remarkable changes were observed in follicular T cells (data
not shown).

3.4. Time course of T-cell receptor repertories

The expansion of V§ 21.3 in both memory CD4" T cells and memory
CD8™ T cells was observed on day 12, as previously reported (Fig. 1C)
[7,8,10]. A similar trend was observed in HLA-DR™ CD4" or CD8" T
cells.

3.5. Time course of anti-SARS-CoV-2 spike-specific IgG antibody

The anti-SARS-CoV-2 spike-specific IgG antibody titer was already
high at admission and further increased during the acute phase. This
trend fitted perfectly with the trend for IgG-producing cells (plasma-
blasts and switched memory B cells) (Fig. 2). Moreover, the timing of the
rise and fall of IgG titers and IgG-producing cells coincided with that of
activated T cells (Figs. 1B, 2). We confirmed that the immunoglobulin
preparation used for treatment did not contain SARS-CoV-2 IgG
antibodies.

4. Discussion

We clarified the detailed immunological characteristics of a Japanese
patient with MIS-C. There was an initial cytokine storm followed by T-
cell activation, especially of CD8™ T cells, with the expansion of Vp 21.3-
expressing cells. Surprisingly, we also found B cell activation, which was
accompanied by elevated serum levels of anti-SARS-CoV-2 spike
antigen-specific IgG antibody (Fig. 2). T-cell activation was

—e—Switched memory B cells Plasmablasts —e—Anti SARS-CoV-2 Spike IgG antibody (U/mL)
10 15,000,000

12,000,000

9,000,000

% of CD19+

6,000,000

2 / 3,000,000

0 10 20 30 40 50 60
day after onset

Fig. 2. Time course of serum anti-SARS-CoV-2 spike antigen-specific IgG
antibody levels and the relative number of IgG-producing cells. The antibody
titer increased in the acute phase and this trend fitted well with the changes of
IgG-producing cell number.

characterized by the expansion of VB 21.3-expressing cells (which sug-
gests superantigen-mediated T-cell activation) and serum anti-SARS-
COV-2 spike antibody levels also increased along with IgG-producing
cells. Although this is a single case study, such dynamic and character-
istic immunological change in a typical MIS-C patient supports that
immunological activation against SARS-CoV-2 spike protein plays a
central role in the etiology of MIS-C and may be useful for MIS-C diag-
nosis. The possible trigger for these immune responses could be the
prolonged presence of SARS-CoV-2 in the gastrointestinal tract [21]
which may increase gut permeability, allowing SARS-CoV-2 antigens,
including the superantigen-like motif of the spike protein, into the
bloodstream [22].

We found other characteristic kinetics in some of the T-cell subsets
(Fig. 1B). Poor recovery of naive CD8" T cells may support T-cell dys-
regulation [4]. Increase in regulatory T cells in the recovery phase may
be associated with the induction of immune regulation against activated
T cells, which continued to increase in number in this phase. We
observed an increase in Thl cytokine (IL-2, IFN-y), as previously re-
ported [19]. However, peripheral immunophenotyping of T cell sub-
populations revealed Th2 skewing during the acute phase, which might
suggest extravasation of Thl cells into peripheral tissues. Although the
changes in double-negative T cells and Th17 cells are interesting, the
association with these MIS-C pathologies is currently unknown and
warrants further research.

MIS-C has predominantly been reported in Hispanic or non-Hispanic
Blacks but rarely in Asians [1]. This Japanese MIS-C case showed
immunological findings similar to those of non-Asian patients. There-
fore, host genetic factors may possibly influence the regional differences
in incidence, but not the pathophysiology of MIS-C. These findings may
be of great value in differentiating MIS-C from Kawasaki disease, which
has a high incidence in Asians in contrast to MIS-C. In particular, the
increase in anti-SARS-CoV-2 spike antigen-specific IgG antibody levels
and significant activation of CD8" T cells with expansion of Vp 21.3,
which is not seen in Kawasaki disease [8], may be useful for MIS-C
diagnosis.

Our patient seemed to respond well to IVIG alone, which did not
contain anti-SARS-CoV-2 antibodies. The serum cytokine levels
normalized rapidly after treatment with IVIG and correlated well with
clinical symptoms, as previously reported [20]. Although it remains
unclear how IVIG modulates the immune system, mechanisms such as
the neutralization of cytokines and the expansion of Treg cells has been
proposed [23]. The kinetics of cytokines and Treg cells in our case may
be the result of these mechanisms. Currently, it has been shown that
IVIG led to a decrease in IL-1p-producing neutrophils and an increase in
lymphocytes in patients with MIS-C [24]. This effect may have influ-
enced the immunophenotypes seen in our case. In contrast to the
favorable effect, there is a concern that IVIG containing anti-SARS-CoV-
2 antibody may enhance rather than decrease inflammation [25-27].
Our case suggests that the serum anti-SARS-CoV-2 spike antigen-specific
IgG antibody levels increased because of a series of immune responses,
and that the antibody itself is unlikely to be a factor that exacerbates the
pathogenic condition. Nonetheless, further research is needed on the
functional role of anti-SARS-CoV-2 antibody as an enhancer of MIS-C or
as an autoantibody, in addition to that of IVIG itself.

5. Conclusion

We described a patient with MIS-C who had not only T-cell activation
characterized by the expansion of VB 21.3-expressing cells but also the
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increase of serum anti-SARS-CoV-2 spike antigen-specific IgG antibody
levels accompanied by an increase in IgG-producing cells. The current
case supports that immunological activation against SARS-CoV-2 spike
protein plays a central role in the etiology of MIS-C.
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