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SARS-CoV-2 infection and recovery in children:
Distinct T cell responses in MIS-C compared to
COVID-19
Ksenia Rybkina1, Joseph N. Bell2, Marissa C. Bradley2, Teddy Wohlbold2, Marika Scafuro2, Wenzhao Meng3, Rebecca C. Korenberg2,
Julia Davis-Porada1, Brett R. Anderson2, Rachel J. Weller2, Joshua D. Milner2, Anne Moscona1,2, Matteo Porotto2, Eline T. Luning Prak3,
Kalpana Pethe2, Thomas J. Connors2, and Donna L. Farber1,4

SARS-CoV-2 infection for most children results in mild or minimal symptoms, though in rare cases severe disease can develop,
including a multisystem inflammatory syndrome (MIS-C) with myocarditis. Here, we present longitudinal profiling of immune
responses during acute disease and following recovery in children who developed MIS-C, relative to children who
experienced more typical symptoms of COVID-19. T cells in acute MIS-C exhibited transient signatures of activation,
inflammation, and tissue residency which correlated with cardiac disease severity, while T cells in acute COVID-19 upregulated
markers of follicular helper T cells for promoting antibody production. The resultant memory immune response in recovery
showed increased frequencies of virus-specific memory T cells with pro-inflammatory functions in children with prior MIS-C
compared to COVID-19 while both cohorts generated comparable antibody responses. Together our results reveal distinct
effector and memory T cell responses in pediatric SARS-CoV-2 infection delineated by clinical syndrome, and a potential role
for tissue-derived T cells in the immune pathology of systemic disease.

Introduction
Children have decreased susceptibility and greater resiliency to
SARS-CoV-2 infection relative to adults, who are at much higher
risk for severe disease, prolonged symptoms, and mortality (Lu
et al., 2020; Parri et al., 2020). However, in rare instances,
children can manifest severe disease requiring hospitalization.
Notably, in spring 2020, a newly identified multisystem inflam-
matory syndrome in children (MIS-C) presented weeks after
SARS-CoV-2 infection and was marked by systemic inflammation,
autoimmunity, and myocarditis (Cheung et al., 2020; Riphagen
et al., 2020; Verdoni et al., 2020). Children can also develop res-
piratory symptoms similar to COVID-19 in adults, which has be-
come more prevalent among the pediatric population in recent
infection waves (Cloete et al., 2022; Martin et al., 2022; Wang
et al., 2022). Understanding the immune processes associated
with different outcomes of pediatric SARS-CoV-2 infection and
the resultant establishment of long-term protective immunity are
important for developing prevention and treatment strategies.

There have been many studies on the acute clinical and
immunological manifestations of MIS-C. Hallmarks of disease

include multi-organ involvement, most notably cardiac dys-
function in the setting of high levels of circulating proin-
flammatory cytokines, similar to those seen in toxic shock
syndrome, and the presence of autoantibodies (Carter et al.,
2020; Gruber et al., 2020). While MIS-C was originally thought
to resemble Kawasaki disease, an inflammatory syndrome as-
sociated with vasculitis and heart disease in young children,
MIS-C patients were found to exhibit immune and inflamma-
tory profiles more closely resembling macrophage activation
syndromes (Rodriguez-Smith et al., 2021; Sacco et al., 2022;
Sharma et al., 2021). Additionally, the high incidence of gas-
trointestinal symptoms during the acute phase of MIS-C
(Cheung et al., 2020; Feldstein et al., 2020) suggests a distinct
pathophysiologic spectrum in MIS-C. The successful treatment
of MIS-C with intravenous immunoglobulin (IVIG) and steroids
further implicates systemic immune dysregulation in disease
pathogenesis (Belhadjer et al., 2020; Crosby et al., 2021). While
circulating autoantibodies reactive to endothelial cell compo-
nents may account for the cardiovascular dysfunction in acute
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MIS-C (Burbelo et al., 2022; Porritt et al., 2021a; Ramaswamy
et al., 2021), the underlying mechanisms for mucosal tissue
damage remain unclear. It is also not known whether the sys-
temic inflammation observed in MIS-C is induced by SARS-
CoV-2 infection or secondary effects of immune activation and/
or tissue damage.

There is evidence for a primary role for T cells in mediating
immune dysfunction in MIS-C. Studies by Arditi and others
identified preferential expansion of T cells expressing specific
TCR Vβ chains in a significant proportion (50–75%) of acute
MIS-C patients, suggesting superantigen-like T cell activation
through direct TCR binding (Moreews et al., 2021; Noval Rivas
et al., 2021; Porritt et al., 2021b). While superantigen-mediated
T cell activation can lead to systemic inflammation as observed
in toxic shock syndrome (Low, 2013), the role of T cells in dis-
ease pathogenesis of acute MIS-C remains unresolved. Addi-
tionally, while SARS-CoV-2–specific T cells can be detected in
the children with MIS-C (Conway et al., 2022; Hsieh et al., 2022;
Lam et al., 2022), the impact of MIS-C on the generation and
functionality of SARS-CoV-2–specific memory T cells compared
to children with more typical COVID-19 symptomology remain
unclear.

Here, through longitudinal profiling of patients during acute
disease and through recovery (up to 19 mo after infection) over
the course of the pandemic, we reveal that SARS-CoV-2 infected
children with MIS-C exhibit distinct immune activation and
memory responses. In the acute phase, children with MIS-C had
significantly elevated serum levels of pro-inflammatory (type I)
cytokines, while children with acute COVID-19 (COVID) had
elevated levels of type II cytokines. T cells in acute MIS-C ex-
pressed phenotypic and transcriptional signatures of activated
and tissue resident T cells, the latter of which correlated with
indicators of cardiac dysfunction. By contrast, T cells in acute
COVID exhibited follicular helper T cell (TFH) profiles associated
with antibody formation. Long-term follow-up revealed reso-
lution of T cell aberrations in MIS-C–recovered children and
higher levels of SARS-CoV-2–specific T cell memory compared
to children who recovered from COVID, along with neutralizing
antibody activity against multiple viral strains. Our results in-
dicate that activated T cells bearing tissue signatures may con-
tribute to the systemic inflammation and tissue damage that are
hallmarks of acute MIS-C but in turn also enable generation of
functional protective immune memory.

Results
Clinical cohorts of MIS-C and COVID-19 during acute disease
and recovery
In order to investigate the immunological basis of MIS-C relative
to other manifestations of SARS-CoV-2 infection in children, we
analyzed pediatric subjects over the course of the pandemic for a
total of 89 infected and 21 control (uninfected) children compris-
ing three cohorts: (1) children diagnosed with MIS-C (MIS-C); (2)
children infected with SARS-CoV-2 who never developed MIS-C
(COVID); (3) seronegative children who had no evidence of
ongoing or previous SARS-CoV-2 infection or vaccination (see
Table 1 for demographics of each cohort and Fig. 1 for a

temporal schematic of enrollment over the pandemic). Pe-
ripheral blood samples were obtained during the acute phase of
disease from children hospitalized for MIS-C or COVID-19.
Blood samples were obtained following recovery from MIS-C
(MIS-C-R) or COVID-19 (COVID-R) during outpatient visits at
timepoints 0.5–19 mo after infection (Table 1). The timing of
enrollment for the MIS-C and COVID cohorts is skewed (Fig. 1
and Table 1), attributed to the increased incidence of hospital-
ized pediatric COVID-19 associated with later variants of SARS-
CoV-2 (Martin et al., 2022; Wang et al., 2022). The MIS-C and
COVID cohorts were predominantly male and were racially and
ethnically diverse (Table 1). Age ranges were mostly consistent
across groups, though hospitalized children with acute COVID
were younger on average (Table 1).

MIS-C can be classified as severe, moderate, and mild based
on clinical severity, ranging from life-threating shock to symp-
toms that do not require intensive care (Jonat et al., 2021;
Sharma et al., 2021). In the MIS-C cohort, clinical severity (see
Materials and methods) was evenly distributed among mild and
moderate/severe forms, with overall rates of respiratory failure
lower in the MIS-C cohort compared to children with acute
COVID (Table 2). The MIS-C cohort had a 100% survival rate,
while one child out of 16 children with acute COVID died. The
majority of the MIS-C subjects received steroid and IVIG treat-
ment during their hospitalization (Table 2). With these cohorts,
we sought to define the immunological aberrations in acute
MIS-C relative to acute COVID, and determine whether these
dysfunctions were resolved during recovery by comparing
MIS-C children at extended timepoints after infection to chil-
dren who recovered from COVID-19 without developing MIS-C.
In addition, using samples obtained longitudinally during
follow-up visits, we were able to compare the generation and
maintenance of SARS-CoV-2–specific humoral and cellular
immune memory in these different pediatric cohorts.

Children with MIS-C exhibit distinct cytokine profiles
compared to COVID-19
A hallmark ofMIS-C and severe COVID-19 (as assessed in adults)
is the presence of elevated levels of multiple pro-inflammatory
serum cytokines (Consiglio et al., 2020; Diorio et al., 2020;
Hadjadj et al., 2020; Lucas et al., 2020; Szabo et al., 2021). The
increased incidence of severe pediatric disease seen during the
Delta and Omicron waves of SARS-CoV-2 infection enabled us to
investigate the inflammatory profile in acute pediatric COVID
compared to MIS-C. We compared the serum immune mediator
profiles as measured by multiplex analysis from all cohorts
(Fig. 2). While recovered cohorts exhibited cytokine profiles
similar to seronegative controls, acute disease cohorts exhibited
distinct cytokine profiles (Fig. 2 A).

In the acute phase, children withMIS-C and COVID exhibited
elevated levels of certain serum cytokines but distinct profiles
were observed for each cohorts. Sera from children with MIS-C
exhibited upregulation of cytokines associated with type 1 in-
flammation and antiviral immune responses relative to sera
from acute COVID (Fig. 2 B). These MIS-C–specific elevations
included TNF-α and CXCL9 (associated with extravasation of
lymphocytes to the site of infection), IL-27 (which promotes
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differentiation of T helper 1 [TH1] lineage CD4+ T cells, cytotoxic
CD8+ T cells and natural killer [NK] cells), IL-10 (a regulatory
cytokine produced by CD8+ T cells in response to respiratory
infection; Newton et al., 2016; Sun et al., 2009), and MCP2, a
monocyte chemoattractant. By contrast, cytokines elevated in
sera from acute COVID subjects included increased levels of
CCL15, eotaxin, M-CSF, and IL-13—all of which are associated
with type 2 immune responses through their role in eosinophil
recruitment, mucus production, M2 macrophage polarization,
and T helper 2 (TH2) responses (Fig. 2 C; Bonecchi et al., 2000;
Pope et al., 2001). Both acute MIS-C and acute COVID groups
also exhibited elevated expression of IL-15 and IL-6 and
downregulation of certain chemokines such as neutrophil
attractant CXCL5 compared to recovery and seronegative co-
horts (Fig. 2 D). These results show the distinct immunological
milieu of acute MIS-C as a systemic inflammatory disease

compared to acute COVID, and these profiles are transient
features of both disease types.

Altered composition of peripheral blood lymphocytes in
children with acute MIS-C
The elevation of cytokines and chemokines that exert direct
effects on lymphocytes in acute MIS-C and COVID prompted
investigation of lymphocytes across cohorts by flow cytometry
(Fig. 3; see gating strategy in Fig. S1 A). Acute MIS-C and acute
COVID presented with a decreased frequency of T cells con-
comitant with an increased frequency of B cells and no signifi-
cant change in NK/innate lymphoid cells compared to recovered
cohorts (Fig. 3 A). These results indicate that changes to the
T:B cell ratio previously reported during acute MIS-C (Lee
et al., 2020; Vella et al., 2021) are general features of active
disease from SARS-CoV-2 infection.

Table 1. Demographics of pediatric cohorts

MIS-Ca COVID-19

Acute Recovered Acute Recovered Seronegative

Subjects (n) 22 26 16 36 21

Sex, male, n (%) 16 (73) 16 (62) 12 (75) 20 (56) 8 (38)

Age, yr, median (range) 11.2 (4.3–17.2) 9.7 (1.2–16.1) 3.5 (0.07–15) 8.5 (0.42–16) 8.00 (0.75–15)

Months after infection, median (range) 1 (0.5–1)b 8 (1.1–19) 0.15 (0.03–0.47) 6.5 (0.5–10) n/a

Race or ethnicity, n (%)

African American 6 (27) 6 (23) 0 (0) 6 (19) 1 (5)

Hispanic 7 (32) 13 (50) 9 (56) 19 (61) 11 (52)

White 5 (23) 3 (12) 5 (31) 3 (10) 6 (29)

Other 1 (5) 1 (4) 0 (0) 1 (3) 1 (5)

Unknown 3 (14) 3 (12) 2 (13) 2 (7) 2 (9)

Comorbidities, n (%)

Asthma 3 (14) 2 (8) 2 (13) 10 (28) 1 (5)

Cardiac 1 (5) 0 2 (13) 6 (17) 3 (14)

Gastrointestinal 0 0 3 (19) 1 (3) 1 (5)

Endocrine/metabolic 1 (5) 0 1 (6) 2 (6) 2 (10)

Obesity 1 (5) 0 3 (19) 1 (3) 3 (14)

Hematologic 1 (5) 0 1 (6) 1 (3) 1 (5)

Neurological/neuromuscular 0 0 6 (38) 4 (11) 4 (19)

Chronic respiratory 0 0 1 (6) 1 (3) 0 (0)

Other 2 (9) 1 (4) 3 (19) 8 (22) 4 (19)

Variant

Original 16 (73) 21 (81) 2 (13) 20 (55) n/a

Alpha 4 (18) 4 (15) 1 (6) 6 (17) n/a

Delta 0 0 4 (25) 0 n/a

Omicron 2 (9) 1 (4) 9 (56) 5 (14) n/a

Unknown 0 0 0 5 (14) n/a

aMIS-C cohort comprises 37 unique patients of whom 11 subjects were included in both acute and recovery phases.
bTiming of acute infection was unknown or unreported in 13 of 22 acute MIS-C subjects and was presumed to be 1 mo prior to acute presentation, consistent
with Feldstein et al. (2020).
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There were comparable CD4+ and CD8+ T cell frequencies
across acute and recovered cohorts, suggesting that the de-
creased frequency of peripheral blood T cells in acute MIS-C was
not due to biased decreases in either CD4+or CD8+ T cell pop-
ulations (Fig. 3 B). In analyzing T cell subset proportions, MIS-C-
R children had a greater frequency of double-negative and γδ
T cells compared to the other cohorts (Fig. 3 B). We further in-
vestigated whether there were specific changes in CD4+ and
CD8+ T cell memory subsets (Fig. 3 C). No significant differences
were identified, suggesting a pan-decrease in circulating T cell
subsets during acute MIS-C and acute COVID. These results
indicate transient yet dynamic changes in peripheral T cell
subsets during acute disease, which are largely resolved during
recovery.

Expression of tissue resident markers by circulating T cells is a
distinct feature of acute MIS-C
We performed an in-depth analysis of T cell phenotypes in the
different disease cohorts during acute disease and recovery by
high dimensional flow cytometry. Our analysis included mark-
ers for activation (CD38, HLA-DR, CD69), tissue residence (TRM;
CD103, CD49a; Kumar et al., 2017; Szabo et al., 2019a) inhibition
(PD-1; Wherry, 2011), and TFH cells (CXCR5; Crotty, 2011; Fig. 4
and Fig. S2). These markers were mostly expressed by memory
rather than naive T cells as shown in representative flow cy-
tometry plots (Fig. 4 A and Fig. S2 A). Memory-phenotype T cells
in both acute MIS-C and COVID subjects showed elevated levels
of the activation marker HLA-DR (Fig. 4 B). However, each co-
hort exhibited differential expression of additional phenotypic

Figure 1. Enrollment schematic for each subject over the course of the SARS-CoV-2 pandemic. Visual representation of each subject (MIS-C, n = 37;
COVID-19, n = 52) recruited for this study superimposed on the wave during which they were infected. The number of weekly MIS-C cases is depicted in red
(left y axis), and number of weekly COVID-19 cases depicted in blue (right y axis). Case data were sourced from the Center for Disease Control (https://covid.
cdc.gov/covid-data-tracker/#mis-national-surveillance).

Table 2. Clinical characteristics of patients in MIS-C study

Acute MIS-Ca Acute COVID-19

Severity, n (%)

MIS-C mild 17 (46%) n/a

MIS-C moderate 10 (27%) n/a

MIS-C severe 10 (27%) n/a

Respiratory failure 9 (24%) 10 (63%)

ARDS 4 (11%) 5 (31%)

ECMO 0 (0%) 2 (13%)

Survival 37 (100%) 15 (94%)

Treatment, n (%)

Steroids 37 (100%) 11 (69%)

IVIG 36 (97%) 0 (0%)

Remdesivir 1 (3%) 9 (56%)

Immune modulatorb 8 (21%) 0 (0%)

ARDS, acute respiratory distress syndrome; ECMO, extracorporeal
membrane oxygenation.
aIncludes clinical data for acute presentation even if no biologic sample
obtained.
bAll patients received Anakinra.
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markers. Memory CD4+T cells from acute MIS-C expressed
significantly higher frequencies of canonical TRM markers
CD49a and CD103 (Kumar et al., 2017) compared to T cells in
acute COVID, recovery, and control groups (Fig. 4 B). Similarly,
memory CD8+T cells from acuteMIS-C exhibited upregulation of
TRM markers CD49a and CD69 relative to the other groups
(Fig. 4 B). By contrast, T cells from acute COVID had elevated
expression of both PD-1 and CXCR5 compared to acute MIS-C
and recovered groups; co-expression of these markers identified

elevated frequencies of TFH cells in acute COVID relative to
MIS-C (Fig. 4 B). These results show aberrant T cell responses
in acute MIS-C bearing signatures of tissue residency, while
T cells in acute COVID-19 show features of normal TFH differ-
entiation, important for promoting antibody responses to pri-
mary infection.

We further examined expression differences in TRM and
activation markers in MIS-C subjects pairing acute and re-
covery samples (Fig. 4 C). Increased expression of CD69,

Figure 2. Distinct immune mediator profiles in acute MIS-C and COVID-19 are resolved in recovery. (A) Profiles of immune mediators present in plasma
shown as a heatmap and stratified by cohort; acute MIS-C (n = 8), acute COVID (n = 15), MIS-C-R (n = 11), COVID-R (n = 4), seronegative (n = 7). Color intensity
of each cell represents analyte concentration (maximum absolute scaled per row) within each cohort. Unsupervised clustering of cytokine expression was done
using complete method (distance metric: Euclidean). (B) Analytes found to be elevated during acute MIS-C. (C) Analytes increased during acute COVID.
(D) Analytes found to be elevated or reduced in both acute MIS-C and acute COVID. (B–D) Concentration of indicated immune mediators present in
plasma. Statistical analyses were performed using Kruskal–Wallis test with Dunn’s correction. Line depicts median. *, P < 0.05; **, P < 0.01; ***, P < 0.00.
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CD103, and PD-1 during the acute phase of disease did not
persist into recovery (Fig. 4 C and Fig. S2 B). Moreover, in acute
MIS-C, there was co-expression of activation and TRMmarkers
(CD38, HLA-DR, CD103, PD-1) with CD49a, an integrin which
functions in TRM tissue surveillance following viral infections
(Reilly et al., 2020; Fig. 4 D). Together, these findings suggest
that activated, tissue-derived T cells are present in peripheral
blood during acute MIS-C but do not persist upon restoration of
tissue homeostasis in recovered individuals.

Expression of TRM phenotypes correlate with clinical
manifestations of MIS-C
We investigated whether aberrant T cell phenotypes observed
in acute MIS-C correlated with clinical measures of disease
severity. Severe cardiac inflammation and dysfunction were

among the most prominent and concerning clinical pre-
sentations of acute MIS-C (Cheung et al., 2020). In order to
define the scope of cardiac disease within this MIS-C cohort, we
analyzed blood and echocardiographic markers of cardiac
function and ischemia obtained during acute MIS-C and follow-
up appointments (2–19 mo after infection; Fig. 5 A). Upon ad-
mission, the majority (62%) of subjects presented with elevated
levels of troponin T (median, 26 ng/liter; range, <6–2,445;
reference, <22 ng/liter) indicating ischemia, and increased
N-terminal pro-brain-type natriuretic peptide (NT-proBNP;
median, 5,741 pg/ml; range, 452.8–>70,000; reference, <207 pg/
ml), an indicator of heart failure, suggesting significant cardiac
dysfunction based on blood indicators (Fig. 5 A). To directly
assess heart function, we used ejection fraction (EF) measured
on echocardiogram, which revealed near normal systolic

Figure 3. Similar alterations in immune cell frequencies during acute MIS-C and COVID are resolved during recovery. Lymphocyte subset frequencies
were assessed from peripheral blood samples of acute MIS-C (n = 17), acute COVID (n = 8), MIS-C-R (n = 11), COVID-R (n = 5), and seronegative (n = 6). (A) Bar
graph (left) depicting distributions of major lymphocyte populations with breakdown of lymphocyte subsets (right) organized by cohort. (B) Frequencies of
CD3+ T cell subsets by cohort. (C) Frequencies of CD4+ (left) and CD8+ (right) T cell memory subsets based on expression of CD45RA and CCR7 delineating
naive (CD45RA+CCR7+), central memory (TCM; CD45RA−CCR7+), terminal effector (TEMRA; CD45RA+CCR7−), and effector-memory (TEM; CD45RA−CCR7−) cells
by cohort. Lines depict mean. Statistical analysis was performed using one-way ANOVA with Tukey’s correction. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****,
P < 0.0001. NK/ILC, NK cell/innate lymphoid cell; DN, double-negative T cell.
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Figure 4. Distinct T cell phenotypes in acute disease groups suggest aberrant responses inMIS-C. (A) Representative flow cytometry plots of CD4+ (left)
and CD8+ (right) T cells by expression of markers of activation (CD69, HLA-DR, PD-1) and tissue residency (CD49a, CD103) during acute MIS-C (top) and MISC-
R (bottom). (B) Frequency of expression of selected markers on memory CD4+ (top) and CD8+ (bottom) T cells organized by cohort; acute MIS-C (n = 17), acute
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function (55–70% EF) in approximately half (51%) of acute
MIS-C subjects while others had severely decreased EF (<40%
EF; Fig. 5 A). Paired analysis of these acute manifestations to
short-term (2–6 mo) and longer-term (6–19 mo) follow-up
data showed normalization of blood and echocardiographic
findings for all subjects, similar to recent clinical studies of
MIS-C (Farooqi et al., 2021; Matsubara et al., 2022).

We investigated whether aberrant expression of T cell acti-
vation or tissue residency markers during acute MIS-C (Fig. 4)
correlated with indicators of cardiac dysfunction, specifically
troponin and EF that had varied widely across the cohort. In-
terestingly, there were significant correlations in the expression
of TRM markers with increased troponin or reduced EF, as
markers of cardiac dysfunction and worsening disease (Fig. 5 B).
Specifically, the proportion of CD103-expressing CD4+T cells
was higher with increased troponin, and the proportion of
CD49a-expressing CD8+T cells was inversely correlated with EF,
while none of the markers for activation (CD38, HLA-DR)
demonstrated a statistically significant correlation to increased
disease severity (Fig. 5 B). These results indicate that certain

types of TRM in circulation are associated with increased disease
severity and could serve as potential biomarkers for clinical
outcomes during acute disease.

Transcriptional signatures and TCR clonal expansions in acute
MIS-C T cells are resolved in recovery
The correlation of TRM phenotypes with disease severity in
MIS-C patients and the resolution of these aberrations in re-
covery suggested a role for T cells in the disease process. We
therefore performed in-depth molecular profiling of T cells in
acute MIS-C and MIS-C-R by analysis of gene expression and
clonal analysis of TCR gene sequences (Fig. 6). To investigate
gene expression changes in CD4+ and CD8+ T cells isolated from
peripheral blood of children during acute MIS-C and recovery,
we used whole transcriptome profiling by RNA sequencing
(RNAseq; Fig. 6, A and B). Differential gene expression (DEG)
analysis of acute versus recovered subjects revealed a limited
number of significantly differentially expressed genes, many of
which were associated with T cell activation, proliferation, and
tissue residency (Fig. 6 A, Table S1, and Table S2). Consistent

COVID (n = 8), MIS-C-R (n = 11), COVID-R (n = 5), and seronegative (n = 6) controls. TFH cells defined by co-expression of PD-1 and CXCR5. Lines represent
median for each cohort. Statistical analyses were performed using ordinary one-way ANOVA with Tukey’s correction or Kruskal–Wallis testing with Dunn’s
correction. (C) Paired analysis of marker expression on memory CD4+ (left) and CD8+ (right) T cells during acute MIS-C and following recovery. Statistical
analyses were performed using paired t test. (D). Paired analysis of marker expression on CD49a+ and CD49a− subsets in CD4+ (left) and CD8+ (right) T cells in
acute MIS-C children. Statistical analyses were performed using paired t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Mem, memory.

Figure 5. Aberrant expression of TRMmarkers correlate with cardiac disease severity during acuteMIS-C. (A) Paired serological and echocardiographic
cardiac clinical data fromMIS-C subjects at acute (n = 35–37) and recovery (2–6mo; n = 32 and 6–19mo; n = 17–18 after infection) timepoints. Dotted lines with
gray shading represent normal ranges for each parameter. (B) Correlation analysis (n = 17) of T cell subsets (x axis) to cardiac testing (y axis); troponin T (top) or
EF (bottom). Statistical testing was done with Pearson correlation.
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Figure 6. Distinct transcriptional signatures and TCR clonal expansions of MIS-C resolve following recovery. (A) Volcano plots of differentially ex-
pressed genes in CD4+ (top) and CD8+ (bottom) T cells between acute MIS-C (n = 7) and MIS-C-R 6–12 mo after infection (n = 7) subjects. Log fold change
describes upregulation or downregulation of a given gene in acute MIS-C in comparison to MIS-C-R. (B) Heatmaps of normalized mean counts of significantly
differentially expressed genes in CD4+ (top) and CD8+ (bottom) T cells between acute MIS-C (green) and MIS-C-R (blue) cohorts. Subjects in heatmaps were
clustered by complete cluster function (see Materials and methods). Genes were significantly different if they had a log2FC ≥1 and an adjusted P value <0.05.
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with the flow cytometry results, CD4+ T cells in acute MIS-C
showed an upregulation of PDCD1 (encoding PD-1) and genes
related to tissue residency including CD69, PRDM1 (encoding for
a transcription factor for TRM development; Mackay et al.,
2016), BATF, and CCL20 (Chen et al., 2021; Kumar et al., 2017;
Szabo et al., 2019b).

CD8+T cells in acute versus recovery showed upregulation of
genes associated with activation, tissue residency, and migra-
tion, including TUBA4A, IRF4, and CCL20 (Kumar et al., 2017;
Szabo et al., 2019a), along with CTLA4, an early activation
marker and IL10, a key regulatory cytokine. CD8+T cells in acute
MIS-C also showed upregulated expression of SGK1 (encoding
serum- and glucocorticoid-regulated kinase 1) expressed by
T cells mediating end organ damage through an angiotensin
II–directed pathway (Norlander et al., 2017), also activated in
severe COVID-19 (Miesbach, 2020). Together, this analysis
reveals gene expression profiles in circulating T cells of acute
MIS-C that exhibit features of activation, tissue residency, and
dysregulation, which do not persist during recovery, consistent
with our flow cytometry analysis and further supporting a
pathogenic role of T cells during acute MIS-C.

We also interrogated the clonal distribution of T cells in acute
MIS-C compared to MIS-C-R and COVID-R cohorts. We se-
quenced the TRBV gene within the Vβ and CDR3 region as de-
scribed (Miron et al., 2021) of sorted peripheral blood CD4+ and
CD8+ T cells from the different cohorts (Fig. 6 C and Table S3).
Heat maps show biased expression of TRBV11-2 in CD4+ and
CD8+T cells (Fig. 6 C) from acute MIS-C compared to the other
groups consistent with findings of expanded TRVB11-2 in other
cohorts (Cheng et al., 2020; Noval Rivas et al., 2021; Porritt et al.,
2021a, 2021b). Comparison of the frequency of CD4+ or CD8+T cells
expressing TRBV11-2 demonstrated amarked increase during acute
MIS-C that was not observed in MIS-C-R or COVID-R subjects
(Fig. 6 D). These results confirm previous reports of biased ex-
pansion of TRBV11-2–expressing T cells in acute MIS-C and reveal
that this expansion is transient, with the frequency of TRBV11-2 in
MIS-C-R children similar to COVID-R children.

Children with MIS-C generate functional SARS-CoV-2–specific
immune memory with enhanced anti-viral cellular responses
We asked whether the SARS-CoV-2–specific memory response
differed in MIS-C-R compared to COVID-R children (Fig. 7),
given their distinct profiles in acute disease. Virus-specific
T cells were detected using the well validated activation-
induced marker (AIM) assay in which peripheral blood mono-
nuclear cells (PBMCs) are cultured with peptide megapools
(MPs) containing SARS-CoV-2 T cell epitopes, and virus reac-
tivity is measured by upregulation of markers associated with
antigen-driven activation (Grifoni et al., 2020). The extent of
virus reactivity was defined by upregulation of two or three
activation markers (see Materials and methods; Fig. 7 A).

For CD4+ T cells, MIS-C-R children exhibited responses to
SARS-CoV-2–specific peptides including the Spike (S) protein
and other viral proteins at significantly higher levels compared
to COVID-R and seronegative children, which exhibited com-
parably low virus-reactivity (Fig. 7 B). For CD8+T cells, children
in both MIS-C-R and COVID-R groups had variable but low
frequencies of virus-reactive T cells, though there were no sig-
nificant differences between groups (Fig. 7 B). In order to assess
functional responses distinct from activation-marker induction,
we assessed the cytokine profile of virus-specific T cells (Fig. 7
C). Notably, CD4+T cells fromMIS-C-R subjects produced higher
levels of IL-2, while virus-reactive CD8+T cells in MIS-C-R
subjects produced significantly higher levels of TNF-α and IFN-γ
compared to COVID-R subjects (Fig. 7 C). These findings reveal
that virus-specific memory CD4+ and CD8+T cells are generated
following infection in children, but that subjects who recov-
ered from MIS-C exhibited a more robust functional memory
response compared to infected children who did not develop
MIS-C.

To assess whether the different memory T cell responses in
MISC-R compared to COVID-R were due to differences in age,
viral variant, and time from infection, we performed a multi-
variate analysis. Our results indicate that clinical cohort is the
major determinant of SARS-CoV-2 T cell responses (Table S4).
Together, these results show that T cell memory generated in
MIS-C is quantitatively and qualitatively distinct with a higher
frequency and TH1-like functional profile compared to T cell
memory generated in COVID-R subjects, which is lower in
magnitude and functionality.

Infected pediatric cohorts maintain similar SARS-CoV-
2–specific antibody profiles and dynamics
Finally, we compared antibody response profiles in children
with MIS-C to children with COVID-19 in the acute phase and
following recovery; in addition, serum sampling at multiple
recovery timepoints enabled us to follow the dynamics of this
response. All infected cohorts were able to generate IgG and IgA
antibodies specific for the SARS-CoV-2 S protein, IgG antibodies
against the receptor-binding domain (RBD) of the S protein, and
IgG antibodies specific for nucleocapsid (N) protein at levels
significantly higher than seronegative controls (Fig. 8 A). During
the acute phase, children with MIS-C had significantly higher
magnitudes of IgG and IgA anti-S, IgG anti-RBD, and IgG anti-N
antibodies compared to children with acute COVID, who ex-
hibited greater variability in antibody levels (Fig. 8 A). When
comparing acute and recovered groups, there was an increase in
anti-S and anti-N antibodies in recovered compared to acute
disease for the COVID-19 cohort, while the MIS-C cohort ex-
hibited comparable anti-S and anti-RBD antibody levels, except
for a reduction in anti-S IgA and anti-N antibodies in recovery
versus acute timepoints (Fig. 8 A). Across disease severity,

(C) Heatmap depicting TCR Vβ-chain usage in CD4+ (top) and CD8+ (bottom) T cells isolated from peripheral blood of acute MIS-C children and following
recovery compared to COVID-R. Color intensity represents frequency of chain usage as a percentage of the total repertoire. (D). Frequency of TRBV11-2 usage
in CD4+ (top) and CD8+ (bottom) peripheral blood repertoires in acute MIS-C children, MISC-R, and COVID-R subjects. Lines depict median for each cohort.
Statistical analyses were performed using Kruskal–Wallis test with Dunn’s correction. *, P < 0.05; **, P < 0.01.
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MIS-C children exhibited comparable levels of anti-S, -RBD, and
-N antibodies during the acute and recovery phase (Fig. S3 A).

We further assessed the dynamics of SARS-CoV-2–specific
antibodies in longitudinal samples for the two cohorts (Fig. 8, B
and C). COVID-R subjects exhibited comparable antibody levels
of anti-S and anti-RBD IgG antibodies up to 11 mo after infection
but a significant decline in anti-N IgG levels (Fig. 8 B). MIS-C
subjects also exhibited comparable levels of these antibodies,

except for a significant decline in anti-S IgA (Fig. 8, B and C). For
the MIS-C children in which multiple longitudinal samples were
obtained from the same individual, the magnitude of anti-S,
anti-RBD, and anti-N antibody titers was maintained up to 19mo
after infection (Fig. S3 B). In a multivariate model including
cohort, age, time from infection, and SARS-CoV-2 variant, the
only significant association that emerged was between reduced
antibody levels in acute COVID (Table S5). These results indicate

Figure 7. Enhanced frequency and functionality of memory T cells in children who recovered from MIS-C versus COVID-19. (A) Representative flow
cytometry data identifying SARS-CoV-2–specific CD4+ (left) and CD8+ (right) T cells using the AIM assay (see Materials and methods) based on the induction of
OX40, 4-1BB, and CD40L. Data organized by cohort (row) and peptide pool (columns; CD4; MP_S, MP_CD4R or CD8; MP_S, MP_CD8A, MP_CD8B—see
Materials and methods). (B) Frequency of epitope-specific CD4+ (top) and CD8+ (bottom) T cells grouped by clinical cohorts (MISC-R, n = 10; COVID-R, n = 17;
seronegative, n = 4) in individual peptide pools and combined reactivity. Lines depict mean for each cohort. Statistical analyses were performed using one-way
ANOVA with Tukey’s correction or Kruskal–Wallis test with Dunn’s correction. (C) Frequency of cytokine-positive CD4+ (top) and CD8+ (bottom) T cells
following SARS-CoV-2 peptide stimulation from subjects shown in B. Line depicts median. Statistical analyses were performed using Kruskal–Wallis test with
Dunn’s correction. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. All samples were between 3–12 mo after infection.
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no bias in antibody levels or persistence in the different clinical
cohorts.

We further assessed the protective ability of antibodies to
neutralize infection by different viral strains including the an-
cestral (D614G), Delta variant of 2021–2022, and the more recent
Omicron variant using a pseudovirus neutralization assay
(Stelitano et al., 2021; Weisberg et al., 2021). Sera from both
MIS-C-R and COVID-R subjects exhibited neutralizing activity
that was highest against the ancestral strain, lower against the
Delta variant, and greatly reduced to the Omicron variant
(Fig. 8 C). This hierarchy in neutralization levels to the dif-
ferent strains is consistent with findings in adults (Evans et al.,
2022; Schmidt et al., 2022). Antibodies from MIS-C-R subjects

demonstrated decreased neutralization activity to Omicron
compared to COVID-R subjects, suggesting decreased pro-
tection against emerging strains (Fig. 8 C). We applied our
multivariate model to determine if additional factors con-
tributed to the observed differences. Similar to the results
observed for T cell virus-specific memory (Fig. 7), clinical
cohort (namely MIS-C-R) remained the main determinant of
reduced neutralization activity to variant strains (D614G and
Omicron) when controlling for age, time from infection, and
variant (Table S6). Together, these findings establish that
humoral immunity is comparably generated in the two dis-
ease cohorts and that the major distinguishing immune
feature is the T cell response.

Figure 8. Longitudinal profiling of antibody responses during acute disease and recovery. (A) SARS-CoV-2 antibody reactivities in acute MIS-C (n =
18–22), acute COVID-19 (n = 12–13), MIS-C recovered (MIS-C-R; n = 36), COVID recovered (COVID-R; n = 29–31), and seronegative controls (n = 16). Graphs
depict IgG and IgA titers by area under curve (AUC) against SARS-CoV-2 Spike (S), RBD, and N proteins, stratified by clinical cohort. Lines depict median.
Statistical analyses were performed using Kruskal–Wallis test with Dunn’s correction. (B) Log-transformed longitudinal analysis of SARS-CoV-2–specific
antibodies in MISC-R (n = 36) and COVID-R (n = 24–25) cohorts. Line represents best fit with shading depicting 95% confidence bands. Statistical testing was
performedwith linear regression. (C) Compiled data from pseudotype neutralization assay (seeMaterials and methods) grouped by cohort (MISC-R, n = 20; and
COVID-R, n = 15) and organized by variant vs. log-transformed AUC for neutralizing activity. Statistical testing within cohorts by one-way ANOVA with Tukey’s
correction and across groups by variant using Mann–Whitney t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Discussion
The immunological mechanisms implicated in MIS-C and their
related outcomes in affected children have been difficult to as-
sess. Here, we present longitudinal immune profiling of children
who developed SARS-CoV-2–associated MIS-C during acute
disease and 1–19 mo following recovery, relative to children with
more typical clinical manifestations of SARS-CoV-2 infection
over the different waves of the pandemic. We identified a dis-
tinct inflammatory mediator profile in acute MIS-C, along with
phenotypic, transcriptional, and clonal alterations in T cells
during acute disease. In particular, T cells in acute MIS-C up-
regulated expression of TRM markers, which correlated with
clinical measurements of cardiac damage, suggesting tissue in-
filtration or egress during acute disease. While aberrant T cell
phenotypes and inflammation resolved during recovery, chil-
dren with prior MIS-C generated increased frequencies of
functionally robust virus-specific T cells compared to children
who recovered from more typical COVID-19 infection. Together
our results reveal that the T cell response in acute MIS-C cor-
related with disease pathology, while also generating robust
memory responses important for future immune protection.

Acute MIS-C subjects exhibited unique immune mediator
profiles in plasma, with distinctly high levels of CXCL9, IL-27,
and TNF-α, consistent with previous analysis of acute MIS-C
serum (Consiglio et al., 2020; Gruber et al., 2020; Hoste et al.,
2022; Sacco et al., 2022). This type of proinflammatory immune
response is associated with extravasation of lymphocytes to the
site of infection, consistent with the excessive vasculitis ob-
served in MIS-C. Acute MIS-C sera also had elevated levels of
IL-10, a cytokine produced later in infection which can attenuate
excessive inflammation (Rojas et al., 2017). By contrast, children
with acute COVID exhibited a type 2 immune response charac-
terized by elevated levels of CCL15, eotaxin, IL-13, and M-CSF,
consistent with other reports of cytokine profiles in SARS-
CoV-2–infected children (Pierce et al., 2020; Ravichandran
et al., 2021). Interestingly, a similar cytokine profile is associ-
ated with pediatric responses to other respiratory viruses includ-
ing respiratory syncytial virus and rhinovirus (Becker, 2006; Yuan
et al., 2020), suggesting that this profile is a general feature of a
protective primary anti-viral response. Together, these results
indicate that MIS-C has a distinct and aberrant inflammatory
profile associated with disease pathology.

Our examination of adaptive immunity in acute MIS-C rel-
ative to other pediatric cohorts implicates a possible role for
T cells in immune pathology and tissue damage. Notably, we
found that circulating T cells during acute MIS-C exhibit mul-
tiple features of tissue-resident T cells, some of which correlate
directly with measures of cardiac damage. T cells in acute MIS-C
express canonical integrins (CD103, CD49a), the gene PRDM1,
which encodes the transcription factor Blimp-1, critical for TRM
formation (Mackay et al., 2016), and other tissue signature genes
(TUBA4A, PDCD1; Szabo et al., 2019a). This transient expression
of TRM signatures by T cells in peripheral blood is rarely ob-
served (Szabo et al., 2019a) and importantly, was not observed in
peripheral blood T cells of children with acute COVID (this
study), or in adults with severe COVID and acute lung damage
(Szabo et al., 2021). Activated T cells were also found in circulation

of children with acute COVID but these exhibited phenotypes
of TFH cells, involved in a normal primary immune response
to respiratory viruses—further evidence that immune re-
sponses in MIS-C are aberrant and those in acute COVID are
productive.

We propose that TRM phenotype in MIS-C could derive from
two possible mechanisms: One possibility is that T cells directly
participating in myocarditis and cardiac damage acquire TRM
phenotypes and re-emerge in the periphery due to their egress
from the inflamed site. This mechanism is supported by corre-
lations we identified between T cells expressing TRM markers
and indicators of heart dysfunction, and that the loss of these
aberrant T cells in longitudinal follow-up correlated with re-
covery of cardiovascular health. Another possibility is that TRM
cells derive from infection-mediated disruption of the intestinal
barrier, which can occur during acute MIS-C (Bajaj et al., 2021;
Yonker et al., 2021), thus enabling egress of TRM into circula-
tion. This latter mechanism would therefore implicate an indi-
rect role for T cells in cardiac damage through induction of
systemic inflammation.

Further T cell dysregulation in acute MIS-C included the bi-
ased expansion of T cells harboring Vβ11-2 TCR chains, consistent
with previous findings by other groups (Noval Rivas et al.,
2021; Porritt et al., 2021b). This biased expansion resembles
superantigen-mediated activation, and it has been proposed that
the SARS-CoV-2 S protein can act as a superantigen (Noval Rivas
et al., 2022). However, these expansions only occur in a fraction of
MIS-C patients, and a previous study did not find a correlation
between detectable SARS-CoV-2–reactive T cells and Vβ11-2 ex-
pansions (Lam et al., 2022).We propose that this biased expansion
could derive from egress of tissue T cells, such as TRM, which can
exhibit site-specific expansions (Miron et al., 2021). That the ex-
panded Vβ11-2 T cells do not persist following recovery (at least as
measured in blood) suggests these clones either underwent apo-
ptosis and/or were sequestered back in tissues.

Despite the significant T cell alterations during acute MIS-C,
recovered children generated functional and more robust SARS-
CoV-2–specific T cell memory compared to children who
recovered from COVID-19. Encouragingly, these memory lym-
phocytes were also able to elicit appropriate anti-viral re-
sponses upon antigen re-exposure expanding on the results
observed by others at shorter timepoints (Conway et al., 2022;
Hsieh et al., 2022; Lam et al., 2022; Sacco et al., 2022). We
demonstrate that children recovered from MIS-C can maintain
SARS-CoV-2–specific antibodies in circulation up to 19 mo after
infection at comparable levels to children who recovered from
mild infection, however their ability to provide protection
against emerging variants may be relatively impaired. To-
gether, these findings indicate that children with MIS-C may
develop robust protection from future SARS-CoV-2 infection,
an idea consistent with the lack of recurrent MIS-C in previ-
ously affected patients (DiLorenzo et al., 2023). In conclusion,
our study demonstrates that adaptive immune responses may
trigger immunopathology in acute MIS-C, but these same
processes may also promote efficacious immune memory. In
this way, children may have different mechanisms for re-
sponding to and inducing protection to this pandemic virus.
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Materials and methods
Human subjects
Pediatric subjects, less than 18 yr of age, were recruited from the
New York Presbyterian/Columbia University Irving Medical
Center (CUIMC) Morgan Stanley Children’s Hospital and pedi-
atric outpatient clinics and divided into cohorts based on their
infection history and clinical manifestations: (1) MIS-C: Children
followed by the Columbia University Interdisciplinary MIS-C
Longitudinal Follow-up Programwhomet the Center for Disease
Control definition of MIS-C; <21 yr of age, fever >38°C for >24 h,
laboratory evidence of inflammation, hospital admission, mul-
tiorgan involvement, no alternative plausible diagnosis, and
positive SARS-CoV-2 serology (Farooqi et al., 2021). All cases
were adjudicated by the interdisciplinary team to ensure case
definitions were consistent. MIS-C severity was determined by
calculation of a vasoactive infusion score, respiratory support
requirement, and severity of end organ injury (Jonat et al., 2021).
(2) COVID-19: Children requiring hospitalization confirmed to
have active SARS-CoV-2 infection by PCR from nasopharyngeal
swabs and manifesting with typical symptoms of COVID-19
(fever, malaise, respiratory distress, intestinal involvement) or
recruited from the outpatient setting with history of SARS-
CoV-2 infection and confirmed to have SARS-CoV-2 anti-
bodies by serologic testing; (3) Seronegative: Subjects with no
history of SARS-CoV-2 infection or vaccination and confirmed
to not have SARS-CoV-2 antibodies on serologic testing.

Children with documented immunodeficiency, malignancy,
or chromosomal abnormalities were excluded from this study.
No samples were included following vaccination against SARS-
CoV-2. Samples from acute MIS-C and COVID cohorts were
obtained within 48 h of hospitalization. 75% of samples in acute
MIS-C cohort were obtained prior to or within 12 h of initiation
of treatment. Additional samples (up to three total separated by
a minimum of 24 h) were obtained from acute COVID subjects
during hospitalization and were included only in multivariate
analyses. In theMIS-C cohort, no cases of reinfectionwere noted
for those included in longitudinal analyses.

All blood samples were obtained from subjects having rou-
tine phlebotomy performed for clinical purposes with informed
consent from parents to collect blood for research under a pro-
tocol approved by the Institutional Review Board of CUIMC.
Serologic testing for anti-SARS-CoV-2 antibodies (anti-S and
anti-N immunoglobulins) was performed in the Center for Ad-
vanced Laboratory Medicine at CUIMC.

Peripheral blood processing
Blood was processed for the isolation of PBMCs by isolation
through density gradient centrifugation using Ficoll-Paque
PLUS (GE Healthcare). Mononuclear cells were collected from
the buffy coat layer, washed twice with PBS, and resuspended in
PBS for analysis.

ELISA for anti-SARS-CoV-2 antibodies
SARS-CoV-2 antibody ELISA was performed as previously de-
scribed (Amanat et al., 2020). Recombinant S, RBD, and N pro-
teins from a SARS-CoV-2 Wuhan isolate (GenBank: MN908947.
3) were purified using the well-established baculovirus

expression system as described (Krammer et al., 2012) and
generously provided by Dr. Florian Krammer (Mount Sinai
School of Medicine, New York, NY, USA). For testing of anti-
SARS-CoV-2 antibodies by ELISA, 96-well plates (Immulon 4
HBX; Thermo Fisher Scientific) were coated with recombinant
S, RBD, or N protein (2 μg/ml in Dulbecco’s PBS [DPBS]) and
incubated at 4°C overnight. The next day, antigens were dis-
carded, blocking solution (3% non-fat milk in DPBS with 0.1%
Tween 20 [DPBST]) was added for 1 h at room temperature,
discarded, and heat-inactivated serum (30 min at 56°C) was
added in threefold serial dilutions in DPBST with 1% non-fat
milk (starting dilution 1:50) for 2 h at room temperature. Plates
were washed with DPBST three times, and then secondary
antibodies diluted in DPBST were added. IgG titers were de-
termined using goat anti-human IgG-HRP at 1:3,000 dilution
(Thermo Fisher Scientific). IgA titers were determined using
anti-human IgA-HRP at 1:10,000 dilution. After washing, sec-
ondary antibody solution was added to the plates for 1 h at room
temperature. Plates were then washed three times with DPBST
before developing with SIGMAFAST o-phenylenediamine di-
hydrochloride (Sigma-Aldrich) for 10 min. The reaction was
subsequently terminated by adding 3 M hydrochloric acid
(Sigma-Aldrich), and absorbance at 490 nm (OD490) was mea-
sured using a BioTek 800 TS absorbance reader. Values were
plotted on dilution curves, and area under the curve (AUC) was
calculated using GraphPad Prism software version 9.1.1. For
each ELISA run, the mean OD490 value of the blank control
wells was used to set a background value in the analysis. For
display purposes, AUC values below 1 were arbitrarily assigned
a value of 0.5.

In vitro T cell stimulation with SARS-CoV-2 peptide MPs
Isolated PBMCs from samples obtained 3–12 mo after infection
were isolated fresh and incubated overnight at 37°C in 5% CO2

following isolation. Cells were stimulated for 6 or 24 h by the
addition of SARS-CoV-2–specific megapools (MPs; 1 μg/ml) for
CD4+ and CD8+ T cells (MP_S, MP_CD4_R, MP_CD8_A, and
MP_CD8_B) designed and synthesized as previously described
(Grifoni et al., 2020). Briefly, MP_S consists of 253 15-mer
peptides overlapping by 10 residues and covering the entire S
protein. MP_CD4_R consists of 221-predicted HLA class II CD4+

T cell epitopes covering all proteins apart from S protein. For
CD8+ epitopes, MPs were synthesized based on epitope pre-
dictions for 12 most common HLA class I A and B alleles; these
resulted in 628 predicted CD8+ T cell epitopes, which were
separated into MP_CD8_A and MP_CD8_B (Dan et al., 2021;
Grifoni et al., 2020). Immunocult human CD3/CD28 T cell acti-
vator (STEMCELL Technologies) was used as a positive control,
and equimolar amount of DMSO was used as negative control.
Before the addition of peptide MPs, cells were blocked for 15 min
with anti-CD40 monoclonal antibody (0.5 μg/ml; Miltenyi Bio-
tec), as previously described (Reiss et al., 2017). After either 6 or
24 h, the supernatant was collected for multiplex detection of
cytokines, and cells were stained for AIM and intracellular cy-
tokine production and analyzed via flow cytometry.

AIM+ antigen-specific CD4+ T cells were identified as positive
following Boolean OR gating of the CD40L+OX40+, 4-1BB+OX40+,
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4-1BB+CD40L+ subsets (see Fig S1 C). The resultant gate was used
to quantify AIM+ CD4+ T cell frequency. AIM+ antigen-specific
CD8+ T cells were identified as 4-1BB+CD69+. Antigen-specific
CD4+ and CD8+ T cells were measured as DMSO background-
subtracted data.

Flow cytometry
For flow cytometry analysis of SARS-CoV-2 antigen-reactive
T cells and cell sorting, cells were stained in 96-well U-bottom
plates protected from light using fluorochrome-conjugated an-
tibodies (see Table S7 for antibodies). Briefly, cells were washed
with FACS buffer (PBS with 2% heat-inactivated fetal bovine
serum) and then resuspended with surface staining antibody
cocktail for 20 min at room temperature. Surface-stained cells
were fixed for 30 min at room temperature in fixation buffer
(Tonbo), washed with permeabilization buffer (Tonbo), and
FACS buffer. Flow cytometry data were collected using the five-
laser Cytek Aurora flow cytometer (Cytek Bio) and analyzed
using FlowJo v.10.7 software and Graphpad Prism 9.1.1 software.

For flow cytometry analysis of surface markers, cells were
stained in polypropylene tubes protected from light using
fluorochrome-conjugated antibodies (see Table S7 for antibodies
in the T cell flow cytometry panel). Briefly, cells were washed
three times with FACS+ buffer (PBS with 5% heat-inactivated
fetal bovine serum, 1 mM EDTA) and then resuspended with
Zombie NIR Fixable Viability Kit (Biolegend) in 1× PBS for
30 min on ice. Cells were then washed three times with FACS+
buffer then resuspended in TruStain FcX (BioLegend) for 30min
on ice, followed by antibody cocktail in FACS+ buffer for 30 min
on ice. Surface-stained cells were then wash three times with
FACS + buffer and fixed for 30 min at on ice in BD Cytofix (BD
Biosciences). Flow cytometry data were collected using the five-
laser Cytek Aurora flow cytometer (Cytek Bio) and analyzed as
above. Flow cytometry data was initially gated as in Fig. S1 using
FlowJo v.10.7.

TCR sequencing and analysis
CD4+ and CD8+ T cell subsets were isolated by flow cytometry
sorting, resuspended in RLT buffer (Qiagen) following sorting,
and subsequently frozen at −80°C until DNA extraction. DNA
was subsequently extracted from thawed samples using AllPrep
DNA/RNA Micro Kit (Qiagen) as per kit instructions. Extracted
DNAwas resuspended in water and analyzed on NanoDrop2000
spectrophotometer (Thermo Fisher Scientific) to assess DNA
quantity and quality confirmed with QubitdsDNA High Sensi-
tivity DNA assay (Thermo Fisher Scientific) prior to sequencing.

TCR Vβ rearrangements were amplified from genomic DNA
with two replicates per sample as described (Ritz et al., 2020).
Briefly, a cocktail of 23 Vβ families from framework region
2 (FR2) forward primers, and 13 Jβ region reverse primers,
modified for NGS from the BIOMED2 primer series (Van Dongen
et al., 2003) were used to generate the TRB library and se-
quenced using an Illumina MiSeq in the Human Immunology
Core Facility at the University of Pennsylvania. 2 × 300 bp
paired end kits were used for all experiments (Illumina MiSeq
Reagent Kit v3, 600 cycle, Illumina Inc.). The sequencing met-
adata are presented in Table S3. Raw reads were pre-processed

using pRESTO (v.0.5.10; Vander Heiden et al., 2014) and clone
assemblies were processed with MiXCR (v.2.1.10; Bolotin et al.,
2015). Data were analyzed with VDJtools (v.1.2.1; Shugay et al.,
2015) and Immunarch (v.0.6.9; Team, 2019) and Prism for vi-
sualization and statistics.

CD4+ and CD8+ T cell sorting from peripheral blood
Cryopreserved PBMCs were thawed, washed three times with
FACS+ buffer and stained with antibodies indicated in Table S7 in
FACS+ buffer for 20min at room temperature. Cells were washed,
filtered, and resuspended in FACS buffer containing 0.01× DNAse.
Cells were sorted according to gating strategies outlined in Fig. S1
B using a BD Influx Cell Sorter (BD Biosciences).

RNAseq
Following isolation of CD4+ and CD8+ T cell subsets by FACS,
cells were resuspended in RLT Buffer (cat. #1053393; Qiagen)
and stored at −80°C until shipment. Frozen RNA samples were
sequenced by Genewiz using 150-bp paired end sequencing on
an Illumina Hi-Seq. Genewiz provided FASTQ files, Quality
control data, and unique hit counts data aligned to the Homo
sapiens GRCh38 reference genome available on ENSEMBL using
the STAR aligner v.2.5.2. The gene list was filtered to exclude
any non-coding genes and genes related to hemoglobin function.
Next, genes with read counts below five copies in at least five
samples were also excluded. DEG analysis was performed and
visualized using DESeq2 (Love et al., 2014). Genes were deemed
differentially expressed if log2fold change was ≥1 and adjusted
P value <0.05. Heatmaps were generated using the pheatmap
package (Kolde, 2012), and volcano plots were generated by
use of the EnhancedVolcano package. RNAseq data are
available at GEO accession number GSE213192.

Multiplex detection of immune mediators
Cryopreserved patient plasma was sent to Eve Technologies
Corp. for quantification of human cytokines, chemokines, and
growth factors. Cytokine Luminex xMAP technology was used
for multiplexed quantification of 71 human cytokines, chemo-
kines, and growth factors: 6CKine, BCA-1, CTACK, EGF, ENA-
78, eotaxin, eotaxin-2, eotaxin-3, FGF-2, Flt3L, fractalkine,
G-CSF, GM-CSF, GROα, I-309, IFNα2, IFNγ, IL-1α, IL-1β, IL-1RA,
IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p40), IL-12
(p70), IL-13, IL-15, IL-16, IL-17A, IL-17E/IL-25, IL-17F, IL-18, IL-20,
IL-21, IL-22, IL-23, IL-27, IL-28, IL-33, IP-10, LIF, MCP-1, MCP-
2, MCP-3, MCP-4, M-CSF, MDC, MIG, MIP-1α, MIP-1β, MIP-1δ,
PDGF-AA, PDGF-AB/BB, RANTES, sCD40L, SCF, SDF-1α+β,
TARC, TGFα, TNFα, TNFβ, TPO, TRAIL, TSLP, and VEGF-A.

The multiplexing analysis was performed using the Luminex
200 system with assay kits sourced by Millipore MILLIPEX
(MilliporeSigma) according to the manufacturer’s protocol. Ob-
served concentrations were calculated with the standard curve
based on the fluorescence intensity of the bead population for a
specific analyte. Observed concentrations for each analyte were
averaged across every cohort and scaled across cohorts with
values ranging from −2 to 2 across all analytes. Heatmap visu-
alizations were generated using the Python data visualization
library pheatmap (Kolde, 2012).
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Pseudovirus neutralization assay
We used a pseudovirus-based neutralization strategy developed
for determination of inhibition of infection and adapted for use
with SARS-CoV-2 (Porotto et al., 2009; Talekar et al., 2012;
Weisberg et al., 2021). VSV-ΔG-RFP is a recombinant vesicular
stomatitis virus (VSV) derived from the cDNA of VSV Indiana, in
which the G gene is replaced with the RFP gene. We obtained
VSV-ΔG-RFP complemented with VSV-G from Michael Whitt
(University of Tennessee Health Science Center, Memphis, TN,
USA; and GTX Inc., Memphis, TN, USA). Pseudotyped viruses
with the indicated SARS-CoV-2 Spike (S) protein were gener-
ated in HEK 293T (human kidney epithelial) cells transfected in
poly-D-lysine coated T75 flasks (Corning BioCoat) with 15 μg of
DNA, 30 μl of lipofectamine 2000, in 1 ml of Optimem per flask
of either the WT (D614G) S (CAD0240757), Delta S (QYJ46503),
or Omicron S (UMA71171) cDNAs obtained from Epoch Life
Science. 5 h after transfection, the flasks were washed and in-
fected with VSV-ΔG-RFP (multiplicity of infection of 0.5)
complemented with VSV-G. Supernatant fluids containing
pseudotyped viruses were collected 20 h after infection,
centrifuged at 3,000 rpm for 10 min, and immediately used for
the neutralization assay. For infection assays, S-pseudotyped
virus (50 μl/well, containing 100–400 plaque forming units)
from clarified supernatant fluid was used to infect Vero cells
(derived from African green monkey kidney, high endogenous
expression of ACE2) in 96-well plates pre-filled with 50 μl of
media. Fusion-inhibitory peptide corresponding to the HRC
domain of S (de Vries et al., 2021) and sera were added at the
indicated concentrations. Twofold serial dilutions were per-
formed for all samples. RFP-infected cells were counted using a
Cytation 5 (BioTek) and analyzed with Gen5 3.11 software (min
object size 25 µm, max object size 135 µm, threshold 3,000).

The sera were tested in three separate experiments per-
formed with technical duplicates in twofold dilutions in 96 well
plates. Each plate also contained two controls: (1) immune hu-
man serum (IS) subjected to identical dilutions and (2) a fusion
inhibitory peptide (HRCSARS; 500, 250, 125, 62.5, 31.25, 15.625,
and 7.8125 nM). The measurements from each plate were nor-
malized using the 500 nM concentration of HRCSARS as 100%
inhibition and the 1:5,120 dilution of IS as 0% inhibition. The %
inhibition was calculated using the following formula: [1 −
(ValueX − HRCSARS@500nM/IS@1:5120 − HRCSARS@500nM)] × 100.

Statistical analysis
Statistical analyses were performed in Prism v.9.1.1, with tests
for significance specified in each figure legend. Multiple linear
regression analysis was performed on log transformed data with
dependent variables (%CD4/CD8 AIM+; Fig. 7, and antibody
AUC/neutralization activity; Fig. 8) including cohort, COVID
variant, time from infection (months), and age (years). For each
variable, P values were calculated using the t statistic with two-
sided hypothesis testing.

Online supplementary material
Fig. S1 provides the gating strategy for analytical flow cytometry
and sorting. Fig. S2 shows a comparison of surface phenotypic
markers between naive and memory subsets and analysis of

T cell marker expression in paired samples from subjects during
acute MIS-C and following recovery. Fig. S3 includes antibody
titer results of SARS-CoV-2–specific antibodies in children with
MIS-C during acute disease and following recovery grouped by
initial disease severity in longitudinal samples up to 19 mo fol-
lowing initial MIS-C hospitalization. The supplemental tables
include DEG analysis comparing T cells in acute MIS-C to re-
covery in Table S1 (CD4+ T cells) and Table S2 (CD8+ T cells).
Table S3 contains TCR sequencing metadata. Multivariate
analyses are located in Table S4 (SARS-CoV-2 activation–
induced marker assay), Table S5 (anti-SARS-CoV-2 antibody),
and Table S6 (neutralization assay). Table S7 contains a list of
antibodies used for flow cytometry experiments.

Data availability
Data related to RNAseq is available at GEO accession no.
GSE213192. Further information and requests for data or re-
agents should be directed to and will be fulfilled by lead author
Donna L. Farber (df2396@cumc.columbia.edu).
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Figure S1. Gating strategy for flow cytometry and cell sorting. (A) Gating strategy for blood immunophenotyping. (B). Gating strategy used for cell sorting
for RNAseq. (C) Gating strategy for identification of SARS-CoV-2–specific T cells. Numbers on flow cytometry plots represent % of cells within gate. FSC,
forward scatter; SSC, side scatter.
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Figure S2. Expression of activation and tissue residency markers on T cells during acute MIS-C are absent in recovery. (A) Paired analysis of marker
expression on naive and memory CD4+ (top) and CD8+ (bottom) T cells during acute MIS-C (n = 17). (B). Paired analysis of marker expression on CD4+ (left) and
CD8+ (right) T cells during acute MIS-C and following recovery (n = 8). Statistical analyses were performed using paired t test. *, P < 0.05; **, P < 0.01; ***, P <
0.001; ****, P < 0.0001.
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Provided online are Table S1, Table S2, Table S3, Table S4, Table S5, Table S6, and Table S7. Table S1 lists CD4+ T cell differentially
expressed genes. Table S2 lists CD8+ T cell differentially expressed genes. Table S3 lists T cell receptor metadata. Table S4 shows
multivariate analysis for anti-SARS-CoV-2 AIM assay. Table S5 shows multivariate analysis for anti-SARS-CoV-2 antibody
measurements in this study. Table S6 shows multivariate analysis for neutralization activity measurements in this study. Table S7
lists antibodies used for flow cytometry in this study.

Figure S3. SARS-CoV-2–specific antibodies in children with MIS-C do not vary by severity of MIS-C and are maintained in recovery. (A) SARS-CoV-
2 antibody reactivity in children with MIS-C stratified by clinical severity during acute (top; mild, n = 4–6; moderate, n = 7–9; severe, n = 6–8) and following
recovery (bottom; mild, n = 17; moderate, n = 11; severe, n = 8). Lines depict median. Statistical testing performed using Kruskal–Wallis test. (B) Longitudinal
visualization of SARS-CoV-2–specific antibodies in children with MIS-C (n = 12). Color coordinated lines and dots depict individual MIS-C subjects. *, P < 0.05;
**, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Mod, moderate.
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