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Abstract: Background: Multisystem Inflammatory Syndrome in Children (MIS-C) is a severe compli-
cation of SARS-CoV-2 infection caused by hyperactivation of the immune system. Methods: this is a
retrospective analysis of clinical data, biochemical parameters, and immune cell subsets in 40 MIS-C
patients from hospital admission to outpatient long-term follow-up. Results: MIS-C patients had
elevated inflammatory markers, associated with T- and NK-cell lymphopenia, a profound depletion
of dendritic cells, and altered monocyte phenotype at disease onset, while the subacute phase of
the disease was characterized by a significant increase in T- and B-cell counts and a rapid decline
in activated T cells and terminally differentiated B cells. Most of the immunological parameters
returned to values close to the normal range during the remission phase (20–60 days after hospital
admission). Nevertheless, we observed a significantly reduced ratio between recently generated
and more differentiated CD8+ T- and B-cell subsets, which partially settled at longer-term follow-up
determinations. Conclusions: The characterization of lymphocyte distribution in different phases of
MIS-C may help to understand the course of diseases that are associated with dysregulated immune
responses and to calibrate prompt and targeted treatments.

Keywords: MIS-C; SARS-CoV-2; COVID; lymphopenia; monocytopenia; immunophenotype;
multiparametric flow cytometry
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1. Introduction

Since April 2020, after the worldwide spread of the coronavirus SARS-CoV-2 infection,
numerous reports have described a novel condition associated with coronavirus disease
2019 (COVID-19) and named Multisystem Inflammatory Syndrome in Children (MIS-C) or
Pediatric Inflammatory Multisystem Syndrome temporarily related to SARS-CoV-2 (PIMS-
TS) [1–3]. This condition showed overlapping clinical features with previously known
diseases including Kawasaki Disease (KD), Toxic Shock Syndrome (TSS), and Macrophage
Activation Syndrome (MAS). MIS-C is a severe complication of COVID-19 that often re-
quires intensive care unit (ICU) admittance due to severe cardiac involvement and shock at
onset, but also multiple organ failure that may develop in the disease course [2,4,5]. MIS-C
usually starts 2–6 weeks after a benign SARS-CoV-2 infection. The prevalence of the condi-
tion has been estimated at about 45 cases per 100,000 (0.045%) infected children during the
first pandemic wave, with lowering incidence through the following SARS-CoV-2-variants
waves and a mortality rate below 2% [6]. Case definitions for this syndrome have been
developed by the World Health Organization (WHO), the Centers for Disease Control and
Prevention (CDC), the European Centre for Disease Prevention and Control (ECDC), and
the Royal College of Pediatrics and Child Health (RCPCH) [7–9]. The diagnostic criteria
are based on the presence of fever, clinical symptoms of different organs dysfunction, signs
of systemic inflammation in laboratory tests (such as increased ferritin, C-Reactive Protein
(CRP), Troponin T (TnT), Brain Natriuretic Peptide test (BNP or NT-proBNP)), and the asso-
ciation with SARS-CoV-2 infection in subjects 21-year-old or less. The CDC’s case definition
is the most used of the four available, and probably includes a wider group of patients as it
defines a smaller fever period as criteria (24 h). The condition appears to be more frequent
in male children over five, even though some cases have been diagnosed in younger infants.
Fever must be present in all patients, variably associated with gastrointestinal, respiratory,
neurological, or renal signs and symptoms, and cardiac dysfunction. First-line therapy usu-
ally includes a single dose of intravenous immunoglobulin and high-dose glucocorticoids;
additionally, anakinra has been used successfully in the case of critically ill or refractory
MIS-C patients. Low-dose aspirin is usually started in all patients and continued for at
least 4 weeks in those with coronary artery abnormalities (CAAs); anticoagulation with
Enoxaparin is indicated in selected cases of documented thrombosis or with an ejection
fraction below 35% [10,11].

The pathogenesis of MIS-C has been largely investigated. The disease is considered
a post-infectious syndrome caused by the upregulation of different pro-inflammatory
mediators, such as the monocyte-derived cytokines IL-1RA, IL-6, IL-10, IL-18, MCP1
(CCL2), and TNF, or the interferons (IFNs). It is still not clear if the hyperinflammatory
state is induced by SARSCoV-2 acting as a superantigen, or by a mechanism of antibody-
dependent enhancement.

There is now evidence that the SARS-CoV-2 spike protein may contain a superantigen-
like motif, which can bind both MHC class I molecules and T cell receptors [12]. Case
descriptions reported of lymphopenia in MIS-C patients, and the investigation of the
immunological behavior of MIS-C patients has shown, in ~75% of patients, the polyclonal
expansion of CD4+ and CD8+ T cells bearing the Vβ21.3 segment and TCR V11-2 skewing
in association with HLA A*02, B*35 and C*04 [13]. All these findings point to a possible
superantigen conveying the disease [14].

SARS-CoV-2 infection is characterized by extreme inter-individual clinical variabil-
ity. In an effort to understand the underlying causes of this variability, molecular and
genetic studies have revealed inborn errors of type I interferon (IFN) immunity and their
phenocopies—autoantibodies against type I IFNs—collectively in at least 15% of cases of
critical COVID-19 pneumonia in unvaccinated patients. Similarly, genetic studies have
been conducted in MIS-C patients to identify monogenic inborn errors of immunity to
SARS-CoV-2 that could explain the occurrence of the syndrome [15–17]. Recently, autoso-
mal recessive deficiencies of OAS1, OAS2, or RNASEL have been identified in five unrelated
children with MIS-C [18].
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Therefore, MIS-C may represent a disease model of a hyperinflammatory condi-
tion secondary to a viral infection. The comprehension of the underlying immunolog-
ical and genetic mechanisms may guide clinicians to better management and to target
therapeutic options.

We conducted a longitudinal study to analyze a single-center cohort of MIS-C patients
to characterize retrospectively their immune response during the acute phase of the disease
and the outpatient long-term follow-up.

2. Materials and Methods

We conducted a longitudinal study at the Pediatric Department of ASST Spedali Civili
of Brescia. We included all children and adolescents who were diagnosed with MIS-C, in
accordance with the CDC definition [8] and our internal MIS-C diagnostic and therapeutic
protocol, from April 2020 to June 2022. The CDC’s criteria considered the patient’s age
defined as <21 years; fever defined as ≥38 ◦C, and present for at least 24 h; laboratory signs
of inflammation; and the evidence of SARS-CoV-2 infection that could be current or even
recent, as demonstrated by molecular biology detection (RT-PCR), positive serology, and
antigenic test or COVID-19 exposure within the prior 4 weeks.

Patient care and research were conducted in compliance with the Declaration of
Helsinki. Informed consent was acquired from patients’ parents, according to ASST Spedali
Civili of Brescia protocols.

For all patients, we recorded demographics, length of hospital stays, need for pediatric
intensive care unit (PICU), comorbidities, clinical presentation, and laboratory data that
included full blood count and inflammatory markers: C-Reactive Protein (CRP), ferritin,
Troponin T (TnT), and N-Terminal pro B-type Natriuretic Peptide (NT-proBNP). A car-
diological evaluation was also carried out and included echocardiographic examination
and electrocardiogram.

We considered as basal values the biochemical and blood count parameters that had
been evaluated within 48 h from hospital admission and prior to the initiation of systemic
therapy. These parameters had been monitored with daily frequency during the acute
phase and at reduced frequency during the subacute phase, according to amelioration of
the patients’ clinical conditions, until discharge.

A detailed multiparametric flow cytometry evaluation of immunological markers
had been performed at baseline, and during the hospitalization in the acute phase of
the disease and follow-up. Flow cytometry analyses were performed on fresh blood
samples using four different multiparametric panels including appropriate mixtures of
monoclonal antibodies (mAbs) according to manufacturer’s protocols. A standard TBNK
panel was used on Becton Dickinson Trucount™ tubes to determine the percentages and
counts of main lymphocyte populations (CD3+, CD4+, CD8+ T lymphocytes and their
HLA-DR+ activated fraction, CD19+ B lymphocytes, and CD3-CD56/CD16+ NK cells).
T-cell differentiation was assessed by using anti-GammaDelta TCR, CD45RA, CCR7, CD31
mAbs, on CD3+, CD4+, CD8+, and CD4-CD8- double negative cells. This strategy al-
lowed for identifying CD4+CD45RA+CCR7+CD31+ Recent Thymic Emigrants (RTEs),
and different maturation stages of T cells according to CD45RA and CCR7 expression:
CD45RA+CCR7+ naïve, CD45RA+CCR7- central memory, CD45RA-CCR7- effector mem-
ory, and CD45RA+CCR7- terminal differentiated cells. Analyses of B-cell differentiation was
assessed by using anti-CD19, CD20, IgM, IgD, CD38, CD27, CD21, and CD10 mAbs, which
allowed for identifying CD19+CD20+ subsets such as Recent Bone Marrow Emigrants (RBE)
(CD38++CD10+), naïve (CD38+IgD+IgM+CD27-), switched memory (CD38+/-IgD-IgM-
CD27+), unswitched memory (CD38+/-IgD+IgM+CD27+), and CD38low-CD21low- B cells,
along with CD38+++CD27+CD20- terminally differentiated B cells. Plasmacytoid (pDC)
and myeloid (mDC) dendritic cells were identified as CD45dimCD4dimCD123+BDCA2+
cells and CD45dimCD4dimCD1c+CD14- cells, respectively, while basophils were gated
as CD45dimCD4-CD123+BDCA2- cells. Expression of CD4 on monocytes was evaluated
by considering both the percentage of CD4- cells and a Mean Fluorescence Intensity (MFI)
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ratio between CD4 expression on resting T helper cells and on monocytes, as previously
described [19].

Multiparametric flow cytometry samples were acquired on FACSCanto II (BD Bio-
sciences, Franklin Lakes, NJ, USA) flow cytometers, while data analyses were performed
using FACSDiva 9.0 software (BD Biosciences).

For data analyses, we calculated and analyzed normalized values obtained by di-
viding patients’ values by the median of their own age-matched reference range (herein
termed as normalization ratio). For this purpose, we used datasets previously obtained
from pools of healthy donors at our laboratory. For the main lymphocyte subsets (total
CD3+ T lymphocytes, CD3+CD4+ and CD3+CD8+ T lymphocytes, total CD19+ B lympho-
cytes, NK cells), this calculation was made considering data of absolute counts, while for T-
and B-cell subsets considering their percentages with respect to their parental populations.
Patients’ data were categorized into four longitudinal groups: (1) the first 5 days of hospi-
talization (16 determinations); (2) the second phase of hospitalization, the subacute phase,
up to discharge (from day +6 to day +16, 15 determinations); (3) short-term follow-up at
20–60 days (21 determinations); (4) long-term follow-up at 100–414 days (31 determinations).

The database was formatted by using Microsoft Excel® software (365 version) and later
imported from IBM-SPSS® software ver. 28.0.1 (IBM SPSS Inc., Chicago, IL, USA). Use of
Stata® software ver. 17.0 (Stata Corporation, College Station, TX, USA) was also considered
for comparisons or implementations of test output. Normality of the distributions was
assessed using the Kolmogorov–Smirnov test. Categorical variables were presented as fre-
quencies or percentages and compared with the use of the chi-square test and Fisher’s exact
test, as appropriate; associations of the cross-tabulations were verified using standardized
adjusted residuals. Continuous variables were presented as means ±SD (in case of a normal
distribution), or medians and min/max (in case of a skewed distribution) and compared
with the use of Student’s T-test, Anova, or the Mann–Whitney test and Kruskal–Wallis test,
and also with Wilcoxon and Friedman tests; correlations among variables were analyzed
by the Pearson’s or Spearman’s rank correlation test. A two-sided α level of 0.05 was used
for all tests. The authors had full access to the data and assume full responsibility for
their integrity.

3. Results
3.1. Clinical Evaluation

Our cohort included 40 patients, 22 males and 18 females (M/F 55/45%). The median
age at admission was 5.5 years (range 9 months to 17 years), with 24 patients being 5 years
or older. The median duration from symptoms onset to hospital admission was 4 days
and the hospitalization lasted a median of 10 days (range 2–27 days); 9/40 patients (22%)
required PICU admittance: 5/9 patients (8/40, 20%) experienced shock, and 6/9 (6/40,
15%) needed inotropic support; 5/40 patients (12%) were given non-invasive ventilation.
No patients required intubation and mechanical ventilation.

Fever was present in all patients. Rash was present in 21/40 patients (52%), limbs
edema in 5/40 patients (12%), conjunctivitis in 10/40 (25%), and adenitis in 15/40 (37%);
28/40 patients (70%) had gastrointestinal symptoms (15/28 diarrhea, 4/28 nausea and vom-
iting, 7/28 abdominal pain, 3/28 terminal ileitis, 1/28 biliary sludge, 8/28 splenomegaly,
3/28 hepatomegaly, 3/28 abdominal multiple adenopathies), 17/40 patients (42%) showed
respiratory symptoms (rhinitis, pharyngitis, cough), 6/40 (15%) neurological involvement
(all with meningismus), 6/40 (15%) renal involvement (all with acute renal insufficiency),
and 25/40 (62%) cardiovascular involvement.

Among patients with cardiovascular involvement, 10/25 patients (40%) developed
coronary artery dilatation (Z score 2.39 ± 0.33, mean ± SD), 11/25 (44%) presented
mild to moderate mitral valve regurgitation, 8/25 (32%) had left ventricular dysfunction,
4/25 (16%) had pericardial effusion, and 5/25 (20%) had signs of myocarditis, with mild
diffuse hypokinesia at transthoracic echocardiography associated with elevated troponin T
levels. Ventricular dysfunction normalized in all children during admission. None of the
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reported patients had congenital heart disease or preexisting cardiovascular disease. No
major common preexisting comorbidities were recorded, except for a patient with chronic
renal insufficiency in solitary kidney and neurogenic bladder.

Additionally, 5/40 patients (12%) were treated with sole IVIG at the conventional
dose of 2 g/kg, 30/40 patients (75%) with IVIG and glucocorticoids (intravenously and/or
orally), 4/40 patients (10%) received only glucocorticoids. A patient with myocarditis
received non-steroidal anti-inflammatory drugs only.

Demographics and clinical symptoms are reported in Table 1.

Table 1. Clinical characteristics of MIS-C patients.

Demographics MIS-C (n = 40)

Age (median, years) 5.5
Sex (M/F) 22/18 (55/45%)

Illness day of hospital admission 4
Length of hospital stay (days) 10

Need of PICU 9 (22%)

Main clinical manifestations

Cardiovascular shock 8 (20%)
Coronary artery dilatation 10 (25%)

Left ventricular dysfunction 8 (20%)
Pericardial effusion 4 (10%)

Myocarditis 5 (12%)
Neurological involvement (meningismus) 6 (15%)

Gastrointestinal manifestations
(nausea, vomiting, diarrhea, abdominal pain,

hepatosplenomegaly, adenopathy, terminal ileitis)
28 (70%)

Respiratory symptoms
(rhinitis, pharyngitis, cough) 17 (42%)

Treatment

Intravenous immunoglobulins (group 1) 5 (12%)
IVIG+steroids (group 2) 30 (75%)

Steroids (group 3) 4 (10%)
PICU, Pediatric Intensive Care Unit; IVIG, Intravenous Immunoglobulin.

3.2. Laboratory Parameters
3.2.1. Inflammatory Markers

The total number of inflammatory markers measures comprised 178 determinations of
CRP (days 1–21) (Figure 1); 107 determinations of ferritin (days 1–21); 82 determinations of
TnT (days 1–12); and 61 determinations of NT-proBNP (days 1–14) (Supplemental Figure S1).

The median value of CRP was 113 mg/L (reference value < 5 mg/L) at onset. Me-
dian CRP value, although not statistically significant, was higher in the four patients
who were treated with glucocorticoids therapy only (177 mg/L), compared to the five
patients treated with sole IVIG (106 mg/L) and most patients who received both therapies
(117 mg/L). We did not observe significant differences among patients grouped according
to age (median CRP of 106 mg/L in 16 patients < 5 years of age, compared to 136.5 mg/L in
22 patients > 5 years of age), nor according to severity (10 patients were considered as
having a severe course of the disease because of PICU admission and/or the occurrence of
cardiovascular shock had a median CRP value of 170 mg/L, compared to 106.5 mg/L for
the group of non-severe patients).

Overall, the beginning of therapy corresponded to a significant decrease in CRP
values progressively from day +1 (median 139.5 mg/dL) up to day +5 (median 52 mg/dL)
(Figure 1A). Afterward, CRP values successively normalized: at the last determination at
0–3 days before discharge, the median value was 7.3 mg/L (Figure 1B).
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Figure 1. Patients’ biochemical and immunological parameters presented as longitudinal data
(0–414 day from hospitalization) (left panels), and as comparison among data at hospital admis-
sion (Adm.), hospital discharge (Dis.), and follow-up (FU) (right panels). (A,B): C-reactive pro-
tein; (C,D): lymphocyte counts calculated as normalized ratios; (E,F): neutrophil absolute counts;
(G,H): monocyte absolute counts. Bars of the scatter dot plots of panels (B,D,F,H) represent medians
and interquartile range. Day-by-day analysis during hospitalization was performed by the Wilcoxon
signed ranks test, while statistical analyses between groups of panels (B,D,F,H) were performed by
the Mann–Whitney test. Horizontal segments indicate when p values were below 0.05.

At onset, the other biochemical inflammatory parameters, ferritin, troponin T, and
NT-proBNP, had median values of 413 ng/L (12/23 patients out of the reference values of
413–2625 ng/L), 17 ng/mL (15/30 patients over 14 ng/mL), and 767 ng/L (13/20 patients
over 300 ng/L), respectively. All these markers ameliorated at discharge (median values
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were 249 ng/L for ferritin, 5.5 ng/mL for troponin T, and 433 ng/L for NT-proBNP)
(Supplemental Figure 1). These inflammatory markers were negative during short- and
long-term follow-up.

3.2.2. White Blood Cells

Analyses of white blood cell counts were performed from hospital admission to
discharge (214 determinations). At first determination, median total lymphocyte count
of the whole cohort was 1430 cells/µL. Median values of patients < and >5 years were
significantly different (2080 vs. 1190 cells/µL, p = 0.015). No differences were observed in
more severe patients requiring PICU admittance and/or experiencing shock.

Concerning the normalized ratio, 34/39 patients (87%) displayed a total lymphocyte
count below age-matched medians at presentation, that in 20 cases (51% of patients)
fitted with a condition of lymphopenia, with counts below the 5th percentile of reference
values. Total lymphocyte counts increased after the beginning of treatment and displayed
a statistically significant amelioration from day +3 (Figure 1C). From day +6, signs of
lymphocytosis emerged and persisted up to the day of discharge. At last determination
before discharge, 34/40 patients (85%) displayed a total lymphocyte count over their
median and 10/40 (25%) over their 95th percentile value.

During the whole follow-up period (from day +21 to day +414), 60 additional blood
count determinations had been made. We observed that total lymphocyte counts showed
a tendency to exceed the median during follow-up (41/60 determinations), although in
only two cases total lymphocyte counts were above the age-matched 95th percentile. At
follow-up, the Wilcoxon signed ranks test of normalized total lymphocyte counts showed
significantly increased levels compared to first determination during admission, but also a
significant decrease compared to the last blood counts before discharge (Figure 1D).

At admission, neutrophil counts displayed a high heterogeneity (median 8070 cells/µL,
range 610–27,710 cells/µL), and neutrophilia was observed in 19/39 patients (49%)
(Figure 1E). During the first 5 days of hospitalization, neutrophil counts did not show
any significant difference (persistent neutrophilia in 8/18 patients with a median value
of 8560 cells/µL). Before discharge, neutrophil counts decreased (median of the whole
cohort 5045 cells/µL) (Figure 1F), and during follow-up neutrophil counts normalized in
all patients (median 3770 cells/µL). Neutrophilia was more evident in more severe patients
(median 10,290 vs. 7810 cells/µL, respectively), although without any statistically signif-
icance. In our cohort, MIS-C patients displayed a median of 400 monocytes/µL at onset
(Figure 1G). No significant changes in monocyte count were observed in the first 5 days
of hospitalization (median 470 cells/µL) but raised at discharge (median 1050 cells/µL,
monocytosis in 13/43 patients (30%)) (Figure 1G,H). No significant differences in terms of
monocyte counts were observed among different subgroups of patients.

As for adult patients affected by COVID-19 [20], monocytes of MIS-C patients dis-
played abnormal expression of surface markers in the acute and, partially, in the subacute
phases of the disease, as measured in 26 patients of our cohort. At presentation, expres-
sion of CD4 was markedly reduced and associated with an increase in both T helper
cells/monocytes ratio of MFIs and the percentage of CD4- monocytes (Figure 2A, and
Supplemental Figure S2). Firstly, we observed a median of 18% for CD4- monocytes (up
to 55.3%). The amount of CD4- monocytes significantly dropped in the subacute phase
(median 1.7%, p < 0.001) except for a single case that exhibited 26% negative cells. CD4-
monocytes decreased further during short-term follow-up (median 0.25%, p = 0.008 com-
pared to the subacute phase), and finally disappeared for all patients in long-term follow-up
determinations (Figure 2A, and Supplemental Figure S2). Of note, out of 15 patients who
had been screened in the acute phase of the disease, the 3 patients who were admitted to
PICU displayed a median T helper cells/monocyte MFI ratio of 49.7 (compared to 9.9 for
the other 12 screened patients), with a percentage of CD4- monocytes equal or higher to the
whole median of 18%.
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dendritic cells absolute counts; (C) plasmacytoid dendritic cells absolute counts; (D) basophils
absolute counts. Bars of the scatter dot plots represent medians and interquartile range. Statistical
analyses between groups were performed by the Mann–Whitney test. Horizontal bars indicate where
p values were below 0.05.

At onset, dendritic cells and basophils counts were markedly deficient (median 0.4,
0.2, and 2.7 cells/mL for mDC, pDC, and basophils, respectively), and even undetectable
in some of the 15 patients tested (Figure 2B–D). This deficit was particularly severe in
3 patients requiring intensive care compared to the other 12 patients (0.14 vs. 0.86 cells/µL
for mDC, 0.14 vs. 0.38 cells/µL for pDC, and 1.8 vs. 3.5 cells/µL for basophils). In the
subacute phase, cell counts started increasing (median of 10.4, 1.7, and 14.1 cells/µL, for
mDC, pDC, and basophils, respectively), although pDC remained statistically deficient
(p < 0.001), and normalized at long-term follow-up (median of 21.6, 35.4, and 48.3 for mDC,
pDC, and basophils, respectively) (Figure 2B–D, Supplemental Figure S2D–F).

3.2.3. T Cell Subsets and NK Cells

As described in the Methods section, flow cytometry data were normalized by dividing
each patient’s value by the median of the corresponding age-matched reference range. Thus,
compared to the reference medians, total CD3+ T lymphocyte counts and the counts of
CD4+ and CD8+ subsets were significantly reduced during the first days of hospitalization
(patients’ normalized medians ranged between 0.379 and 0.427, with p < 0.001 for all
the three populations) (Figure 3A–C, and Supplemental Figure S3A–C). In the subacute
phase, CD4+ and CD8+ T-cell subsets significantly increased (normalized median 1.447
and 1.553, respectively, with p < 0.001 comparing datasets of the first two longitudinal
groups). During follow-up, CD4+ T cell counts progressively approached age-matched
control medians (1.081 and 0.931 in the two follow-up groups, respectively, with p = 0.038
comparing long-term follow-up values to counts of the subacute phase) (Figure 3A,B). In
contrast, normalized medians of CD8+ cells remained stably higher (1.538 and 1.437 at
short- and long-term follow-up, respectively).
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Figure 3. Comparison of patients’ lymphocyte subsets values, calculated as normalized ratios, at
four different time points according to days after hospital admission (0–5 and 6–16 days during
hospitalization; 20–60 and >60 days at short and long-term follow-up, respectively). (A): Total T lym-
phocyte counts; (B) CD4+ T lymphocyte counts; (C) CD8+ T lymphocyte counts; (D) GammaDelta+
T lymphocyte counts; (E) NK cell counts; (F,G) percentage of activated CD4+ and CD8+ cells;
(H) Recent Thymic Emigrants (RTE) counts; (I–K) percentage of CD8+ cell subsets: naïve, effector,
and terminally differentiated cells. Bars of the scatter dot plots represent medians and interquartile
range. Statistical analyses between data for different time points were performed by the Mann–
Whitney test. Horizontal bars among two groups indicate when p values were below 0.05. Pearson’s
chi square test was performed to determine if data for each time point was significantly (p < 0.05)
lower (down arrows) or higher (up arrows) from the normalized median (=1).

NK cells and GammaDelta+ T cells were evidently reduced during the first days
after hospital admission (normalized median 0.298 and 0.201, respectively) (Figure 3D,E).
Although both cell subsets significantly increased in the subacute phase, they remained
below the normalized medians (0.911 and 0.667, with p < 0.001 and p = 0.017, respectively,



Children 2023, 10, 1069 10 of 18

compared to values at admission) (Supplemental Figure S3E,F). During follow-up, their
median values further increased and became not significantly different from normalized
medians (Figure 3D,E).

CD4+ and CD8+ T cells were analyzed in their activation and maturation profile
as well. The evaluation of the fractions of HLA-DR+ activated T cells highlighted the
presence of a raised activation during the first 5 days of hospitalization (normalized me-
dian 1.360 and 2.269 for CD4+ and CD8+ cells, respectively, with p = 0.047 for CD8+
cells) (Figure 3F,G). The percentage of HLA-DR-expressing T lymphocytes dropped in
the subacute phase (normalized median 1.068 and 0.907 for CD4+ and CD8+ cells, re-
spectively). At follow-up, the fraction of activated T cells decreased further, significantly
differing from values at presentation for both CD4+ and CD8+ T lymphocytes (Figure 3F,G,
Supplemental Figures S4A and S5A).

The distribution of the CD4+ cells subsets corresponding to the main maturation
stages that are detectable in the peripheral blood did not show significant variations
(Supplemental Figure S4B–F). Normalized medians of naïve, recent thymic emigrants (RTE),
central and effector memory, and regulatory CD4+ T cells showed only slight fluctuations.
RTE basically reflected longitudinal changes observed for total CD4+ T cells, except for a
softer increase after the fifth day of hospitalization (Figure 3H, Supplemental Figure S4C).
Conversely, terminally differentiated CD4+ T cells markedly increased (normalized median
1.026 at presentation, 1.995 and 1.892 at short- and long-term follow-up), although without
any statistical significance (Supplemental Figure S4F).

Conversely to CD4+ T cells, the cytotoxic counterpart of T lymphocytes displayed
significant changes in the distribution of cell subsets after hospital discharge. Specifically,
during the acute and subacute phases, CD8+ naïve T cells remained significantly above
the normalized median (1.115 and 1.163, respectively, with p < 0.001), while we observed
values below the normalized median for both the CD8+ effector T cells (0.571 and 0.599,
respectively) and CD8+ terminally differentiated T cells (0.841 and 0.762, respectively, with
p < 0.001) (Figure 3I–K). Of note, normalized medians for both CD8+ effector and termi-
nally differentiated T cells were particularly reduced in the three most severe analyzed
patients (0.488 and 0.369, respectively, vs. 0.603 and 0.956 for patients who did not present
serious clinical course). The distribution of CD8+ T subsets observed during hospital-
ization was reversed at follow-up: naïve cell counts fell below their normalized median
(0.733 at long-term follow-up, with p < 0.001); in contrast, during short- and long-term
follow-up, we observed a significant increase in CD8+ for both effector (0.883 and 0.931, re-
spectively) and terminally differentiated T cells (1.438 and 1.517, respectively) (Figure 3I–K,
Supplemental Figure S5B–D).

3.2.4. B Cell Subsets

Conversely to the other lymphocyte subsets, we did not observe B cell lymphopenia
during the first 5 days of hospitalization (normalized median 0.928) (Figure 3A), although
a reduced normalized median (0.693) was present in the three most severe patients. In
the subacute phase, total B cell count significantly increased (normalized median 2.261,
p < 0.001). During follow-up, B cell count dropped and constantly remained slightly below
normal medians (Figure 4A, and Supplemental Figure S6, panel A).
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Figure 4. Comparison of patients’ B lymphocyte subset values, calculated as normalized ratios, at
four different time points according to days after hospital admission (0–5 and 6–16 days during
hospitalization; 20–60 and >60 days at short- and long-term follow-up, respectively). (A): Total B
lymphocyte counts. Percentages of different B cell subsets: (B) recent bone marrow emigrants (RBE);
(C) naïve; (D) switched memory; (E) IgM+ unswitched memory; (F) CD21low cells; (G) terminally
differentiated. Bars of the scatter dot plots represent medians and interquartile range. Statistical
analyses between data for different time points were performed by the Mann-Whitney test. Horizontal
bars among two groups indicate when p values were below 0.05. Pearson’s chi square test was
performed to determine if data for each time point was significantly (p < 0.05) lower (down arrows)
or higher (up arrows) from the normalized median (=1).

However, we observed some significant variations in the longitudinal distribution
of B cell subsets. RBE subsets were normal at presentation (normalized median 1.009),
but significantly dropped in the subacute phase (0.572, p = 0.014), in correspondence with
the increase in total B cell count. They decreased further during the first weeks after dis-
charge (0.435), and finally returned close to expected values at long-term follow-up (1.115,
p < 0.001). Interestingly, the RBE subset decrease was more evident in patients experiencing
the most severe course of the disease (normalized median 0.251 vs. 0.560) (Figure 4B, and
Supplemental Figure S6, panel B).

Concerning the RBE subset, naïve B cells initially equalized expected values (normal-
ized median 0.996), then peaked during the B lymphocytosis phase (1.105), and finally
slightly declined at long-term follow-up (0.857, with p = 0.006 compared to the subacute
phase) (Figure 4C, and Supplemental Figure S6, panel C).

Memory B cells were mostly below the normalized median at presentation (0.696
and 0.744 for switched and unswitched B cells, respectively). In correspondence to B
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cells lymphocytosis, we observed a rapid expansion of switched memory B cells (0.985,
p = 0.008) (Figure 4D, and Supplemental Figure S6, panel D), mainly sustained by the most
severe patients (normalized median 2.162 in five patients). Then, both memory switched
and unswitched B subsets peaked a few weeks after hospital discharge (1.214 and 1.087,
with p = 0.001 and p = 0.003 compared to onset, respectively), and finally settled close to
the expected values at long-term follow-up (0.995 and 0.864, respectively) (Figure 4D,E,
and Supplemental Figure S6, panels D,E). Similarly, CD21low atypical B cells were initially
reduced (0.603), but then progressively increased and peaked at long-term follow-up (1.170,
p = 0.010 comparing first and last measurements) (Figure 4F, and Supplemental Figure S6,
panel F).

Terminally differentiated B cells, which were significantly above the normalized
median at onset (2.141, p = 0.001), rapidly fell in the subacute phase (0.456, p < 0.001), and
finally approached expected values during short- and long-term follow-up (0.800 and 0.758,
respectively) (Figure 4G, and Supplemental Figure S6, panel G).

4. Discussion

Multisystem inflammatory syndrome in children is a rare but severe complication of
COVID-19, known since 2020, that results from a hyper-reactive dysregulated immune
response. From April 2020 to June 2022, at the Department of Pediatrics of the ASST Spedali
Civili of Brescia, 40 patients were admitted for MIS-C.

All patients were treated according to our standard protocol [3], based on an updated
review of the literature and a multidisciplinary expert consensus. In most of the patients
(75%), the cardinal treatment consisted of IVIG at 2 g/kg and corticosteroids (intravenous
methylprednisolone 2 mg/kg, followed by tapering with oral prednisone). A small group of
five very young patients with a milder clinical picture and milder abnormalities in the bio-
chemical and immunological parameters (CRP and lymphocyte/neutrophil counts) rapidly
improved with sole IVIG, while four other patients were treated only with corticosteroids.

MIS-C patients exhibited increased inflammatory markers at presentation, with CRP
as the most extensively measured marker. Although slightly heterogeneous, we did not
observe significantly different CRP values comparing patients’ subgroups at first mea-
surement. After the beginning of treatment, CRP displayed a day-by-day significant
decrease that reduced the initial value by half on day +5 and normalized before discharge
in one-third of patients (13/39) and in all patients at short-term follow-up.

Neutrophil activation is a distinct feature of Kawasaki disease and has already been
reported in patients with MIS-C [21,22]. In our cohort, neutrophilia affected half of the patients
at presentation and was more evident in more severe cases (median 10,290 vs. 7810 cells/µL,
respectively). During treatment, neutrophil counts tended to normalize, with only six patients
(15%) presenting with neutrophilia at discharge.

Conversely to neutrophils, monocyte count was initially normal in 78% of the patients,
then increased in the subacute phase of hospitalization (median values 400 vs. 1050 cells/µL).
Although the total number of monocytes has been reported to be normal in MIS-C, there is
also evidence of the active recruitment of this cell population in some MIS-C patients, as
shown by Gruber et al. [21]. A shift in monocyte counts paralleled with normalization of the
expression of surface-specific markers. We focused on the expression of CD4, because of its
ease to evaluate in very common flow cytometric panels and its strict temporal correlation
with the amelioration of CRP values and lymphocyte counts; in fact, the median of CD4-
monocytes dropped from 18% in the acute phase of the disease to 1.7% from day +5 onward,
before slightly disappearing at the last follow-up determinations (Figure 5A). Moreover,
in our experience, CD4 expression may correlate with clinical conditions at presentation,
as suggested by its increase in three of our most severe patients. A similar trend was
observed also in dendritic cells and basophils counts. Consistent with literature and our
previous results [23], we confirmed a profound depletion of dendritic cells at admission,
which was more marked in the most severe patients and that we herein reported also for
basophils. The normalization of these cell subsets’ counts was slower compared to the
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rapid improvement we conversely observed for lymphocyte subsets, and completed only
at long-term follow-up (Figure 5B). In particular, median pDC count remained below 1/20
of long-term follow-up values for the entire duration of the hospital stay.
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Figure 5. Representative panel of longitudinal changes in immunological subsets in two MIS-C
patients analyzed in three different phases of the disease. (A) CD4 expression on monocytes both
measured as percentage of CD4- cells and MFI ratio (Mr) between T helper cells (gray histogram) and
monocytes (white histogram); (B) pDC (pink) and mDC (blue) evaluation, according to BDCA2 and
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CD1c expression among CD45+CD4+CD14- gated cells; (C) evaluation of CD8+ T-cell maturation
stages: naïve (blue), central memory (orange), effector memory (green), terminally differentiated
(yellow); (D) evaluation of B cell subsets: RBE (orange), naïve (gray), switched memory (blue),
unswitched memory (green), CD21low (red), terminally differentiated (pink). Arrows indicate when
a subset significantly increased or decreased compared to the previous determination.

It is recognized that lymphopenia represents the most evident immunological hallmark
of MIS-C. Considering normalized values, we reported that 51% of patients displayed
lymphopenia at onset, while 87% presented with total lymphocyte counts below the median
of the reference value for their age. Interestingly, the prevalence of lymphocyte counts
below the normalized median disappeared after 5 days of hospitalization. Conversely to
what expected, after day +5 total lymphocyte counts kept on increasing. Thus, at discharge
25% of patients presented with lymphocytosis, while 85% of them displayed lymphocyte
counts above the normalized median. The lymphocytosis phase was temporary and at
short-term follow-up total lymphocyte counts were significantly lower and much closer
to the normal range, despite a tendency to remain above the normalized median value.
No significant differences in total lymphocyte counts were observed between patients’
subgroups according to age, treatment, and severity. More severe patients did not display
a higher degree of lymphopenia at presentation, or a different incidence of lymphocytosis
in the subacute phase of the disease. The acute phase of the disease was characterized
by a significant reduction in T- and NK-cells, with GammaDelta+ cells as the T subset
most dramatically affected by the disease (normalized median 0.201 vs. 0.379 of the
whole T-cell compartment), followed by NK cells (normalized median 0.298). Our finding
confirms the reduction in these populations in acute MIS-C patients already observed by
Gruber et al. [21].

CD4+ and CD8+ T cells were also significantly reduced at onset (normalized median
0.399 and 0.427, respectively). As already reported by Carter et al. [22], both subsets
displayed a significant increase in activated cells compared to normalized medians. In
contrast, while CD4+ maturation profile was consistent with the expected distribution in
healthy condition, CD8+ cells showed a reduction in more differentiated subsets, especially
in the three patients requiring admission to the intensive care unit (Figure 5C).

Interestingly, the same three patients displayed a significant reduction in total B cell
counts at onset, a condition limited to few cases in our cohort. At the level of B cells, the
inflammatory status in the acute phase of the disease matched with a general expansion of
terminally differentiated cells, counterbalanced by a reduction in the memory compartment
(Figure 5D).

The subacute phase of the disease was associated with marked changes in lymphocyte
counts. We observed a four-fold increase in CD4+, CD8+, and GammaDelta+ T-cell subsets
within a few days (0.399–1.447, 0.427–1.553, and 0.201–0.911, respectively), while B lympho-
cytes markedly expanded to a maximum seven-fold increase. Instead, the increase in NK
cell count was less evident (0.298–0.667) and remained below the normalized median. In
this phase of the disease, T-cell subsets showed a significant decrease in HLA-DR+ activated
cells, but only minimal changes in the distribution of subsets associated with different mat-
uration stages. We also observed rapid changes in the level of B-cell subsets. RBE cells and
terminally differentiated cells dropped. This last shift, together with the reduced activation
status of T cells, may correspond to the switching-off of the hyperactivation phase of the
disease. Naïve B cells displayed their highest peak in the subacute phase, indicating that
they were the greatest contributors to B-cell count increase, together with the rise in the
proportion of switched memory cells, especially observed in the more severe patients. In
contrast, a T-cell increase may be ascribable to a general rise in all the subsets, perhaps due
to a peripheral expansion or, more reasonably, to a mobilization of T lymphocytes from
other districts.

At follow-up, the apparent quiet trend toward normal counts of most of the main
lymphocyte populations hid a constant evolution in both B- and CD8+ T-cell subset distri-
bution (Figure 5C,D). In fact, at the level of the B-cell compartment, during the short-term
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follow-up, the depletion in the RBE subset became more pronounced (normalized median
of 0.435), while median values for both switched and unswitched memory B cells displayed
their highest points. These alterations progressively attenuated during follow-up. Of
note, we observed a constant increase in atypical CD21low during follow-up, which in
some cases reached more than a three-fold increase compared to reference medians in the
last determinations.

CD8+ T cells constituted the lymphocyte subset more consistently altered at follow-up.
In fact, their counts remained elevated even at long-term follow-up (normalized median
1.64 at least 300 days after hospital admission). Persistence of elevated CD8+ T cell counts
was mainly sustained by terminally differentiated cells, which remained significantly
above the normalized median even at longer time points (normalized median 1.61 at least
300 days after hospital admission). In contrast, percentages of naïve cells were significantly
lower compared to normalized medians.

Of note, an even more pronounced long-term increase in terminally differentiated
cells could also be observed in CD4+ T lymphocytes (normalized median of 2.65 at least
300 days after hospital admission), although this population has much less relevance than
its counterpart at the level of CD8+ cells.

All the observations reported above represent an effort to depict a clear picture of
the longitudinal changes in the immunological cell subset in a relatively small group of
patients with MIS-C treated in our center according to standard criteria. Moreover, the
distribution observed among the different cell subsets suggests the involvement of both
innate and adaptive immunities in the pathogenesis of MIS-C. The perturbations described
at presentation clearly resemble those immunological characteristics observed in acute
COVID-19 adult patients [19,20]. Lymphopenia and neutrophilia, together with an increase
in biochemical inflammatory markers and lymphocyte-activated subsets, are among the
most known hallmarks of the disease. Additionally, the profound depletion of dendritic
cells and the marked alteration in monocyte surface markers, particularly dramatic in
MIS-C patients displaying the most severe course of the disease, may correlate with severe
COVID-19 in adults. Of note, from the lymphocyte point of view, B-cell lymphopenia, and
a higher reduction in terminally differentiated CD8+ T cells, characterized the most severe
cases in the acute phase of MIS-C.

While the immunological changes observed in the first days after the initiation of
the pharmacological treatment, such as increase in lymphocyte counts, drop of activated
subsets, and bone marrow release of newly generated B cells, may depend on the im-
munomodulatory treatment on the acquired immune system, the latter abnormalities,
such as long-term persistence of terminally differentiated T cells and increase in atypical
CD21low and memory B cells, can be classed as inheritance of the inflammatory response
(Figure 5C,D).

Limitations of the study include the limited sample size that impairs the strength of the
analysis, and the retrospective nature of the immunological evaluation that caused missing
data during hospitalization and follow-up. Moreover, most MIS-C patients were treated
with IVIG alone or in association with glucocorticoids early in the course of the disease,
and it was difficult to discriminate the role of the medical therapies on the evolution of the
distribution of lymphocyte subsets. Nevertheless, our data may contribute to exploring the
immune response of hyperinflammatory complications that may occur after viral triggers.

5. Conclusions

The assessment of the immune response in MIS-C may have implications for clinical
practice. In fact, the characterization of the lymphocyte subsets may help the clinician
to recognize and monitor the different phases of the disease and to recommend prompt
treatments that may limit the progression of the disease and correct the hyperinflammation
response. If confirmed on larger cohort, our finding that some immune-cell abnormalities
(absence of dendritic cells, prevalence of CD4- monocytes, lymphopenia with skewing
toward CD8+ naïve and activated T cells, and reduction in B cells) correlate with disease
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prognosis could be of great help when tailoring treatment in the single patient with MIS-C.
Finally, we demonstrate the importance of the long-term follow-up to monitor the immune
remission of the disease other than clinical remission after hospital discharge, showing that
the complete normalization of lymphocyte distribution may require several months after
the disease.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/children10061069/s1, Supplemental Figure S1. Patients’ biochemi-
cal parameters presented as longitudinal data during hospitalization. (A): ferritin; (B): troponin-T;
(C): NT-proBNP. Supplemental Figure S2. Patients’ immunological parameters presented as lon-
gitudinal data (0–414 days from hospitalization) (A, C–F) and (B) as comparison among data at
different time points according to days after hospital admission (0–5 and 6–16 days during hospital-
ization; 20–60 and >60 days at short- and long-term follow up, respectively). (A,B): CD4 expression
on monocytes calculated as ratio of T helper MFI divided by monocyte MFI; (C): percentage of
CD4-monocytes; (D) myeloid dendritic cells absolute counts; (E) plasmacytoid dendritic cells abso-
lute counts; (F) basophils absolute counts. Supplemental Figure S3. Patients’ lymphocyte counts,
calculated as normalized ratio, presented as longitudinal data (0–414 days from hospitalization)
(A): total T lymphocytes; (B) CD4+ T lymphocytes; (C) CD8+ T lymphocytes; (D) recent thymic
emigrants (RTE); (E) GammaDelta+ T lymphocytes; (F) NK cells. Supplemental Figure S4. Patients’
CD4+ T lymphocyte subsets, calculated as normalized ratio of the percentage of parental cells,
presented as longitudinal data (0–414 days from hospitalization) (A): activated cells (HLA-DR+);
(B) naïve cells; (C) recent thymic emigrants (RTE); (D) central memory cells; (E) effector memory cells;
(F) terminally differentiated cells. Supplemental Figure S5. Patients’ CD8+ T lymphocyte subsets,
calculated as normalized ratio of the percentage of parental cells, presented as longitudinal data
(0–414 days from hospitalization) (A): activated cells (HLA-DR+); (B) naïve cells; (C) effector memory
cells; (D) terminally differentiated cells. Supplemental Figure S6. Patients’ B lymphocyte subsets,
calculated as normalized ratio of the percentage of parental cells, presented as longitudinal data
(0–414 days from hospitalization). (A): Total B lymphocyte counts. Percentages of different B cell sub-
sets: (B) recent bone marrow emigrants (RBE); (C) naïve; (D) switched memory; (E) IgM+ unswitched
memory; (F) CD21low cells; (G) terminally differentiated. Table S1: Supplementary Dataset.

Author Contributions: Conceptualization, L.D., D.M., M.C. (Marco Cattalini), M.C. (Marco Chiarini)
and R.B.; data curation, S.B., V.G., A.G., A.V., B.C. and F.S.; formal analysis, L.D., D.M., S.B., A.V.,
B.C., F.S., C.T. and M.C. (Marco Chiarini); investigation, A.M. (Antonella Meini), M.F.G., M.C.
(Manuela Cortesi), S.T., A.M. (Alessandra Manerba), G.P., G.V., E.G. and F.R.; methodology, D.M., M.C.
(Marco Cattalini), C.T. and M.C. (Marco Chiarini); software, C.T.; supervision, D.B. and R.B.; writi-
ng—original draft, L.D., D.M., M.C. (Marco Cattalini), M.C. (Marco Chiarini) and R.B.; writi-
ng—review and editing, L.D., D.M., M.C. (Marco Cattalini), F.S., F.R., C.T., M.C. (Marco Chiarini) and
R.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was realized with the funding from “Fondazione Spedali Civili Brescia” to
the Department of Pediatrics.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of ASST Spedali Civili of Brescia (NP 4000,
18 March 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data are available at 10.5281/zenodo.7899859.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/children10061069/s1
https://www.mdpi.com/article/10.3390/children10061069/s1


Children 2023, 10, 1069 17 of 18

References
1. Verdoni, L.; Mazza, A.; Gervasoni, A.; Martelli, L.; Ruggeri, M.; Ciuffreda, M.; Bonanomi, E.; D’Antiga, L. An outbreak of severe

Kawasaki-like disease at the Italian epicentre of the SARS-CoV-2 epidemic: An observational cohort study. Lancet 2020, 395,
1771–1778. [CrossRef]

2. Whittaker, E.; Bamford, A.; Kenny, J.; Kaforou, M.; Jones, C.E.; Shah, P.; Ramnarayan, P.; Fraisse, A.; Miller, O.; Davies,
P.; et al. Clinical Characteristics of 58 Children with a Pediatric Inflammatory Multisystem Syndrome Temporally Associated
with SARS-CoV-2. JAMA 2020, 324, 259–269. [CrossRef] [PubMed]

3. Feldstein, L.R.; Rose, E.B.; Horwitz, S.M.; Collins, J.P.; Newhams, M.M.; Son, M.B.F.; Newburger, J.W.; Kleinman, L.C.; Heidemann,
S.M.; Martin, A.A.; et al. Multisystem Inflammatory Syndrome in U.S. Children and Adolescents. N. Engl. J. Med. 2020, 324,
259–269. [CrossRef] [PubMed]

4. Cattalini, M.; Della Paolera, S.; Zunica, F.; Bracaglia, C.; Giangreco, M.; Verdoni, L.; Meini, A.; Sottile, R.; Caorsi, R.; Zuccotti,
G.; et al. Defining Kawasaki disease and pediatric inflammatory multisystem syndrome-temporally associated to SARS-CoV-2
infection during SARS-CoV-2 epidemic in Italy: Results from a national, multicenter survey. Pediatr. Rheumatol. 2021, 19, 29.
[CrossRef] [PubMed]

5. Godfred-Cato, S.; Bryant, B.; Leung, J.; Oster, M.E.; Conklin, L.; Abrams, J.; Roguski, K.; Wallace, B.; Prezzato, E.; Koumans,
E.H.; et al. COVID-19–Associated Multisystem Inflammatory Syndrome in Children—United States, March–July 2020. MMWR
Morb. Mortal. Wkly. Rep. 2020, 69, 1074–1080. [CrossRef]

6. BPSU PIMS-TS Investigation Team. Risk of paediatric multisystem inflammatory syndrome (PIMS-TS) during the SARS-CoV-2
alpha and delta variant waves: National observational and modelling study, 2020–2021. Engl. Front. Pediatr. 2022, 10, 2166.

7. Royal College of Pediatrics and Child Health. Guidance: Paediatric Multisystem Inflammatory Syndrome Temporally Associated with
COVID-19; Royal College of Pediatrics and Child Health: London, UK, 2020.

8. Preparedness, E. Emergency Preparedness and Response Multisystem In ammatory Syndrome in Children (MIS-C) Associated
with Coronavirus Disease 2019. CDCGOV 2020, 2019–2021.

9. European Centre for Disease Control and Prevention. Paediatric Inflammatory Multisystem Syndrome and SARS-CoV-2 Infection in
Children; European Centre for Disease Control and Prevention: Solna, Sweden, 2020.

10. Cattalini, M.; Taddio, A.; Bracaglia, C.; Cimaz, R.; Della Paolera, S.; Filocamo, G.; La Torre, F.; Lattanzi, B.; Marchesi, A.; Simonini,
G.; et al. Childhood multisystem inflammatory syndrome associated with COVID-19 (MIS-C): A diagnostic and treatment
guidance from the Rheumatology Study Group of the Italian Society of Pediatrics. Ital. J. Pediatr. 2021, 47, 24. [CrossRef]

11. Henderson, L.A.; Canna, S.W.; Friedman, K.G.; Gorelik, M.; Lapidus, S.K.; Bassiri, H.; Behrens, E.M.; Ferris, A.; Kernan, K.F.;
Schulert, G.S.; et al. American College of Rheumatology Clinical Guidance for Multisystem Inflammatory Syndrome in Children
Associated with SARS-CoV-2 and Hyperinflammation in Pediatric COVID-19: Version 2. Arthritis Rheumatol. 2021, 73, e13–e29.
[CrossRef]

12. Li, Y.; Luo, C.; Li, W.; Xu, Z.; Zeng, C.; Bi, S.; Yu, J.; Wu, J.; Yang, H. Structure-based preliminary analysis of immunity and
virulence of SARS coronavirus. Viral. Immunol. 2004, 17, 528–534. [CrossRef]

13. Sacco, K.; Castagnoli, R.; Vakkilainen, S.; Liu, C.; Delmonte, O.M.; Oguz, C.; Kaplan, I.M.; Alehashemi, S.; Burbelo, P.D.; Bhuyan,
F.; et al. Immunopathological signatures in multisystem inflammatory syndrome in children and pediatric COVID-19. Nat. Med.
2022, 28, 1050–1062. [CrossRef] [PubMed]

14. Noval Rivas, M.; Porritt, R.A.; Cheng, M.H.; Bahar, I.; Arditi, M. Multisystem Inflammatory Syndrome in Children and Long
COVID: The SARS-CoV-2 Viral Superantigen Hypothesis. Front. Immunol. 2022, 13, 941009. [CrossRef] [PubMed]

15. Zhang, Q.; Bastard, P.; Liu, Z.; Le Pen, J.; Moncada-Velez, M.; Chen, J.; Ogishi, M.; Sabli, I.K.D.; Hodeib, S.; Korol, C.; et al. Inborn
errors of type I IFN immunity in patients with life-threatening COVID-19. Science 2020, 370, eabd4570. [CrossRef] [PubMed]

16. Manry, J.; Bastard, P.; Gervais, A.; Le Voyer, T.; Rosain, J.; Philippot, Q.; Michailidis, E.; Hoffmann, H.-H.; Eto, S.; Garcia-Prat,
M.; et al. The risk of COVID-19 death is much greater and age dependent with type I IFN autoantibodies. Proc. Natl. Acad. Sci.
USA 2022, 119, e2200413119.

17. Bastard, P.; Rosen, L.B.; Zhang, Q.; Michailidis, E.; Hoffmann, H.H.; Zhang, Y.; Dorgham, K.; Philippot, Q.; Rosain, J.; Manry,
J.; et al. Autoantibodies against type I IFNs in patients with life-threatening COVID-19. Science 2020, 370, eabd4585. [CrossRef]

18. Lee, D.; Le Pen, J.; Yatim, A.; Dong, B.; Aquino, Y.; Ogishi, M.; Pescarmona, R.; Talouarn, E.; Rinchai, D.; Zhang, P.; et al. Inborn
errors of OAS-RNase L in SARS-CoV-2-related multisystem inflammatory syndrome in children. Science 2022, 379, eabo3627.
[CrossRef]

19. Moratto, D.; Mimiola, E.; Serana, F.; Garuti, M.; Giustini, V.; Roccaro, A.M.; Casari, S.; Beccaria, M.; Brugnoni, D.; Chiarini,
M.; et al. Lack of a prompt normalization of immunological parameters is associated with long-term care and poor prognosis in
COVID-19 affected patients receiving convalescent plasma: A single cen-ter experience. Diagnosis 2022, 10, 193–199. [CrossRef]

20. Moratto, D.; Chiarini, M.; Giustini, V.; Serana, F.; Magro, P.; Roccaro, A.M.; Imberti, L.; Castelli, F.; Notarangelo, L.D.; Quiros-
Roldan, E. Flow Cytometry Identifies Risk Factors and Dynamic Changes in Patients with COVID-19. J. Clin. Immunol. 2020, 40,
970–973. [CrossRef]

21. Gruber, C.N.; Patel, R.S.; Trachtman, R.; Lepow, L.; Amanat, F.; Krammer, F.; Wilson, K.M.; Onel, K.; Geanon, D.; Tuballes, K.; et al.
Mapping Systemic Inflammation and Antibody Responses in Multisystem Inflammatory Syndrome in Children (MIS-C). Cell
2020, 183, 982–995.e14. [CrossRef]

https://doi.org/10.1016/S0140-6736(20)31103-X
https://doi.org/10.1001/jama.2020.10369
https://www.ncbi.nlm.nih.gov/pubmed/32511692
https://doi.org/10.1056/NEJMoa2021680
https://www.ncbi.nlm.nih.gov/pubmed/32598831
https://doi.org/10.1186/s12969-021-00511-7
https://www.ncbi.nlm.nih.gov/pubmed/33726806
https://doi.org/10.15585/mmwr.mm6932e2
https://doi.org/10.1186/s13052-021-00980-2
https://doi.org/10.1002/art.41616
https://doi.org/10.1089/vim.2004.17.528
https://doi.org/10.1038/s41591-022-01724-3
https://www.ncbi.nlm.nih.gov/pubmed/35177862
https://doi.org/10.3389/fimmu.2022.941009
https://www.ncbi.nlm.nih.gov/pubmed/35874696
https://doi.org/10.1126/science.abd4570
https://www.ncbi.nlm.nih.gov/pubmed/32972995
https://doi.org/10.1126/science.abd4585
https://doi.org/10.1126/science.abo3627
https://doi.org/10.1515/dx-2022-0112
https://doi.org/10.1007/s10875-020-00806-6
https://doi.org/10.1016/j.cell.2020.09.034


Children 2023, 10, 1069 18 of 18

22. Carter, M.J.; Fish, M.; Jennings, A.; Doores, K.J.; Wellman, P.; Seow, J.; Acors, S.; Graham, C.; Timms, E.; Kenny, J.; et al. Peripheral
immunophenotypes in children with multisystem inflammatory syndrome associated with SARS-CoV-2 infection. Nat. Med.
2020, 26, 1701–1707. [CrossRef] [PubMed]

23. Caldarale, F.; Giacomelli, M.; Garrafa, E.; Tamassia, N.; Morreale, A.; Poli, P.; Timpano, S.; Baresi, G.; Zunica, F.; Cattalini, M.; et al.
Plasmacytoid Dendritic Cells Depletion and Elevation of IFN-γ Dependent Chemokines CXCL9 and CXCL10 in Children with
Multisystem Inflammatory Syndrome. Front. Immunol. 2021, 12, 654587. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41591-020-1054-6
https://www.ncbi.nlm.nih.gov/pubmed/32812012
https://doi.org/10.3389/fimmu.2021.654587
https://www.ncbi.nlm.nih.gov/pubmed/33841438

	Introduction 
	Materials and Methods 
	Results 
	Clinical Evaluation 
	Laboratory Parameters 
	Inflammatory Markers 
	White Blood Cells 
	T Cell Subsets and NK Cells 
	B Cell Subsets 


	Discussion 
	Conclusions 
	References

